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the steps of contacting geranylgeranyl diphosphate (GGPP) with a class II
diterpene synthase to obtain labd-13-en-8,15-diol diphosphate (LPP), and
then contacting the LPP with a class I diterpene synthase to obtain (13R)-
manoyl oxide. The invention further relates to (13R)-manoyl oxide ob-
tained by the method of the invention.
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Stereo-specific synthesis of (13R)-manoyl oxide

Field of invention

The present invention relates to a method for manufacturing enantiomerically pure
(13R)-manoyl oxide, said method comprising the steps of contacting geranylgeranyl
diphosphate (GGPP) with a class |l diterpene synthase to obtain labd-13-en-8,15-diol
diphosphate (LPP), and then contacting the LPP with a class | diterpene synthase to
obtain (13R)-manoyl oxide. The invention further relates to (13R)-manoyl oxide
obtained by the method of the invention. The invention furthermore relates to
polypeptides with diterpene synthase activity. The invention further relates to
polynucleotides encoding such polypeptides. Also provided are vectors for expression
of the polypeptides and host cells expressing the polypeptides. Such polypeptides may
be useful in aforementioned methods.

Background of invention

Manoyl oxide is a compound which exhibits a number of important properties like anti-
bacterial, anticancer and anti-inflammatory activities. Manoyl oxide has so far only
been detected as a side product or artefact of some reactions, and was presentin a
racemic mixture. Manoyl oxide derivatives also present numerous attractive properties.
The (13R)-manoyl oxide epimer is a putative precursor of forskolin, a labdane
diterpenoid found in the root of Coleus forskohlii (family Lamiaceae) which has
received much attention for its broad range of pharmacological activities. However,
despite extensive studies focusing on its medicinal properties, the biosynthesis of
forskolin has not yet been conclusively elucidated.

Coleus forskohlii (synonym: Plectranthus barbatus) is a perennial medicinal shrub of
the mint family (Lamiaceae) indigenous to the subtropical and temperate climate zones
of India and south-east Asia. The plant has been used since ancient times in Hindu and
Ayurvedic traditional medicine for treating a broad range of human health disorders.
The main active compound of C. forskohliiis forskolin, a heterocyclic labdane type
diterpene found in the roots of the plant. The diverse pharmaceutical known and
potential applications for forskolin extend from alleviation of glaucoma, anti-HIV or
antitumor activities to treatment of hypertension and heart failure. The efficacy of
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forskolin relies on activation of the adenylate cyclase enzyme leading to a marked
increase of the intracellular level of cAMP (3'-5'-cyclic adenosine monophosphate) in
mammalian in vitro and in vivo systems. The semi-synthetic forskolin derivative
NKH477 has been approved for commercial use in Japan for treatment of cardiac
surgery complications, heart failure, and cerebral vasospasm, while a forskolin eye

drop solution was recently approved as an effective treatment for glaucoma.

The chemical complexity of C. forskohlii has been well studied and a total of 68
different diterpenoids have been isolated and identified from different tissues of the
plant, of which 25 belong to the class of abietanes and 43 to the class of labdanes.
While the tricyclic abietane diterpenes have been reported to accumulate
predominantly in the aerial parts, labdane diterpenoids with a bicyclic decalin core were
detected primarily in the roots. Forskolin is a representative of an unusual series of

tricyclic (8,13)-epoxy-labdanes, characteristic for this plant.

Manoyl-oxide has to this date only been detected as experimental artefact (Zerbe et al.,
2012; Glnnewich et al., 2013). Enzymatic conversion leading to production of manoyl
oxide has at present never been reported. Thus pure enantiomers of manoyl oxide are
currently not available. Methods of producing enantiomerically pure enantiomers of
manoyl-oxide, including (13R)-manoyl oxide are needed. Also polypeptides capable of

producing manoyl oxide are needed.

Summary of invention

In one aspect, the invention relates to a method of manufacturing (13R)-manoyl oxide,
said method comprising the steps of:

(i) providing geranylgeranyl diphosphate (GGPP);

(i) contacting GGPP of step (i) with a first polypeptide having a sequence at
least 70% identical to SEQ ID NO: 1 [CfTPS2] or SEQ ID NO: 2 [SsLPPS],
thus obtaining labd-13-en-8,15-diol diphosphate (LPP);

(iii) contacting the LPP of step (ii) with a second polypeptide having a sequence
at least 70% identical to SEQ ID NO: 3 [CfTPS4], SEQ ID NO: 4 [CfTPS3]
or SEQ ID NO: 5 [EpTPSS8];

thus obtaining (13R)-manoyl-oxide.
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In another aspect, the invention relates to (13R)-manoyl oxide obtained by the method

of the invention.

In another aspect, the invention relates to polypeptides having a diterpene synthase
(diTPS) activity. The invention further relates to polynucleotides encoding such
polypeptides and to vectors comprising such polynucleotides. The invention finally
relates to a host cell comprising such vectors and/or such polynucleotides. The
polypeptides of the invention are relevant for catalysing enzymatic synthesis of manoyl
oxide.

Thus, in one aspect, the invention relates to polypeptides having a diterpene synthase
activity and comprising:

i) an amino acid sequence selected from the group consisting of SEQ ID NO: 1
[CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] and SEQ ID NO: 5
[EpTPS8];

ii) a biologically active sequence variant of said polypeptide, wherein the sequence
variant has at least 75% sequence identity to said SEQ ID NO: 1 [CfTPS2], SEQ ID
NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID NO: 5 [EpTPS8];

i) a biologically active fragment of at least at least 50 contiguous amino acids of any of
i) through ii), said fragment having at least 75% sequence identity to SEQ ID NO: 1
[CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID NO: 5
[EpTPS8] in a range of overlap of at least 50 amino acids,

wherein the biological activity is diterpene synthase activity.

In a further aspect, the invention relates to a polynucleotide encoding a polypeptide of
the invention.

In another aspect, the invention relates to a vector comprising at least one
polynucleotide of the invention.

In yet another aspect, the invention relates to a cell comprising a polynucleotide of the
invention and/or a vector of the invention.

Zerbe et al., 2013 describes gene discovery of modular diterpene metabolism in
nonmodel systems. For example GrTPS1 and GrTPS6 are disclosed. These Gr
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enzymes are very different to the TPS enzymes disclosed herein. Thus, GrTPS1 only
shares 43% sequence identity with CfTPS2, whereas GrTPS6 shares as little as 34%
and 32% sequence identity with CfTPS3 and CfTPS4, respectively.

Description of Drawings

Figure 1: Localization of oil bodies within the root cork of C. forskohlii. (A) Cross
section of entire root with thick fissured cork. Lower right inset: the location of cork
cells. (B) Rows of cork cells of different intensity, each with one prominent oil body. (C-
F) Confocal imaging of Nile Red labeled oil bodies. (C) Cell with two oil bodies (same
motif as D-F) seen in transmission channel. Discrimination between neutral lipids seen
as bright deposits (D) and polar lipids seen in the magenta spectrum (E), also shown
as overlay (F). The bar represents 200 um (A) and 10 um (B-F).

Figure 2: Forskolin content (mg g'DW) as determined by HPLC-ELSD analysis from
different tissues of C. forskohlii. (Ck), root cork; (CS), root stele and cortex; (Fl),
flowers; (St) stems and (Lv) leaves. Data are the mean + SE of three independent
biological replicates. The Y axis shows the forskolin content (mg/g dry weight).

Figure 3: Selected diterpenes detected in C. forskohlii oil bodies. FS: forskolin
standard; RC: root cork; IOL: isolated oil bodies. (A) LC-MS analysis of forskolin (410
[forskolin]+23 [Na+]) in isolated oil bodies and in root cork tissue from C. forskohlii. The
X axis shows the time in minutes. (B) GC-MS analysis of manoyl oxide in isolated oil
bodies and in root cork tissue from C. forskohlii. The X axis shows the time in minutes.
(C) Bright field microscope image of isolated C. forskohlii oil bodies. The bar represents
5 um. (D) Molecular structure of (13R)-manoyl oxide. (E) Mass spectrum obtained from
manoy! oxide identified in root cork tissue (top) and reference spectrum (bottom) from

Wiley mass spectrum database.

Figure 4: Phylogenetic classification of C. forskohlii diterpene synthases with known
class Il (A) and class | (B) sequences. The phylograms are rooted with the bifunctional
ent-copalyl diphosphate synthase/ent-kaurene synthase from the moss Physcomitrella
patens. Asterisks indicate nodes supported by >80% bootstrap confidence and the
scale bar indicates 0.1 amino acid changes. The numbers indicated at each enzyme
are referred to the enzymatic products, the structures of which are given on the right.
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Figure 5: Relative expression of CfTPS genes in C. forskohlii tissues. (Ck), root cork;
(CS), root stele and cortex; (Fl), flowers; (St), stems and (Lv), leaves. Transcript
abundance of CfTPS genes expressed in arbitrary units was measured by gPCR using
the translation initiation factor (TIF4a) for normalization. Each value represents the
average of three biological replicates, each of which was performed in at least three
technical replicates.

Figure 6: GC-MS analysis of in vitro assays with C. forskohlii diTPS. IS, internal
standard (1ppm 1-eicosene). (A) In vitro assays with CfTPS2 alone and coupled
assays with CfTPS2 and CfTPS3 and CfTPS4. Extracts of CfTPS2 assays were
treated with calf intestinal alkaline phosphatase (CIP). The X axis shows the retention
time (minutes). (B) /n vitro assays with CfTPS1 and coupled with CfTPS3 and CfTPS4.
Extracts of CfTPS1 were treated with CIP. The X axis shows the retention time
(minutes). (a), (13R)-manoyl oxide; (b), (13S)-manoyl oxide; (g), labd-13-en-8,15-diol
and (f), labden-8-ol; (d), miltiradiene and (h), copal-15-ol. (C) Mass spectra of
compounds identified from assays. Structures tentatively identified as described in
Materials and Methods.

Figure 7: GC-MS analysis of hexane extracts from N. benthamiana transiently
expressing C. forskohlii diTPS. (A) Extracted ion chromatogram of EIC: 275 m/z. (a),
(13R)-manoyl oxide and (b), (13S)-manoyl oxide. (B) Extracted ion chromatogram of
EIC: 272 m/z. (c), dehydroabietadiene; (d), miltiradiene and trace amount of (e),
abietadiene.

Figure 8: Scheme of the biosynthetic routes from GGPP to specialized and general
diterpenoids of the abietane, labdane and ent-kaurene class. Dashed arrows indicate
reactions without experimental evidence in C. forskohlii. 'Detection of (+)-ferruginol in
C. forskohlii was reported earlier (Kelecom, 1983); °CYP76AH1 from the close relative
Salvia miltiorrhiza was shown to convert miltiradiene to ferruginol (Guo et al., 2013). A:
universal precursor; B: diphosphate intermediates; C: diterpene backbone; D:
representative functional diterpenoids.
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Figure 9: Clustal alignment of the class Il diTPS. The cDNA sequences encoding
CfTPS2 and SsLPPS were aligned using the Clustal omega from the EMBL-EBI
(http://www.ebi.ac.uk/Tools/msa/clustalo/help/).

Figure 10: Clustal alignment of the class | diTPS. The cDNA sequences encoding
CfTPSS3, CfTPS4 and EpTPS8 were aligned using the Clustal omega from the EMBL-
EBI (http://www.ebi.ac.uk/Tools/msa/clustalo/help/).

Detailed description of the invention

In one aspect, the invention relates to a method of manufacturing (13R)-manoyl oxide,
said method comprising the steps of:

(i) providing geranylgeranyl diphosphate (GGPP);

(i) contacting GGPP of step (i) with a first polypeptide having the sequence of
SEQ ID NO:1 [CfTPS2], or SEQ ID NO: 2 [SsLPPS] or a biologically active
sequence variant of said polypeptide, wherein the sequence variant has at
least 75% sequence identity to SEQ ID NO: 1 [CfTPS2] or SEQ ID NO: 2
[SsLPPS], thus obtaining labd-13-en-8,15-diol diphosphate (LPP);

(iii) contacting the LPP of step (ii) with a second polypeptide having the
sequence of SEQ ID NO: 3 [CfTPS4], SEQ ID NO: 4 [CfTPS3] or SEQ ID
NO: 5 [EpTPS8] or a biologically active sequence variant of said
polypeptide, wherein the sequence variant has at least 75% sequence
identity to SEQ ID NO: 3 [CfTPS4], SEQ ID NO: 4 [CfTPS3] or SEQ ID NO:
5 [EpTPSS8];

thus obtaining (13R)-manoyl-oxide.

In another aspect, the invention relates to (13R)-manoyl oxide obtained by the method

of the invention.

In one aspect the invention relates to polypeptides having a diterpene synthase
(diTPS) activity. The invention further relates to polynucleotides encoding such
polypeptides and to vectors comprising such polynucleotides. The invention finally
relates to a host cell comprising such vectors and/or such polynucleotides. The
polypeptides of the invention are relevant for catalysing enzymatic synthesis of manoyl
oxide.
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In one aspect, the invention relates to polypeptides having a diterpene synthase activity
and comprising:

i) an amino acid sequence selected from the group consisting of SEQ ID NO: 1
[CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] and SEQ ID NO: 5
[EpTPS8];

ii) a biologically active sequence variant of said polypeptide, wherein the sequence
variant has at least 75% sequence identity to said SEQ ID NO: 1 [CfTPS2], SEQ ID
NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID NO: 5 [EpTPS8];

i) a biologically active fragment of at least at least 50 contiguous amino acids of any of
i) through ii), said fragment having at least 75% sequence identity to SEQ ID NO: 1
[CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID NO: 5
[EpTPS8] in a range of overlap of at least 50 amino acids,

wherein the biological activity is diterpene synthase activity.

In a further aspect, the invention relates to a polynucleotide encoding a polypeptide of

the invention.

In another aspect, the invention relates to a vector comprising at least one
polynucleotide of the invention.

In yet another aspect, the invention relates to a cell comprising a polynucleotide of the

invention and/or a vector of the invention.

Definitions

Amino acid: Any synthetic or naturally occurring amino carboxylic acid, including any
amino acid occurring in peptides and polypeptides including proteins and enzymes
synthesized in vivo thus including modifications of the amino acids. The term amino
acid is herein used synonymously with the term “amino acid residue” which is meant to
encompass amino acids as stated which have been reacted with at least one other
species, such as 2, for example 3, such as more than 3 other species. The generic
term amino acid comprises both natural and non-natural amino acids any of which may

be in the “D” or “L" isomeric form.
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Diterpene synthases (diTPS): Diterpene synthases (diTPS, EC 4.2.3.X) are enzymes

capable of synthesising diterpene olefins and alcohols by sequential cycloisomerisation
of the substrate geranylgeranyl-diphosphate (GGPP). DiTPS can be sorted in two
classes, depending on the presence of a conserved motif. Class | diTPS contain an
active site with a DDxxD motif, where D is an aspartic acid and x is any amino acid.
Class Il diTPS contain an active site with a DxDD motif, where D is an aspartic acid
and x is any amino acid. Bifunctional classl/Il diTPS contain two active sites, with a
DDxxD and a DxDD motif, respectively.

Diterpenoid: As used herein, a diterpenoid is an unsaturated hydrocarbon based on the
isoprene unit (CsHg), and having a general formula CsxHgx. A diterpene contains a
backbone of 20 carbon atoms, which can be decorated by additional groups, e.g. by
esterification. A diterpenoid also is a type of diterpene. A diterpenoid can derive from
geranylgeranyl pyrophosphate (GGPP). Diterpenoids include all types of molecules
derived from GGPP with a very broad range of functionalization. Examples of
diterpenoids are olefins and diterpene alcohols.

Enantiomer: An enantiomer or enantiomorph or epimer is one of two stereoisomers that
are mirror images of each other that are non-superposable. In other words, an
enantiomer is a chiral molecule having a non-superposable mirror image. Enantiomers
have, when present in a symmetric environment, identical chemical and physical
properties except for their ability to rotate plane-polarized light (+/-) by equal amounts
but in opposite directions. Enantiomers of one compound often react differently with
other substances that are also enantiomers. Since many molecules in the living
organisms are enantiomers themselves, there is sometimes a marked difference in the
effects of two enantiomers on these organisms. In drugs, for example, often only one of
a drug's enantiomers is responsible for the desired physiologic effects, while the other
enantiomer is less active, inactive, or sometimes even responsible for adverse effects.
Thus drugs composed of only one enantiomer (enantiomerically pure) can be
developed to enhance the pharmacological efficacy and possibly dampen some side
effects.

Enantiomerically pure: Enantiomerically pure, or enantiopure, refers to samples having,

within the limits of detection, molecules of only one chirality.

Fragment: is used to indicate a non-full length part of a polynucleotide or polypeptide.
Thus, a fragment is itself also a polynucleotide or polypeptide, respectively.

Identity: The determination of percent identity between sequences such as
polynucleotide sequences or amino acid sequences can be accomplished using a
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mathematical algorithm. A preferred, non-limiting example of a mathematical algorithm
utilized for the comparison of two sequences is the algorithm of Karlin and Altschul
(1990) Proc. Natl. Acad. Sci. USA 87:2264-2268, modified as in Karlin and Altschul
(1993) Proc. Natl. Acad. Sci. USA 90:5873-5877. Such an algorithm is incorporated
into the BLASTN and BLASTP programs of Altschul, et al. (1990) J. Mol. Biol. 215:403-
410. In order to characterize the identity, subject sequences are aligned so that the
highest order homology (match) is obtained. Based on these general principles, the
"percent identity" of two polynucleotide sequences may be determined using the
BLASTN algorithm [Tatiana A. Tatusova, Thomas L. Madden: Blast 2 sequences - a
new tool for comparing protein and nucleotide sequences; FEMS Microbiol. Lett. 1999
174 247-250], which is available from the National Center for Biotechnology
Information (NCBI) web site (http://www.ncbi.nim.nih.gov), and using the default
settings suggested here (i.e. Reward for a maich = 1; Penalty for a mismatch = -2;
Strand option = both strands; Open gap = 5; Extension gap = 2; Penalties gap
x_dropoff = 50; Expect = 10; Word size = 11; Filter on). The BLASTN algorithm
determines the % sequence identity in a range of overlap between two aligned
nucleotide sequences. Another preferred, non-limiting example of a mathematical
algorithm utilized for the comparison of sequences is the CLUSTAL W (1.7) alignment
algorithm (Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment through sequence
weighting, positions-specific gap penalties and weight matrix choice. Nucleic Acids
Research, 22:4673-4680.). CLUSTAL W can be used for multiple sequence alignment
preferably using BLOSUM 62 as scoring matrix. When calculating sequence identities,
CLUSTAL W includes any gaps made by the alignment in the length of the reference
sequence. Sequence identities are calculated by dividing the number of matches by the
length of the aligned sequences with gaps. In general, the sequence identity is
calculated with reference to the entire length of the reference sequence. Thus, a
candidate sequence sharing 80% amino acid identity with a reference sequence,
requires that, following alignment, 80% of the amino acids in the candidate sequence
are identical to the corresponding amino acids in the reference sequence.

