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Abstract

The bifunctional diterpene synthase, copalyl diphase/kaurene synthase from the mBhgscomitrella
patens (PpCPS/KS), catalyzes the formation of at least fouergenes, includingent-beyerene,ent-
sandaracopimaradienent-kaur-16-ene, and 16-hydroxent-kaurene. Then planta enzymatic activity has
been confirmed through generation of a targ€edPS/KS knock-out mutant iR. patens via homologous
recombination, transient expressionRFCPS/KS inN. benthamiana, and expression i&. coli. GC-MS
analysis of the knock-out mutant shows that it $atthe diterpenoids, supporting that all are proslwét
PpCPS/KS as observed M benthamiana. These results provide additional knowledge ofrtleehanism of
this bifunctional diterpene synthase, and are ne lwith proposed reaction mechanisms in kaurene
biosynthesis.

Keywords. diterpene, copalyl diphosphate/kaurene synthase, Physcomitrella patens, ent-

beyer ene, ent-sandar acopimar adiene.



1 Introduction

The bryophytéPhyscomitrella patens is a non-vascular true land plant that for margrydas been used as a
model system to investigate plant metabolism anekldpment, and as a green production system for
commercially valuable small peptides or metabolfie8]. Mosses and flowering plant lineages diverge
more than 400 million years ago, placing mosseb agP. patens as early progenitors of land-plants [4].

P. patens has a single functional diterpene synthase, thenbifonal copalyl diphosphate/kaurene synthase
(PpCPSI/KS) that previously was shown to catalyse theybthesis oent-kaur-16-ene4) and 16-hydroxy-
ent-kaurene %), the precursors for gibberellic acid (GA) biodyesis in vascular plants [5]. This catalytic
activity was examined further demonstrating thaa74l0 is a key amino acid involved in hydroxylati&n
the 16 position [6]P. patens also encodes a cytochrome p450 known as kauredasexi(CYP701B1) that
catalyse the oxidation eht-kaur-16-ene4) to kaurenoic acid. HowevelP, patens lacks any kaurenoic acid
oxidase (CYP88-family), which catalyses the formatof GA;,, €n route to bioactive gibberellins and
accordingly no gibberellins are foundPnpatens[4, 7, 8].

By characterizindPpCPS/KS knockout lines devoid of kaurenoids and rotlierpenoids, it was suggested
that the function of kaurenoids in mosses is taeok differentiation from chloronemal to caulonetisgue
and possibly spore formation [Ftill, the PpDCPS/KS knock out lines were viable, had similat sizle, and
spore germination as compared to wild typepatens, suggesting a non-essential role of kauranoidB.in
patens at laboratory conditions [9]The phenotypically nhon-adverse consequences dfshba kaurene
biosynthesis inP. paten are possibly an indication thd&. patens is generally not hypersensitive to
diterpenes. Indeed overexpression of terpene symshgoatchoulol, santalene, sclareol and taxadiarie)
patens is possible without adverse effects [10-12]. Thtusas been suggested thatpatens is a suitable
organism for manipulation of terpenoid metaboliat tcan be used for biotechnological productior.[13
Here we show that under laboratory conditienskaur-16-ene4) and 16-hydroxyent-kaurene %) are not
the only products oPpCPS/KS. Specifically, besidesit-kaur-16-ene 4) and 16-hydroxyent-kaurane %)
we report the detection ant-beyerene 1), ent-sandaracopimaradien@)(as a result of the enzymatic
activity of PpCPS/KS in moss and in heterologoustdidN. benthamiana andE. coli. We also observed
formation ofent-kaur-15-enegJ), however, this could not be established as agreezroduct as it is also a
breakdown product of 16-hydroxant-kaurane §).

The results described here show that the diterdemaifile of P. patens is more complex than previously

described with possible evolutionary implications dliterpenoid metabolism in higher plants.



2 Material and Methods

2.1 Plant material and growth conditions

P. patens (Gransden ecotype, International Moss Stock Cef8001) was grown as previously described
[14] in a growth chamber with a 16 hour light/8 halark cycle at 25°C and with light intensity at-20
Wm-2 (700-80QuEinstein just above the plant).

