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METHODS FOR PRODUCING ABIENOL

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of the filing date of United
States Provisional Patent Application No. 62/089,511 filed December 9, 2014, the disclosure of

which is hereby incorporated herein by reference.

FIELD OF THE INVENTION
[0002] Embodiments of the present disclosure relate to novel methods for the production

of abienol and expression vectors and host cells useful in such methods.

BACKGROUND OF THE INVENTION

[0003] With a growing world economy and request for higher living standard, the
demand for fragrance is on the rise. However, supplies of animal or plant based fragrance are
limited, due to restraints in natural resources and animal protection. Attempts have been made to
produce fragrances or their precursors from renewable sources such as microorganisms.

[0004] Ambergris is a prized, traditional fragrance ingredient that is a byproduct of the
whale intestine. Ambrox, a substitute for ambergris, is produced by a chemical conversion of
the diterpene sclareol, which is currently obtained from clary sage. Ambrox can also be
generated from the related diterpene abienol, which has been found in fir and tobacco (Barrero et
al. 1993, Tetrahedron 49:10405-10412). Also see Figure 1.

[0005] The pathways to both abienol and sclareol in plants are proposed to involve two
steps. The first step consists of the conversion of the isoprenoid pathway molecule
geranylgeranyl diphosphate (GGPP) to a common intermediate named labda-13-en-8-ol
diphosphate (LDPP) through the activity of a class Il diterpene synthase (diTPS). The second
step is catalyzed by a class I diTPS. There are several type of class I diTPS, each responsible for
producing a specific end product. For example, abienol synthase (ABS) is for abienol
production, and sclarcol synthase (Scs) is responsible for sclareol production. See Figure 2.
[0006] The enzymes involved in the two-step conversion of GGPP to sclareol or GGPP
to abienol are plant specific and can be in the form of two independent enzymes or a single

enzyme with two active sites. For example, in abienol production by tobacco (Sallaud et al.
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2012, Plant J., 72(1):1-17), the class II diTPS of tobacco (referred to as NtCPS2 by Sallaud et al.,
and referred to as Nt-class II-diTPS by the present disclosure) and the class I diTPS synthase of
tobacco (referred to as abienol synthase of tobacco or Nt-ABS by the present disclosure), are in
the form of two different protein molecules. Similarly, in sclareol production by clary sage
(Schalk et al. 2012, Journal of Am. Chem Soc. 134:18900-18903);( Caniard et al. 2012, BMC
Plant Biology 12:119), the class II diTPS of clary sage (referred to as Ss LPS by Schalk et al,
and referred to as Ss-class II-diTPS by the present disclosure) and the class I diTPS synthase of
clary sage (referred to as sclareol synthase of clary sage or Ss-Scs by the present disclosure), are
also in the form of two independent protein molecules. In contrast, in the production of abienol
by fir (Zerbe et al. 2012, J. Biol. Chem. 287:12121-12131), both class I and class II diTPS
subunits reside on one bifunctional class I/l abienol synthase (referred to as AbCAS by Zerbe et
al. and by the present disclosure). Therefore in fir, GGPP is converted to abienol in the presence
of the single bifunctional class I/II abienol synthase. See Figure 2.

[0007] Plant sources for sclarcol and abienol are considered to be unreliable; thus a
process for microbial production of either product could have commercial value. The class II
diTPS and sclareol synthase genes from clary sage have been isolated and simultancously
expressed in E. coli, resulting in titers of approximately 1.5 grams per liter of sclareol in lab scale
fermenters. Measurable production in E. coli of abienol has been achieved by the simultaneous
expression of the class II diTPS and abienol synthase genes of tobacco, or the expression of the
individual class I/II abienol synthase of fir. However, production of abienol based on the
existing methods is very low. It could therefore be desirable to produce abienol at a much higher

titer.

SUMMARY OF THE INVENTION

[0008] We have now surprisingly found a novel method for significantly increasing the
production rate of abienol from geranylgeranyl diphosphate (GGPP) in the presence of a
combination of a class II diterpene synthase and a bifunctional class I/II abienol synthase. In one
embodiment, the class I diTPS may be from tobacco or clary sage, and the bifunctional class I/11
abienol synthase may be from fir. In another embodiment, the above class II diTPS may be a
polypeptide comprising an amino acid sequence at least 50%, at least 60%, at least 70%, at least

80%, at least 90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID NO:1. In
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another embodiment, the above class II diTPS may be a polypeptide comprising an amino acid
sequence at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95% , at
least 97%, or at least 99% identical to SEQ ID NO:2. In another embodiment, the above
bifunctional class I/II abienol synthase may be a polypeptide comprising an amino acid sequence
at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95% , at least 97%, or
at least 99% identical to SEQ ID NO:3.

[0009] In another embodiment, the combination of the class II diTPS and the bifunctional
class I/Il abienol synthase is expressed by a recombinant host cell. In one embodiment, the
recombinant cell is a genetically modified microorganism genetically modified to express at least
one exogenous polypeptide selected from the group consisting of the above class 11 diTPS and
the bifunctional class I/II abienol synthase. In one embodiment, the host cell comprises at least
one nucleic acid encoding one or more of the amino acid sequences selected from the group
consisting of said class II diTPS and said bifunctional class I/II abienol synthase.

[0010] In one embodiment, the recombinant host cell is a fungus. In another
embodiment, the recombinant host cell is a Yarrowia fungus. In one specific embodiment, the
recombinant host cell is Yarrowia lipolytica.

[0011] In another aspect of the disclosure, the present invention is directed to a
recombinant host cell comprising a class Il diterpene synthase and a bifunctional class I/II
abienol synthase. In one embodiment, the class I diTPS may be from tobacco or clary sage, and
the bifunctional class I/Il abienol synthase may be from fir. In another embodiment, the above
class II diTPS may be a polypeptide comprising an amino acid sequence at least 50%, at least
60%, at least 70%, at least 80%, at least 90%, at least 95% , at least 97%, or at least 99%
identical to SEQ ID NO:1. In another embodiment, the above class II diTPS may be a
polypeptide comprising an amino acid sequence at least 50%, at least 60%, at least 70%, at least
80%, at least 90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID NO:2. In
another embodiment, the above bifunctional class I/Il abienol synthase may be a polypeptide
comprising an amino acid sequence at least 50%, at least 60%, at least 70%, at least 80%, at least
90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID NO:3.

[0012] In one embodiment, the recombinant host cell is a fungus. In another
embodiment, the recombinant host cell is a Yarrowia fungus. In one specific embodiment, the

recombinant host cell is Yarrowia lipolytica.
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[0013] In another aspect of the disclosure, the present invention is directed to an
expression vector comprising a polynucleotide molecule encoding an amino acid sequence
comprising SEQ ID NO:1 and a polynucleotide molecule encoding an amino acid sequence
comprising SEQ ID NO:3.

[0014] In another aspect of the disclosure, the present invention is directed to an
expression vector comprising a polynucleotide molecule encoding an amino acid sequence
comprising SEQ ID NO:2 and a polynucleotide molecule encoding an amino acid sequence
comprising SEQ ID NO:3.

[0015] In one embodiment, one or both of the above described polynucleotide molecules

are operationally linked to a transcriptional control sequence.