Operative: An operative domain in relation to a class | or class || domain refers to a
domain securing the biological processing of the polypeptide.

Plastidial targeting signal: A short sequence of amino acids that determines that a

polypeptide should locate to the plastid in a plant cell.
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Polynucleotide: A chain or sequence of nucleotides that convey genetic information. In
regards to the present invention the polynucleotide is a deoxyribonucleic acid (DNA).
Polypeptide: Plurality of covalently linked amino acid residues defining a sequence and
linked by amide bonds. The term is used analogously with oligopeptide and peptide.
The natural and/or non-natural amino acids may be linked by peptide bonds or by non-
peptide bonds. The term peptide also embraces post-translational modifications
introduced by chemical or enzyme-catalyzed reactions, as are known in the art. The
term can refer to a variant or fragment of a polypeptide.

Promoter: A binding site in a DNA chain at which RNA polymerase binds to initiate
transcription of messenger RNA by one or more nearby structural genes. An inducible
promoter refers to a promoter where initiation of transcription can be induced by e.g.
addition of a compound to the growth medium or by changing the temperature.

Racemic mixture: A racemic mixture contains equal parts of an optically active isomer

and its enantiomer and has zero net rotation of plane-polarized light.
Substantially pure: As used herein, substantially pure means sufficiently homogeneous

to appear free of readily detectable impurities as determined by standard methods of
analysis, such as thin layer chromatography (TLC), gel electrophoresis and high
performance liquid chromatography (HPLC), gas-chromatography mass-spectrometry
(GC-MS), used by those of skill in the art to assess such purity, or sufficiently pure
such that further purification would not detectably alter the physical and chemical
properties, such as enzymatic and biological activities, of the substance. Methods for
purification of the compounds to produce substantially chemically pure compounds are
known to those of skill in the art. A substantially chemically pure compound can,
however, be a mixture of sterecisomers or isomers. In such instances, further
purification might increase the specific activity of the compound.

Transient expression: Transient expression refers to temporary expression of a

polypeptide, for a limited period of time. Transient expression can be controlled by
inducible and repressible promoters, agroinfiltration of plant cells with a bacterium such
as Agrobacterium tumefaciens, and other methods known in the art.

Variant: a ‘variant’ of a given reference polynucleotide or polypeptide refers to a
polynucleotide or polypeptide that displays a certain degree of sequence
homology/identity to said reference polynucleotide or polypeptide but is not identical to
said reference polynucleotide or polypeptide.

Vector: A vector is a DNA molecule or an organism comprising a DNA molecule used
as a vehicle to artificially carry foreign genetic material into another cell, where the DNA
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molecule can be replicated and/or expressed. The vectors herein may be plasmids,

viral vectors, cosmids, bacterial vectors and artificial chromosomes.

Method for manufacturing enantiomerically pure (13R)-manoyl-oxide

In one aspect, the invention relates to a method of manufacturing substantially pure
(13R)-manoyl oxide, said method comprising the steps of:

(i) providing geranylgeranyl diphosphate (GGPP);

(ii) contacting GGPP of step (i) with a first polypeptide having a sequence at
least 70% identical to SEQ ID NO: 1 [CfTPS2] or SEQ ID NO: 2 [SsLPPS],
thus obtaining labd-13-en-8,15-diol diphosphate (LPP);

(iii) contacting the LPP of step (ii) with a second polypeptide having a sequence
at least 70% identical to SEQ ID NO: 3 [CfTPS4], SEQ ID NO: 4 [CfTPS3]
or SEQ ID NO: 5 [EpTPS8];

thus obtaining (13R)-manoyl-oxide.

Manoy! oxide is a compound of general formula CxH3,O. It has been detected as an
experimental artefact in a racemic mixture of the (13R) epimer (l) and (13S) epimer (Il).

cww R W

(13R)-manoyl oxide has been hypothesised to be a precursor for the synthesis of

forskolin.
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The inventors have found that (13R)-manoyl oxide may be synthesised
stereospecifically, i.e. in an enantiomerically substantially pure form, by the following

reaction:
oppP
GGPP
l Class 1l diTPS
oPpP
LPP OH
Class | diTPS
(13R) MO

where GGPP is geranylgeranyl diphosphate, LPP is labd-13-en-8,15-diol diphosphate,
and (13R) MO is (13R)-manoyl oxide.

Racemic mixtures of manoyl oxide have been disclosed, however it is very difficult to

10 separate an enantiomerically pure (13R)-MO from such a racemic mixture. Thus,
currently no established methods for purifying large amounts (e.g. gram scales) of
enantiomerically pure (13R)-manoyl oxide are available.

The first step of the reaction is catalysed by a diterpene synthase (diTPS) having a

15 class Il diTPS activity. The class Il diTPS catalyses protonation-initiated cationic
cycloisomerization of GGPP to LPP. The reaction is terminated either by deprotonation
or by water capture of the diphosphate carbocation. The first step of the reaction may
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be catalysed by any of the Class Il diTPS described herein below in the section “Class
[l diterpene synthase”. Class Il diTPS particularly relevant for the invention are TPS2
from Coleus forskohlii (CfTPS2) and LPPS from Salvia sclarea (SsLPPS).

The method of the invention allows manufacturing of (13R)-manoyl oxide. In some
embodiments, the (13R)-manoyl oxide obtained is substantially pure. Thus in some
embodiments, the (13R)-manoyl oxide is more than 90% pure, such as 91% pure, such
as 92% pure, such as 93% pure, such as 94% pure, such as 95% pure, such as 96%
pure, such as 97% pure, such as 98% pure, such as 99% pure, such as 100% pure. In
preferred embodiments, the (13R)-manoyl oxide manufactured by the method of the
invention is more than 95% pure. In a preferred embodiment, the (13R)-manoyl oxide is
99% pure. In another preferred embodiment, the (13R)-manoyl oxide is 100% pure.

Also disclosed herein is a method for manufacturing (13R)-manoy! oxide which is
enantiomerically pure. The manoyl-oxide manufactured by the method of the invention
is essentially (13R)-manoyl oxide. In some embodiments, the (13R)-manoyl oxide is
more than 90% enantiomerically pure, such as 91% enantiomerically pure, such as
92% enantiomerically pure, such as 93% enantiomerically pure, such as 94%
enantiomerically pure, such as 95% enantiomerically pure, such as 96%
enantiomerically pure, such as 97% enantiomerically pure, such as 98%
enantiomerically pure, such as 99% enantiomerically pure, such as 100%
enantiomerically pure. In preferred embodiments, the (13R)-manoyl oxide
manufactured by the method of the invention is more than 95% enantiomerically pure.
In a preferred embodiment, the (13R)-manoyl oxide is 99% enantiomerically pure. In
another preferred embodiment, the (13R)-manoyl oxide is 100% enantiomerically pure.

The product obtained by performing the method of the invention is essentially free of
(13S)-manoyl oxide. In some embodiments, the product obtained comprises less than
10% (13S)-manoyl oxide, such as less than 9% (13S)-manoyl oxide, such as less than
8% (13S)-manoyl oxide, such as less than 7% (13S)-manoyl oxide, such as less than
6% (13S)-manoyl oxide, such as less than 5% (13S)-manoyl oxide, such as less than
4% (13S)-manoyl oxide, such as less than 3% (13S)-manoyl oxide, such as less than
2% (13S)-manoyl oxide, such as less than 1%(13S)-manoyl oxide, such as 0% (13S)-
manoy! oxide. In a preferred embodiment, the product obtained comprises less than
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1% (13S)-manoyl oxide. In another preferred embodiment, the product obtained
comprises no (13S)-manoyl oxide.

The method of the invention is performed by contacting GGPP with a first polypeptide
having a class Il diTPS activity and a second polypeptide having a class | diTPS
activity.

In some embodiments, the first polypeptide has a sequence at least 70% identical to,
such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 1 [CfTPS2].

In other embodiments, the first polypeptide has a sequence at least 70% identical to,
such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 2 [SsLPPS].

The second step of the reaction is catalysed by a diTPS having a class | diTPS activity.
It catalyzes cleavage of the diphosphate group of LPP and additional cyclization or
rearrangement reactions on the resulting carbocation, yielding (13R)-manoyl oxide. As
with the class |l diTPSs, deprotonation or water capture terminate the class | diTPS
reaction. The second step of the reaction may be catalysed by any of the Class | diTPS
described herein below in the section “Class | diterpene synthase”. Class | diTPS
particularly relevant for the invention are TSP3 and TPS4 from Coleus forskohlii
(CfTPS3 and CfTPS4, respectively) and TPS8 from Euphorbia peplus (EpTPS8).

In some embodiments, the second polypeptide has a sequence at least 70% identical
to, such as 75% identical to, such as at least 80% identical to, such as at least 85%
identical to, such as at least 90% identical to, such as at least 95% identical to, such as
100% identical to SEQ ID NO: 3 [CfTPS4].

In other embodiments, the second polypeptide has a sequence at least 70% identical
to, such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 4 [CfTPS3].
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In other embodiments, the second polypeptide has a sequence at least 70% identical
to, such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 5 [EpTPS8].

In a preferred embodiment, the first polypeptide has a sequence at least 70% identical
to, such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 1 [CfTPS2] and the second polypeptide has a
sequence at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 3 [CfTPS4]. In one embodiment, the first
polypeptide has a sequence identical to SEQ ID NO: 1 [CfTPS2] and the second
polypeptide has a sequence identical to SEQ ID NO: 3 [CfTPS4].

For example, the first polypeptide may be a biologically active sequence variant of
CfTPS2 of SEQ ID NO:1, wherein the sequence variant is at least 75% identical to,
such as at least 80% identical to, such as at least 85% identical to, such as at least
90% identical to, such as at least 95% identical to, such as at least 96% identical to,
such as at least 97% identical to, such as at least 98% identical to, such as at least
99% identical to, such as 100% identical to SEQ ID NO: 1 [CfTPS2], and the second
polypeptide may be a biologically active sequence variant of CfTPS4 of SEQ ID NO:3,
wherein the sequence variant is at least 75% identical to, such as at least 80% identical
to, such as at least 85% identical to, such as at least 90% identical to, such as at least
95% identical to, such as at least 96% identical to, such as at least 97% identical to,
such as at least 98% identical to, such as at least 99% identical to, such as 100%
identical to SEQ ID NO: 3 [CfTPS4].

In a preferred embodiment, the first polypeptide has a sequence at least 70% identical
to, such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 1 [CfTPS2] and the second polypeptide has a
sequence at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
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such as 100% identical to SEQ ID NO: 4 [CfTPS3]. In one embodiment, the first
polypeptide has a sequence identical to SEQ ID NO: 1 [CfTPS2] and the second
polypeptide has a sequence identical to SEQ ID NO: 4 [CfTPS3].

Thus it is preferred that the first polypeptide may be a biologically active sequence
variant of CfTPS2 of SEQ ID NO:1, wherein the sequence variant is at least 75%
identical to, such as at least 80% identical to, such as at least 85% identical to, such as
at least 90% identical to, such as at least 95% identical to, such as at least 96%
identical to, such as at least 97% identical to, such as at least 98% identical to, such as
at least 99% identical to, such as 100% identical to SEQ ID NO: 1 [CfTPS2], and the
second polypeptide may be a biologically active sequence variant of CfTPS3 of SEQ ID
NO:4, wherein the sequence variant is at least 75% identical to, such as at least 80%
identical to, such as at least 85% identical to, such as at least 90% identical to, such as
at least 95% identical to, such as at least 96% identical to, such as at least 97%
identical to, such as at least 98% identical to, such as at least 99% identical to, such as
100% identical to SEQ ID NO: 4 [CfTPS3]. In particular, the first polypeptide may be
CfTPS2 of SEQ ID NO:1 or a biologically active sequence variant of CfTPS2 of SEQ ID
NO:1, wherein the sequence variant is at least 80% identical to, EQ ID NO: 1 [CfTPS2],
and the second polypeptide may be CfTPS3 of SEQ ID NO:4 or a biologically active
sequence variant of CfTPS3 of SEQ ID NO:4, wherein the sequence variant is at least
80% identical to SEQ ID NO: 4 [CfTPS3]. This may in particular be preferred in
embodiments of the invention relating to methods for producing (13R)-manoyl oxide
that is more than 95% enantiomerically pure.

In another embodiment, the first polypeptide has a sequence at least 70% identical to,
such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 1 [CfTPS2] and the second polypeptide has a
sequence at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 5 [EpTPS8]. In one embodiment, the first
polypeptide has a sequence identical to SEQ ID NO: 1 [CfTPS2] and the second
polypeptide has a sequence identical to SEQ ID NO: 5 [EpTPS8].
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In another embodiment, the first polypeptide has a sequence at least 70% identical to,
such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 2 [SsLPPS] and the second polypeptide has a
sequence at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 3 [CfTPS4]. In one embodiment, the first
polypeptide has a sequence identical to SEQ ID NO: 2 [SsLPPS] and the second
polypeptide has a sequence identical to SEQ ID NO: 3 [CfTPS4].

In another embodiment, the first polypeptide has a sequence at least 70% identical to,
such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 2 [SsLPPS] and the second polypeptide has a
sequence at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 4 [CfTPS3]. In one embodiment, the first
polypeptide has a sequence identical to SEQ ID NO: 2 [SsLPPS] and the second
polypeptide has a sequence identical to SEQ ID NO: 4 [CfTPS3].

In another embodiment, the first polypeptide has a sequence at least 70% identical to,
such as at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 2 [SsLPPS] and the second polypeptide has a
sequence at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 5 [EpTPS8]. In one embodiment, the first
polypeptide has a sequence identical to SEQ ID NO: 2 [SsLPPS] and the second
polypeptide has a sequence identical to SEQ ID NO: 5 [EpTPS8].

In order to obtain enantiomerically pure (13R)-manoyl oxide it is preferred that the first
and the second polypeptides are present at a stoichiometry that allows
enantiomerically pure (13R)-manoyl oxide to be yielded by the reaction. The first and
second polypeptides are preferably present in the reaction at a stoichiometry ratio
between 2:1 and 1:2. Preferably, the first and the second polypeptides are present in
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equal amounts, i.e. in a stoichiometry 1.1. Other stoichiometry ratios may lead to
unbalanced reactions, where the produced manoyl oxide is in a racemic mixture, where
manoyl-oxide is present both in the form of (13R)-manoyl oxide and (13S)-manoyl
oxide.

In some embodiments, the method of the invention further comprises a step of
recovering (13R)-manoyl oxide by methods known in the art.

The method of the invention can be performed in vivo. The first and the second
polypeptides may be heterologously expressed in a host organism by methods known
in the art. The host organism may be a prokaryote or a eukaryote. In some
embodiments, the host organism is selected from the group comprising bacteria, yeast,
fungi, plants, insects and mammals. The host organism may be selected from the
group comprising Escherichia coli, Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Nicotiana benthamiana and Physcomitrella patens. Thus in one embodiment,
the first and the second polypeptides are heterologously expressed in Escherichia col.
In another embodiment, the first and the second polypeptides are heterologously
expressed in Saccharomyces cerevisiae. Thus in yet another embodiment, the first and
the second polypeptides are heterologously expressed in Nicotiana benthamiana. In a
preferred embodiment, the first and the second polypeptides are heterologously
expressed from Nicotiana benthamiana. Methods for expressing the first and the
second polypeptide in a host organism are known to those skilled in the art.

For performing the method of the invention in vivo, the GGPP may be provided in a
composition or it may be provided by the host organism or by a second host organism.

In some embodiments, the host organism is capable of secreting the first polypeptide
and the second polypeptide. The GGPP is provided in a composition or is provided by
the host organism or by a second host organism, capable of secreting the GGPP. Thus
in some embodiments, the reaction occurs in a composition comprising the first and the
second polypeptides secreted by the host organism and GGPP provided in the
composition or secreted by the host organism or a second host organism. The second
host organism may be selected from the group comprising Escherichia coli,
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Nicotiana benthamiana and
Physcomitrella patens. Preferably, the second host organism is identical to the host
organism capable of heterologously expressing the first and the second polypeptides.



10

15

20

25

30

WO 2015/091943 PCT/EP2014/078728

19

The method of the invention can also be performed in a host cell. The first and the
second polypeptides may be heterologously expressed in the host cell by methods
known in the art. The host cell may be a prokaryote or a eukaryote. In some
embodiments, the host cell is selected from the group comprising bacteria, yeast, fungi,
plants, insects and mammals. The host cell may be selected from the group comprising
Escherichia coli, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Nicotiana
benthamiana and Physcomitrella patens. Thus in one embodiment, the first and the
second polypeptides are heterologously expressed in Escherichia coli. In another
embodiment, the first and the second polypeptides are heterologously expressed in
Saccharomyces cerevisiae. In yet another embodiment, the first and the second
polypeptides are heterologously expressed in Nicotiana benthamiana. In a preferred
embodiment, the first and the second polypeptides are heterologously expressed from
Nicotiana benthamiana. Methods for expressing the first and the second polypeptide in
a host organism are known to those skilled in the art.