2.2 Full length cDNA sequence confirmation

RNA was isolated from approximately 10-20 mg ofsfraissue using the RNaqueous Micro Kit (Ambion)
following the manufacturer's instructions. DNA wdigested by DNase treatment and RNA quality was
confirmed using a Bioanalyzer 2100 (Agilent). Haligth cDNA was prepared using oligo(gslprimer and
the First Strand cDNA Synthesis Kit (Thermo Sciféiti The full lengthPpCPS/KS was PCR amplified
using the forward primer 5-ATGGCTTCCAGCACCTTGATAL (BK109) and the reverse primer 5'-
TGAGGTAGTGGCTCGAAGAGC-3' (BK110) and cloned intofpl.2 using the CloneJET PCR Cloning
Kit (Thermo Scientific). Sequences were confirmethg primers binding in the plasmid backbone inetiid

in the kit, as well as the internal binding prim&s<GATGGAAGATGCCAAGGCAC-3' (BK113) and 5'-
CATGTTGAAGTCGGCTTTGG-3' (BK114) to get full sequencoverage. Sequence analysis of cDNA for
PpCPS/KS prepared from our wild-type moss showed detmpsequence identity and exon splicing
congruent with the annotation of locBpls130_5V6.1 in the CosMoss database, and the Gé&nBemns
XM_001770736. There is a single nucleotide polyrh@am at residue 1905, which differs from the
sequence (GenBank locus AB302933) described by $tay®06 [5], however this SNP does not result in a

change to the amino acid sequence.

2.3 Generation of P. patenslineswith disrupted PpCPS/K S functionality

Genomic DNA fromP. patens was prepared as previously reported [15]. A 3 kigrinent ofPpCPSKSwas
amplified by PCR wusing the primers 5-CTCTGTCTCTCETAATCCTCC-3’ (oCL252) 5'-
TGGTTTTCCTAACGAACAACTGA-3’ (oCL254) and the nested primers 5-
GGGGACAAGTTTGTACAAAAAAGCAGGCTCTCCAACATACTTGCTCTTCC?' (0CL253) and 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTCTGAGATCAATAACTGCAAGGE (oCL255)
including attB1 and attB2 overhangs. The resulB@R product was cloned into pPDONR201 using Gateway
technology according to the manufacturer's proto€llvitrogen). This plasmid is referred to as
pDONR201::CPS/KS. A cassette containing p35S-rnpdinVter, expressing neomycin phosphotransferase
Il and conferring resistance to G418, was excised romf pMBL6
(http://www.biology.wustl.edu/moss/pmbl6.jpg) usinghol and inserted into the Xhol site in
pDONR201::CPS/KS generating the knock out constpi@ONR201::CPS/KS-nptll (referred to in this
manuscript as pCL755). 30 pg of linearized pCL75BlADwas transformed intdP. patens using



polyethylene glycol (PEG) mediated transformatiod atable lines were recovered and analyzed by GC-M
as previously described [14, 16]. Genomic DNA fretableP. patens lines without detectiblent-kaurene
was prepared as previously described [14]. Segngnaf PCR products using the primers 5'-
AAGCCGACTTCAACATGTG-3 (0SSB94), 5-AACCCGAAGCTCTTCAC-3' (0SSB95), 5'-
CCTGTGCAAGGTAAGAAGATGG-3' (0CL77) and 5-CTCTGTCTGICCACAATCCTCC-3' (0CL252)
was carried out to confirm insertion of the nptiseette. On®. patens line, pCL755#29, with disrupted

PpCPS/KS functionality, was chosen for more detadledracterization.