OVERVIEW OF THE SEQUENCE LISTING

[0016] The nucleic acid sequences listed in the accompanying sequence listing are shown
using standard letter abbreviation for nucleotide bases. Only one strand of each nucleic acid
sequence is shown, but the complementary strand is understood to be included by any reference
to the displayed strand. In the accompanying sequence listing:

[0017] SEQ ID NO:1 is the amino acid sequence encoding the class II diterpene synthase
from Nicotiana tabacum
MQVITSSHRFFCHHLHQLKSPTSLSAQKAEFKKHGPRNWLFQTEGSLLYKPVRLNCATS
DASYLGNVNEYLESDHSKNSEEKDIQVSRTIQMKGLTEEIKHMLNSMEDGRLNVLAYD
TAWVSFIPNTTNNGNDQRPMFPSCLQWIIDNQLSDGSWGEEIVFCIYDRLLNTLVCVIAL
TLWNTCLHKRNKGVMFIKENLSKLETGEVENMTSGFELVFPTLLEKAQQLDIDIPYDAP
VLKDIYARREVKLTRIPKDVIHTIPTTVLFSLEGLRDDLDWQRLLKLQMPDGSFLISPAST
AFAFMETNDEKCLAYLQNVVEKSNGGARQYPFDLVTRLWAIDRLQRLGISYYFAEEFK
ELLNHVFRYWDEENGIFSGRNSNVSDVDDTCMAIRLLRLHGYDVSPDALNNFKDGDQF
VCFRGEVDGSPTHMFNLYRCSQVLFPGEKILEEAKNFTYNFLQQCLANNRCLDKW VIA
KDIPGEIWYALEFPWYASLPRVEARYYIEQYGGADDIWIGKTLYRMPDVNNNVYLQAA
KLDYNRCQSQHRFEWLIMQEWFEKCNFQQFGISKKYLLVSYFLAAASIFEVEKSRERLA
WAKSRIICKMITSYYNDEATTWTTRNSLLMEFKVSHDPTRKNGNETKEILVLKNLRQFL
RQLSEETFEDLGKDIHHQLQNAWETWLVFLREEKNACQEETELLVRTINLSGGYMTHDE
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ILFDADYENLSNLTNKVCGKLNELQNDKVTGGSKNTNIELDMQALVKLVFGNTSSNINQ
DIKQTFFAVVKTFYYSAHVSEEIMNFHISKVLFQQV

[0018] SEQ ID NO:2 is the amino acid sequence encoding the class II diterpene synthase
from Salvia sclarea
MTSVNLSRAPAAIIRRRLQLQPEFHAECSWLKSSSKHAPFTLSCQIRPKQLSQIAELRVTS
LDASQASEKDISLVQTPHKVEVNEKIEESIEYVQNLLMTSGDGRISVSPYDTAVIALIKDL
KGRDAPQFPSCLEWIAHHQLADGSWGDEFFCIYDRILNTLACVVALKSWNLQSDIIEKG
VTYIKENVHKLKGANVEHRTAGFELVVPTFMQMATDLGIQGLPYDHPLIKEIADTKKQR
LKEIPKDLVYQMPTNLLYSLEGLGDLEWERLLKLQSGNGSFLTSPSSTAAVLMHTKDEK
CLKYIENALKNCDGGAPHTYPVDIFSRLWAIDRLQRLGISRFFQHEIKYFLDHIESVWEET
GVFSGRYTKFSDIDDTSMGVRLLKMHGYDVDPNVLKHFKQQDGKFSCYIGQSVESASP
MYNLYRAAQLRFPGEEVFEEATKFAFNFLQEMLVKDRLQERWVISDHLFDEIKLGLKM
PWYATLPRVEAAYYLDHYAGSGDVWIGKSFYRMPEISNDTYKELAILDFNRCQTQHQL
EWIHMQEWYDRCSLSEFGISKRELLRSYFLAAATIFEPERTQERLLLAKTRILSKMITSFV
NISGTTLSLDYNFNGLDEIISSANEDQGLAGTLLATFHQLLDGFDIYTLHQLKHVWSQWF
MKVQQGEGSGGEDAVLLANTLNICAGLNEDVLSNNEYTALSTLTNKICNRLAQIQDNKI
LQVVDGSIKDKELEQDMQALVKLVLQENGGAVDRNIRHTFLSVFKTFYYDAYHDDETT
DLHIFKVL

[0019] SEQ ID NO:3 is the amino acid sequence encoding the bifunctional class 1/ 11
abienol synthase from Abies balsamea
MALPVYSLKSHIPITTIASAKMNYTPNKGMITANGRSRRIRLSPNKIVACAGEADRTFPSQ
SLEKTALFPDQFSEKNGTPSNFTPPNREFPPSFWNNDIINSITASHKVQTGDRKRIQTLISEI
KNVFNSMGDGETSPSAYDTAWVARIPAVDGSEQPQFPQTLEWILQNQLKDGSWGEEFY
FLAYDRLLATLACHTLTIWRTGNVQLHKGIEFFRKQVVRMDDEADNHRPSGFEIVFPAM
LNEAKSLGLDLPYELPFIEQMVKKREAKLKMITTNVLYTIQTTLLYSLEGLHEIVDFDKII
KLQSKDGSFLGSPASTAAVFMQTGNTKCLEFLEFVLRKFRNHVPSDYPLDLFERLWVVD
TVERLGIDRHFKKEIKDALDY VYSCWDERGIGWAKDSPIADIDDTAMGLRILRLHGYNV
SPDVLKTFKDENGEFFCFMGQTQRGVTDMLNVYRCSQVAFPGETIMEEAKLCTERYLR
NALENADAFDKWAIKKNIRGEVEYALKYPWHRSMPRLEVRSYIGNYGPNDVWLGKSL
YMMPYISNEKYLELAKLDFNSVQSLHQEEIRELVRWCKSSGFTELKFTRDRVVETYFAV
ASSMFEPEFSTCRAVYTKISVLLVILDDLYDGYGSPDEIKLFSEAVKRWDLSLLEQMPDH
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MKICFLGLYNTVNEVAEEGRKTQGHDVLGYIRNLWEIQLAAFTREAEWSQGKY VPSFD
EYIENAQVSIGVATILLITILFTEEDDILSHIDY GSKFLRLASLTARLANDIKTYQEERAHGE
VVSAIQCYMKDRPEITEEEALKY VYGRMVNDLAELNSEYLKSNEMPQNCKRLVFDTAR
VAQLFTMEGDGLTYSDTMEIKEHIKKCLFEPAT

[0020] SEQ ID NO:4 is the amino acid sequence encoding the abienol synthase gene
from Nicotiana tabacum
MVLGLRSKIIPLPDHKLGNIKLGSVTNAICHRPCRVRCSHSTASSMEEAKERIRETFGKIE
LSPSSYDTAWVAMVPSRYSMNQPCFPQCLDWILENQREDGSWGLNPSHPLLVKDSLSST
LASLLALRKWRIGDNQVQRGLGFIETHGWAVDNKDQISPLGFEIIFPCMINYAEKLNLDL
PLDPNLVNMMLCERELTIERALKNEFEGNMANVEYFAEGLGELCHWKEMMLRQRHNG
SLFDSPATTAAALIYHQYDEKCFGYLNSILKLHDNWVPTICPTKIHSNLFLVDALQNLGV
DRYFKTEVKRVLDEIYRLWLEKNEEIFSDVAHCAMAFRLLRMNNYEVSSEELEGFVDQE
HFFTTSSGKLMNHVAILELHRASQVAIHERKDHILDKISTWTRNFMEQKLLDKHIPDRSK
KEMEFAMRKFYGTFDRVETRRYIESYKMDSFKILKAAYRSSGINNIDLLKFSEHDFNLCQ
TRHKEELQQMKRWFTDCKLEQVGLSQQYLYTSYFIIAAILFEPEYADARLAYAKYAIIIT
AVDDFFDCFICKEELQNIIELVERWEGYSTVGFRSERVRIFFLALYKMVEEIAAKAETKQ
GRCVKDHLINLWIDMLKCMLVELDLWKIKSTTPSIEEYLSVACVTIGVPCFVLTSLYLLG
PKLSKDVIESSEVSALCNCTAAVARLINDIHSYKREQAESSTNMVSILITQSQGTISEEEAI
RQIKEMMESKRRELLGMVLQNKESQLPQVCKDLFWTTINAAYSIHTHGDGYRFPEEFK
NHINDVIYKPLNQYSP

