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. Salvia miltiorrhiza Bunge is highly valued in traditional Chinese medicine for its roots and rhizomes.
Its bioactive diterpenoid tanshinones have been reported to have many pharmaceutical activities,
including antibacterial, anti-inflammatory, and anticancer properties. Previous studies found four
different diterpenoid biosynthetic pathways from the universal diterpenoid precursor (E, E, E)-
geranylgeranyl diphosphate (GGPP) in S. miltiorrhiza. Here, we describe the functional characterization
of ent-copalyl diphosphate synthase (SmCPS,,,), kaurene synthase (SmKS) and kaurene oxidase
(SmKO) in the gibberellin (GA) biosynthetic pathway. SmCPS,,, catalyzes the cyclization of GGPP to

. ent-copalyl diphosphate (ent-CPP), which is converted to ent-kaurene by SmKS. Then, SmKO catalyzes

. the three-step oxidation of ent-kaurene to ent-kaurenoic acid. Our results show that the fused enzyme
SmKS-SmCPS,,, increases ent-kaurene production by several fold compared with separate expression

: of SmCPS,,; and SmKS in yeast strains. In this study, we clarify the GA biosynthetic pathway from GGPP

. to ent-kaurenoic acid and provide a foundation for further characterization of the subsequent enzymes

. involved in this pathway. These insights may allow for better growth and the improved accumulation of
bioactive tanshinones in S. miltiorrhiza through the regulation of the expression of these genes during
developmental processes.

Salvia miltiorrhiza Bunge has been widely used in China (and to a lesser extent in Japan, the United States, and
European countries) for the treatment of cardiovascular and cerebrovascular diseases. This medicinal herb exhib-
its anti-inflammatory, antioxidant and radical scavenging effects?. Tanshinone I, tanshinone IIA, cryptotanshi-
none and dihydrotanshinone I are the major diterpene quinones of the lipophilic constituents in Danshen and are
responsible for much of its anti-inflammatory, antioxidant, antitumor and a variety of other activities*=. Because
these monomeric compounds have significant pharmacological activities, Danshen preparations are more fre-
quently used in the clinic.
To accommodate the increasing need for clinical applications, researchers have deeply investigated the dit-
. erpenoid biosynthetic pathway to obtain the bioactive tanshinones directly using synthetic biology strategies in
. microbial cell factories. Previous works have indicated that at least four different diterpenoid biosynthetic path-
© ways exist in S. miltiorrhiza (Fig. 1)°. Among them, the tanshinone biosynthetic pathway is uniquely initiated by
. asequential pair of cyclization reactions catalyzed by SmCPS1 and SmKSL1 to produce abietane miltiradiene,
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Figure 1. Four different diterpenoid biosynthetic pathways in S. miltiorrhiza. (A) Gibberellin biosynthetic
pathway. (A1) Proposed mechanism for SmKO conversion of ent-kaurene into ent-kaurenoic acid®. (B) Tanshinone
biosynthetic pathway. (C,D) Unknown diterpenoid biosynthetic pathways.

which is a precursor of at least cryptotanshinone”?. Then, SmCYP76AH1 catalyzes the turnover of miltiradiene to
form ferruginol, thereby providing a solid foundation to elucidate the tanshinone biosynthetic pathway.
However, only two diterpene synthases (diTPSs) in the S. miltiorrhiza GA biosynthetic pathway have been
reported to date, and the roles of GAs in S. miltiorrhiza root and rhizome development and the total yield of tan-
shinones per plant are less clear. GAs are formed from GGPP via a set of reactions catalyzed by different enzymes,
including two consecutive diTPSs, cytochrome P450 (CYP) and 2-oxoglutarate-dependent dioxygenases
(20DDs) in plants®. As a group of plant-growth regulators, these GAs control different aspects of plant develop-
ment, such as seed germination, stem elongation, flowering, fruit set and fruit development. Understanding GA
biosynthesis will allow us to improve the tanshinone contents by regulating the expression of the genes involved
in the S. miltiorrhiza GA biosynthetic pathway. Here, we cloned three genes (SmCPS,,,, SmKS and SmKO) from
S. miltiorrhiza hairy roots and then identified their functions by co-expressing them in Saccharomyces cerevisiae.
Biochemical studies suggested that CPS and KS might interact with one another!?; therefore, we constructed a
fused SmCPS,,, and SmKS protein and showed that the production of ent-kaurene was significantly improved.