The starting substrate of the reaction being GGPP, it may be an advantage that the
host cell is further capable of producing GGPP. Thus the host cell may be genetically
engineered to be capable of synthesising GGPP. This can be performed by methods
known in the art. In a preferred embodiment, the GGPP is produced via the plastidial
methylerythritol 4-phosphate (MEP) pathway, which can be cloned in the host cell.

In other embodiments, the method of manufacturing (13R)-manoyl oxide is performed
in vitro. In such embodiments, the first and the second polypeptides may be
heterologously expressed from a host organism as described above, and subsequently
purified before being contacted with GGPP provided in a composition. The GGPP may
itself be produced by a host organism as detailed above.

The method of the invention may in some embodiments comprise a step of recovering
the (13R)-manoyl oxide by methods known in the art. Such methods may involve solid-
phase microextraction from plant leaves when the method is performed in a plant. (see
for example Spanner et al., 2013). The host cell may also be capable of secreting
(13R)-manoyl oxide, thereby facilitating its recovery.
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The invention further relates to a non-enzymatic method for manufacturing forskolin
using (13R)-manoyl oxide substrate. In some embodiments, (13R)-manoyl oxide is
converted via chemical reactions performed in vitro to produce forskolin. Such chemical
reactions do not comprise enzymatic reactions. These non-enzymatic reactions are

well known by those of skill in the art.

Class | diterpene synthases
In one aspect the invention provides a polypeptide having diPTS activity. Said

polypeptide is useful in the methods of manufacturing (13R)-manoyl oxide according to

the invention,

The polypeptide of the invention has a diTPS activity. In some embodiments, the
polypeptide has a class | diTPS activity. Class | diTPS are capable of cleaving
diphosphate groups and performing rearrangement reactions such as cyclization.

Some polypeptides of the invention have a class | diTPS activity and catalyse cleavage
of the diphosphate group of LPP and additional cyclization or rearrangement reactions
on the resulting carbocation, yielding (13R)-manoyl oxide. Deprotonation or water
capture terminate the class | diTPS reaction. Class | diTPS relevant for the invention
are TSP3 and TPS4 from Coleus forskohlii (CfTPS3 and CfTPS4, respectively) and
TPS8 from Euphorbia peplus (EpTPS8).

In one embodiment the polypeptide of the invention comprises:

i) an amino acid sequence identical to SEQ ID NO: 4 [CfTPS3],

ii) a biologically active sequence variant of said polypeptide, wherein the
sequence variant is at least 75% identical to, such as at least 80% identical
to, such as at least 85% identical to, such as at least 90% identical to, such
as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least
99% identical to, such as 100% identical to SEQ ID NO: 4 [CfTPS3],

iii) a biologically active fragment of at least 50 contiguous amino acids of any of
i) through i), said fragment having at least 75% sequence identity to SEQ ID
NO: 4 [CfTPS3] in a range of overlap of at least 50 amino acids, wherein the
biological activity is diterpene synthase activity, preferably class | diterpene
synthase activity.
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In a preferred embodiment, the polypeptide comprises a biologically active sequence
variant having an amino acid sequence at least 95% identical to SEQ ID NO: 4
[CfTPS3]. In another preferred embodiment, the polypeptide comprises an amino acid
sequence 100% identical to SEQ ID NO: 4 [CfTPS3]. The polypeptide of the invention
may comprise a biologically active fragment of at least 50 contiguous amino acids of
any of i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 4 [CfTPS3] in a range of overlap of at least 50 amino acids, wherein the biological
activity is diterpene synthase activity, preferably class | diterpene synthase activity.

In another embodiment the polypeptide of the invention comprises:

i) an amino acid sequence identical to SEQ ID NO: 3 [CfTPS4],

ii) a biologically active sequence variant of said polypeptide, wherein the
sequence variant is at least 75% identical to, such as at least 80% identical
to, such as at least 85% identical to, such as at least 90% identical to, such
as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least
99% identical to, such as 100% identical to SEQ ID NO: 3 [CfTPS4],

i) a biologically active fragment of at least 50 contiguous amino acids of any of
i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 3 [CfTPS4] in a range of overlap of at least 50 amino acids, wherein the
biological activity is diterpene synthase activity, preferably class | diterpene

synthase activity.

In a preferred embodiment, the polypeptide comprises a biologically active sequence
variant having an amino acid sequence at least 95% identical to SEQ ID NO: 3
[CfTPS4]. In another preferred embodiment, the polypeptide comprises an amino acid
sequence 100% identical to SEQ ID NO: 3 [CfTPS4]. The polypeptide of the invention
may comprise a biologically active fragment of at least 50 contiguous amino acids of
any of i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 3 [CfTPS4] in a range of overlap of at least 50 amino acids, wherein the biological
activity is diterpene synthase activity, preferably class | diterpene synthase activity.

In yet another embodiment, embodiment the polypeptide of the invention comprises:
i) an amino acid sequence identical to SEQ ID NO: 5 [EpTPS8],
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i) a biologically active sequence variant of said polypeptide, wherein the
sequence variant is at least 75% identical to, such as at least 80% identical
to, such as at least 85% identical to, such as at least 90% identical to, such
as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least
99% identical to, such as 100% identical to SEQ ID NO: 5 [EpTPS8],

i) a biologically active fragment of at least 50 contiguous amino acids of any of
i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 5 [EpTPS8] in a range of overlap of at least 50 amino acids, wherein
the biological activity is diterpene synthase activity, preferably class |

diterpene synthase activity.

In some embodiments, the polypeptide of the invention comprises an operative class |
DDxxD (SEQ ID NO: 12) domain. Preferably, the polypeptides of the invention (in
particular the Class | diTPS) or variants or fragments thereof as defined above
comprise a DDxxD domain. This domain is found at positions 531-535 of SEQ ID NO: 3
[CfTPS4], 299-303 of SEQ ID NO: 4 [CfTPS3], 540-544 of SEQ ID NO: 5 [EpTPS8].
Other important functional domains of the class | diTPS polypeptides of the invention
are Mg®*-binding sites, active site lid residues and substrate binding pockets. The
relevant residues for each of SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] and
SEQ ID NO: 5 [EpTPS8] are listed in Table 1. Some embodiments of the invention
concern polypeptides, such as Class | diTPS in which these residues or domains are

not modified.

In some embodiments, the polypeptides of the invention comprise a plastidial target
domain. The plastidial target domain is comprised in the domain ranging from positions
1 t0 73 of SEQ ID NO: 3 [CfTPS4], 1 to 73 of SEQ ID NO: 4 [CfTPS3], 1 to 73 of SEQ
ID NO: 5 [EpTPS8], respectively. Thus preferred polypeptides (e.g. Class | diTPS)
comprise the plastidial target domain.

Table 1. Important domains and residues for class | diTPS of the invention. The
residues are indicated as Xn, where X is the one letter amino acid code and n the
position of the residue in the relevant sequence, except for the plastidial targeting
signal, where the two numbers indicate the positions of the first and last residue of the
predicted domain.
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Plastidial | Mg™*- Active site lid Substrate binding pockets
targeting | binding residues
signal sites

CfTPS3 1-73 N443, EKERKENTGNSV | R262 L271 H292 V294

(SEQID E451 (449-460); GDEF | L295 T297 D300 D304

NO: 4) (526-529) R440 L441 N443 D444
T446 E451 Y523 G526
F529

CfTPS4 1-73 N475, EKERKENTGNSV | R294 L303 H324 V326

(SEQID E483 (481-492); GDEF | L327 T329 D332 D336

NO: 3) (559-562) R472 L473 N475 D476
T478 E483 Y556 G559
F562

EpTPS8 1-73 N684, KRESAQGKLNGV | R503 T512 N533 V535

(SEQID E692 (690-701); DDGF | F536 T538 D541 D545

NO: 5) (536-538) R681 L682 N684 D685
T687 E692 Y764 D767
F770

Mg?*-binding sites for CfTPS3 (SEQ ID NO: 4) are found at positions 443 (N) and 451

(E).

A biologically active sequence variant of a class | diTPS is preferably a polypeptide
sharing the above mentioned sequence identity with CfTPS3, CfTPS4 or EpTPS8 and
which preferably comprises above-mentioned domains and which is capable of

catalysing cleavage of the diphosphate group of LPP and additional cyclization or

rearrangement reactions on the resulting carbocation, yielding (13R)-manoyl oxide.

Class |l diterpene synthases

In one aspect the invention provides a polypeptide having diPTS activity. Said

polypeptide is useful in the methods of manufacturing (13R)-manoyl oxide according to

the invention,
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In some embodiments, the polypeptide has a class Il diTPS activity. Class |l diTPS are
capable of catalysing protonation-initiated cationic cycloisomerization reactions. The
reaction is terminated either by deprotonation or by water capture of the diphosphate
carbocation. A class Il diTPS relevant for the invention is TPS2 from Coleus forskohlii
(CfTPS2), which can catalyse cycloisomerisation of GGPP to LPP. Deprotonation or
water capture terminate the class Il diTPS reaction.

In one embodiment the polypeptide of the invention comprises:

i) an amino acid sequence identical to SEQ ID NO: 1 [CfTPS2],

i) a biologically active sequence variant of said polypeptide, wherein the
sequence variant is at least 75% identical to, such as at least 80% identical
to, such as at least 85% identical to, such as at least 90% identical to, such
as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least
99% identical to, such as 100% identical to SEQ ID NO: 1 [CfTPS2],

i) a biologically active fragment of at least 50 contiguous amino acids of any of
i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 1 [CfTPS2] in a range of overlap of at least 50 amino acids, wherein the
biological activity is diterpene synthase activity, preferably class | diterpene
synthase activity.

In a preferred embodiment, the polypeptide comprises a biologically active sequence
variant having an amino acid sequence at least 95% identical to SEQ ID NO: 1
[CfTPS2]. In another preferred embodiment, the polypeptide comprises an amino acid
sequence 100% identical to SEQ ID NO: 1 [CfTPS2]. The polypeptide of the invention
may comprise a biologically active fragment of at least 50 contiguous amino acids of
any of i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 1 [CfTPS2] in a range of overlap of at least 50 amino acids, wherein the biological
activity is diterpene synthase activity, preferably class | diterpene synthase activity.

In some embodiments, the polypeptide of the invention comprises an operative class Il
DxDD domain. Preferably, the polypeptides of the invention (e.g. the Class Il diTPS) or
variants or fragments thereof as defined above comprise a DxDD domain. This domain
is found at positions 358-361 of SEQ ID NO: 1 [CfTPS2].
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In some embodiments, the polypeptides of the invention comprise a plastidial target
domain. Thus, Class Il diTPS may comprise a plastidial target domain. The plastidial
target domain is comprised in the domain ranging from positions 1 to 73 of SEQ ID NO:
1 [CfTPS2].

A biologically active sequence variant of a class Il diTPS is preferably a polypeptide
sharing the above mentioned sequence identity with CfTPS2 or SsLPPS and which
preferably comprises above-mentioned domains and which is capable of catalysing
cycloisomerisation of GGPP to LPP.

Polynucleotide
The invention further relates to a polynucleotide encoding a polypeptide according to

the invention.

In some embodiments, the polynucleotide has a sequence with at least 85% identity to
a sequence selected from the group consisting of SEQ ID NO: 6 [CfTPS2], SEQ ID
NO: 9 [CfTPS3], SEQ ID NO: 8 [CfTPS4] and SEQ ID NO: 10 [EpTPS8].

In some embodiments, the polynucleotide has a sequence with at least 85% identity,
such as at least 90% identity, such as at least 95% identity, such as at least 96%
identity, such as at least 97% identity, such as at least 98% identity, such as 99%
identity, such as 100% identity to SEQ ID NO: 6 [CfTPS2]. The polynucleotide may in
particular encode a polypeptide of SEQ ID NO:1 [CfTPS2] or a biologically active
sequence variant thereof sharing at least 75%, such as at least 80%, such as at least
85%, such as at least 90%, such as at least 95%, such as at least 98% sequence
identity with SEQ ID NO:1.

In other embodiments, the polynucleotide has a sequence with at least 85% identity,
such as at least 90% identity, such as at least 95% identity, such as at least 96%
identity, such as at least 97% identity, such as at least 98% identity, such as 99%
identity, such as 100% identity to SEQ ID NO: 9 [CfTPS3]. The polynucleotide may in
particular encode a polypeptide of SEQ ID NO:4 [CfTPS3] or a biologically active
sequence variant thereof sharing at least 75%, such as at least 80%, such as at least
85%, such as at least 90%, such as at least 95%, such as at least 98% sequence
identity with SEQ ID NO:4.
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In other embodiments, the polynucleotide has a sequence with at least 85% identity,
such as at least 90% identity, such as at least 95% identity, such as at least 96%
identity, such as at least 97% identity, such as at least 98% identity, such as 99%
identity, such as 100% identity to SEQ ID NO: 8 [CfTPS4]. The polynucleotide may in
particular encode a polypeptide of SEQ ID NO:3 [CfTPS4] or a biologically active
sequence variant thereof sharing at least 75%, such as at least 80%, such as at least
85%, such as at least 90%, such as at least 95%, such as at least 98% sequence
identity with SEQ ID NO:3.

In other embodiments, the polynucleotide has a sequence with at least 85% identity,
such as at least 90% identity, such as at least 95% identity, such as at least 96%
identity, such as at least 97% identity, such as at least 98% identity, such as 99%
identity, such as 100% identity to SEQ ID NO: 10 [EpTPS8]. The polynucleotide may in
particular encode a polypeptide of SEQ ID NO:5 [EpTPS8] or a biologically active
sequence variant thereof sharing at least 75%, such as at least 80%, such as at least
85%, such as at least 90%, such as at least 95%, such as at least 98% sequence
identity with SEQ ID NO:5.

Thus the polynucleotides of the invention encode polypeptides having a diTPS activity
as described above. Preferably, the polynucleotide comprises a sequence coding for
an operative class | domain DDxxD. This is in particular the case, when the
polynucleotide encode a class | diTPS. The DDxxD domain of the CfTPS3 diTPS is
DDFFD, where D is an aspartic acid and F is a phenylalanine, and is found at positions
330 to 334 (SEQ ID NO: 4). The DDxxD domain of the CfTPS4 diTPS is DDFFD,
where D is an aspartic acid and F is a phenylalanine, and is found at positions 331 to
335 (SEQ ID NO: 3). The DDxD domain of the EpTPS8 diTPS is DDFFD, where D is
an aspartic acid and F is a phenylalanine, and is found at positions 540 to 544 (SEQ ID
NO: 5).

In another preferred embodiment, the polynucleotide comprises a sequence coding for
an operative class Il domain DxDD. The DxDD domain of the CfTPS2 diTPS is DIDD,

where D is an aspartic acid and | is an isoleucine residue, and is found at positions 399
to 402 (SEQ ID NO: 1).
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Some polynucleotides of the invention may comprise a sequence coding for a plastidial
targeting signal. The plastidial target domain is comprised in the corresponding
polypeptides in the domains ranging from positions 1 to 50 of SEQ ID NO: 1 [CfTPS2],
1 to 33 of SEQ ID NO: 3 [CfTPS4], 1 to 3 of SEQ ID NO: 4 [CfTPS3], 1 to 5 of SEQ ID
NO: 5 [EpTPS8], respectively.

The polynucleotide may have a sequence that is codon-optimised. Codon optimisation
methods are known in the art and allow optimised expression in a heterologous host
organism or cell. The host cell may be selected from the group comprising bacterial
cell, yeast cells, fungal cells, plant cells, mammalian cells and insect cells. The host cell
may be selected from the group comprising Escherichia coli, Saccharomyces
cerevisiae,Schizosaccharomyces pombe, Nicotiana benthamiana and Physcomitrella
patens. Thus in one embodiment, the host cell is Escherichia coli. In another
embodiment, the host cell is Saccharomyces cerevisiae or Schizosaccharomyces
pombe. In another embodiment, the host cell is Nicotiana benthamiana. In another
embodiment, the host cell is Physcomitrella patens.

Vectors

The invention further relates to a vector comprising at least one polynucleotide as
defined above. Thus the invention relates to a vector suitable for expression of at least
one polypeptide having a diTPS activity.

In some embodiments, the vector comprises a polynucleotide having a sequence with
at least 85% identity to a sequence selected from the group consisting of SEQ ID NO:
6 [CfTPS2], SEQ ID NO: 9 [CfTPS3], SEQ ID NO: 8 [CfTPS4] and SEQ ID NO: 10
[EpTPS8]. In some embodiments, the vector comprises a polynucleotide having a
sequence with at least 85% identity, such as at least 90% identity, such as at least 95%
identity, such as at least 96% identity, such as at least 97% identity, such as at least
98% identity, such as 99% identity, such as 100% identity to SEQ ID NO: 6 [CfTPS2].
In other embodiments, the vector comprises a polynucleotide having a sequence with
at least 85% identity, such as at least 90% identity, such as at least 95% identity, such
as at least 96% identity, such as at least 97% identity, such as at least 98% identity,
such as 99% identity, such as 100% identity to SEQ ID NO: 9 [CfTPS3]. In other
embodiments, the vector comprises a polynucleotide having a sequence with at least
85% identity, such as at least 90% identity, such as at least 95% identity, such as at



10

15

20

25

30

35

WO 2015/091943 PCT/EP2014/078728

28

least 96% identity, such as at least 97% identity, such as at least 98% identity, such as
99% identity, such as 100% identity to SEQ ID NO: 8 [CfTPS4]. In other embodiments,
the polynucleotide has a sequence with at least 85% identity, such as at least 90%
identity, such as at least 95% identity, such as at least 96% identity, such as at least
97% identity, such as at least 98% identity, such as 99% identity, such as 100%
identity to SEQ ID NO: 10 [EpTPS8].