[0021] SEQ ID NO:5 is the DNA sequence encoding the class II diterpene synthase from
Nicotiana tabacum, as optimized for expression in Yarrowia lipolytica
atgcaggttattattacctcctctcaccgatttttctgeccaccaccttcaccagetcaagtcecctaccteectttctgetcagaaggetgagttta
agaagcacggcccccgaaactggcettttccagactgagggctctctectttacaagectgtccgactcaactgtgctacttctgatgettcttac
cttggtaacgtgaacgagtaccttgagtctgaccactctaagaactccgaggagaaggatattcaggtttcccgaactatccagatgaagggt
cttaccgaggagatcaagcacatgcttaactctatggaggacggacgacttaacgtectegectacgacactgettgggtttectttattcctaa
cactaccaacaacggaaacgatcagcgacctatgtttccctcttgtcttcagtggattattgacaaccagcetttetgatggttcttggggagagg
agattgttttctgcatttacgaccgactccttaacactctegtttgtgttattgetctecactctetggaacacttgecttcacaagegaaacaagggt
gtgatgtttatcaaggagaacctttctaagctggagactggtgaggttgagaacatgacttetggttttgagettgtttttcccactctecttgaga
aggcccagceagctcgatattgacattccctacgatgetectgtectgaaggatatttacgetcgacgagaggttaagetcacccgaatcccta
aggacgttatccacactattcccactaccgttetcttttetettgagggactccgagatgacctegactggecagegactectgaagetccagat
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gectgacggttcetttcctgatttccectgettccactgectttgetttcatggagactaacgatgagaagtgtcttgectaccttcagaacgttgtt
gagaagtctaacggaggtgcccgacagtaccecttcgaccttgttactcgactttgggecattgatcgactccagegactcggaatctcttact
actttgccgaggagttcaaggagcettctcaaccacgtgttcegatactgggacgaggagaacggaattttctctggacgaaactctaacgttt
ctgatgttgatgacacttgcatggctatccgacttctccgacttcacggttacgatgtttccecctgacgeccttaacaacttcaaggacggegac
cagttcgtttgcttccgaggtgaggtggacggttctcctacccacatgtttaacctctaccgatgttcccaggttcttttccccggagagaagatt
cttgaggaggctaagaacttcacttacaacttccttcagcagtgcecttgetaacaaccgatgectcgacaagtgggtcattgetaaggacate
cccggegagatttggtacgcetettgagtttcectggtacgecteccttcccecgagtggaggcetegatactacattgageagtacggeggaget
gacgatatttggattggcaagactctctaccgaatgcccgatgtcaacaacaacgtttaccttcaggcetgecaagcetegattacaaccgatge
cagtcccagceaccgatttgagtggoctgattatgcaggagtggtitgagaagtocaactttcagcagttcggaatttccaagaagtacctecttg
tttcttacttccttgetgecgcettetatttttgaggtcgagaagtccecgagagegacttgettgggctaagtctegaattatetgtaagatgattact
tcttactacaacgatgaggcecactacctggaccactcgaaactctctecttatggagtttaaggtttctcacgaccctacccgaaagaacggta
acgagactaaggagatccttgttctcaagaaccttcgacagttccttcgacagcetttctgaggagactttcgaggaccttggcaaggacatce
accaccagcttcagaacgcettgggagacttggcttgttttccttcgagaggagaagaacgcettgtcaggaggagactgagcettetcgtgega
actattaacctctctggeggctacatgacccacgatgagattcttttcgatgeccgactacgagaacctgtccaaccttaccaacaaggtttgtg
gcaagctcaacgagcttcagaacgacaaggtcactggeggetctaagaacaccaacattgagcettgacatgcaggetctegttaagetggtt
tttggtaacacctcctctaacatcaaccaggacattaagcagactttctttgetgttgtcaagaccttctactactetgeccacgtttctgaggaga
ttatgaactttcacatttccaaggtgctctttcagcaggtctaa

[0022] SEQ ID NO:6 is the DNA sequence the class II diterpene synthase from Salvia
sclarea, as optimized for expression in Yarrowia lipolytica
atgacttctgttaacctttcccgageccccgcetgecattatccgacgacgacttcagettcagectgagtttcacgecgagtgttettggetgaa
gtettettccaageacgeccccttcacectttecctgecagattcgacctaageagcetctcccagattgecgagcettegagttacttcectegatg
cttcccaggettccgagaaggacatttcecttgttcagactccccacaaggttgaggttaacgagaagatcgaggagtctatcgagtacgtee
agaaccttctcatgacttccggegacggacgaatttetgtgtceccectacgacaccgetgtgatcgecctgattaaggacctcaagggtega
gatgcccctcagtttcectettgtettgagtggattgeccaccaccagettgetgatggctcettggggcgacgagttcttetgtatttacgaccga
atcctgaacactctcgettgtgtcgtcgecctgaagtcttggaaccttcagtctgatattattgagaagggtgtoacctacatcaaggagaacgt
ccacaagctcaagggtgccaacgttgagcaccgaactgecggattcgagettgtggttcctacctttatgecagatggecactgaccttggeat
tcagggtcttccctacgatcacceectcatcaaggagattgetgacactaagaagceagegactcaaggagattcccaaggatctegtttace
agatgcctaccaaccttctctactcecttgagggacteggegaccttgagtgggagegactectgaagetecagtecggeaacggetectte
ctcacttccecectecteccaccgecgecgtecttatgcacaccaaggacgagaagtgtctgaagtacatcgagaacgecctcaagaactgeg
acggaggtgctccccacacttaccetgtegatattttctctegactttgggctattgatcgacttcagegacttggtatttctcgattcttccagea
cgagatcaagtacttcctcgatcacatcgagteegtitgggaggagaccggagttttctetggacgatacactaagttttctgatattgatgaca
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cctetatgggcegttcgacttctcaagatgecacggatacgacgtegatcccaacgttctcaageacttcaagcageaggatggtaagttttcetg
ctacattggtcagtctgtcgagtctgectctectatgtacaacctttaccgagecgeccagettcgattcectggtgaggaggtttttgaggagg
ccactaagtttgcctttaacttccttcaggagatgcettgtcaaggatcgacttcaggagegatgggtgatttccgaccaccttttcgatgagatta
agctgggcctcaagatgecttggtacgecacccttcceccgagtecgaggecgcettactacctegatcactacgetggtictggtgatgtttggat
tggcaagtctttctaccgaatgectgagatttccaacgatacctacaaggagcettgccattctcgatttcaaccgatgecagactcageaccag
cttgagtggattcacatgcaggagtggtacgaccgatgctctctttccgagttcggceatttccaagegagagcttcteccgatcttactttetege
cgecgcetaccattttcgagectgagegaactcaggagegacttctecttgeccaagacccgaatectgtctaagatgattacttcttttgtcaaca
tttccggtactaccctttctetcgactacaacttcaacggectegatgagattatctectctgecaacgaggatcagggtctggetggtactcte
ctggctaccttccaccagcettctcgacggattcgatatttacactctccaccagetcaageacgtttggteccagtggttcatgaaggtocage
agggagaggetictggcggcgaggacgecgtgctecttgecaacaccctcaacatetgegecggectcaacgaggacgtgetctccaac
aacgagtacactgctctgtccaccctcaccaacaagatttgcaaccgactcgeccagatccaggacaacaagattctccaggttgtggacg
gctccatcaaggataaggagcettgageaggatatgcaggceccttgtcaagetcgtecttcaggagaacggeggagecgttgaccgaaaca
tccgacacaccttectttecgttttcaagactttctactacgatgectaccacgacgatgagactaccgaccttcacatcttcaaggttctetttcg
acccgttgtgtaa