Results

Cloning and sequence analysis of SmCPS,,;,, SmKS and SmKO from S. miltiorrhiza hairy
roots. The full-length SmCPS,,, and SmKS cDNAs were determined by 5 RACE and 3’ RACE, and the corre-
sponding cDNA sequences were submitted to the National Center for Biotechnology Information (Supplementary
Fig. S1). The full-length SmCPS,,, cDNA (GenBank accession number KT934789) is 2413 nt and encodes a pol-
ypeptide of 793 amino acids. SmCPS,,, clusters most closely to SmCPS5 of S. miltiorrhiza f. alba and to SACPS
from Scoparia dulcis (Fig. 2). The first 21 N-terminal amino acids are rich in serine and threonine (19%), which is
a common characteristic of transit peptides that target the diTPS to plastids'"'2. This information was supported
by our analysis using ChloroP 1.1'%. The amino acid sequence also contains a conserved DIDD motif (Fig. 3),
which strongly suggests that SmCPS,,, can catalyze GGPP to CPP as a class II diTPS. The SmKS cDNA (GenBank
accession number KT934790) is 2636 nt in length and encodes a predicted protein of 806 amino acid residues. At
the protein level, the KS sequence from the hairy roots of S. miltiorrhiza exhibits 99% identity with the SmKSL2
from S. miltiorrhiza f. alba (Fig. 2). The first 27 N-terminal amino acids are rich in serine and threonine (22%),
suggesting that SmKS is also localized in plastids. Its amino acid sequence contains a DDFFD motif but lacks the
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Figure 2. Phylogenetic tree of CPS, KS and KO from different species. The neighbor-joining phylogenetic
trees were constructed using the bootstrap method in MEGA 5.1. The number of bootstrap replications was
1000. Descriptions of the three different types of synthases used in the phylogeny are listed in Supplementary
Table 2.

DxDD motif (Fig. 3), indicating that SmKS is a plant KS protein with monofunctional class I diTPS activity. The
SmKO cDNA (GenBank accession number KJ606394) is 1930 nt in length and has an open reading frame (ORF)
encoding 519 amino acid residues, containing a cytochrome P450 conserved site (amino acids 451-460, Fig. 3).
The deduced amino acid sequence shows 64% and 66% identity with AtKO (Arabidopsis thaliana, AAC39507)
and PsKO (Pisum sativum, AAP69988) (Fig. 2). The gene was identified as a multifunctional kaurene oxidase
catalyzing three sequential oxidations (ent-kaurene to ent-kaurenoic acid) in the GA biosynthetic pathway'+1°.

Recombinant expression and functional characterization of SmCPS,,,, and SmKS. Previously
reported evidence suggested that SmCPS,,, and SmKS might be involved in the S. miltiorrhiza GA biosyn-
thetic pathway®. To confirm the biochemical functions of SmCPS,,, and SmKS in vivo, the SmCPS,,, ORF and
SmKS ORFs were ligated individually or in combination in the yeast expression vector pESC-Trp (Fig. 4A)
and expressed in the yeast strain BY-T20 (provided by Prof. Xueli Zhang’s lab, Tianjin Institute of Industrial
Biotechnology, Chinese Academy of Sciences, China). As expected, CPP was detected as the SmCPS,,, product