2.4 Cultivation and Sampling

For the SPME analysis of the wild type (WT) aPaCPS/KS knockout (KOP. patens lines, plants were
cultured on 3 ml of solid Phy B agarose media im2@lass vials with screw neck and magnetic cais w
teflon coated silicone septa [14]. Cultivation citiotis were 16 hour light/8 hour dark cycle at 25%Tter

2-3 weeks cultivation, the headspace volatilehefWT and KO line were sampled by incubating a SPME
fibre (DVB/CAR/PDMS; Supelco 57298-U) in the vidte 30 min at room temperature directly a rack on
the CTC AOC-5000 auto sampler and analysed by GGIMB

For the hexane extracts, protonemal tissue of Mgih and KO lines were cultured for one week on
cellophane covered Phy B plates, sealed with bab&h3M surgical tape. The moss tissue was then
transferred into a 2 mL glass vial containing 1 mhexane including a 1-eicosene internal standdu2l (
mg/L). The extraction was performed for 1 hour 8@ and the hexane fraction was transferred t€Ca G
vial. Reference compounds of C7-C30 for calculatdrthe retention index values and 1l-eicosene were

obtained from Sigma-Aldrich, Denmark.

2.5 Construction of vectors pLife33 PpCPSKSand pGG_USER__ A43PpCPSK S

USER cloning [18, 19] was employed to insert thHedu partial (bases 130-2642) CDS fBpCPS/KS, into
vectors pLife33 (for transient expressionNn benthamiana) and pGG_USER (for expression kn coli),
primers: GGCTTAAXatggcttccagcaccttgatacagaatc, GGEAXATGaagaagcgtcgatgtitgcgacctac and
GGTTTAAXtcaggtactggctcgaagagcacc (X = deoxy UriflinegGG_USER was a modified version of the
PACYCDuet(P15A) derived pGG [20] with a USER-Catseeplacing a Gateway-cassette in the multiple
cloning site. Resulting expression vectors pLiIfé38CPSKS and pGG_USER43PpCPSKS were verified

by sequencing before being further used.

2.6 Expression of PpPCPSKSin N. benthamiana

Transient expression pCPSKS with the suppressor of silencing P19 [21¢afs of 4-week oldN.
benthamiana was accomplished by co-infiltration of transfornfegtobacterium tumefaciens, strain AGL-1,

as recently described [22]. 7 days post infiltratimfiltrated leafs were placed in 20 ml cappeakglvials
(teflon coated silicone septa) and volatiles waraged with a conditioned SPME fiber (DVB/CAR/PDMS)



for 20 min at 60°C [17]. In addition, liquid exttaans of two leaf discs (g=3cm) with 1 ml hexaneevdone
in capped glass vials by gentle shaking for 30 atiroom temperature. Samples were stored at -20fC u

further used.

2.7 Expression of PpCPSEK S and FfCPSKSin E. coli

E. coli strain C41 (Lucigen) was co-transformed with pGGHR A43PpCPSKS or pGGfCPSKS
(Fusarium fujikuroi CPS/KS) and pIRS (this facilitate overexpressiéri-oleoxy-D-xylulose-5-phosphate
synthase, 1-deoxy-D-xylulose-5-phosphate reductasel, isopentenyl diphosphate isomerase [23]) by
electroporation. Recombinant strains were subsdlyugown on LB agar plates with chloramphenicotlan
spectinomycin for selection (used for selectionalh later steps). An overnight culture was startgd
inoculating 3 colonies in 5 ml LB media with seleat and shaking at 200 rpm at 37°C overnight. The
following day expression cultures were started butidg the overnight culture 1:50 in LB media with
selection. Growth was continued until @pP= 0.6 and the expression culture was cooled onaiu
heterologous expression induced by addition of 1l BVMG. The induced expression culture was grown for
24 hours at 20°C with shaking at 180 rpm. Finaliglatile metabolites were sampled with a condittbne
DVB/CAR/PDMS SPME fiber at 60°C for 20 min from theadspace of 15 ml expression cultures in a
capped 20 ml glass vial (teflon coated silicondaep

2.8 GC-MSanalysis

All GC-MS analyses were performed on a ShimadzuGMS-QP2010 plus (GC-2010) with a CTC
autosampler AOC-5000, with cooled trays, agitatean, and needle bake-out.