[0023] SEQ ID NO:7 is the DNA sequence encoding the bifunctional class 1/ I abienol
synthase from Abies balsamea, as optimized for expression in Yarrowia lipolytica
atggccctgeccgtttactctctcaagtcccacattcccatcactaccatcgectetgetaagatgaactacacccccaacaagggtatgatta
ccgcecaacggacgatctcgacgaatccgactttctcccaacaagategttgettgtgctggtgaggcetgategaactttcecctetcagtecct
tgagaagaccgctctctttcccgatcagttttctgagaagaacggtactcectctaacttcactccccccaaccgagagtttceecectetttttg
gaacaacgatattatcaactctattactgcttctcacaaggttcagactggegaccgaaagcgaatccagactctcatttctgagattaagaac
gtctttaactctatgggcegatggtgagacttcteccetetgettacgacaccgettgggttgctcgaatcececgeegttgatggetctgageage
cccagtttccccagactcttgagtggattcttcagaaccagetcaaggacggticttggggtgaggagttctacttccttgettacgaccgactt
ctcgetacccttgectgeattattaccctcaccatttggegaactggceaacgttcagettcacaagggcattgagttcttccgaaageaggttgt
tcgaatggacgatgaggctgataaccaccgaccctetggttttgagattgtctitccecgetatgettaacgaggctaagteccttggtettgace
tgcectacgagcetteccttcattgagcagatggttaagaagegagaggccaagetcaagatgattaccaccaacgtcctgtacaccattcag
actaccctectttactctctggagggccttcacgagattgttgacttcgataagattatcaagetccagtccaaggacggttctttccteggetee
cccgcettctactgecgetgttttcatgcagactggtaacactaagtgecttgagticettgagttcgtictccgaaagtttcgaaaccacgtgece
tctgactaccccctegatctetttgagegactttgggtegttgacactgttgagegacttggeattgatcgacacttcaagaaggagatcaagg
acgctcttgactacgtgtactctigttgggacgagegaggcattggetgggccaaggactctceccatcgecgatattgatgacactgcetatgg
gecttegaatccttcgactgecacggatacaacgtttcccccgatgttctcaagactttcaaggacgagaacggagagttcttttgettcatgggt
cagactcagcgaggagttaccgacatgcttaacgtttaccgatgttctcaggttgcttttcccggagagactatcatggaggaggcecaagete
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tgtactgagcgatacctgcgaaacgetctggagaacgecgacgectttgacaagtgggoctattaagaagaacattcgaggegaggtggag
tacgctctcaagtaccectggceaccgatctatgeccegactggaggtgegatcttacattggtaactacggecccaacgatgtetggettggt
aagtccctttacatgatgccctacatttctaacgagaagtaccttgagettgccaagetggacttcaactctgtgeagtecctticaccaggagg
agattcgagagcttgtccgatggtgtaagtcctetggtttcactgagetgaagticacccgagatcgagttgttgagacttacttecgetgttgect
cctecatgtttgageccgagttctctacctgtcgagecgtttacactaagatttcegttctectegteattettgacgacctttacgatggetacgg
ttctcccgacgagatcaagetgtictccgaggetgtcaagegatgggatcteteccttcttgageagatgeccgaccacatgaagatttgette
ctgggtctttacaacactgttaacgaggttgctgaggagggacgaaagactcagggcecacgatgttcttggctacattcgaaacctttggga
gattcagctcgecgcetttcacccgagaggcetgagtggtcccagggcaagtacgtgecctetttcgatgagtacattgagaacgeccaggttt
ctattggagttgctactatcctecttattactattcttttcactgaggaggacgatattctctcccacattgattacggttccaagtttctccgacteg
cttetcttaccgetegacttgecaacgacatcaagacttaccaggaggagegageccacggegaggtggtttccgetattcagtgttacatga
aggaccgacccgagattactgaggaggaggctctcaagtacgtttacggtcgaatggttaacgatctcgecgagcettaactctgagtaccte
aagtctaacgagatgccccagaactgcaagegactggttittgacactgeccgagttgeccagcttttcactatggagggtgacggectcac
ctactctgacactatggagattaaggagcacatcaagaagtgcectctttgageccgetacctaa

[0024] SEQ ID NO:8 is the DNA sequence encoding the abienol synthase gene from
Nicotiana tabacum, as optimized for expression in Yarrowia lipolytica
atggttcttggcctgegatctaagatcattccccttcccgatcacaagetcggaaacatcaageteggttetgttaccaacgcetatttgecacceg
accctgtcgagtcegatgetctcactctactgettectetatggaggaggctaaggagegaatccgagagactttcggaaagattgagetttet
ccctectettacgacactgettgggttgctatggteccctetecgatactetatgaaccagecctgttttccccagtgecttgactggattettgaga
accagcgagaggacggttcttggggcctcaaccectctcacceccttctegttaaggactecctttcttccactetegettctetecttgecctte
gaaagtggcgaattggtgataaccaggtccagegaggtcttggcetttattgagactcacggttgggctgtcgataacaaggatcagatttcte
cccttggttttgagattatctttccctgeatgattaactacgctgagaagctcaaccttgacctecececcttgaccccaaccttgttaacatgatget
ctgcgagcegagagcettaccattgagegagecctcaagaacgagtttgagggtaacatggcetaacgttgagtactttgetgagggacteggt
gagctttgtcactggaaggagatgatgcttcgacagegacacaacggctctctctttgactctccecgecaccactgecgetgeccttatttace
accagtacgatgagaagtgctttggctacctcaactctatcctcaagetccacgataactgggttceccactatttgecccactaagattcactet
aaccttttcctegttgatgeccttcagaaccteggagttgaccgatactttaagactgaggttaagegagttctcgatgagatttaccgactttgg
cttgagaagaacgaggagattttttctgacgttgctcactgtgetatggcttttcgactccticgaatgaacaactacgaggtttcctetgaggag
cttgagggttttgttgaccaggagceacttctttactacctectetggeaagetcatgaaccacgttgetatictggagcettcaccgagettctcag
gtggctattcacgagecgaaaggaccacattcttgataagatttctacttggactcgaaactttatggagcagaagcetccttgacaagcacattc
ccgaccgatctaagaaggagatggagtttgctatgcgaaagttttacggeactttcgaccgagtggagactcgacgatacatcgagtcttac
aagatggactcctttaagattctcaaggcecgcettaccgatcttccggtattaacaacattgaccttctcaagttctctgageacgatttcaacctet
gccagacccgacacaaggaggagcettcagcagatgaagegatggttcaccgattgcaagetggageaggteggtetttetcageagtace
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tctacacttcttacttcattatcgecgcetatectetttgageccgagtacgetgatgetcgacttgettacgetaagtacgecatcattatcactge
cgtggacgatttctticgattgttttatttgcaaggaggagcettcagaacatcatcgagettgtcgagegatgggagggatactctaccgtegga
ttccgatctgagegagttcgaattttcttccttgecctttacaagatggttgaggagattgetgeccaaggecgagactaageagggtegatgty
tcaaggatcaccttattaacctttggattgatatgctcaagtgtatgctggttgagcettgacctttggaagattaagtccactacccectctatcga
ggagtacctttctgttgectgtgttactattggtgttccctgttttgttctcacttctctctaccttetcggacccaagetgtccaaggacgtcattga
gtcctetgaggtttccgecctttgeaactgtactgeecgetgtcgeccgacttattaacgatattcactcctacaagegagagcaggetgagtec
tctactaacatggtttctatccttatcacccagtcccagggtactatctctgaggaggaggctattcgacagattaaggagatgatggagtctaa
gegacgagagcttctcggaatggttctccagaacaaggagteccagetecceccaggtgtgcaaggacctcttttggactaccatcaacgec
gcettactctattcacactcacggegatggataccgattccccgaggagttcaagaaccacatcaacgatgttatttacaageccctcaaccagt

actccececctaa

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Embodiments of the invention will now be shown, by way of example only, with
reference to Figures 1-3 in which:

[0026] FIG. 1 shows that conversion of sclarcol and abienol to Ambrox can be
performed by a chemical process.