SCIENTIFICREPORTS | 6:23057 | DOI: 10.1038/srep23057 3



www.nature.com/scientificreports/

A

AtCPS -« .MSLQYHVLNSIPSTTFLSSTRITISSSFLTISGSPLNVARCKSRSG SKLRTQEYINSQEVQHCLPLIH... «.ENQQLGG. .EDAPQISVGSN 20
SmCPSS MPLASNPVAFLPSSTAHG...CLPARAFSRSSAGCLGLCRPLTPTSSLGCNAIL ««+.SRPRIEEYID. .VICNGLPVI. KNBEIVE..CCAEKCSPKCK 87
SmCPSent .o « .MPLASNPVAFLPSSTAHG. . .CLPAAAFSRSSAGCLGLCRPLIPISSLCCNAL .. ccovvnaannn SRPRIEEYIL..VIGNGLPVI... « .KWHEIVE. .DCCAEXKCSPKLK . 87
PpCPS/KS MASSTLICNRSCGVISSMSSFQIFRGCPLRFPGTRTPAAVQCLKKRRCLRPTESVLE YRIVIGPSGI LQEGSLTHRLPIPMERSICNFCSTLYVSCINSETLQRTECLLEGVTIENVG. ... . 130
AgAS = ... MAMPSSSLSSQIPTARHHLTANAQSIPEFS.TTLNA ASKRRSLYL ) S IACVGEGGATSVPYCSAEKNDSLSSS. . . . TLVKREFPPGFWKCCLICSLTSSHKVAASE..... 12
GbLPS «« MAGVLFANLPCSLGLSPXVPFRQSTNILIPFEXKRSSFGENAQHCVRSHLRLRWN. . « .CVGIHASAARETRPCQLPCEERFVSR. . < LNACYHPAVNXDLCFIDSLTSPNSHATSKSSVDE 112
ATKS MSINLRSSG....CSSPISAT. LERGLCSEVQTRANNVS.... <« .FEQTKE. . 40
SmKSL2 MBLPLSTCLLFHPRESRSRRFCESPASAAS LKSGLHSATSAKIASMPT... CEEQTRG. . ss
SmKS MALPLSTCLLFHPRESRSRRFCESPASAS....cccvnensnnnans LKSGLHSATSARIASMPT 54
ATCPS « . SNAFREAVKSVKTILRNLTD! ) A . IR L QGCA. . . YLESY! NLEFHCCN‘ITHER | IGXKLEDENCER 218
SmCPSS « .VGELRDAVR. . . SMLRSMGLC! 2 15 LA GCH. . .ATESI TR CLHPCKTHKEI IR IKKNIHRLEEENVEH! 213
SmCPSent . -VGELRLCAVR. . . SMLRSHGD! 1S LA CH...ATESI TR CLAPCRTHREI IR IKKNIERLEEENVERM 213
PpCPS/XS + .MNEWIEEIR...MYFRNMTL II LH BEP. . .SLFLG GVGACNVEREICHLCSNIYRMEE! 257
AgAS « .EKRIETLISEIXNMFRCHMGY! IL L EG...FYFLA ITIRRTGETQVQHEIERFRTCA DSH: 242
GbLPS TINKRIQTLVKEIQCMFGSMGEH SEYLCT P A IL) LH BEEE . . .CIFLA NKGCIGVE V! IMEEMRDEACNE! 244
AtKS .. «+ s .KIRRMLE A A LL Hi LCNHDHCSLK! KR GIGERQINKELORIELNSALVIDETIQK. 160
SmXSL2 ++«0+.RIARLFHKI HeF QR LL! C! GVGEEQIKRELIRIEINFASATDRCQIT. 174
SmKS . « « - RIAKLFHKI A E WLL C! GVGEEGIKRELHLELNFASATDXCQIT .| 173
AtCPS EIERGINID SPVLKCIYARRELRETRIPKEIMHKI EKL: W K 352
SmCPSS CIERGLQICIESETRGLREIYARRE IKERXKIPSCILHGMPET GRL: ) = 347
SmCPSent cifiggrorrs TRGLREIYARREI] XIPSCILECMPET, QKL W, E 347
PpCPS/KS E ALGLDLEYEATILGQISAEREK KIPMAMVYKYPITE! NRLLQ! W R 392
AgAS K ILGLDL] LPFLEGIIEKREA! RIPTCVLYALPIT QRIM. W, X 377
GbLPS DEERSLGLDLEYHLPFISQIHQRRQOXKKEQKIPLNVLENH( QEITN W, 14 379
ATtKS KYERCLNLTIBLESEVVCCMIRKREL CCSEKFSKGREAY] CLT S K 295