GCMS analysis utilizing SPME fibers was previouslyblished [16, 17], but briefly the injection port
temperature was set to 230°C, with a sampling tifng& min. The flow control mode was pressure cdntro
with a total flow of 2.3 mL/min with Has carrier gas, and a purge flow of 1.0 mL/mine Tblumn was a
30 m HP-5MS column. The oven temperature prograsm 38C for 3 min, 10°C/min to 230°C and a hold
for 3 min. The MS settings were ion source tempeeaR60°C, interface temperature 280°C, and the sca
range from m/z 50 to m/z 350 with 70eV electricadization.

GC-MS analysis of the hexane extract utilized presily published methods [24, 25]. Briefly, the stjen
volume was 1 L, with split-less injection at 250%e column was a 30 m HP-5MS column, with a total
flow of 2.2 mL/min H as carrier gas, using pressure control as floirobiThe oven temperature program
was 50°C for 3 min, 15°C/min to 310°C and then &Hor 5 min. The MS settings were ion source
temperature 260°C, interface temperature 280°@esbkut was set for 5 min, and the scan rangefroas
m/z 50 to m/z 350 with 70eV electrical ionization.

All data were analysed using the Shimadzu softwateSolutions, GCMS Solutions Version 2.70, usimg t
libraries provided by NIST (NIST 08) and Wiley (\&§ 8.0). Obtained spectra were compared with the



spectra in the mass spectral libraries. Compoundse wdentified comparing the data with library

information of MS and retention indiceg.(All referencds were taken from Adams book [26].

3 Resultsand Discussion

The two diterpene metabolitesit-kaur-16-ene 4 and 16-hydroxyent-kaurene %) that were previously
described as part of a hexane extract of wild f§pgatens [5] were also observed in our volatile and liquid
metabolite analyses of wild type patens along with three additional diterpenes detectetidgdspace solid
phase micro-extraction (HS-SPME). The three adutiaiterpenes were identified e-beyereneX), ent-
sandaracopimaradien®) @ndent-kaur-15-ene J) (Fig. 1A). Identification was based on comparisdrihe
MS-spectra with the libraries from Wiley and NISiidaon the Kovats retention index of the diterpesoid
[26]. The identification was also established wittmparison to the products of the already charnaetr
enzymeFfCPS/KS [27]. The Kovats retention indices were whaiteed on a HP5 column, with references
from a DB5 column in parenthes&d4944 (1931)2:1960 (1969)3:2009 (1997), and: 2057 (2043) (Fig.
1A-C).

We constructed #pCPS/KS knock out line oP. patens (Fig. 1D), in order to investigate whether the
additional diterpenoidsl{3) are likely biosynthetic products of this enzyme.our fully viable knockout
line 1-5 were not detected, showing tHRPCPS/KS is needed for their biosynthesis. To furthaablish
whetherl-3 are true enzymatic products BpCPS/KS we expressed the enzymeEircoli together with
Abies grandis GGPPS, as well as transiently Nh benthamiana. When PpCPS/KS was expressed in these
heterologous systems the same diterpenoids wasiggdds found in wild type. patens (Fig. 1A and 1B).
This suggests thdt5 are all products dPpCPS/KS. However, the presence3afould as well be a result of
chemical rearrangement 6f In extracts stored for longer periods (monthsyds observed that the levels of
3 increased with storage time in parallel with desesain levels 0%, showing that was converted int8.
Further supporting that non-enzymatic conversiotegbenoids can occur, a recent study has demtetstra
instability of another hydroxylated terpene synéh@soduct [17]. More studies are needed to determin
whether3is a true enzymatic product BbCPS/KS and what the rate of conversio® ¢ 3 is.

While we exclusively found in hexane extract oP. patens, we only detected and 2 by HS-SPME
analysis. On the other hartland3 were foundn both analysis methods (Fig. 1A and 1B). Thegeal®n
patterns may reflect a volatile naturelpf2 and a less volatile natuteat 60°C (temperature used during
fiber exposure). Our results highlight the impocdaf using complementary methods to reveal meitasol
with different volatility and further supports these of HS-SPME as a valuable tool for discovery and
characterisation of volatile metabolites [16, 1A&].lack of head-space sampling in former studies of

PpCPS/KS may explain why, 2 have not previously been found [5, 6].