In some embodiments, the vector comprises a first polynucleotide having a sequence
with at least 85% identity to a sequence selected from the group consisting of SEQ ID
NO: 6 [CfTPS2], SEQ ID NO: 9 [CfTPS3], SEQ ID NO: 8 [CfTPS4] and SEQ ID NO: 10
[EpTPS8] and a second polynucleotide having a sequence with at least 85% identity to
a sequence selected from the group consisting of SEQ ID NO: 6 [CfTPS2], SEQ ID
NO: 9 [CfTPS3], SEQ ID NO: 8 [CfTPS4] and SEQ ID NO: 10 [EpTPS8], where the
second polynucleotide is different from the first polynucleotide. In preferred
embodiments, the vector comprises a first polynucleotide coding for a polypeptide with
aclass | diTPS activity and a second polynucleotide coding for a polypeptide with a
class Il diTPS activity. In a preferred embodiment, the first polynucleotide has a
sequence with at least 85% identity to SEQ ID NO: 6 [CfTPS2], and the second
polynucleotide has a sequence with at least 85% identity to SEQ ID NO: 9 [CfTPS3],
SEQ ID NO: 8 [CfTPS4] and SEQ ID NO: 10 [EpTPS8].

Vectors of the invention comprise plasmids, cosmids, viral vectors, artificial
chromosomes and bacterial vectors. The vector may be suitable for transient
expression of the at least one polynucleotide. Such vectors are known in the art. For
example, expression may be induced by addition of a compound to the growth
medium. The vector may be a bacterial vector, such as Agrobacterium tumefaciens. In
a preferred embodiment, the vector also encodes a viral suppressor of gene silencing,
such as the p19 protein of tomato bushy stunt virus.

Host cell

The invention further relates to a host cell comprising a polynucleotide as defined
above and/or a vector as defined above. In some embodiments, the host cell is capable
of producing (13R)-manoyl oxide.

The host cell of the invention is capable of expressing:
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(i) a first polypeptide having a sequence at least 70% identical to SEQ ID NO:
1 [CfTPS2]; and

(ii) a second polypeptide having a sequence at least 70% identical to SEQ ID
NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4], or SEQ ID NO: 5 [EpTPS8].

In some embodiments, the host cell is capable of expressing a first polypeptide having
a class | diTPS activity and a second polypeptide having a class Il diTPS activity.

Thus in some embodiments the host cell is capable of expressing a first polypeptide
having a sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2] and a second
polypeptide having a sequence at least 70% identical to SEQ ID NO: 4 [CfTPS3]. In
particular, the host cell is capable of expressing a first polypeptide, which is CfTPS2 of
SEQ ID NO:1 or a biologically active variant thereof sharing at least 75%, such as at
least 85%, such as at least 95% sequence identity with SEQ ID NO: 1 [CfTPS2] and a
second polypeptide, which is CfTPS3 of SEQ ID NO:4 or a biologically active variant
thereof sharing at least 75%, such as at least 85%, such as at least 95% sequence
identity with SEQ ID NO:4 [CfTPS3].

In other embodiments, the host cell is capable of expressing a first polypeptide having
a sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2] and a second polypeptide
having a sequence at least 70% identical to SEQ ID NO: 3 [CfTPS4]. In particular, the
host cell is capable of expressing a first polypeptide, which is CfTPS2 of SEQ ID NO:1
or a biologically active variant thereof sharing at least 75%, such as at least 85%, such
as at least 95% sequence identity with SEQ ID NO: 1 [CfTPS2] and a second
polypeptide, which is CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof
sharing at least 75%, such as at least 85%, such as at least 95% sequence identity
with SEQ ID NO:3 [CfTPS4].

In other embodiments, the host cell is capable of expressing a first polypeptide having
a sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2] and a second polypeptide
having a sequence at least 70% identical to SEQ ID NO: 5 [EpTPS8]. In particular, the
host cell is capable of expressing a first polypeptide, which is CfTPS2 of SEQ ID NO:1
or a biologically active variant thereof sharing at least 75%, such as at least 85%, such
as at least 95% sequence identity with SEQ ID NO: 1 [CfTPS2] and a second
polypeptide, which is EpTPS8 of SEQ ID NO:5 or a biologically active variant thereof
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sharing at least 75%, such as at least 85%, such as at least 95% sequence identity
with SEQ ID NO:5 [EpTPS8].

The host cell may be selected from the group comprising bacterial cell, yeast cells,
fungal cells, plant cells, mammalian cells and insect cells. The host cell may be
selected from the group comprising Escherichia coli, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Nicotiana benthamiana and Physcomitrella patens.
Thus in one embodiment, the host cell is Escherichia coli. In another embodiment, the
host cell is Saccharomyces cerevisiae or Schizosaccharomyces pombe. In another
embodiment, the host cell is Nicotiana benthamiana. In another embodiment, the host

cell is Physcomitrella patens.

Methods for expressing the first and second polypeptides in the host cell are known in
the art. One or both of the first and second polypeptides may be heterologously
expressed from polynucleotide sequences cloned into the genome of the host cell or
they may be comprised within a vector as described above. For example, a first
polynucleotide coding for the first polypeptide is cloned into the genome, and a second
polynucleotide coding for the second polypeptide is comprised within a vector
transformed or transfected into the host cell. Alternatively, the first polynucleotide is
comprised within a first vector and the second polynucleotide is comprised within a
second vector. The first and second vector may be one vector. Vectors suitable for
expression of the first and second polypeptides are known in the art.

Expression of the first and second polypeptides in the host cell may occur in a transient
manner. When the polynucleotide encoding one of the polypeptides is cloned into the
genome, an inducible promoter may be cloned as well to control expression of the
polypeptides. Such inducible promoters are known in the art. Alternatively, genes
coding for suppressors of gene silencing may also be cloned in the genome or into a
vector transfected within the host cell.

The host cell may be selected from the group comprising bacterial cell, yeast cells,
fungal cells, plant cells, mammalian cells and insect cells. The host cell may be
selected from the group comprising Escherichia coli, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Nicotiana benthamiana and Physcomitrella patens.
Thus in one embodiment, the host cell is Escherichia coli. In another embodiment, the
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host cell is Saccharomyces cerevisiae or Schizosaccharomyces pombe. In another
embodiment, the host cell is Nicotiana benthamiana. In another embodiment, the host

cell is Physcomitrella patens.

In some embodiments, the host cell is transfected with a vector. The vector may be
selected from the group comprising plasmids, cosmids, viral vectors, artificial
chromosomes and bacterial vectors. The vector may be constructed so that transient
expression of the first and/or second polynucleotide from the vector is transient.
Transient expression from the vector may occur via induction of an inducible promoter
as is known in the art. In a preferred embodiment, the host cell is a Nicotiana
benthamiana cell, such as a leaf cell. In another preferred embodiment, the vector is
the bacterial vector Agrobacterium tumefaciens. In a preferred embodiment, the vector
also encodes a viral suppressor of gene silencing. In a most preferred embodiment, the
vector encodes the p19 protein from tomato bushy stunt virus.

The host cell may naturally be capable of producing GGPP. In other embodiments, the
cell may be engineered so that it is capable of producing GGPP. For example, the
plastidial methylerythritol 4-phosphate (MEP) pathway may be cloned into the host cell.
Thus, the host cell may comprise one or more heterologous nucleic acids encoding one
or more enzymes of the MEP pathway.

The host cell may be further engineered in order to redirect metabolic fluxes and

optimise for the production of a specific compound.

In some embodiments, the host cell is capable of producing diterpenoids. The host cell
may be capable of producing (13R)-manoyl oxide in a substantially pure enantiomeric
form.

Examples

Example 1: Identification of Coleus forskohlii diTPS genes.

Forskolin is a representative of an unusual series of tricyclic (8,13)-epoxy-labdanes,

characteristic for this plant. Given its importance as a pharmaceutical, we set out to
discover genes involved in the biosynthesis of forskolin.
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Materials and methods

Plant Growth and Microscopy

Coleus forskohlii (Lamiaceae) plants were grown in the greenhouse at the University of
Copenhagen, Denmark, under ambient photoperiod and 24 °C day/17 °C night
temperatures. Transverse sections of roots (diameter of approximately 1 to 5 mm) were
prepared for histochemical analysis. Sections were observed unstained with a Leica

DM 5000B or a Nikon Eclipse 80i light and fluorescence microscope.

Additionally, root samples were fixed in a solution containing 2.5% glutaraldehyde, 2%
paraformaldehyde, and 0.1 M sodium cacodylate buffer, pH 7.2 for 24 h, thereafter
surface sections and cross sections from the root cork were incubated in 0.1 yg/mL
Nile Red for identification of lipid components. Images from intact cells were recorded
in a Leica SP5X confocal laser scanning microscope (Leica Microsystems, Mannheim,
Germany).

Diterpene profiling and forskolin quantification in C. forskohlii tissues

Tissue was extracted. Cold methanol acidified with formic acid (0.125%) was added to
ground and frozen tissue samples in a ratio of 3:1 (solvent:tissue). Samples were
sonicated in an ultrasonic bath at 23°C for 15 min at 40 kHz (Branson, 3510), filtered
using 96 well filter plates and analyzed by HPLC (High-Performance Liquid
Chromatography) equipped with an evaporative light scattering detector (ELSD). All
tissue types were extracted in triplicate. Forskolin was quantified by comparison to a
standard series of forskolin (Sigma) which was prepared as per the tissue samples.

For the diterpene profiling of the root cork HPLC-MS, extracts were prepared as for
forskolin quantification. Separation was carried out on an Agilent 1100 Series LC unit
(Agilent Technology) with column and gradient as described above. The LC unit was
coupled to either a Bruker microTOF mass spectrometer (Bruker Daltronics) for high
resolution mass measurements or a Bruker HCT-Ultra ion trap mass spectrometer
(Bruker Daltronics) for MSn experiments.

Isolation of C. forskohlii root cork oil bodies

For isolation of oil bodies from root cork tissue, approximately 15 g of tissue was gently
ground in 100 mL extraction buffer (EB; 20 mM Tricine, 250 mM sucrose, 0.2 mM
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PMSF, pH 8.5); the homogenate was filtered through Miracloth (Calbiochem) and
centrifuged at 3500 rpm for 10 min for separation of cellular debris. The supernatant
was collected and transferred in centrifugation tubes. Buffer B (20% sucrose, 20 mM
HEPES, 100 mM KCI, 2 mM MgCl,, pH 10.5) was overlaid (5 mL of B for 25 mL of
supernatant) and samples were centrifuged for 40 min at 5000 g. The resulting floating
oil bodies were collected carefully from the surface layer.

Identification and cloning of full length diTPS genes

Mining of the C. forskohlii databases was performed as previously described (Zerbe et
al., 2013), using tBLASTn software and known angiosperm diTPSs as query (CPS and
EKS) and guided full-length cloning of a number of putative class | and class Il diTPS
genes. Total RNA from C. forskohlii roots, extracted as previously described
(Hamberger et al., 2011), was used for cDNA synthesis. Cloning of the putative diTPS
genes was achieved after PCR amplification using gene specific primers (SEQ ID NO:
13 to 42) that were designed based on the in silico sequences of the identified CfTPS
genes.

RNA extraction and Quantitative Real-Time PCR
Total RNA from C. forskohlii root cork was extracted according to Hamberger et al.,

2011, and further purified using the Spectrum Plant Total RNA Kit (Sigma) while total
RNA from leaves, flowers, stems and root cortex and stele was extracted using the
Spectrum Plant Total RNA Kit (Sigma). RNA extraction was followed by on-column
DNase | digestion. First-strand cDNAs were synthesized from 0.5 pg of total RNA. The
resulting cDNA was diluted 10-fold for the gRT-PCR reactions. Quantitative real-time
PCR reactions were performed with gene specific primers (SEQ ID NO: 43 to 62) and
Maxima SYBR Green/Fluorescein gqPCR Master Mix (Fermentas) on a Rotor-Gene Q
cycler (Qiagen). TIF4a and EF1a were used as reference genes as they showed the
lowest variation across different tissues. The results were normalized with TIF4a.
Relative transcript abundance was calculated as the mean of three biological
replications (three different plants), while the reactions were performed in three
technical replicates. Amplification efficiency was calculated with the “Real Time PCR
Miner” (http://www.miner.ewindup.info/Version2). Efficiency-corrected AC+ values were

used to quantify relative differences in target gene transcript accumulation.

Functional characterization of CfTPS - in vitro assays
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For the expression of CfTPS1, CfTPS2, CfTPS3, CfTPS4 and CfTPS14 in E. coli,
pseudomature variants lacking predicted plastidial target sequences were cloned into
the into pET28b+ vector. The software ChloroP was used for prediction of the plastidial
target sequence (http://www.cbs.dtu.dk/services/ChloroP/). As the expression levels of

the recombinant CfTPS3 were very poor, a codon optimized version was synthesized
by GenScript USA Inc. and subsequently cloned into the same vector (SEQ ID NO:
63). pET28b+ constructs were transformed into E. coli BL-21DE3-C41 cells and and
grown in selection medium until the ODg, reached 0.3-0.4. Expression was induced at
ODggo ~0.6 with 0.2 mM IPTG. Expression was done overnight and cells were
harvested by centrifugation and lysed. The cell lysates were centrifuged and the
supernatant was subsequently used for purification of the recombinant proteins. CfTPS
proteins were purified on 1 mL His SpinTrap™ columns (GE healthcare). In vitro CfTPS
assays were performed by adding 15 uM GGPP and 100 pg purified CfTPS enzymes
in 397 uL enzyme assay buffer (50 mM HEPES (pH 7.2), 7.5 mM MgCl,, 5% (v/v)
glycerol, 5 mM DTT). Onto the reaction mix, 500 pyL n-hexane (Fluka GC-MS grade)
was gently added as an overlay. Assays were incubated for 60 min at 30°C and ~70

rom and the hexane overlay was subsequently removed for GC-MS analysis.

Functional characterization of CfTPS - transient expression in Nicotiana benthamiana

Full length CfTPS cDNAs were cloned into the agrobacterium binary vector for plant
transformation pCAMBIA1300_35Su. Transient expression of CfTPSs with the gene
silencing suppressor p19 protein in N. benthamiana leaves and extraction of diterpenes
were performed as recently described. Hexane extracts of N. benthamiana expressing
the gene silencing suppressor p19 protein alone were used as controls. Compounds of
interest were identified by comparison of GC-MS total ion chromatogram (TIC) and
extracted ion chromatograms (EIC) of 275 and 272 m/z from samples. The ion 275 m/z
is characteristic of several labdane type diterpenes including manoyl oxide whereas
272 m/z is characteristic of several other non-labdane type diterpenes such as
abietane like diterpenes. All extractions from N. benthamiana transiently expressing
diTPSs were carried out in biological triplicates (different leaves/plants infiltrated with

the same agrobacteria mixture).

Metabolite analysis from in vitro and in planta assays

For the gas chromatography-mass spectrometry (GC-MS) analysis of N. benthamiana
leaves expressing the CfTPSs and specific C. forskohlii tissues, 500 pL GC-MS grade
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hexane was added to 2 leaf discs (=3 cm) in a 1.5 mL glass vial. After extraction, the
solvent was transferred into new 1.5 mL glass vials and stored at -20°C until GC-MS
analysis. Compound identification was done by comparison to authentic standards
(dehydroabietadiene, abietadiene), reference spectra from literature, databases and
comparison of retention time (miltiradiene, manoyl oxide, copalol, labd-13-en-8,15-diol
and 13(16)-14-labdien-8-ol) (Wiley Registry of Mass Spectral Data, 8th Edition, July
2006, John Wiley & Sons, ISBN: 978-0-470-04785-9). The differentiation of the C-13
epimers (13R) and (13S)-manoyl oxide was performed as previously described
(Demetzos et al., 2002).

Accession numbers

Nucleotide sequences of characterized enzymes have been submitted to the
GenBankTM/EBI Data Bank with accession numbers: CfTPS1, KF444506; CfTPS2,
KF444507; CfTPS3, KF444508; CfTPS4, KF444509; CfTPS15, KF471011.

Example 2: Localization of forskolin and (13R)-manoyl oxide in root cork oil
bodies

When transverse sections of C. forskohlii root (Fig. 1A) were examined using light
microscopy, we found that cells of the root cork contained oil body-like structures
(hereafter termed oil bodies) with a typical distribution of one oil body per cell of the
root cork (Fig. 1B). Cells containing more than one oil body were occasionally seen in
older tissue (Fig. 1C). Confocal laser scanning microscopy of C. forskohlii root cork
stained with Nile Red indicated that the observed structures were indeed oil bodies and
that the composition of the lipophilic content was heterogeneous, with both polar (Fig.
1E) and neutral (Fig. 1D) lipophilic compounds, which were non-uniformly distributed.
Globules of neutral lipids dispersed in predominantly polar lipids were detected by the
fluorescence (Fig. 1D-F).

Separate methanol extracts of the root cork and the root stele and cortex were
analysed by high-performance liquid chromatography (HPLC) using an evaporative
light scattering detector (ELSD) and compared with flowers, leaves and stems.
Forskolin was primarily detected in the root cork, and was not found in the root stele
and cortex nor in the aerial parts of the plant (Fig. 2). To further examine if forskolin
was present specifically in the oil bodies, methanol extracts of isolated oil bodies (oil
bodies purified to apparent homogeneity) were subjected to HPLC-ELSD analysis,
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targeting polar constituents, while non-polar hexane extracts were analyzed by gas
chromatography-mass spectrometry (GC-MS) (Fig. 3). In addition to forskolin, which
was present in the polar fraction, we detected (13R)-manoyl oxide in the non-polar

fraction.

These results demonstrate that (13R)-manoyl oxide and forskolin are present in the oil
bodies of C. forskohlii.