[0027] FIG. 2 shows the biochemical pathways to convert geranylgeranyl diphosphate to
abienol in tobacco and to sclareol in clary sage. A. pathways to abienol in tobacco and sclareol
in clary sage involve the activity of two separate enzymes: a type II diTPS that converts
geranylgeranyl diphosphate (GGPP) to labda-13-en-8-01 diphosphate (LDPP) and a type 1 diTPS
that converts LDPP to the final product. In tobacco, an abienol synthase (Nt-ABS) which is a
type 1 diTPS converts LDPP to abienol. In clary sage, a sclareol synthase which is another type I
diTPS converts LDPP to sclareol. B. in fir, the 2-step conversion of GGPP to LDPP and LDPP
to abienol is performed by a single, bifunctional class I/II cis abienol synthase (Ab-CAS) .
[0028] FIG. 3 shows a HPLC chromatogram of dodecane overlay of an abienol
producing strain. A CI18 column was utilized. Mobile phase was methanol ethanol 4:1, 0.1%
TFA with an addition of 11 % water during the first three minutes then straight methanol ethanol
for 14 minutes. Samples were diluted 1:10 in mobile phase before injection. FIG. 3a shows the
abienol peak of the commercial abeinol reference sample. FIG3b shows the abienol peak of the

abienol generated from the transformants.
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DETAILED DESCRIPTION OF THE INVENTION

[0029] Unless otherwise defined herein, scientific and technical terms used herein will
have the meanings that are commonly understood by those ordinary skilled in the art.

[0030] The term “class II diterpene synthase” or “class II diTPS” indicates an enzyme
capable of catalyzing the conversion of geranylgeranyl diphosphate to labda-13-en-8-ol
diphosphate. The class Il diterpene synthase can be from various organisms, such as tobacco
(Nicotiana) or clary sage (Salvia). Specific class II diterpene synthase utilized in the
embodiments herein, derived from Nicotiana tabacum and Salvia sclarea, are referred to by an
additional notation, e.g., “Nt-Class II-diTPS”, and “Ss-Class II-diTPS”, respectively. An
example of a Nt-Class II-diTPS is the polypeptide having amino acid sequence SEQ ID NO:1.
An example of a Ss-Class 1I-diTPS is the polypeptide having amino acid sequence SEQ ID NO:2
[0031] The term “class 1 diterpene synthase” or “class I diTPS” indicates an enzyme
capable of catalyzing the conversion of labda-13-en-8-ol diphosphate to either abienol or
sclareol. Specific class I diterpene synthase utilized in the embodiments herein, derived from
Nicotiana tabacum, are referred to by an additional notation, e.g. “Nt-ABS”, An example of a
Nt-ABS is the polypeptide having amino acid sequence SEQ ID NO:4.

[0032] The term “bifunctional class I/Il abienol synthase” or “bifunctional class I/II
CAS” indicates an enzyme capable of catalyzing the conversion of geranylgeranyl diphosphate
to abienol. The bifunctional class I/Il abienol synthase has two active sites, having the function
of a class I diterpene synthase and a class Il diterpene synthase, respectively. Specific
bifunctional class I/Il abienol synthase utilized in particular embodiments herein, derived from
Abies balsamea, are referred to by an additional notation, e.g., “Ab-bifunctional class I/II CAS”
or simple, Ab-CAS. An example of Ab-bifunctional class I/Il abienol synthase is the
polypeptide having amino acid sequence SEQ ID NO:3.

[0033] Sequence Identity: The relatedness between two amino acid sequences or between
two nucleotide sequences is described by the parameter “sequence identity”.

[0034] For purposes of the present disclosure, the degree of sequence identity between
two amino acid sequences is determined using the Needleman-Wunsch algorithm (Needleman
and Wunsch, 1970, J. Mol. Biol. 48: 443-453) as implemented in the Needle program of the
EMBOSS package (EMBOSS: The European Molecular Biology Open Software Suite, Rice et
al., 2000, Trends Genet. 16: 276-277), preferably version 3.0.0 or later. The optional parameters
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used are gap open penalty of 10, gap extension penalty of 0.5, and the EBLOSUM62 (EMBOSS
version of BLOSUMG62) substitution matrix. The output of Needle labeled “longest identity”
(obtained using the —nobrief option) is used as the percent identity and is calculated as follows:
(Identical Residues x 100)/(Length of Alignment — Total Number of Gaps in Alignment)

[0035] For purposes of the present disclosure, the degree of sequence identity between
two deoxyribonucleotide sequences is determined using the Needleman-Wunsch algorithm
(Needleman and Wunsch, 1970, supra) as implemented in the Needle program of the EMBOSS
package (EMBOSS: The European Molecular Biology Open Software Suite, Rice et al., 2000,
supra), preferably version 3.0.0 or later. The optional parameters used are gap open penalty of
10, gap extension penalty of 0.5, and the EDNAFULL (EMBOSS version of NCBI NUC4.4)
substitution matrix. The output of Needle labeled “longest identity” (obtained using the —nobrief
option) is used as the percent identity and is calculated as follows:

(Identical Deoxyribonucleotides x 100)/(Length of Alignment — Total Number of Gaps in
Alignment)

[0036] Nucleic acid construct: The term "nucleic acid construct” means a nucleic acid
molecule, either single or double-stranded, which is isolated from a naturally occurring gene or is
modified to contain segments of nucleic acids in a manner that would not otherwise exist in
nature or which is synthetic. The term nucleic acid construct is synonymous with the term
“expression cassette” when the nucleic acid construct contains the control sequences required for
expression of a coding sequence of the present disclosure.

[0037] Control sequences: The term “control sequences” means all components
necessary for the expression of a polynucleotide encoding a polypeptide of the present
disclosure. Each control sequence may be native or foreign to the polynucleotide encoding the
polypeptide or native or foreign to each other. Such control sequences include, but are not
limited to, a leader, polyadenylation sequence, propeptide sequence, promoter, signal peptide
sequence, and transcription terminator. At a minimum, the control sequences include a promoter,
and transcriptional and translational stop signals. The control sequences may be provided with
linkers for the purpose of introducing specific restriction sites facilitating ligation of the control

sequences with the coding region of the polynucleotide encoding a polypeptide.
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[0038] Operably linked: The term “operably linked” means a configuration in which a
control sequence is placed at an appropriate position relative to the coding sequence of a
polynucleotide such that the control sequence directs the expression of the coding sequence.
[0039] Expression: The term “expression” includes any step involved in the production
of the polypeptide including, but not limited to, transcription, post-transcriptional modification,
translation, post-translational modification, and secretion.

[0040] Expression vector: The term “expression vector” means a linear or circular DNA
molecule that comprises a polynucleotide encoding a polypeptide and is operably linked to
additional nucleotides that provide for its expression.

[0041] Host cell: The term "host cell" means any cell type that is susceptible to
transformation, transfection, transduction, and the like with a nucleic acid construct or
expression vector comprising a polynucleotide of the present disclosure. The term “host cell”
encompasses any progeny of a parent cell that is not identical to the parent cell due to mutations
that occur during replication.

[0042] Variant: The term “variant” means a polypeptide having enzyme activity
comprising an alteration, i.c., a substitution, insertion, and/or deletion of one or more (several)
amino acid residues at one or more (several) positions. A substitution means a replacement of an
amino acid occupying a position with a different amino acid; a deletion means removal of an
amino acid occupying a position; and an insertion means adding one or more amino acids
adjacent to an amino acid occupying a position. In some embodiment, the above one or more
amino acids are 1-3 amino acids.