SmKSL2 T BGESLNLRQPTTENELMHR ADL! RSNRNYSSETET YW ESV] C’ 2 309
SmKS DYERGFSINLRLEPTTENCLMHKRDV! RSNRNYSSET;Y . ESV] C: IQ 308
DxDD
ATCPS ECLDYV T.CNGICWARCSEV(ES IDDH) EFFC SNQAWS TGMENLYRASQT.AiiEI |KNAKEFSYNYWLEXREREEL IDKWIIM 485
SmCPSS ECUA YR T . ERGICWARNSE IS A EFF STCAVIGMYNLYRAAQLI NILECAATESAKEMGOKRANNELLDRWIIT] 480
SmCPSent ECRA’ YT . EXGICWARNSEICSS IDDIN 3EFFCI STcAv'rNYNLYnAAcrr-!r!ur ECAATFSAKFMQOKRANNELLDEWIIT] 480
PpCPS/KS DCEQ YR X . CCGIGWASNSSVe VDI .BEFFC| $0SSQ. SRASQTL o LEKKARTF SRNFMRTKHENNECFDEWIIT] 525
AgAS EALDYVYSHOL .ERGIGWARENFVH v EFFCELEQTCRGVECMLNVNRCSHVS! TIMEEAKLCTERYMRNALENVDAFDEWAFK) 511
GbLPS ESID 'Yl CAERGVGWARCNPIH FCi  TQIGVECNLNLYRCSQVC! XIMEEARTETTNICNALARKNNAFDEWAVKE! 514
AtKS SIEDE RYRL...... SYRPLKPEAEESEFSCTEHEYVKNTESVLELFXAACS. . SAERRCCCNTRQYWEMELSS . . WVKTSVRL 420
SmKSL2 NVEDE G  TSRPVIKILQEC. F. TCINETLELYRASELVL ROEEXGNLRLKLIMEQELSSG.LIQSCQLG) 436
SmKS NVEDETYR] TSPVTQILGEC. F. NMTCINITLELYRASELVL ROLERGNLRLRLIBEGELSSG. LIQSCQLG) 435
AtCPS Ll FYICQYGGENDCVWI xi Y WCIFGHE YEENRL SEWGVRRSELLE! E RSH§:§SS’V VKAISSSEGESS. .CSRRSFSCGFHEYIA 618
SmCPSS Ll ETRFYLEQYGGEDDVWNI( xi YVNNNEKY. WKDIGHE YRNSSLGEFGLSEGSLV, KSQ! TAIEMCTITSHERHSA . .EQRRVFLEEFQHATG 613
SmCPSent L] ETRFYLEQYGGEDCVNI L' Y RCIQHR YRNSSLGEFGLSEGSLVE XSQERL. TAIEMCTITSHEHESA. .EQRRVFLEEFQHATG 613
PpCPS/KS LERLEHSTYLDQYG . IDDIWI! A.' AVINEVE, LEQVIKENASCQFRDLEFARCKSVE! MVCARL' CCVET TV GTPVEELRVEVQAVRTWNP 659
AgAS M SYIENYG . PCDVWL B YISNEKY LGCLRREWKSSGFTDLNFTRERVIE FSKCOREVETETSNETVINDDI HGSLDCLXLFTESVKRWDL 645
GbLPS MERLENZSYIEQFG . SNOVWLGRT VR KMLYVSNEKY TQEIVRWRESGFNDLTFTRCRPVE! FAR TSCIAVINDDLYOTHGSLOCLXLEFSEAVRRWDI 648
ATKS LERSDHIRXILNGSAVENTRV RLENICTSCI] MERLCRE IVENRLCELKFARQKLAY! LSCAET. GGVETITV! [EELENLIHLVEKWDL 555
SmKSL2 M 24z . KSIEIYNFONTRI. CSENF! CEHEMSI! LGELERRVVENRLCELKFARSKSAY! LLCABL NGVETTV. ELKNLIQLVELNDV 570
SmKS M AHg . KSIERYNFDNTRI. C;NE%E!‘ LGELERQVVENRLCELKFARSKSAY! LLCAZL NGVETTVIECEEDVGGSVEELXNLIGLVELWDV 569
DDxxD
AtCPS NARRSCHHFNLCRNMRLCRPGSVGASRLAGVE IGALNCMSFLLEMS] CVNNLLYLSQRGCRMEXWKLYGDEGEG. ... + ELMAKMITIMEN. .... NOLIN.... FFTHTHFVRLAEII‘R 725
SmCPSS  GRYKT.....cvvcvsncncnnn TRTLVGTELRMLNCLSLOCILLAHGCHIHCPLENAR HKWIKTWE . . GEGGGGA. . . . «++.ELLIQCTLNLCGEG. . RRNRWESEEL . LSSHPKYEQLLRATVG 706