Example 3: C. forskohlii diTPSs constitute a small gene family specific for
Lamiaceae

We mined the root transcriptome of C. forskohlii for the identification of CfdiTPS
candidates as described (Zerbe et al., 2013). A panel of six diterpene synthases was
identified, CfTPS1, CfTPS2, CfTPS3, CfTPS4, CfTPS14 and CfTPS15 which, with
exception of CfTPS15, represented full-length cDNAs with predicted N-terminal
plastidial transit peptides. CfTPS1, CfTPS2, and CfTPS15 contained the Asp-rich
conserved motif DxDD characteristic of class Il diTPS, while CfTPS3, CfTPS4 and
CfTPS14 carried the DDxxD signature motif of class | diTPS. We performed separate
phylogenetic analyses of class Il and class | CfTPSs including functionally
characterized representatives from the Lamiaceae and other angiosperm species.
Included in the phylogenies were representative gymnosperm class Il and class |
diTPSs [PgCPS and PgEKS] and the bifunctional diTPS from the moss Physcomitrella
patens [PpCPS/EKS], as it is considered an ancestral archetype of plant diTPSs (Fig.
4).

Thus we demonstrate that CfTPS1, CfTPS2, and CfTPS15 are phylogenetically related
to class Il diTPS and that CfTPS3, CfTPS4 and CfTPS14 are phylogenetically related
to class | diTPS.

Example 4: Transcript levels of C. forskohlii diTPSs in various tissues and in
vitro functional characterization

To correlate the transcript levels of CfTPS genes with accumulation of forskolin related
labdane-diterpenoids and abietane diterpenoids in C. forskohlii tissues, quantitative
(g)RT-PCR analysis was performed using cDNA templates derived from the root cork
(Ck), root cortex and stele (root without cork) (CS), leaves (Lv), stems (St) and flowers
(F1) total RNA. CfTPS1, CfTPS2 and CfTPS3 shared a similar pattern of transcript
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profiles across all tissues, showing high transcript accumulation in root cork cells, up to
1000-fold in comparison with all other tissues tested (Fig. 5). These data supported
involvement of CfTPS1, CfTPS2 and CfTPS3 in the formation of specialized
metabolites in the root cork. In contrast, the transcript levels of CfTPS4, CfTPS14 and
CfTPS15 were relatively low across all tissues tested. Despite the close phylogenetic
relation of CfTPS3 and CfTPS4 (Fig. 4), they show surprisingly different expression
patterns. In contrast to CfTPS3, CfTPS4 transcripts were mostly detected in the aerial
parts of the plant, especially in the leaves, while its transcripts accumulate only to very

low levels in the root.

For the functional characterization of the CfTPSs described here (except for GfTPS15,
for which no full length sequence could be retrieved), cONAs were heterologously
expressed in E. coli with a C-terminal 6xHis epitope tag. Purified recombinant proteins
were tested individually in single or coupled in vitro assays, supplied with appropriate
substrates and the reaction products were analyzed by GC-MS. Products of the in vitro
assays with the class Il diTSPs, CfTPS1 and CfTPS2, were treated with alkaline
phosphatase before GC-MS analysis.

Enzyme assays with CfTPS1 yielded a diterpene with a mass spectrum matching
copal-15-ol (h), indicating that the primary product before dephosphorylation is copalyl
diphosphate (Fig. 6A). Assays of CfTPS2 resulted in the formation of 13(16)-14-
labdien-8-ol (f) and labd-13-en-8,15-diol (g) as major products (Fig. 6B), supporting a
function as labda-13-en-8-ol (or copal-8-0l) diphosphate synthase, similar to the
functions of previous reported similar enzymes. We also detected the non-
stereoselective formation of the (13R) and (13S) epimers of manoyl oxide, which were
previously observed in in vitro reactions of similar class Il diTPSs and were suggested
to be the result of a non-enzymatic reaction (Caniard et al., 2012; Zerbe et al., 2013).
These results indicate that CfTPS1 and CfTPS2 represent functionally distinct class Il
diTPSs, both necessary and sufficient to form the diphosphate intermediates required
for the abietane and labdane classes of diterpenoids detected in C. forskohlii.

Assays of CfTPS1 coupled to either CfTPS3 or CfTPS4 resulted in formation of
miltiradiene (d) (Fig. 6A), a labdane diterpene formed from a copalyl diphosphate
intermediate (Gao et al., 2009) and is consistent with the results of the single enzyme
assay of CfTPS1. Coupled assays with CfTPS2 and CfTPS3 showed the formation of
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the pure (13R) enantiomer of manoyl oxide (a) (Fig. 6B). In coupled assays of CfTPS2
with CfTPS4, both (13R) and (13S)-manoyl oxide epimers were detected, albeit at a
ratio different from the dephosphorylation product of CfTPS2 alone (Fig. 6B). The
(13R)-manoyl oxide epimer was produced stereospecifically in the combination of class
[l CfTPS2 and class | CfTPS3 enzymes.

These results demonstrate that the CfTPSs can be expressed heterologously in
Escherichia coli. We further show that (13R)-manoyl oxide can be produced

stereospecifically in a substantially pure enantiomeric form in an in vitro system.

Example 5: In plania heterologous expression and functional characterization of
C. forskohlii diTPSs

The CfTPSs were expressed in Nicotiana benthamiana leaves after agroinfiltration.
GC-MS analyses of extracts from N. benthamiana leaves transiently expressing the
individual class | CfTPS3, CfTPS4 and CfTPS14 did not result in detectable
accumulation of additional metabolites compared to control plants (data not shown).
Extracts from N. benthamiana expressing the class Il CfTPS1 alone showed only trace
amounts of additional diterpenes compared to the controls, none of which could be
accurately identified (Fig. 7B).

Consistent with the in vitro enzyme assays, both (13R) and (13S) epimers of manoyl
oxide were identified in the extracts from N. benthamiana expressing the class Il
CfTPS2 (Fig. 7A). Co-expression of CfTPS2 and CfTPS14 did not change the product
profile compared to expression of CfTPS2 alone, suggesting that CfTPS14 does not
accept the copal-8-ol diphosphate as substrate (Fig. 7A).

In extracts of plants co-expressing CfTPS1 with CfTPS3 or CfTPS4 miltiradiene (d)
was observed as the main product together with minor traces of dehydroabietadiene (c)
and abietadiene (e) (Fig. 7B). All three diterpenes were subsequently identified in stem
and root tissues of C. forskohlii. While dehydroabietadiene was found in both tissues,
abietadiene was mainly detected in the root cork tissue, and miltiradiene in the stem
and leaf tissue of C. forskohlii.

In extracts from N. benthamiana co-expressing CfTPS2 with CfTPS3 or CfTPS4, only
the (13R) epimer of manoyl oxide (a) was identified (Fig. 7A), consistent with the
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stereochemical conformation of forskolin and the related series of labdane-type
diterpenoids. This result suggests that the class | CfTPS3 and CfTPS4 can accept the
copal-8-ol diphosphate synthesized by CfTPS2 and catalyze the stereospecific
formation of (13R)-manoyl oxide.

These results demonstrate that the CfTPSs can be agroinfiltrated in a plant organism
and that (13R)-manoyl oxide can be produced stereospecifically in a substantially pure

enantiomeric form in an in vivo system.
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1. A method of manufacturing (13R)-manoyl oxide, said method comprising
the steps of:

(i)  providing geranylgeranyl diphosphate (GGPP);

(i) contacting GGPP of step (i) with a first polypeptide having a sequence at
least 70% identical to SEQ ID NO: 1 [CfTPS2] or SEQ ID NO: 2 [SsLPPS], thus
obtaining labd-13-en-8,15-diol diphosphate (LPP);

(i)  contacting the LPP of step (ii) with a second polypeptide having a
sequence at least 70% identical to SEQ ID NO: 3 [CfTPS4], SEQ ID NO: 4
[CfTPS3] or SEQ ID NO: 5 [EpTPS8];

thus obtaining (13R)-manoyl-oxide.

2. The method according to item 1, wherein the (13R)-manoyl oxide

obtained is substantially pure.

3.  The method according to any one of the preceding items, wherein the

(13R)-manoyl oxide obtained is enantiomerically pure.

4.  The method according to any one of the preceding items, wherein the

product obtained is essentially free of (13S)-manoyl oxide.

5.  The method according to any one of the preceding items, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 75% sequence identity therewith.

6. The method according to any one of the preceding items, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 85% sequence identity therewith.

7.  The method according to any one of the preceding items, wherein the
second polypeptide is CfTPS3 of SEQ ID NO:4 or a biologically active variant
thereof sharing at least 75% sequence identity therewith.



10

15

20

25

30

WO 2015/091943 PCT/EP2014/078728

41

8.  The method according to any one of the preceding items, wherein the
second polypeptide is CfTPS3 of SEQ ID NO:4 or a biologically active variant
thereof sharing at least 85% sequence identity therewith.

9.  The method according to any one of items 1 to 6, wherein the second
polypeptide is CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof
sharing at least 75% sequence identity therewith.

10. The method according to any one of items 1 to 6, wherein the second
polypeptide is CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof
sharing at least 85% sequence identity therewith.

11. The method according to any one of the preceding items, wherein the first
polypeptide has a sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2]
and the second polypeptide has a sequence at least 70% identical to SEQ ID
NO: 3 [CfTPS4].

12. The method according to any one of the preceding items, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 75% sequence identity therewith and the second polypeptide is
CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof sharing at least
75% sequence identity therewith.

13. The method according to any one of the preceding items, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 85% sequence identity therewith and the second polypeptide is
CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof sharing at least
85% sequence identity therewith.

14.  The method according to any one of items 1 to 6, wherein the first
polypeptide has a sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2]
and the second polypeptide has a sequence at least 70% identical to SEQ ID
NO: 4 [CfTPS3].
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15. The method according to any one of items 1 to 6, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 75% sequence identity therewith and the second polypeptide is
CfTPS3 of SEQ ID NO:4 or a biologically active variant thereof sharing at least

75% sequence identity therewith.

16. The method according to any one of items 1 to 6, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 85% sequence identity therewith and the second polypeptide is
CfTPS3 of SEQ ID NO:4 or a biologically active variant thereof sharing at least
85% sequence identity therewith.

17.  The method according to any one of the preceding items, wherein the first
polypeptide has a sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2]
and the second polypeptide has a sequence at least 70% identical to SEQ ID
NO: 5 [EpTPSS].

18. The method according to any one of items 1 to 6, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 75% sequence identity therewith and the second polypeptide is
EpTPS8 of SEQ ID NO:5 or a biologically active variant thereof sharing at least
75% sequence identity therewith.

19. The method according to any one of items 1 to 6, wherein the first
polypeptide is CfTPS2 of SEQ ID NO:1 or a biologically active variant thereof
sharing at least 85% sequence identity therewith and the second polypeptide is
EpTPS8 of SEQ ID NO:5 or a biologically active variant thereof sharing at least
85% sequence identity therewith.

20. The method according to any one of the preceding items, wherein the first
polypeptide has a sequence at least 70% identical to SEQ ID NO: 2 [SsLPPS]



10

15

20

25

30

WO 2015/091943 PCT/EP2014/078728

43

and the second polypeptide has a sequence at least 70% identical to SEQ ID
NO: 3 [CITPS4].

21. The method according to any one of the preceding items, wherein the first
polypeptide is SsLPPS of SEQ ID NO:2 or a biologically active variant thereof
sharing at least 75% sequence identity therewith and the second polypeptide is
CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof sharing at least
75% sequence identity therewith.

22. The method according to any one of the preceding items, wherein the first
polypeptide is SsLPPS of SEQ ID NO:2 or a biologically active variant thereof
sharing at least 85% sequence identity therewith and the second polypeptide is
CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof sharing at least
85% sequence identity therewith.

23. The method according to any one of the preceding items, wherein the first
polypeptide has a sequence at least 70% identical to SEQ ID NO: 2 [SsLPPS]
and the second polypeptide has a sequence at least 70% identical to SEQ ID
NO: 4 [CfTPS3].

24. The method according to any one of the preceding items, wherein the first
polypeptide is SsLPPS of SEQ ID NO:2 or a biologically active variant thereof
sharing at least 75% sequence identity therewith and the second polypeptide is
CfTPS3 of SEQ ID NO:4 or a biologically active variant thereof sharing at least
75% sequence identity therewith.

25. The method according to any one of the preceding items, wherein the first
polypeptide is SsLPPS of SEQ ID NO:2 or a biologically active variant thereof
sharing at least 85% sequence identity therewith and the second polypeptide is
CfTPS3 of SEQ ID NO:4 or a biologically active variant thereof sharing at least
85% sequence identity therewith.

26. The method according to any one of the preceding items, wherein the first
polypeptide has a sequence at least 70% identical to SEQ ID NO: 2 [SsLPPS]
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and the second polypeptide has a sequence at least 70% identical to SEQ ID
NO: 5 [EpTPS8].

27. The method according to any one of the preceding items, wherein the first
polypeptide is SsLPPS of SEQ ID NO:2 or a biologically active variant thereof
sharing at least 75% sequence identity therewith and the second polypeptide is
EpTPS8 of SEQ ID NO:5 or a biologically active variant thereof sharing at least
75% sequence identity therewith.

28. The method according to any one of the preceding items, wherein the first
polypeptide is SsLPPS of SEQ ID NO:2 or a biologically active variant thereof
sharing at least 85% sequence identity therewith and the second polypeptide is
EpTPS8 of SEQ ID NO:5 or a biologically active variant thereof sharing at least
85% sequence identity therewith.

29. The method according to any one of the preceding items, wherein the first
polypeptide and the second polypeptide are present at a stoichiometry ratio
between 2:1 and 1:2, such as 1:1.

30. The method according to the preceding items, wherein the stoichiometry
is 1:1.

31. The method according to any one of the preceding items, further
comprising a step of recovering the (13R)-manoyl oxide.

32. The method according to any one of the preceding items, where the

method is performed in vivo.

33. The method according to the preceding items, wherein the first and
second polypeptides are heterologously expressed in a host organism.

34. The method according to the preceding items, wherein the host organism
is a prokaryote or a eukaryote.
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35. The method according to any one of the preceding items, wherein the
host organism is selected from the group comprising bacteria, yeast, fungi,

plants, insects and mammals.

36. The method according to any one of the preceding items, wherein the
host organism is selected from the group comprising Escherichia coli,
Saccharomyces cerevisiae,Schizosaccharomyces pombe, Nicotiana
benthamiana and Physcomitrella patens.

37. The method according to any one of the preceding items, wherein the first

and second polypeptides are purified after heterologous expression.

38. The method according to any one of the preceding items, wherein GGPP

is provided in a composition.

39. The method according to any one of the preceding items, wherein the first
polypeptide has a sequence at least 70% identical to, such as at least 75%
identical to, such as at least 80% identical to, such as at least 85% identical to,
such as at least 90% identical to, such as at least 95% identical to, such as
100% identical to SEQ ID NO: 1 [CfTPS2].

40. The method according to any one of items 1 to 38, wherein the first
polypeptide has a sequence at least 70% identical to, such as at least 75%
identical to, such as at least 80% identical to, such as at least 85% identical to,
such as at least 90% identical to, such as at least 95% identical to, such as
100% identical to SEQ ID NO: 2 [SsLPPS].

41. The method according to any one of the preceding items, wherein the
second polypeptide has a sequence at least 75% identical to, such as at least
80% identical to, such as at least 85% identical to, such as at least 90%
identical to, such as at least 95% identical to, such as 100% identical to SEQ ID
NO: 3 [CfTPS4].

42. The method according to any one of items 1 to 40, wherein the second
polypeptide has a sequence at least 60% identical to, such as at least 65%
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identical to, such as at least 70% identical to, such as at least 75% identical to,
such as at least 80% identical to, such as at least 85% identical to, such as at
least 90% identical to, such as at least 95% identical to, such as 100% identical
to SEQ ID NO: 4 [CfTPS3].

43. The method according to any one of items 1 to 40, wherein the second
polypeptide has a sequence at least 60% identical to, such as at least 65%
identical to, such as at least 70% identical to, such as at least 75% identical to,
such as at least 80% identical to, such as at least 85% identical to, such as at
least 90% identical to, such as at least 95% identical to, such as 100% identical
to SEQ ID NO: 5 [EpTPS8].

44. The method according to any one of the preceding items, wherein:

- the first polypeptide has a sequence at least 70% identical to, such as at
least 75% identical to, such as at least 80% identical to, such as at least 85%
identical to, such as at least 90% identical to, such as at least 95% identical to,
such as 100% identical to SEQ ID NO: 1 [CfTPS2]; and

- the second polypeptide has a sequence at least 75% identical to, such as
at least 80% identical to, such as at least 85% identical to, such as at least 90%
identical to, such as at least 95% identical to, such as 100% identical to SEQ ID
NO: 3 [CfTPS4].

45. The method according to any one of the preceding items, wherein the
method is performed in a host cell.

46. The method according to the preceding items, wherein the host cell is
capable of expressing the first and second polypeptides in a stoichiometry of
1:1.

47. The method according to any one of the preceding items, wherein the
host cell is selected from the group comprising bacterial cell, yeast cells, fungal

cells, plant cells, mammalian cells and insect cells.
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48. The method according to the preceding items, wherein the host cell is a
bacterial cell.

49. The method according to any one of the preceding items wherein the host
cell is Escherichia coli.

50. The method according to any one of the preceding items, wherein the
host cell is a yeast cell.

51. The method according to any one of the preceding items, wherein the
host cell is selected from the group consisting of Saccharomyces cerevisiae or
Schizosaccharomyces pombe.

52. The method according to any one of items 45 to 51, wherein the host cell
is capable of secreting (13R)-manoyl oxide.

53. The method according to any one of the preceding items, wherein the
host cell is a plant cell.

54. The method according to any one of the preceding items, wherein the
host cell is selected from the group consisting of Nicotiana benthamiana and
Physcomitrella patens.

55. The method according to any one of the preceding items, wherein the
host cell further is capable of producing GGPP.

56. The method according to any one of the preceding items, wherein GGPP
is produced via the plastidial methylerythritol 4-phosphate (MEP) pathway.

57. The method according to any one of items 45 to 56, wherein the host cell
comprises at least one heterologous nucleic acid encoding an enzyme of the
MEP pathway.

58. The method according to any one of the preceding items, further
comprising non-enzymatical synthesis of forskolin from (13R)-manoyl-oxide.



10

15

20

25

30

35

WO 2015/091943 PCT/EP2014/078728

66.

48

59. The method according to any one of the preceding items, further
comprising the step of synthesising forskolin from (13R)-manoyl-oxide with the
proviso that said step does not include enzymatic synthesis step.