[0043] In an embodiment of the method according to the first aspect of the invention,
abienol is converted from geranylgeranyl diphosphate (GGPP) in the presence of a combination
of class II diterpene synthase and bifunctional class I/II abienol synthase. The class II diterpene
synthase according to embodiments herein may be from any organism that natively expresses an
independent enzyme of class II diterpene synthase. In one embodiment, the class I diterpene
synthase is from tobacco, or specifically, from Nicotiana tabacum. In another embodiment, the
class II diterpene synthase is from clary sage, or specifically, from Salvia sclarea. The class 11
diterpene synthase according to embodiments herein may include, for example and without
limitation, a polypeptide comprising an amino acid sequence having at least 50%, at least 60%,

at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at
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least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99% identity to SEQ ID NO:1 or SEQ ID NO:2.

[0044] The bifunctional class I/1I abienol synthase according to embodiments herein may
be from any organism which natively expresses a single enzyme with two active sites, having
class I diterpene synthase activity and class II diterpene synthase activities, respectively. In one
embodiment, the bifunctional class I/II abienol synthase is from fir, or specifically, from Abies
balsamea. The bifunctional class I/Il abienol synthase according to embodiments herein may
include, for example and without limitation, a polypeptide comprising an amino acid sequence
having at least 50%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99% identity to SEQ ID NO:3.

[0045] In an embodiment of the invention, the class II diTPS and the bifunctional class
I/Il abienol synthase are expressed by a recombinant host cell, such as a recombinant
microorganism. Therefore, the steps of one aspect of the invention may take place within a host
cell, i.e., the method may be at least partially an in vivo method. The host cell may be
recombinant and may, for example, be a genetically modified microorganism. Therefore, a
microorganism may be genetically modified, i.e., artificially altered from its natural state, to
express both class II diTPS and bifunctional class I/II abienol synthase. In one embodiment, it
expresses a combination of a Nt-Class II-diTPS and an Ab-bifunctional class I/IT abienol
synthase. In another embodiment, it expresses a combination of a Ss-Class II-diTPS and an Ab-
bifunctional class I/l abienol synthase. Preferably, the enzymes are exogenous, i.e., not present
in the cell prior to modification, having been introduced using microbiological methods such as
are described herein. Furthermore, in the method of the invention, the enzymes may each be
expressed by a recombinant host cell, either within the same host cell or in separate host cells.
The abienol may be secreted from the host cell in which it is formed.

[0046] The host cell may be genetically modified by any manner known to be suitable for
this purpose by the person skilled in the art. This includes the introduction of the genes of
interest, such as one or more genes encoding the bifunctional class I/II abienol synthase and class
IT diTPS enzymes, into a plasmid or cosmid or other expression vector which are capable of
reproducing within the host cell. Alternatively, the plasmid or cosmid DNA or part of the

plasmid or cosmid DNA or a lincar DNA sequence may integrate into the host genome, for
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example by homologous recombination or random integration. To carry out genetic
modification, DNA can be introduced or transformed into cells by natural uptake or mediated by
well-known processes such as electroporation. Genetic modification can involve expression of a
gene under control of an introduced promoter. The introduced DNA may encode a protein which
could act as an enzyme or could regulate the expression of further genes.

[0047] Such a host cell may comprise a nucleic acid sequence encoding a bifunctional
class I/l abienol synthase and a class II diTPS. For example, the cell may comprise one nucleic
acid sequence comprising SEQ ID NO. 3 and at least one nucleic acid sequence comprising SEQ
ID NO:1 or SEQ ID NO:2, or a complement thereof, or a fragment of such a polynucleotide
encoding a functional variant (which may be a fragment providing a functional variant) of any of
the enzymes in bifunctional class I/Il abienol synthase and class II diTPS, for example enzymes
as described herein. The nucleic acid sequences encoding the enzymes may be exogenous, i.e.,
not naturally occurring in the host cell.

[0048] Therefore, another aspect of the invention provides a recombinant host cell, such
as a microorganism, comprising a first polypeptide which is a class 11 diTPS, for example,
having an amino acid sequence at least 50%, at least 60%, at least 65%, at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at lcast 96%, at least 97%, at least 98%, at least 99% identical to SEQ ID
NOs:1 or 2 and comprising a second polypeptide which is a bifunctional class I/II abienol
synthase, for example, having an amino acid sequence at least 50%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at
least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%
identical to SEQ ID NO:3. The cell may also comprise polypeptides which are functional
variants or fragments of any of the above sequences.

[0049] A suitable polynucleotide may be introduced into the cell by random integration,
homologous recombination and/ or may form part of an expression vector comprising a
combination of polynucleotide sequences SEQ ID NOs:1 and 3, a combination of polynucleotide
sequences SEQ ID NOs:1 and 2, or a complement thereof. Such an expression vector forms a
another aspect of the invention. Suitable vectors for construction of such an expression vector
are well known in the art and may be arranged to comprise the polynucleotide operably linked to

one or more expression control sequences, so as to be useful to express the required enzymes in a
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host cell, for example a micro-organism as described above. For example, promoters including,
but not limited to TEF1, HSP, and HYP promoters can be used in conjunction with endogenous
genes and/or heterologous genes for modification of expression patterns of class II diTPS and a
bifunctional class I/I abienol synthase. Similarly, exemplary terminator sequences include, but
are not limited to, the use of Yarrowia lipolytica XPR2 terminator sequences.

[0050] In some embodiments, the recombinant or genetically modified host cell, as
mentioned throughout this specification, may be any microorganism selected from the group
consisting of yeast, fungi (such as members of the genus Yarrowia), protists, algae, bacteria, and
archaca. The bacterium may comprise a gram-positive bacterium or a gram-negative bacterium
including but not limited to the genera Escherichia, Corynebacterium, Streptomyces, Bacillus,
Pseudomonas, Paracoccus, and Rhodococcus. In certain embodiments of the invention, yeast or
fungi of genera including, but not limited to, Aspergillus niger, Aspergillus terreus, Aspergillus
nidulans, Aspergillus oryzae, Neurospora crassa, Blakeslea, Candida, Cryptococcus,
Cunninghamella, Lipomyces, Mortierella, Mucor, Phycomyces, Pythium, Rhodosporidium,
Rhodotorula, Trichosporon, and Yarrowia are employed. In certain particular embodiments,
organisms of species that include, but are not limited to, Blakeslea trispora, Candida
pulcherrima, C. revkaufi, C. tropicalis, Cryptococcus curvatus, Cunninghamella echinulata, C.
elegans, C. japonica, Escherichia coli, Fusarium sporotrichioides, F.graminearum, Fusarium
venenatum, Gibberrella zea, G. fujikuroi, Lipomyces starkeyi, L. lipoferus, Mortierella alpina,
M. isabellina, M. ramanniana, M. vinacea, Mucor circinelloides, Phycomyces blakesleanus,
Pythium irregulare, Rhodosporidium toruloides, Rhodotorula glutin is, R. gracilis, R. graminis,
R. mucilaginosa, R. pinicola, Saccharomyces cerevisiae, Trichosporon pullans, T. cutaneum, and
Yarrowia lipolytica are used.