SmCPSent GRYKT...scessensencnsen TRILVGTELRNLNQLSLDILLAHECHIHGPLENAR HRWIRTWE , .GBGGGA .+ v v vvvenrnnnnnaasns ELIBQTINLCGEG. .RRNRWESEEL . LSSHPKYERLLRATVG 706
PpCPS/KS <LPEQAKILEMGEYKRVNT IAEEAFMAQKRCVHHHLKE YR CKLITSALKEAERAE SGYVPTFCEYMEVAEISVALEPIQCSTLFFAGHRLCECVLLSYDY . HLVMHLVNRVGRILND 779
AgAS GEMRICEVGEYNMFNCIAREGRER! CVLGYIGNVRKVCLEAYTKEAEWSEAKYVEPSFNEY IENASVSIALGTVRLISALFTGEVLTCEVLSRICRESRFLCLMGLTGRLVND 766
GbLPS NQLKVCELGE YNRVNGFGXDGLKE! DV LGYLRKVREGLLASYTXEAEWSARKYVPTFNEYVENAXVSIALATVRLINSIFFTIGELLPCYILQCVELRSKFLELVSLTGRLIND 770
AtKS NGVPEYSS. . EHVEIIFSVEROMILETGCKAFTY! NVTHEIVKIR LCLLKSYLREAEWSSCKSTPSLECYMENAYISFALGPIQLPATYLIGPPLPERTVLSHQY . NQLYKLVSTMGRLLND 676
SmKSL2 DICTECYS.. <« HNVQITFSARRCUICEIGLKAFKL CITNHIIAIRLCLLNSMMRETEWARCNFVPTIDEYMSNAHVSFALGPIRLPALYLVEPKLSEEMVNHSEY . ENLFKLMSTCGRLLND 691
SmKS CISTECYS - BNVCIIFSAERRUNICEIGCKAFRLI CITNHIIAIQLCLLNSMMRETEWARCNFVPTICEYMSNAHVSFALGPILPALYLVEPKLSEEMVNHSEY . ENLFKLMSTCGRLLND €90
AtCPS ICLPRCYLRARRNC...... EREKTIKSMEREMGKMVELALSES. . CTFRCVSITELCVA! . .YFALCG...CBLCTHISKVLEGKN. . 802
SmCPSS5 VCEKLRREQHRBECNGCMGSEGGIRTLEEAEMQILVKLVVTKSE . GLCLCSEIXGNFFMIAR: « YAAYCNP, .GTINFHIAKVLFER! 793
SmCPSent VCCKLRRFGHRKCCNGCMGSCGGIRMLLIBAGHMGELVKLVVTRSP. .o v veannnase GCLCSEIRGNFFMIAR: + YAAYCNP. .GTINFRIAKVLFER! 793
PpCPS/KS IQGMRREASQGRISSVQIYMEERPSVPSEAMAIAHLQELVDNSMQQLTYEVLR. . FTAVPRSCRRIHLNMARIME, IRCTDGESSL . . TAMTGEVRRVLFEP! 881
AgAS TRIYQAERGQGEVASAIQCYMKLCHPRISEEEALCHEVYSVMENALEELNREFVN. . .NKIPCIYRRLVFETARIMQ! (QGDGLTLSHCMEIXKEHVKNCLEGE! 868
GbLPS TRTYQAERNRGELVSSVQCYMRENPECTEEEALSHVYGIICNALKELNWELANP . ASNAPLCVRRLLENTARVMQ YRDGEGIS.CKEMKDHVSRTLECEVA. ... .. 873
AtKS IQGFRRESAEGKLNAVSLEMRHERCNRSKEVIIESMRGLAERKREELEKLVLEERGSVVPRECREAFLKMSKVLN, IRKCDGFTS. . .NDLMSLVRSVIYEP¥SLCRES. . .LT... 785
SmKSL2 IHGYERELKDGKLNALSLYIINHGGEVSKEAAIWEMKSWIETQRRELLRLVLEGKKSVLPXKPCRELFWEMCSVVH. SKGDGETS. ..GCLIGLVNTIIHGPILLNCQTGAGLSKLH 806
SmXS IBGYERELKDGKLNALSLYIINHGGEVSKEARIWEMKSWIETQRRELLRLVLEGKKSVLPKPCRELFWHMCSVVH! SKGDGETS. . .QCLIGLVNTITHGPILLNDGTGAGLSKLH 80S
AtKO ..... MAFFSMISILIje. .FRISSFIFIRFFRKLLSFSRRNMSEVSTLES' YGPIYE IESS GEEi STET! 128
OSKO  .oecnnss . .MERFV B ARRVGHIVAAARLAERAGVIAFRERPNA A IR S8 STEV; 125
SmKO MCTLLSLCAVPARAAIEGP IGGITLPFIREYVKLCRR. . .KSSSFPP! YGPIY NTM. TNLV 132