60. A method of producing forskolin comprising the steps of

i) preparing (13R)-manoyl oxide by the method according to any one of items 1
to 57;

ii) synthesizing forskolin from said (13R)-manoyl oxide by non-enxymatical
synthesis.

61. (13R)-manoyl oxide obtained by the method of any one of items 1 to 57.

65. The (13R)-manoyl oxide according to item 64, wherein said (13R)-manoyl
oxide is more than 90% enantiomerically pure, such as more than 99%

enantiomerically pure.

An isolated diterpene synthase (diTPS) polypeptide comprising:

i) an amino acid sequence selected from the group consisting of SEQ ID NO: 1
[CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] and SEQ ID NO: 5
[EpTPS8];

ii) a biologically active sequence variant of said polypeptide, wherein the
sequence variant has at least 75% sequence identity to said SEQ ID NO: 1
[CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID NO: 5
[EpTPSS8]; or

iii) a biologically active fragment of at least 50 contiguous amino acids of any of
i) through ii), said fragment having at least 75% sequence identity to SEQ ID
NO: 1 [CfTPS2], SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID
NO: 5 [EpTPS8] in a range of overlap of at least 50 amino acids,

wherein the biological activity is diterpene synthase activity.
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67. The polypeptide according to item 66, wherein the polypeptide has a class |
diTPS activity.

68. The polypeptide according to any one of items 66 to 67, wherein the sequence
is at least 75% identical to, such as at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95%
identical to, such as at least 96% identical to, such as at least 97% identical to,
such as at least 98% identical to, such as at least 99% identical to, such as
100% identical to SEQ ID NO: 4 [CfTPS3].

69. The polypeptide according to any one of items 66 to 67, wherein polypeptide is
CfTPS3 of SEQ ID NO:4 or a biologically active variant thereof at least 80%
identical to, such as at least 85% identical to, such as at least 90% identical to,
such as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least 99%
identical to SEQ ID NO: 4 [CfTPS3].

70. The polypeptide according to any one of the preceding items, wherein the
sequence is at least 75% identical to, such as at least 80% identical to, such as
at least 85% identical to, such as at least 90% identical to, such as at least 95%
identical to, such as at least 96% identical to, such as at least 97% identical to,
such as at least 98% identical to, such as at least 99% identical to, such as
100% identical to SEQ ID NO: 3 [CfTPS4].

71. The polypeptide according to any one of items 66 to 67, wherein polypeptide is
CfTPS4 of SEQ ID NO:3 or a biologically active variant thereof at least 80%
identical to, such as at least 85% identical to, such as at least 90% identical to,
such as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least 99%
identical to SEQ ID NO: 3 [CfTPS4].

72. The polypeptide according to any one of the preceding items, wherein the
sequence is at least 75% identical to, such as at least 80% identical to, such as
at least 85% identical to, such as at least 90% identical to, such as at least 95%
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identical to, such as at least 96% identical to, such as at least 97% identical to,
such as at least 98% identical to, such as at least 99% identical to, such as
100% identical to SEQ ID NO: 5 [EpTPS8].

The polypeptide according to any one of items 66 to 67, wherein polypeptide is
EpTPS8 of SEQ ID NO:5 or a biologically active variant thereof at least 80%
identical to, such as at least 85% identical to, such as at least 90% identical to,
such as at least 95% identical to, such as at least 96% identical to, such as at
least 97% identical to, such as at least 98% identical to, such as at least 99%
identical to SEQ ID NO: 5 [EpTPS8].

The polypeptide according to any one of items 66 to 73, comprising an
operative class | DDxxD domain.

The polypeptide according to item 66, wherein the polypeptide has a class |l
diTPS activity.

The polypeptide according to item 75, having a sequence at least 75% identical
to, such as at least 80% identical to, such as at least 85% identical to, such as
at least 90% identical to, such as at least 95% identical to, such as at least 96%
identical to, such as at least 97% identical to, such as at least 98% identical to,
such as at least 99% identical to, such as 100% identical to SEQ ID NO: 1
[CITPS2].

The polypeptide according to any one of items 75 to 76, comprising an
operative class || DxDD domain.

The polypeptide according to any one of items 65 to 82, further comprising a
plastidial targeting signal.

A polynucleotide encoding a polypeptide as defined in any one of items 66 to
78.

The polynucleotide according to item 79, wherein the polynucleotide has a
sequence with at least 85% identity to a sequence selected from the group
consisting of SEQ ID NO:6 [CfTPS2], SEQ ID NO:9 [CfTPS3], SEQ ID NO:8
[CfTPS4] and SEQ ID NO:10 [EpTPSS8].
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81.

82.

83.

84.

85.

86.

87.

51

The polynucleotide according to any one of items 79 to 80, wherein the
polynucleotide has a sequence with at least 85% identity to SEQ ID NO: 6
[CITPS2].

The polynucleotide according to any one of items 79 to 81, wherein the
polynucleotide encodes CfTPS2 of SEQ ID NO:1 or a biologically active variant
thereof at least 80% identical to, such as at least 85% identical to, such as at
least 90% identical to, such as at least 95% identical to, such as at least 96%
identical to, such as at least 97% identical to, such as at least 98% identical to,
such as at least 99% identical to SEQ ID NO: 1 [CfTPS2].

The polynucleotide according to any one of items 79 to 80, wherein the
polynucleotide has a sequence with at least 85% identity to SEQ ID NO: 9
[CfTPS3].

The polynucleotide according to any one of items 79, 80 and 83, wherein the
polynucleotide encodes CfTPS3 of SEQ ID NO:4 or a biologically active variant
thereof at least 80% identical to, such as at least 85% identical to, such as at
least 90% identical to, such as at least 95% identical to, such as at least 96%
identical to, such as at least 97% identical to, such as at least 98% identical to,
such as at least 99% identical to SEQ ID NO: 4 [CfTPS3].

The polynucleotide according to any one of items 79 to 80, wherein the
polynucleotide has a sequence with at least 85% identity to SEQ ID NO: 8
[CfTPS4].

The polynucleotide according to any one of items 79, 80 and 85, wherein the
polynucleotide encodes CfTPS4 of SEQ ID NO:3 or a biologically active variant
thereof at least 80% identical to, such as at least 85% identical to, such as at
least 90% identical to, such as at least 95% identical to, such as at least 96%
identical to, such as at least 97% identical to, such as at least 98% identical to,
such as at least 99% identical to SEQ ID NO: 3 [CfTPS4].

The polynucleotide according to any one of items 79 to 80, wherein the
polynucleotide has a sequence with at least 85% identity to SEQ ID NO: 10
[EpTPSS8].
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89.

90.

91.

92.

93.

94.

95.

96.

(ii)

97
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The polynucleotide according to any one of items 79, 80 and 87, wherein the
polynucleotide encodes EpTPS8 of SEQ ID NO:5 or a biologically active variant
thereof as at least 80% identical to, such as at least 85% identical to, such as at
least 90% identical to, such as at least 95% identical to, such as at least 96%
identical to, such as at least 97% identical to, such as at least 98% identical to,
such as at least 99% identical to SEQ ID NO: 5 [EpTPS8].

The polynucleotide according to any one of items 79 to 88, further comprising a
sequence coding for a plastidial targeting signal.

The polynucleotide according to any one of items 79 to 89, wherein the
polynucleotide is codon-optimised for expression in a host cell.

The polynucleotide according to item 90, wherein the host cell is selected from
the group comprising bacterial cell, yeast cells, fungal cells, plant cells,

mammalian cells and insect cells.

A vector comprising at least one polynucleotide as defined in any one of items
79 to 91.

The vector according to item 92, wherein the vector comprises one
polynucleotide as defined in any one of items 83 to 88 and one polynucleotide
as defined in any one of items 81 to 82.

A host cell comprising the polynucleotide according to any one of items 79 to
91, and/or the vector according to any one of items 92 to 93.

The host cell according to item 94, capable of producing (13R)-manoyl oxide.

The cell according any one of items 94 to 95, wherein the cell expresses:
a first polypeptide having a sequence at least 70% identical to SEQ ID NO:
1 [CfTPS2]; and
a second polypeptide having a sequence at least 70% identical to SEQ ID
NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4], or SEQ ID NO: 5 [EpTPS8].

The cell according to any one of items 94 to 96, wherein the cell expresses:
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(i) A first polypeptide, which is the polypeptide according to any one
of claims 75 to 77; and

(i) A second polypeptide, which is the polypeptide according to any
one of claims 67 to 74.

98. The cell according to item 94, wherein the first polypeptide has a sequence at
least 70% identical to SEQ ID NO: 1 [CfTPS2] and the second polypeptide has
a sequence at least 70% identical to SEQ ID NO: 4 [CfTPS3].

99. The cell according to item 94, wherein the first polypeptide has a sequence at
least 70% identical to SEQ ID NO: 1 [CfTPS2] and the second polypeptide has
a sequence at least 70% identical to SEQ ID NO: 3 [CfTPS4].

100. The cell according to item 94, wherein the first polypeptide has a
sequence at least 70% identical to SEQ ID NO: 1 [CfTPS2] and the second
polypeptide has a sequence at least 70% identical to SEQ ID NO: 5 [EpTPS8].

101. The cell according to any one of items 94 to 100, wherein the cell is
selected from the group comprising bacterial cell, yeast cells, fungal cells, plant
cells, mammalian cells and insect cells.

102. The cell according to item 101, wherein the cell is a bacterial cell.

103. The cell according to item 102, wherein the bacteria is Escherichia coli.
104. The cell according to item 101, wherein the cell is a yeast cell.

105. The cell according to item 104, wherein the yeast is Saccharomyces

cerevisiae or Schizosaccharomyces pombe.

106. The cell according to any one of items 94 to 105, wherein the cell is
capable of secreting (13R)-manoyl oxide.

107. The cell according to any one of items 94 to 106, wherein the cell is
transfected with at least one vector for expressing the first and the second
polypeptides.
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108. The cell according to any one of items 94 to 107, wherein the cell is
transfected with at least one vector according to any one of items 92 to 93.

109. The cell according to item 101, wherein the cell is a plant cell selected
from the group consisting of Nicotiana benthamiana and Physcomitrella patens.

110. The cell according to item 109, wherein the cell is a Nicotiana

benthamiana cell.

111. The cell according to item 110, wherein the Nicotiana benthamiana cell is
a leaf cell.
112. The cell according to item 111, wherein the Nicotiana benthamiana leaf

cell is transfected with at least one vector for expressing the first and the
second polypeptides.

113. The cell according to item 112, wherein the at least one vector for
expressing the first and the second polypeptides is a bacterial vector for

transient expression.

114. The cell according to item 113, wherein the bacterial vector is

Agrobacterium tumefaciens.

115. The cell according to any one of items 113 to 114, wherein the first and

second polypeptides are expressed in a transient manner.

116. The cell according to item 115, wherein the vector also encodes a

suppressor of gene silencing.

117. The cell according to item 116, wherein the suppressor of gene silencing
is the p19 protein of tomato bushy stunt virus.

118. The cell according to any one of items 94 to 117, wherein the cell is

further capable of producing GGPP.

119. The cell according to item 118, wherein GGPP is produced via the
plastidial methylerythritol 4-phosphate (MEP) pathway.
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120. The cell according to any one of items 94 to 119, wherein the host cell
comprises at least one heterologous nucleic acid encoding an enzyme of the
MEP pathway.

121. The cell according to any one of items 94 to 120, wherein the cell is
further engineered to direct metabolic fluxes.

122. The cell according to any one of items 94 to 121, wherein the (13R)-
10 manoy! oxide is substantially pure.
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Claims

1.

(ii)

(i)

A method of manufacturing (13R)-manoyl oxide, said method comprising the
steps of:
providing geranylgeranyl diphosphate (GGPP);
contacting GGPP of step (i) with a first polypeptide having a sequence at
least 75% identical to SEQ ID NO: 1 [CfTPS2] or SEQ ID NO: 2 [SsLPPS],
thus obtaining labd-13-en-8,15-diol diphosphate (LPP);
contacting the LPP of step (ii) with a second polypeptide having a sequence
at least 75% identical to SEQ ID NO: 3 [CfTPS4], SEQ ID NO: 4 [CfTPS3]
or SEQ ID NO: 5 [EpTPS8];
thus obtaining (13R)-manoyl-oxide.

The method according to any one of the preceding claims, wherein the (13R)-

manoyl oxide obtained is enantiomerically pure.

The method according to any one of the preceding claims, wherein the first
polypeptide and the second polypeptide are present at a stoichiometry ratio
between 2:1 and 1:2, such as 1:1.

The method according to any one of the preceding claims, further comprising a

step of recovering the (13R)-manoyl oxide.

The method according to any one of the preceding claims, where the method is

performed in vivo.

The method according to the preceding claims, wherein the first and second
polypeptides are heterologously expressed in a host organism selected from
the group comprising bacteria, yeast, fungi, plants, insects and mammals..

The method according to any one of the preceding claims, wherein the host
organism is selected from the group comprising Escherichia coll,
Saccharomyces cerevisiae,Schizosaccharomyces pombe, Nicotiana
benthamiana and Physcomitrella patens.
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11.

12.

13.

14.

15.

16.
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The method according to any one of the preceding claims, wherein the first and
second polypeptides are purified after heterologous expression.

The method according to any one of the preceding claims, wherein GGPP is
provided in a composition or is produced by the host organism.

The method according to any one of the preceding claims, wherein:

- the first polypeptide has a sequence at least 75% identical to, such as at
least 80% identical to, such as at least 85% identical to, such as at least
90% identical to, such as at least 95% identical to, such as 100% identical
to SEQ ID NO: 1 [CfTPS2]; and

- the second polypeptide has a sequence at least 75% identical to, such as at
least 80% identical to, such as at least 85% identical to, such as at least
90% identical to, such as at least 95% identical to, such as 100% identical
to SEQ ID NO: 3 [CfTPS4].

The method according to any one of the preceding claims, wherein the method
is performed in a host cell selected from the group comprising bacterial cell,
yeast cells, fungal cells, plant cells, mammalian cells and insect cells, wherein
the host cell is capable of expressing the first and second polypeptides in a
stoichiometry of 1:1.

The method according to any one of the preceding claims, further comprising
non-enzymatical synthesis of forskolin from (13R)-manoyl-oxide.

A method for producing forskolin comprising the step of preparing (13R)-manoyl
oxide by the method according to any one of the preceding claims, and the
second step of synthesising forskolin from said (13R)-manoyl-oxide with the
provisos that said second step does not include enzymatic synthesis steps.

(13R)-manoyl oxide obtained by the method of any one of claims 1 to 14.

The (13R)-manoyl oxide according to claim 15, wherein the (13R)-manoyl oxide
is more than 90% enantiomerically pure.

An isolated diterpene synthase (diTPS) polypeptide comprising:
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18.

19.

20.

21.
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i) an amino acid sequence selected from the group consisting of SEQ ID NO: 1
[CfTPS2], SEQ ID NO:4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] and SEQ ID NO:5
[EpTPSE];

i) a biologically active sequence variant of said polypeptide, wherein the
sequence variant has at least 80% sequence identity to said SEQ ID NO: 1
[CfTPS2], SEQ ID NO:4[CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID NO:5
[EpTPSS],

wherein the biological activity is diterpene synthase activity.

The polypeptide according to claim 166, wherein the polypeptide has a class |
diTPS activity, and has a sequence at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95%
identical to, such as at least 96% identical to, such as at least 97% identical to,
such as at least 98% identical to, such as at least 99% identical to, such as
100% identical to SEQ ID NO: 4 [CfTPS3], SEQ ID NO: 3 [CfTPS4] or SEQ ID
NO: 5 [EpTPS8].

The polypeptide according to claim 17, wherein the polypeptide is capable of
catalysing cleavage of the diphosphate group of LPP and additional cyclization
or rearrangement reactions on the resulting carbocation yielding (13R)-manoyl
oxide.

The polypeptide according to claim 17, comprising an operative class | DDxxD

domain.

The polypeptide according to claim 16, wherein the polypeptide has a class Il
diTPS activity, and has a sequence at least 80% identical to, such as at least
85% identical to, such as at least 90% identical to, such as at least 95%
identical to, such as at least 96% identical to, such as at least 97% identical to,
such as at least 98% identical to, such as at least 99% identical to, such as
100% identical to SEQ ID NO: 1 [CfTPS2].

The polypeptide according to claim 20, wherein the polypeptide is capable of
catalysing cycloisomerisation of GGPP to LPP.
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24.
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26.

27.

28.

29.

30.

(i)

59

The polypeptide according to claim 20, comprising an operative class || DxDD

domain.

The polypeptide according to any one of claims 16 to 22, further comprising a
plastidial targeting signal.

A polynucleotide encoding a polypeptide as defined in any one of claims 16 to
23.

The polynucleotide according to claim 24, wherein the polynucleotide has a
sequence with at least 85% identity to a sequence selected from the group
consisting of SEQ ID NO:6 [CfTPS2], SEQ ID NO:9 [CfTPS3], SEQ ID NO:8
[CfTPS4], and SEQ ID NO: 10 [EpTPS8].

The polynucleotide according to any one of claims 24 to 25, further comprising
a sequence coding for a plastidial targeting signal.

The polynucleotide according to any one of claims 24 to 26, wherein the
polynucleotide is codon-optimised for expression in a host cell selected from the
group comprising bacterial cell, yeast cells, fungal cells, plant cells, mammalian
cells and insect cells.

A vector comprising at least one polynucleotide as defined in any one of claims
24 to 27.

A host cell comprising the polynucleotide according to any one of claims 24 to
27, and/or the vector according to claim 28.