[0051] Particularly suitable microorganisms, for example, include Yarrowia lipolytica,
Escherichia coli, Fusarium venenatum, Gibberrella fujikuroi and Saccharomyces cerevisiae.
[0052] The Yarrowia platform has been optimized for flux through the isoprenoid
pathway and has achieved production levels of greater than 10 grams per liter of total
carotenoids. Since diterpenes are also derived from the isoprenoid pathway, Yarrowia is well

suited for high level production of abienol.
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[0053] The recombinant host cell or microorganism may be used to express the enzymes
mentioned above and a cell free extract then obtained by standard methods, for use in the method
according to the first aspect of the invention.
[0054] Embodiments of the present disclosure also encompass variants of the
polypeptides as defined herein. As used herein, a “variant” means a polypeptide in which the
amino acid sequence differs from the base sequence from which it is derived in that one or more
amino acids within the sequence are substituted for other amino acids. For example, a variant of
SEQ ID NO:1 may have an amino acid sequence at least about 50% identical to SEQ ID NO:1,
for example, at least about 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, or 99% identical. The variants and/or fragments are functional
variants/fragments in that the variant sequence has similar or identical functional enzyme activity
characteristics to the enzyme having the non-variant amino acid sequence specified herein.
[0055] For example, a functional variant of SEQ ID NO:1 has similar or identical class 11
diTPS characteristics as SEQ ID NO:1. An example may be that the rate of conversion by a
functional variant of SEQ ID NO: 1, of GGPP to LDPP, may be the same or similar, although
said functional variant may also provide other benefits. For example, at least about 80%, 90%,
95%, 96%, 97%, 98%, 99% or at least about 100% the rate will be achieved when using the
enzyme that is a functional variant of SEQ ID NO:1.
[0056] A functional variant or fragment of any of the above SEQ ID NO amino acid
sequences, therefore, is any amino acid sequence which remains within the same enzyme
category (i.e., has the same EC number). Methods of determining whether an enzyme falls
within a particular category are well known to the skilled person, who can determine the enzyme
category without use of inventive skill. Suitable methods may, for example, be obtained from
the International Union of Biochemistry and Molecular Biology.
[0057] Amino acid substitutions may be regarded as “conservative” where an amino acid
is replaced with a different amino acid with broadly similar propertiecs. Non-conservative
substitutions are where amino acids are replaced with amino acids of a different type.
[0058] By “conservative substitution” is meant the substitution of an amino acid by
another amino acid of the same class, in which the classes are defined as follows:

Class Amino Acid Examples:

Nonpolar: A, V, L, [, P, M, F, W
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Uncharged polar: G, S, T, C,Y, N, Q

Acidic: D, E

Basic: K, R, H.
[0059] The invention extends to a novel combination of class II diTPS and a bifunctional
class I/Il abienol synthase for converting GGPP to abienol. Significant enhancement of
conversion rate from GGPP to abienol is the result of such novel combination. In a particular
embodiment as shown in Example 3, a 10-fold enhancement in abienol titer was observed when
the class II diTPS from either Nicotiana tabacum or Salvia sclarea was used in combination with
a bifunctional class I/Il abienol synthase from Abies balsamea, when comparing with that a
bifunctional class I/IT abienol synthase being used alone.
[0060] The above-described result is unexpected. It is conventionally recognized in the
art that a single bifunctional enzyme would be more efficient in catalyzing a substrate than two
separate enzymes which have the same two functions, due to a scaffolding effect (Zerbe ef al.
2012, J. Biol. Chem. 287:pp12121-12131). The reasoning is that expression of the two activities
in the bifunctional enzyme is more balanced, and activities are maintained in close proximity to
cach other. This view is corroborated by the observation in this disclosure that a combination of
class I and class I diTPS from Nicotiana tabacum produces little abienol compared to the class
I/I1 bifunctional diTPS from A. balsamea. See Example 3.
[0061] Against the above teachings, the inventors of the present disclosure created
transformants which contain a class II diTPS single function enzyme and a bifunctional class I/I1
abienol synthase. The results showed that the titer of abienol production is significantly greater
than that produced by the two-enzyme system of class 1 and class II diTPS, or by a single
bifunctional class I/Il abienol synthase. Adding a class II diTPS enzyme in addition to a
bifunctional class I/Il abienol synthase does not produces merely an additive effect. Instead, a
synergistic effect is achieved, which is unexpected.
[0062] The following examples are intended to illustrate the invention without limiting

its scope in any way.
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EXAMPLES

Example 1
Construction of Vectors Containing the Class II diTPS gene, the Bifunctional Class I/I1 abienol
synthase
[0063] Plasmids that were constructed and used in the present disclosure are shown in
Table 1.
[0064] The bifunctional class I/Il abienol synthase gene of Abies balsamea (Ab-CAS)

was codon optimized according to Yarrowia codon bias, and synthesized de novo. During the de
novo synthesis the sequence 5’-TGCTAGCCACAAAA, containing an Nhel restriction site and a
typical Kozak sequence for enabling efficient translation initiation, was added immediately
upstream of the presumptive ATG start codon. The sequence ACGCGT-3’, comprising an Mlul
restriction site, was added immediately downstream of the stop codon. This sequence was
cleaved using Nhel and Mlul and ligated to pMB6655 cut with Nhel and Mlul to produce
pMB6839. The resulting protein encoded by the Ab-CAS gene of pMB6839 is specified in SEQ
ID No: 3. The class I diTPS gene of Nicotinia tabacum (Nt-Class 1I-diTPS) was cloned into
expression vector pMB6674 as described above to create pMB6845. The protein sequence of
Nt-Class II-diTPS gene encoded by pMB6845 is specified in SEQ ID No:2. The Ab-CAS gene
and promoter and terminator in pMB6839 were excised by digestion with Pvull and Sspl and
cloned into the EcoRV site of pMB6845 to create pMB6847, which expresses both the Ab-CAS
gene and the Nt-Class II-diTPS gene along with the hygromycin resistance gene HPH.

[0065] The abienol synthase gene of Nicotinia tabacum (Nt-ABS) was synthesized and
cloned into pMB6655 as described for pMB6839, to create pMB6840. The protein sequence for
the Nt-ABS gene of pMB6840 is specified in SEQ ID No:4. The Nt-ABS gene and promoter
and terminator in pMB6840 was removed by digestion with Pvull and Sspl, and cloned into the
EcoRV site of pMB6845 to create pMB6849, which expresses both the Nt-ABS gene and the Nt-
class II-diTPS gene along with the hygromycin resistance gene HPH.

[0066] The class 11 diTPS of Salvia sclarea (Ss-class 1I-diTPS) gene was synthesized
and cloned into pMB6674 as described above to create pMB6874. The protein sequence of Ss-
class TI-diTPS is specified in SEQ ID No. 2. The Ab-CAS gene and expression signals of
pMB6839 were excised by digestion with Pyvull and Sspl and cloned into the EcoRV site of
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pMB6874 to create pMB6879, which expresses both the Ab-ABS gene and Ss-class II-
diTPSgene with hygromycin selection.

[0067] The gene sequences encoding amino acid sequences SEQ ID NOs 1-4 were codon
optimized according to Yarrowia codon bias and the resulting nucleic acid sequences are SEQ ID

NOs 5-8, respectively.

Table 1. Plasmids

Plasmid Backbone Insert (s) Source
pMB6839 pMB6655 (hygR) Ab-CAS (class I/II) Synthesized Nhel-
Milul fragment
pMB6845 pMB6674 (hygR) Nt-Class II-diTPS Synthesized Nhel-
Milul fragment
pMB6847 pMB6845 (hygR) Ab-CAS (class I/IT) + | Synthesized Nhel-
Nt-Class 1I-diTPS Milul fragment
pMB6840 pMB6655 (hygR) Nt-ABS (class I) Synthesized Nhel-
Milul fragment
pMB6849 pMB6845(hygR) Nt-ABS(class I) + Synthesized Nhel-
Nt-Class 1I-diTPS Milul fragment
pMB6874 pMB6674 (hygR) Ss-Class 11-diTPS Synthesized Nhel-
Milul fragment
pMB6879 pMB6874 (hygR) Ab-CAB(class I/I) + | Synthesized Nhel-
Ss-Class II-diTPS Milul fragment

[0068] All basic molecular biology and DNA manipulation procedures described herein
are generally performed according to Sambrook et al. or Ausubel ef al. (J. Sambrook, E.F.
Fritsch, T. Maniatis (eds). 1989. Molecular Cloning: A Laboratory Manual. Cold Spring Harbor
Laboratory Press: New York; F.M. Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.G.
Seidman, J.A. Smith, K. Struhl (eds.). 1998. Current Protocols in Molecular Biology. Wiley:
New York).
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Example 2

Construction of Recombinant Host Cells Containing Class II diTPS and Bifunctional Class I/11

abienol synthase genes

[0069] In this example, the vectors containing class Il diTPS and bifunctional class I/1I
abienol synthase genes were introduced into a host strain of Y. lipolytica.