NS RIGGKH 263
RXFRTRVFTTE 260
i £2{OE £ ERES (el 267

AtkO Ll LVESSCLLNG. RAHSCAIMERVSSKLEARARCHICEPV E! GVAL KELGVTLERPIFRVIEE Ef
OsRO Ci YVMS! T, CFRC ENMLSTFHXLVRC)aHAPL X! [RLSMIfeS CEFGRCIERERIYNA M
SmKO N HLLTS 13 R. NS ICCQFLAHARMYEESEAVNIGS X IRG GLSM! ECLDTTLER FKI.

AtRO K QCRLRONGSESLL! X.pITXEe I T 1582 SVECRMC! GEXF: S £y Y, {e34 397
OsKO T XQQRERIVRGEAX' IDEMLZBN . | CEeL! D@ ERM Y Cloli R CETV’ PR! R K: 393
SmKO  Fl EQQRRRIASGKAT! DL SRAATERISECIET 3 KRENYML. FDQL CR: AR QL 402

ATKO T DRRRQE! ESLMAGIET R Y30 S MATINEERS . ... . 509
OskO D NRKEQE. STHIAC. F R E. IV HVELTREGRM. . . . 505
SmKO T 1, K| L. PE BMTISCIRT L G! 2] L T QTIIRHGLRCRVCV 518