The cell according to claim 29, wherein the cell expresses:
a first polypeptide, which is CfTPS2 of SEQ ID NO:1 or a biologically active
variant thereof at least 80% identical to SEQ ID NO: 1 [CfTPS2]; and
a second polypeptide which is CfTPS 3 of SEQ ID NO:4, CfTPS4 of SEQ ID
NO:3, EpTPS8 of SEQ ID NQO:5, or a biologically active variant thereof at
least 80% identical to SEQ ID NO:4 [CfTPS3], SEQ ID NO:3 [CfTPS4] or
SEQ ID NO:5 [EpTPS8],

wherein the cell is selected from the group comprising bacterial cell, yeast cells,

fungal cells, plant cells, mammalian cells and insect cells.
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31. The cell according to claim 30, wherein the cell is a Nicotiana benthamiana cell
transfected with at least one viral vector for transiently expressing the first and
5 the second polypeptides.

32. The cell according to any one of claims 29 to 31, wherein the cell is further
naturally capable of producing or further engineered to produce GGPP via the
plastidial methylerythritol 4-phosphate (MEP) pathway.
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FIG. 4
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FIG. 7
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FIG. 9
CfTPS2 ——————— ATGAAAA-TGTTGATGATCAAAA--GTCAATTT-CGTG————————————— TA
SsLPPS ATGACTTCTGTAAATTTGAGCAGAGCACCAGCAGCGATTACCCGGCGCAGGCTGCAGCTA
KKk ckkKk K sk s kk KKk K LK _kkka kK * %
CEfTPS2 CAT-———————— TC-AATAGTCAGTGCATGGGCGAACAACAG-—--CAATAAAAGG—-—-CAG
SsLPPS CAGCCGGAATTTCATGCCGAGTGTTCATGGCTGAAAAGCAGCAGCAAACACGCGCCCTTG
** Kk 2 Kkr akk KkKKK KKk K _KKkK Kkky K K sk
CEfTPS2 TCATTGGGTCACCAAATTCGTCGAAAGCAAAGATCACAAGTAACCGAGTGTCGAGTTGCA
SsLPPS ACCTTGAGTTGCCAAATCCGTCCTAAGCAACTCTCCCAAATAGCTGAATTGAGAGTAACA
sk _kkKk Kk KKKKKK Khkkk kK KkKKK | kk _KkKk Kk Kk Kk % kkkk . KKk
CEfTPS2 AGTCTGGATGCGTTGAATGGAATTCAAAAAGTCGGCCCAGCCACCATTGGGACTCC————
SsLPPS AGCCTGGATGCGTCGCAAGCGAGTGAAAAAGACATT-—-TCCCTTGTTCAAACTCCGCAT
Kk kkKKkkKKKhkKk K _Krk Kk K KKKKKK Kk *k LkKk | kokkokk

CEfTPS2 ——TGAAGAGGAAAATAAAAAGATTGAGGATTCCATTGAGTACGTGAAGGAGTTGTTGAAG
SsLPPS AAGGTTGAGGTTAATGAAAAGATCGAGGAGTCAATCGAGTACGTCCAAAATCTGTTGATG
Kaskkhkksohkhh KhKKKRK KAhkhKh Kk Kk KAKKKKKK* Kk Kk KkkkKhk gk
CEfTPS2 ACAATGGGCGACGGGCGAATCAGCGTTTCCCCGTACGACACAGCAATAGTTGCCCTGATT
SsLPPS ACGTCGGGCGACGGGCGAATAAGCGTGTCACCCTATGACACGGCAGTGATCGCCCTGATC
Kk 2 KKK KKKKKKKKRKKRKK  KhKhhk Kk Kk Kk Khkkk _khkk Kk Kk KhkAAAxKk
CEfTPS2 AAGGACTTGGAAGGAGGTGATGGACCAGAGTTTCCATCTTGTCTAGAGTGGATTGCACAG
SsLPPS AAGGACTTGAAAGGGCGCGACGCCCCGCAGTTTCCGTCATGTCTCGAGTGGATCGCGCAC
KAKKKK KKK hhkk | K Kk Kk _kk_ KKKKKKK Kk hkkAkk KAKKKkKKkK* Kk KKk
CEfTPS2 AATCAACTGGCTGATGGTTCTTGGGGGGATCACTTICTTICTGTATTTATGATCGGGTTGTT
SsLPPS CACCAACTGGCTGATGGCTCATGGGGCGACGAATTCTTCTGTATTTATGATCGGATTCTA
Lk kkKkKKKKKRKKRKKK Kk hhAAK Kk Kk KKKKAAKRKRAKAK KK KA KRR Kk K.
CEfTPS2 AATACAGCAGCTTGTGTGGTCGCCTTAAAGTCGTGGAACGTTCACGCAGACAAGATTGAG
SsLPPS AATACATTGGCATGTGTCGTAGCCTTGAAATCATGGAACCTTCACTCTGATATTATTGAA
* ok ko ok ok kkakkkhkk Kk kkkkk kk kk Khkkhkkhk KAhKkKk Kikk Kk KAKKK
CEfTPS2 AAAGGAGCAGTGTACCTGAAGGAGAATGTGCATAAACTTAAAGATGGGAAGATTGAGCAC
SsLPPS AAAGGAGTGACGTACATCAAGGAGAATGTGCATAAACTTAAAGGTGCAAATGTTGAGCAC
KAkKKhhh | kkkk K Khkkk kK kKKK KRARKA KK hhhhhkhk Kk  *k _hkkkhkk*
CEfTPS2 ATGCCCGCAGGGTTTGAATTTGTGGTTCCTGCCACTCTTGAAAGAGCCAAAGCCTTGGGG
SsLPPS AGGACAGCGGGGTTCGAACTTGTGGTTCCTACTTTTATGCAAATGGCCACAGATTTGGGC
K ok ok kk  Kkkkk Kkk khkkkkkkkkkk k2 Kk Kk Kkkk _kkkk Kkk_  Kkkk*k
CEfTPS2 ATCAAAGGTCTTCCCTATGATGATCCTTTCATCAGGGAAATTTATAGTGCAAAACAAACA
SsLPPS ATCCAAGATCTGCCCTATGATCATCCCCTCATCAAGGAGATTGCTGACACAAAACAACAA
Khkk kkk kkk Khkkkkhkhkhkk hhkhk  Khhhkkk Khhkk Kkkk Kk kkkkkkkk K
CEfTPS2 AGATTGACCAAGATACCAAAGGGCATGATCTACGAATCTCCAACTTICTTTATTATATAGT
SsLPPS AGATTGAAAGAGATACCCAAGGATTTGGTTTACCAAATGCCAACGAATTTACTGTACAGT
Khkkhkkhkk _ kkkhkkhkk Khhkkhk  okk Kk kkk Kk, kkkokk o Kkkk Kk Kk Kkk
CEfTPS2 TTAGACGGTCTGGAAGGCTTGGAGTGGGACAAGATACTGAAACTGCAGTCGGCCGATGGC
SsLPPS TTAGAAGGGTTAGGAGATTTGGAGTGGGAAAGGCTACTGAAACTGCAGTCGGGCAATGGC
Kkkkk Kk kK kk | KkkKkKKKKRAKK K Kk KKKKKKRAKRKKRKKKKAKRAKN K _Khh Ak
CEfTPS2 TCATTCATCACCTCTGTGTCGTICTACTGCCTTCGTATTCATGCACACCAACGACCTTAAA
SsLPPS TCCTTCCTCACTTCGCCGTCGTCCACCGCCGCCGTCTTGATGCATACCAAAGATGAAAAA
Kk kkk  kkkk kK KhkkKKkKk Kkk khkk  KkKk Kk Kkkkk KAKKkk Kkk oo kKK
CEfTPS2 TGCCACGCCTTCATCAAAAATGCCCTCACCAATTGCAACGGGGGAGTACCCCACACGTAT
SsLPPS TGTTTGAAATACATCGAAAACGCCCTCAAGAATTGCGACGGAGGAGCACCACATACTTAT

* * T K akkkok kkkk hkkkkkohk | kkkhkkk kkhkhk kkhkk khkk kk kk kkk
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Fig. 9 (cont.)
CfTPS2 CCAGTGGATATCTTCGCACGACTTTGGGCAGTGGACCGACTGCAACGCCTCGGAATATCT
SsLPPS CCAGTCGATATCTTCTCAAGACTTTGGGCAATCGATAGGCTACAACGCCTAGGAATTTCT

Kkhkhhk hhkkhhhhdh hhk Khhhhkhkhhhhhh Kk hk ok hk hhhkkhkhkk hhkkhk . khk

CEfTPS2 CGATTCTTTGAGCCTGAGATCAAATATTTAATGGATCACATCAATAACGTGTGGAGGGAG

SsLPPS CGTTTCTTCCAGCACGAGATCAAGTATTTCTTAGATCACATCGAAAGCGTTTGGGAGGAG
Kk KKKKK  hKkKk | KKKKKKAK KKKKKh_ 2k KAKKAKAKKK| K1k KAk *kk _Khk%k

CEfTPS2 AAGGGAGTTTTCAGTTCAAGGCATTCACAATTTGCGGATATTGACGACACATCCATGGGC
SsLPPS ACCGGAGTTTTCAGTGGAAGATATACGAAATTTAGCGATATTGATGACACGTCCATGGGC

k. O kkkkkkKkAKAKRK  kkKk | Kk ok KKKk K KhkKkKKK KK KAKKK Kk hkhh Ak k&
CEfTPS2 ATCAGGCTTCTGAAAATGCACGGATACAATGTCAACCCAAATGCACTTGAACATTTCAAA
SsLPPS GTTAGGCTTCTCAAAATGCACGGATACGACGTCGATCCAAATGTACTAAAACATTTCAAG

UK kkkckkkkohk kkkhhhhkkhhhhkkhhk ok khkkh ok hhkhkkhkhk Khhkks Ahkhhkkhkhhhkk

CEfTPS2 CAGAAAGATGGGAAGTTTACATGCTATGCTGATCAACATATCGAGTCTCCATCCCCCATG
SsLPPS CAACAAGATGGTAAATTTTCCTIGCTACATTGGTCAATCGGTCGAGTCTGCATCTCCAATG

Kk | kkkkkkKk KKk KKKk KhKkKkk | Kk Kkkk | KKKKKKKK KhkKkKk Kk _Kk%
CEfTPS2 TACAATCTCTACAGGGCTGCTCAGCTTCGTTTTCCAGGAGAAGAAATTCTTCAACAAGCC
SsLPPS TACAATCTTTATAGGGCTGCTCAACTAAGATTTCCAGGAGAAGAAGTTCTTGAAGAAGCC

hhkkkhhhhk hhk hhhhhhhhhdhh Kk Kohhhhhhhhhhhhdhdhh Khhhkx K,k *hhkhkx

CEfTPS2 CTTCAATTTGCCTATAATTTTCTACATGAAAACCTAGCCAGCAATCACTTTCAAGAAAAA
SsLPPS ACTAAATTTGCCTTTAACTTICTTGCAAGAAATGCTAGTCAAAGATCGACTTCAAGAAAGA

K KKKKKK KKK s hKkKk kk Kk kkakkkks KAKK Kk Kkk | KKKKKKKKK K
CEfTPS2 TGGGTCATATCCGACCACCTAATTGATGAGGTAAGGATCGGGCTGAAGATGCCATGGTAC
SsLPPS TGGGTGATATCCGACCACTTATTTGATGAGATAAAGCTGGGGTTGAAGATGCCATGGTAC

hhkkhh hkhkhhhhhhhhdhh hhkohhhhhhhh Khhk K, * *hk Fhhhhhhhhhhhhdhhhk

CEfTPS2 GCCACCCTACCGCGAGTGGAGGCTTCATACTATCTTCAACATTATGGTGGATCCAGCGAC

SsLPPS GCCACTCTACCCCGAGTCGAGGCTGCATATTATCTAGACCATTATGCTGGTTCTGGTGAT
KAkKKh KkkhkhKh KAKKK KAKhKhk Khkkk Khkkhkky K« K*kAhkkk Khkkskh* _k K%k

CEfTPS2 GTATGGATTGGCAAAACTTTATACAGAATGCCAGAAATCAGTAACGACACATACAAAATA

SsLPPS GTATGGATTGGCAAGAGTTTCTACAGGATGCCAGAAATCAGCAATGATACATACAAGGAG
KKKKKK KK KK KKK Kk KAhkKk hhhhk KAKKAAKKhhhhhk k% **k *hhhhhdhh o

CEfTPS2 CTTGCACAATTGGACTTCAACAAATGTCAAGCACAACATCAGTTGGAATGGATGTCCATG
SsLPPS CTTGCGATATTGGATTTCAACAGATGCCAAACACAACATCAGTTGGAGTGGATCCACATG

KAKKK | ahkhhhhhk KKKKKKK*  Khkk KAk KAAKAhhhhhhAARARK Kk kK k Lkk ok
CEfTPS2 AAAGAGTGGTATCAAAGTAATAATGTTAAAGAATTTGGGATAAGCAAGAAAGAACTTCTT
SsLPPS CAGGAATGGTACGACAGATGCAGCCTTAGCGAATTCGGGATAAGCAAAAGAGAGTTGCTT

Lk kk kkkkk ok kkasa | Kk kkk | kkkkk KhkkkAAkAKkhkKkKk Kk _Kkk ok kkk
CEfTPS2 CTTGCTTACTTTTTGGCTGCTGCAACCATGTTTGAACCCGAACGCACACAAGAGAGGATT
SsLPPS CGCTCTTACTTTCTGGCCGCAGCAACCATATTCGAACCGGAGAGAACTCAAGAGAGGCTT

* Khkkhkhkkhkh hhhkk Kk hhkhhkhkhhk Kk Khkkkk kK __k Kk hkhkkkkhkk k%
CEfTPS2 ATGTGGGCGAAAACTCAAGTCGTTTCTCGGATGATCACATCATTTCTCAACAAAGAAAAC
SsLPPS CTGTGGGCCAAAACCAGAATTCTTTCTAAGATGATCACTTCATTTGTCAACATTAGTGGA

Lkkkkkkk Kkkkk |k Kk kkkkk | hhkkkkkkhhhk o kAhkhhkk Khkkkkhkoo 2
CEfTPS2 A-——-CAATGTCATTCGACCTAAAGATTGCACTTTTAACCCAACCCCAACA-TCAAATAAA
SsLPPS ACAACACTATCTTTGGAC———————— TACAATTTCA--ATGGCCTCGATGAAATAATTAG

* khk Kk kkskk kkk Kk kk _kkk K LRk ok ks akkk ek
CEfTPS2 TGGTTCTGAGATGAAGAATGGACTTGCTCAAACTCTTCCTGCAGCCTTCCGACAACTACT
SsLPPS TAGTGCCAATGAAGATCAAGGACTGGCTGGGACTCTGCTGGCAACCTTCCATCAACTTCT

*.** * _* .:..* _*:***** * kk ..***** * ***_******_:*****:**
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Fig. 9 (cont.)
CfTPS2 CAAGGAATTCGACAAATACACAAGACATCAATTGAGGAATACTTGGAACAAATGGTTGAT
SsLPPS AGACGGATTCGATATATACACTCTCCATCAACTCAAACATGTTTGGAGCCAATGGTTCAT
..* *'****** *:******:. .****** * *...**. *****.*.******* * %
CfTPS2 GAAACTGAAGCAAGGAGATGACAATGGCGGCGCAGATGCAGAGCTCCTTGCAAACACATT
SsLPPS GAAAGTGCAGCAAGGAGAGGGAAGCGGCGGGGAAGACGCGGTGCTCCTAGCGAACACGCT

Kkkhhk khk kkkhkkhkkhhhkk Kk k_ ckkkkhkk ok hkk hk hakkkkhkkakhkk Kkhkhkk K

CEfTPS2 AAACATATGTGCTGGACATAACGAAGACATATTATCGCACTATGAATACACCGCTCTCTC

SsLPPS CAACATCTGCGCCGGCCTCAACGAAGACGTGTTGTCCAACAATGAATACACGGCTCTGTC
KKk kK KKk Kk kk ks KKKKKKKRKK K KKk Kk KKk AKKKKKKKEK KKKAK KK

CEfTPS2 CTCCCTCACAAACAAAATATGTCAGCGTCTAAGTCAAATTCAAGATAAAAAGATGCTGGA
SsLPPS CACCCTCACAAATAAAATCTGCAATCGCCTCGCCCAAATTCAAGACAATAAGATTCTCCA

Kokhkkkkkhkhhk Khkkkk *k Kk Kk kk Kkkhkhk kKR hk Kk Kk shkhkk *k K
CEfTPS2 AATTGAGGAGGGGAGCATAAAAGATAAGGAGATGGAGCTCGAAATACAAACATTGGTGAA
SsLPPS AGTTGTGGATGGGAGCATAAAGGATAAGGAGCTAGAACAGGATATGCAGGCGTTGGTGAA

ko kkkakkhk kkkhkhhkhkkhkhhhkh hhhkkhhhhkh Kk Khkhk ko hkokk Kk ok hhkhkkkhhk

CEfTPS2 GTTAGTCCTCCAAGAAACCAGTGGGGGTATCGATAGAAACATCAAGCAAACATTTTTATC

SsLPPS GTTAGTGCTTCAAGAAAATGGCGGCGCCGTAGACAGAAACATCAGACACACGTTTTTIGTC
KhkKkhhkk KKk KhkKKAKK Kk Kk K LK KK KKKKKKKKKK KKk KKk _KkkKkKk K%k

CEfTPS2 AGTATTCAAGACATTTTACTACAGGGCCTACCACGATGCTAAGACTATCGATGCCCATAT

SsLPPS GGTTTCCAAGACTTTCTACTACGATGCCTACCACGACGATGAGACGACCGATCTTCATAT
Kk sk kKKK AKshk Khkkkkk | KKKKKAKKKKE KK _KAkKkk Kk Kk KKk Kok ok ok ok

CEfTPS2 TTTCCAAGTACTATTTGAACCAGTGGTCTGA

SsLPPS CTTCAAAGTACTCTTTCGACCGGTTGTATGA

hkkh hkkhhkkk hhkk  hkk hk Khk Kkk
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FIG. 10