[0070] The vectors described above were transformed into a Y. [lipolytica strain
(ML7206) which had previously been optimized for increased flux through the isoprenoid
pathway. Host strain ML7206 is a prototrophic Y. lipolytica strain with the following genotype
(MATB erg9-4789::ura3 {HMG-tr GGS carB}). Strain ML7206 was constructed by the
introduction of heterologous genes under the control of constitutive promoters, coupled with
several generations of crossbreeding, starting with MF350 and ATCC201249 as described in
U.S. Patent No. 7,851,199. The ERGY gene, encoding squalene synthase, was replaced with a
hypomorphic version harboring a point mutation (F3171) and an insertion of the URA3 gene
(subsequently inactivated by mutation) directly after the stop codon.

[0071] The GGS gene and the truncated HMG gene (“HMG-tr") were derived from
Yarrowia sequences corresponding to native geranylgeranyl pyrophosphate synthase and
hydroxymethylglutaryl-CoA reductase genes, respectively. The carB gene was derived from
Mucor circinelloides, and encodes a phytoene dehydrogenase activity, but has no bearing on the

following example.

Example 3
Study of the Abienol Titer of the Recombinant Host Cells Containing a Class II diTPS gene and

a Bifunctional Class I/Il CAS gene

[0072] In this example, the productions of abienol in recombinant host cells described in
Example 2 were examined.

[0073] The transformants described in Example 2 were grown in shake flasks on a rich
medium (YPD) overlaid with a 10% volume of dodecane. Previous studies with isoprenoids
have shown that the isoprenoid products are typically exported by microorganisms, and
accumulate in a dodecane overlay. After growth at 28°C, 200 rpm, for 6 days, the dodecane
fraction was removed from the shake flasks and analyzed by HPLC on a C18 column, with a

photo-diode array detector. The HPLC set up consisted of a YMC PackPro C18 RS column [part
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# RS08503-1456WT 150x4.6mm S3 um] at a column temperature of 16°C, mobile phase
consisted of a mixture of (400 mL Methanol, 100mL Ethanol, and 0.1% Trifluoro-Acetic Acid)

using an isocratic flow rate of 1 mL/min. The transformants containing the abienol synthase

gene generated a peak at 2.90 minutes with an optimum absorbance of 237 nm (Figure 3b). This

peak was consistent with a reference abienol standard purchased from Toronto Research

Chemicals Cat.# 107600 (Figure 3a).

Table 2. Abienol production in transformants of isoprenoid optimized strain MB7206.

Genes transformed | Abienol absorbance|Abienol absorbance|Abienol absorbance

into MB7206 (millions),  YP+5% |[(millions), YP+10% |(millions), YP+
glucose glucose 12.5% glucose

none 0 0 ND (Not done)

Tobacco Class 1 Nt|0.4 0.4 ND

ABS and Tobacco

Class II Nt diTPS

(plasmid pMB6849)

Fir Bifunctional Class|1.9 2.3 ND

I/ Ab-CAS (plasmid

pMB6839)

Fir Bifunctional Class|18.5 23.8 22.5

I/ Ab-CAS  and

tobacco Class IT diTPS

(plasmid pMB6847)

Fir Bifunctional Class|ND ND 17.5

I/l Ab-CAS and sage
Class II diTPS
(plasmid pMB6879) (4

clones tested)

[0074]

As shown in Table 2, transformation containing both Class II diTPS gene and

Class I diTPS abienol synthase (ABS) gene from tobacco into Yarrowia resulted in very low
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production of abienol. Transformation of the bifunctional class I/II abienol synthase gene (Ab-
CAS) of fir alone resulted in a slightly elevated production of abienol. Surprisingly,
transformants which contain the fir bifunctional class I/II abienol synthase gene (Ab-CAS)
together with either the tobacco class II di-TPS gene or the sage class II di-TPS gene produced
significantly higher levels of abienol. This effect was repeatedly observed across three different
medium compositions in the transformant containing the tobacco class II di-TPS gene and the
Ab-CAS gene. It is unexpected to observe that the addition of the class II enzyme from either
tobacco or sage could significantly surpass the activity of the bifunctional class I/II abienol
synthase of fir alone, particularly given the fact that transformation of the Class II diTPS and

Class I diTPS abienol synthase genes from tobacco resulted in very little product.
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What is claimed is:

1. A method for producing abienol, which comprises converting geranylgeranyl diphosphate
(GGPP) to abienol in the presence of a combination of class II diterpene synthase (diTPS) and
bifunctional class I/II abienol synthase (CAS).

2. The method of claim 1, wherein the class II diTPS is a polypeptide comprising an amino
acid sequence at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95% ,
at least 97%, or at least 99% identical to SEQ ID NO:1.

3. The method of claim 1, wherein the class II diTPS is a polypeptide comprising an amino
acid sequence at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95% ,
at least 97%, or at least 99% identical to SEQ ID NO:2.

4. The method of claim 1, wherein the class II diTPS is from tobacco or clary sage.

5. The method of claim 1, wherein the bifunctional class I/II abienol synthase is a
polypeptide comprising an amino acid sequence at least 50%, at least 60%, at least 70%, at least
80%, at least 90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID NO:3.

6. The method of claim 1, wherein the bifunctional class I/II abienol synthase is from fir.

7. The method of any of the proceeding claims, wherein at least one of said class 11 diTPS
and said bifunctional class I/II abienol synthase is expressed by a recombinant host cell.

8. The method of claim 7, wherein the recombinant cell is a genetically modified
microorganism genetically modified to express at least one exogenous polypeptide selected from
the group consisting of said class II diTPS and said bifunctional class I/II abienol synthase.

9. The method of claim §, wherein the host cell comprises at least one nucleic acid encoding
one or more of the amino acid sequences selected from the group consisting of said class I

diTPS and said bifunctional class I/II abienol synthase.

10. The method of claim 9, wherein the recombinant host cell is a fungus.
11.  The method of claim 10, wherein the recombinant host cell is Yarrowia lipolytica.
12. A recombinant host cell comprising a class II diterpene synthase and bifunctional class

I/II abienol synthase.
13. The recombinant host cell of claim 12, wherein the class IT diTPS is a polypeptide
comprising an amino acid sequence at least 50%, at least 60%, at least 70%, at least 80%, at least

90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID NO:1.
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14. The recombinant host cell of claim 12, wherein the class IT diTPS is a polypeptide
comprising an amino acid sequence at least 50%, at least 60%, at least 70%, at least 80%, at least

90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID NO:2.

15. The recombinant host cell of claim 12, wherein the class II diTPS is from tobacco or
clary sage.
16. The recombinant host cell of claim 12, wherein the bifunctional class I/II abienol

synthase is a polypeptide comprising an amino acid sequence at least 50%, at least 60%, at least
70%, at least 80%, at least 90%, at least 95% , at least 97%, or at least 99% identical to SEQ ID
NO:3.

17.  The recombinant host cell of claim 12, wherein bifunctional class I/II abienol synthaseis
from fir.

18. The recombinant host cell of claims 12-17, wherein the recombinant host cell is a fungus.
19. The recombinant host cell of claim 18, wherein the recombinant host cell is Yarrowia
lipolytica.

20.  An expression vector comprising a polynucleotide molecule encoding an amino acid

sequence comprising SEQ ID NO:1 and a polynucleotide molecule encoding an amino acid
sequence comprising SEQ ID NO:3.
21. An expression vector comprising a polynucleotide molecule encoding an amino acid
sequence comprising SEQ ID NO:2 and a polynucleotide molecule encoding an amino acid
sequence comprising SEQ ID NO:3.
22. The expression vector of claim 20 or claim 21, wherein one or both of the polynucleotide

molecules are operationally linked to a transcription control sequence.
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