Figure 3. Alignment of plant CPS, KS and KO. The boxes represent the conserved regions. (A) AtCPS
(Q38802), SmCPS5 (AHJ59324), SmCPS,,,, (ALX18648), PpCPS/KS (BAF61135), AgAS (Q38710), GbLPS
(Q947C4), AtKS (AAC39443), SmKSL2 (AHJ59325), SmKS (ALX18649). (B) AtKO (AAC39507), OsKO
(AAT81230), SmKO (AJF93403).
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in the products of the yeast strain SGH1 (BY-T20/pESC-Trp::SmCPS,,,) compared with the product of the A.
thaliana AtCPS using GGPP as the substrate. No CPP was found in the yeast strain carrying the empty pESC-Trp
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Figure 4. Extracts from yeast strain BY-T20 cultures expressing the S. miltiorrhiza SmCPS,,,, or/and

SmKS using GC-MS. (A) Construction of the recombinant plasmid in yeast strains. BY-T20: BY4742, ATrpl,
Trp1::HIS3-Ppgi;-BTS1/ERG20-T s pyis-Prpsis-SaGGPS-Typyy Py -tHMGI-Teye;, SGHI: BY-T20/pESC-
Trp:SmCPS,,,,, SGH2: BY-T20/pESC-Trp::SmKS, SGH3: BY-T20/pESC-Trp:SmCPS,,,/SmKS, SGH4: BY-T20/
pESC-Trp:SmKS-SmCPS,,. (B) Extracted ion chromatograms showing the SmCPS,,,, and SmKS products.
AtCPS (ent-copalol, the dephosphorylated product of ent-CPP), AtCPS + AtKS (ent-kaurene). (C) The mass
spectra of the SmCPS,,; and SmKS products. (D) Relative ent-kaurene contents in the yeast strains SGH3 and
SGH4 based on their peak area ratio. The data represent the mean + SD from three independent experiments.
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vector. Using the product of the A. thaliana AtKS as the authentic standard, ent-kaurene was detected as the SmKS
product in the products of the yeast strain SGH3 (BY-T20/pESC-Trp::SmCPS,,,,/SmKS) but not SGH2 (BY-T20/
pESC-Trp::SmKS), confirming that SmKS possessed monofunctional class I diTPS activity and catalyzed the
formation of ent-kaurene using the SmCPS,,, product CPP as the substrate. Therefore, the absolute configuration
of the SmCPS,,, product CPP was identified as an enantiomer (i.e., ent-CPP) (Fig. 4B).

Protein complexes have been reported to improve the efficiency of specific pathways by protecting substrates
and intermediates from diffusion and degradation'®. Zhou et al. reported that a recombinant strain containing
the fused enzyme SmKSL1-SmCPS1 produced 2.8-fold more miltiradiene compared with another recombinant
strain in which SmCPS1 and SmKSL1 were expressed separately'”. Hence, we constructed the fused enzyme
SmKS-SmCPS,,; in the yeast strain SGH4 (BY-T20/pESC-Trp::SmKS-SmCPS,,,) using the RF cloning method,
and the results showed that SGH4 produced approximately 4.25-fold more ent-kaurene than SGH3 (Fig. 4D).

Recombinant expression and functional characterization of SmKO in vivo.  Asa strategy to char-
acterize the biochemical function of SmKO in vivo, first we constructed the fused enzyme SmKS-SmCPS,,, which
improved the ent-kaurene precursor supply as expected. Then, SmKO was coexpressed with the fused enzyme
SmKS-SmCPS,,; and a NADPH-cytochrome P450 reductase (SmCPR1) in the yeast strain SGH5 (BY-T20/
pESC-Trp::SmKS-SmCPS,,,/SmKO + pESC-Leu:SmCPR1). After extraction and methylation, the ent-kaurenoic
acid methyl ester was detected by a comparison with the methylated authentic standard (Sigma, USA) (Fig. 5).
This result confirmed that SmKO encoded a functional ent-kaurene oxidase that was involved in the three-stage
oxidation of ent-kaurene to ent-kaurenoic acid in the S. miltiorrhiza GA biosynthetic pathway.