EpTPS8 ATGCAAGTCTCTCTCTCCCTCACCACTGGCTCCGAGCCTTGCATTACCAGAATCCATGCT
CETPS3  mmmmm e
CETPSA
EpTPS8 CCATCTGATGCACCATTGAAACAGCGGAACAATGAAAGAGAGAAGGGGACACTAGAACTA
CETPS3  mmmmm
CETPS4 mmmmmm
EpTPS8 AATGGGAAAGTTTCGCTGAAGAAAATGGGAGAGATGCTGAGGACAATAGAAAATGTACCT
CETPS3 mmmmm
CETPS4 mmmmm
EpTPS8 ATAGTAGGTAGTACGTCGTCGTATGATACAGCATGGGTCGGTATGGTGCCTTGTTCATCG
CETPS3
CETPS4  mmm e
EpTPS8 AATTCGTCGAAACCGCTATTTCCAGAAAGCTTGAAATGGATAATGGAGAATCAAAATCCA
CETPS3
CETPS4 mmmmmm
EpTPS8 GAAGGGAATTGGGCAGTTGATCATGCTCATCATCCTCTTCTTCTTAAAGACTCTCTTTCT
CETPS3  mmmmmm
CETPS4
EpTPS8 TCCACTCTTGCTTGTGTCCTTGCTTTGCACARATGGAATTTGGCTCCCCAGCTTGTTCAC
CETPS3 e
CETPS4 mmmmm
EpTPS8 TCCGGTTTGGACTTCATCGGCTCTAATCTATGGGCAGCTATGGACTTTCGACAACGATCT
CETPS3 e e e e
CETPS4 mmmmmm ATGTCAAT————————————
EpTPS8 CCTCTCGGATTTGATGTTATATTTCCAGGAATGATCCACCAAGCTATTGATTTGGGCATC
CETPS3  mmmmmm
CETPS4 mmmmmm
EpTPS8 AATCTTCCTTTCAACAACTCTTCAATTGAGAACATGCTCACTAACCCACTTTTGGACATT
CETPS3 mmmmmm
CEfTPS4 ———mm— CACCATC—--AACCTTCGAGTTA--—-TCGCTTTCCCCGGCCATGGAGTT
EpTPS8 CAAAGTTTTGAAGCAGGAAAAACTAGCCATATTGCATACTTTGCCGAGGGATTAGGAAGT
CETPS3 e
CfTPS4 CA———————m GAGCAGGCAAGG———-AATATTTGCAGTCA—————— TGGAAT————————
EpTPS8 AGATTAAAGGATTGGGAACAACTTCTTCAATATCAAACAAGTAACGGTTCGCTCTTCAAT
CfTPS3 ————m———— ATGATCACCT —— e CTAAA
CfTPS4 ——TTCCAAGGAACAAGAACACCT——————————mm e TTAAA

‘k*:**.*‘k *‘k:
EpTPS8 TCACCTTCTAC-———AACTGCTGCCGCTGCTATTCATCTACG-TGACGAAAAATGTCTTA
CfTPS3 TCATCTGCAGCTGTTAAATGCAGCCTCACCACGCCAACAGATTTGATGGGGAA———————
CETPS4 TCATCCTTTGCTGTTAAATGCAGCCTCTCTACTCCAACAGATTTGATGGGARA ———————

Kkk Kk L% Kk KKK RKkK K, s Kkaka o kKR K kK
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FIG. 10 (cont.)
EpTPS8 ATTACTTGCATTCTCTAACCAAACAATTCGATAATGG-————— TGCTGTTCCAACACTTT
CfTPS3 AATAAAAGAGGTCTTCAA-CAGGGAAGTCGATACTTCTCCGGCAGCCATGACTACTCAT-
CfTPS4 GATAAAAGAAAAGTTGAG-CGAGAAGGTTGATAATTCTGTGGCAGCCATGGCTACTGAT-
_:**_::*__ . * *_ *___ *_ * ****_* :** _* *:**: :*
EpTPS8 ATCCTCTCGATGCGCGTACCAGAATCTCCATAATCGATAGTTTGGAARAGTTTGGGATCC
CfTPS3 ——TCTACAGATATACCCTCTAATCTCTGCATAATCGACACCCTCCA-GAGGCTGGGAATC
CfTPS4 —~TCTGCCGATATGCCCACTAATCTCTGCATCGTCGACTCCCTCCA-GAGGCTGGGAGTC
* * .***. .* :* *.:.*** ***_'**** B * * .** * Kk k kK *
EpTPS8 ATTCACATTTCATCCAA-—--GAAATGA—-CAATTCTACTAGATCAAATATACAGCTTCT
CfTPS3 GACC--AATACTTCCAATCCGAAATCGACGCTGTTCTACATG—~-ATACATACAGGTTAT
CfTPS4 GAAA--AATATTTCCAATCCGAAATCGACACTGTTCTCGATG—--ATGCATACCGGTTAT
. *:*: :***** _**: * % *:'****_ ::* *:_ ****_* **_*
EpTPS8 GGAAAGAAGGGAATGAAGAAATATTTAAAGACCCTGGATGTTGTGCAACAGCATTCCGAC
CfTPS3 GGCAACTGAAAAAGAAAGATATATTTTCGGATATTACTACTCATGCAATGGCGTTCAGAC
CfTPS4 GGCAGCTGAAGCAGAAAGATATATTTTCAGACATTACTACTCATGCAATGGCGTTTAGAC
**_*_ [ * _****:******:__** R *_ s * _***** _**_** _***
EpTPS8 TGCTGCGAAAGCATGGTTATGATGTTTCTTCAGATTCCTTGGCAGAGTTTGAGAAAAAAG
CfTPS3 TTTTGCGAGTCAAAGGATATGAAGTTGCATCAGACGAACTGGCTCCATACGCTGATCAAG
CfTPS4 TTCTGCGAGTCAAAGGATACGATGTTTCATCAGAGGAGCTGGCTCCATACGCTGATCAAG
* *****.: .*:**:** **:*** *:***** . ****: __*: *_ _*:_***
EpTPS8 AGATATTTTACCATTCATCAGCAGCTAGTGCACACGAAATCGATACCAAGTCTATTCTAG
CfTPS3 AGCGCATTAACCT———————————————— GCAAACCATT--GATGTGCCGACAGTTGTTG
CfTPS4 AGGGCATGAACTT———————————————— GCAAACGATT--GATCTGGCGGCGGTCATCG
* % _:* :** . ***'** *:: * k% '* * _* * %
EpTPS8 AATTATTCAGAGCTTCCCAAATGAAAATTTTGCAAAATGAACCAATACTC-—GACAGAAT
CfTPS3 AGCTATACAGAGCAGCACAGGAGAGATT-—AACTGAAGAAGATAGCACTCTTGAGAAACT
CfTPS4 AGCTGTACAGAGCAGCACAGGAGAGAGT —~GGCTGAGGAAGACAGCACTCTTGAGARACT
*_ *_*:******: *_**__:**_* * _*:_*_ _*_' *_ * Kk k% * k% *_*_*
EpTPS8 TTACGATTGGACTAGCATTTTTCTGAGAGACCAGCTAGTGAAAGGT ~CTAATCGAAAACA
CfTPS3 GTATGTTTGGACCAGCGCCTTTCTGAAGCAGCAGTTGCTCACTGATGCCATTC-CTGACA
CfTPS4 GTATGTCTGGACCAGCACCTTTCTGAAGCAGCAGTTGCTGGCTGGCGCCATTC~CTGACC
* k *: * kk kk ***_ *******.. *  kkk *. * ._:*. * *:** .:.**_
EpTPS8 AGAGTCTGTACGAAGAAGTTAA-TTTTGCTTT-GGGACATCCATTTGCTAATCTGGATAG
CfTPS3 AGAAATTGCACAAACAAGTGGAATACTACTTGAAGAACTACCA-TGGCATAT-TAGATAG
CfTPS4 AGAAATTGCACAAACAGGTGGAGTACTACTTGAAGAACTACCA-CGGCATAT-TAGATAG
***.: * % **'** *'** '* *: *'*** _*'**::*** **::** *'*****
EpTPS8 ACTCGAAGCTCGTTCTTACATCGACAATTACGA————— TCCATATGATGTCCCACTTCTT
CfTPS3 AATGGGAGTGAGACGAAACCTCGACCTATATGACATAAGCCATTATAAAAGTCTC—————
CfTPS4 AATGGGAGTTAGAAAAGGACTCGACCTGTATGATGCTGGCTATTACAAGGCCCTC—————
*_* *'** _*: . ___*****_: **k Kk * **:: *:_ *:*
EpTPS8 AAGACATCTTACAGGTCATCCAATATTGATAACAAAGATCTATGGACAATTGCATTCCAA
CfTPS3 AAAGCTGCTCACAGGTTCTATAATCTGAGTAATGAAGATATCCTAGCATTTGCGAGGCAA
CfTPS4 AAAGCTGCAGATAGGTTGGTTGATCTATGCAATGAAGACCTTCTAGCATTTGCAAGGCAA
**__*: *: *  kk ok ok _**_* R * % _**** _* __**:****_: * k%
EpTPS8 GATTTCAACAAGTGCCAAGCCTTGCACCGTGTGGAACTTGATTATCTGGAGAAATGGGTG
CfTPS3 GATTTTAATATTAGCCAAGCCCAACACCAGAAAGAACTTCAGCAGCTGCARAGGTGGTAT
CfTPS4 GATTTTAATATTAACCAAGCCCAACACCGCAAAGAACTTGAGCAACTGCAAAGGTGGTAT
khkkhkk kk k. s okkkkkkok . kkkk R R B * kkk ok Kk kkKk
EpTPS8 AAAGAATACAAATTGGACACTCTGAAGT GGGCAAG-GCAGAAGACTGAGTATGCATTATT
CfTPS3 GCAGATTGTAGGTTGGACACGTTGAAATTTGGAAGAGATGTAGTGCGTATAGG-AAATTT
CfTPS4 GCAGATTGTAGGTTGGACAAACTCGAGTTTGGAAGAGATGTGGTGCGTGTATC~GAATTT

L kkk ek ok kkkkk ok k| koK Kk ko okkk ok aka ko koo KKk R
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FIG. 10 (cont.)
EpTPS8 TACGATAGGCGCAATCCTTTCGGAGCCTGAATACGCTGATGCTCGCATCTCATGGTCACA
CfTPS3 TCTGACTTCAGCAATGATTGGTGATCCTGAATTGTCTGACCTCCGTCTAGCGTTTGCCAA
CfTPS4 TCTGACTTCAGCCATCCTTGGTGATCCAGAGCTTTCTGAAGTCCGTCTAGTGTTTGCCAA
* ., kK . LRk kk kK Khk hkakk | : * kKK kKoK Lk kUK
EpTPS8 GAATACTGTTTTTGTGACTATTGTTGATGATTTCTTTGACTATGGTGGTTCGTTGGATGA
CfTPS3 ACATATAGTGCTCGTAACACGTATTGATGATTTTTTCGATCACGGTGGGCCTAAAGAAGA
CfTPS4 ACATATTGTGCTAGTGACTAGGATAGATGATTTTTTCGATCATGGCGGGCCTAGAGAAGA
_*** :** * **_**:_ _*:******** ** kk * kK k*k * H _**:**
EpTPS8 ATGTCGTAACCTCATTAACCTTATGCACAAGTGGGATGATCACTTAACCGTTGGATTCTT
CfTPS3 ATCATACGAGATCCTTGAATTAGTAAAAGAATGGAAAGAGAAGCCAGCAGGAGAATATGT
CfTPS4 ATCACACAAGATCCTTGAACTAATAAAAGAATGGAAAGAGAAGCCAGCTGGAGAATATGT
* %k . R _* _**_**_*_ *:_*__*__*_***_*:** _* *_* * :*_**: *
EpTPS8 GTCGGAAAAAGTGGAAATCGTATTTTATTCGATGTATGGCACACTCAATGACCTTGCTGC
CfTPS3 TTCTGAAGAAGTTGAARATCCTATTTACAGCAGTATACAATACAGTAAACGAGTTGGCAGA
CfTPS4 TTCCAAAGAAGTTGAGATCCTATATACCGCGGTGTACAATACGGTAAACGAGTTGGCAGA
* * .**_**** **.*** ***:*:. *..*.** .. **. *_** * % * **:*_
EpTPS8 CAAAGCCGAAGTACGACAAGGCCGATGTGTTCGAAGTCACTTAGTTAATTTATGGATCTG
CfTPS3 AATGGCTCATATCGAACAAGGACGAAGCGTTAAAGACCTTCTAGTTA- ——————— AACTG
CfTPS4 GAGGGCAAATGTTGAACAAGGGCGAAATGTTGAACCATTTCTACGTA- ——————— CACTG
* '** *:_* '****** ***:_ * k% '* H * % * * ':***
EpTPS8 GGTGATGGAAAACA-———-TGTTAAAGGAGAGA——————— GAATGGGCAGATTACAATCTG
CfTPS3 TGGGTTGAAATACTATCAGTTTTCAGAATAGAATTGGATACATGGACCAACGACAC———A
CfTPS4 TGGGTTCAAATACTGTCGATTTTCAAGATAGAGTTGGATACATGGAGCGATGACAC———A
* *:* _**:**: **:'*__* * Kk __****_ __* ***_
EpTPS8 GTGCCTACATTTTACGAGTACGTAGCCGCTGGACATATAACTATCGGCTTAGG-ACCTGT
CfTPS3 GCACTTACCTTAGAAGAGTACTTGTCACAATCCTGGGTGTCCATTGGCTGCAGAATCTGC
CfTPS4 GCACTAACCTTGGATGATTACTTGAACAACTCATGGGTGTCGATTGGTTGTAGAATCTGC
* _* :**_** * kk kkk * .. R . . _*_:* *k kk ok _* * Kk k Kk
EpTPS8 GCTTCTTATTGCCCTCTATTTTATGGGGTATCCGCTTTCTGAGGATGTGGTTCARAGTCA
CfTPS3 ~ATTCTCATATCAATGCAATTCCAAGGTGTAAAATTATCTGATGAAATGCTTCAGAGTGA
CfTPS4 ~ATTCTCATGTCCATGCAATTCATTGGTATGAAGTTACCAGAAGAAATGCTTCTCAGTGA
.**** * * *.'* *:** . * * : .. *: *:** **:.** ***: * Kk K
EpTPS8 AGAATACAAGGGTGTTTATTTGAATGTCAGCATCATTGCTCGACTTCTARATGATCGCGT
CfTPS3 AGAATGCACTGATTTGTGTCGGTATGTTTCAATGGT TGACCGGCTGCTCAACGATGTGCA
CfTPS4 AGAGTGCGTTGATTTGTGTAGGCATGTTTCCATGGTCGACCGTCTGCTCAATGATGTCCA
***_*'*' *_* * *_* * Kk khkkk . _** _* *_ **k kK **_** * k% .
EpTPS8 AACTGTTAAGAGGGAAAGTGCGCAAGGAAAGCTT ———-AATGG-~TGTGTCATT——~GTT
CfTPS3 AACTTTTGAGAAG--—-GAACGCAAGGAAAATACAGGAAATAGTGTGAGCCTTCTGCAAG
CfTPS4 AACTTTTGAGAAG--—-GAACGGAAAGAAAATACAGGAAACGCTGTGAGCCTTCTGCTAG
* k ok k ** *** * *: * % ** **** : * * R ** * * *
EpTPS8 CGTCGAACATGG----TCGTGGCGCGGTTGATGAGGAAACTAGTATGAAGGAAGTAGARA
CfTPS3 CAGCTCACAAAGATGAAAGAGTCATTAATGAAGAGGAAGCTTGTATAAAGGTARAAGA——
CfTPS4 CAGCTCACAAGGGTGAAAGAGCCTTCAGTGAAGAGGAAGCCATAGCAAAAGCGAAATA——
* % Lkkke ok I L o kkkakkkhkkk k. s . Lk ok ek K
EpTPS8 GACTGGTAGAGAGCCATAAGAGAGAATTATTAAGATTGATTGTGCAGAAAACGGAAGGCA
CfTPS3 ~ATTGGCTGAATATAACAGGAG--AAAAC-TGATGCAGATTGTCTACAAAACAGGAAC——
CfTPS4 ~TTTGGCTGACTGTAACAGGAG--AAGTC-TGATGCAGATTGTGTATAAAACAGGAAC——

hkk ackk .k Kk kkk kkoa Kk ko skkkkkok k ckkkkk ok Kk
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FIG. 10 (cont.)
EpTPS8 GTGTCGTCCCGCAARAGTTGCAAAGATCTAGCTTGGAGGGTTAGCAAAGTTTTGCACCTTC
CfTPS3 —~CATTTTCCCAAGAAAATGCAAAGATCTGTTTTTGAAGGCATGCAGAATTGGTTGTTATT
CfTPS4 ~CATTTTCCCAAGAAAATGCAAAGATATGT TCTTGAAGGTGTGCAGGATTGGTTGCTATT
LK khkkk o hkk akkkkhkhkkAkk K * kk kK ki Kk Kk . sk
EpTPS8 TATATATGGATGATGATGGTTTTACATGTCCTGTGAAGATGCTTAATGCTACAAATGCAA
CfTPS3 TGTACTCAAGTGGCGACGAATTTACTTCGCCTCAACAAATGATGGAAGATATGAAGTCAC
CfTPS4 TGTATGCGAGTGGCGACGAATTTACTTCCCCTCAACAAATGATGGAAGATATGAAGTCAT
*_*‘k '__**_ * % *_:*****:* * Kk :'_*_‘k**'* _*:*'** '** * %
EpTPS8 TTGTCAACGAACCACTCCTTTTAACT TCATAR ———— == —— e
CfTPS3 TGGTTTATGAACCCCTACCAATTTCTCCTCCTGAAGCTAATAATGCAAGTGGAGAAAARA
CfTPS4 TAGTTTATGAGCCCCTCCAAATTCACCCTCCACCTGCTAACTARA ————————————————
* k% :* ‘k*_**_**_* ::*: R *: »

EPTPS8 ——————mmmmmmmm
CfTPS3 TGAGTTGTGTCAGCAACTAG
CfTPS4 ———mmmmmmmmmm——
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