Our findings are in support of the previously répdrbiosynthesis oént-kaurene and 16-hydroxgnt-
kaurene byPpCPS/KS [5], and further extend the product profde this multiproduct enzyme under the
described conditions. In addition, our findings o quantum chemical calculations of the carboacati
intermediates in biosynthesis eft-copalyl diphosphate derived diterpenes [[5, 28{.was previously
discussed whether the secondary carbocations ekistyg the triple shift reaction that leadseté-kaurene
formation [28, 29]. Our findings show that the sadary carbocation at C13 can be stabilizeBp@PS/KS
for 1 to be formed through proton abstraction (FigS2ilarly 2 can be formed by proton abstraction.

The results show th®pCPS/KS is a multiproduct enzymepCPS/KS is one of the evolutionary earliest
occurring plant diterpene synthases. THRCPS/KS may have been a multiproduct platform faerla

evolved diterpene synthases in plants.

4 Conclusions

The PpCPS/KS enzyme Physcomitrella patens catalyzes theén planta formation ofent-beyereneX), ent-
sandaracopimaradiene?)( ent-kaur-16-ene 4), and 16-hydroxyent-kaurene %), from the common
diterpenoid precursor geranylgeranyldiphosphate KBJG The activity has been confirmed through
generation of a knockout mutant BpCPS/KS, transient expression lih benthamiana and E.coli. These
results extent the product profile BpPCPS/KS and supports previous quantum calculatiéreadpocation

intermediates in biosynthesis @ft-copalyl diphosphate derived diterpenes.
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Figure legends:

Figure 1:

Gas chromatography chromatograms illustrating theesemces of ent-beyerene 1), ent-
sandaracopimaradien®)(ent-kaur-15-ene3), ent-kaur-16-ene4), and 16-hydroxyent-kaurene §). A: HS-
SPME analysis of wild typd’. patens, PpPCPS/KS knock-outP. patens, PPCPS/KS expressed ii.
benthamiana and E. coli, and FFfCPS/KS expressed iB. coli. B: hexane extract analysis of wild type
patens, PpCPS/KS knock-ouP. patens, andPpCPS/KS expressed M. benthamiana andE. coli. C: shows
the mass spectrum of the detected compounds. Busstie insertion of Nptll cassette ifpCPS/KS gene
that provided the knock-out ®CPS/KS through disruption of the gene transcription

Figure2:
The biosynthetic and heat induced rearrangemené rment-beyerene 1), ent-sandaracopimaradieng)(
ent-kaur-15-ene 3), ent-kaur-16-ene 4), and 16-hydroxyent-kaurene %), via three intermediate

carbocations. The mechanisms shown is based oiopsepublications [5, 6, 28].
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Additional diterpenes from Physcomitrella patens synthesized by copalyl
diphosphate/kaur ene synthase (PpCPS/K'S)

* Wefound additional diterpenes produced by the copalyl diphosphate/kaurene synthase (PpCPS/KS)

»  We made aknock-out mutant of PpCPS/KS in Physcomitrella patens

» Thefindings support the suggested biochemical route

* The findings confirm that PpCPSKS is a multiproduct enzyme that may have provide the

evolutionary platform for later evolved diterpene synthasesin plants.



Christina Lunde established the first knockout mut PpCPS/KS in our lab, and commenced the work.
Sgren Spanner Bach performed the first chemicabandmic characterization.

Xin Zhan identified the new diterpenoids during tbleemical characterization and in parts wrote the
manuscript.

Nikolaj L. Hansen performed the characterizatiomirbenthamiana andE. coli along with the expression
and characterization of t#idCPS/KS.

Henrik T. Simonsen assisted the chemical identiboa manuscript writing and sustained the project.