Discussion

We identified three consecutive enzymes (SmCPS,,, SmKS and SmKO) involved in the S. miltiorrhiza GA bio-
synthetic pathway. SmCPS,,, catalyzes the formation of ent-CPP from GGPP; then, SmKS converts ent-CPP to
ent-kaurene. Subsequently, SmKO converts ent-kaurene to ent-kaurenoic acid via a three-stage oxidation reac-
tion. ent-Kaurene biosynthesis was reported to be catalyzed by a one-to-one CPS/KS complex in which CPP could
be channeled from CPS to the KS catalytic site!'’. Therefore, we fused SmCPS,,, and SmKS to obtain a close prox-
imity between the active sites of the two consecutive enzymes. As expected, the fused enzyme SmKS-SmCPS,,,,
produced 4.25-fold more ent-kaurene than the separate expression of SmCPS,,, and SmKS in the yeast strain,
suggesting that the protein fusion treatment was an efficient approach to improve the catalytic activity and
enlarge the heterologous production of ent-kaurene. With an increased supply of the ent-kaurene precursor,
SmKO catalyzed the formation of ent-kaurenoic acid. However, the intermediates ent-kaurenol and ent-kaurenal
were not detected. One possible explanation is that the intermediates were unstable and were changed into other
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Figure 5. The product from BY-T20 yeast strains expressing the S. miltiorrhiza SmKO. SGH5: BY-T20/
PpESC-Trp:SmKS-SmCPS,,/SmKO + pESC-Leu:SmCPRI. Extracted ion chromatograms showing methyl ester
derivatives of the SmKO product with its corresponding mass spectra.

intermediates during the extraction process. The enzymes involved in the early steps of the GA biosynthetic
pathway (i.e., CPS, KS, KO, and KAO) are primarily encoded by single genes, whereas those involved in the later
steps (i.e., GA200x, GA30x, and GA20x) are encoded by gene families'®. The SmCPS,,,, SmKS and SmKO genes
are likely single copy genes responsible for GA biosynthesis in S. miltiorrhiza.

In addition to the identification and characterization of SmCPS,,,;, SmKS and SmKO, we provided insights into
the genes encoding the enzymes involved in all steps of the GA biosynthetic pathway from GGPP to ent-kaurenoic
acid. Our results provide a foundation for further characterization of the subsequent enzymes (i.e., SmKAO and
the CYP88A subfamily) involved in the GA biosynthetic pathway using this yeast expression system. In plants,
GA levels vary at different sites and during different development processes?. It is possible to control the GA lev-
els by regulating the expression of these genes to acquire better growth of the S. miltiorrhiza roots and rhizomes,
thereby improving the total yield of tanshinones per plant.

In conclusion, we functionally characterized three consecutive enzymes (SmCPS,,,, SmKS and SmKO)
involved in the GA biosynthetic pathway from GGPP to ent-kaurenoic acid, thereby laying the foundation for
further characterization of GA biosynthesis. Based on these results, we could regulate the expression of all genes
involved in the GA biosynthetic pathway to acquire better growth and an increased accumulation of the bioactive
tanshinones involved in the S. miltiorrhiza developmental processes. Protein fusion is an applicable and efficient
approach that can be used to direct metabolic flux to the bioactive diterpenoid tanshinones pathway for the het-
erologous production of isoprenoids in microbial cell factories.

Methods

RNA isolation and cDNA cloning. Hairy roots were induced from the S. miltiorrhiza leaf explants under
the mediation of A. rhizogenes strain ACCC10060 as described previously?® and maintained in 6,7-V liquid
medium?! at 25°C on a gyratory shaker (80 rpm) in the dark. Total RNA was extracted using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). The 5’ and 3’ ends of the targeted SmCPS,,, and SmKS genes were cloned by
RACE (Invitrogen) according to the manufacturer’s directions using the corresponding S. miltiorrhiza genome
sequences released by the National Center for Biotechnology Information (NCBI)*. The primer sequences are
shown in Supplementary Table 1. An aliquot (1 pg) of the total RNA was used to synthesize the first strand cDNA
according to the PrimeScript 1% Strand cDNA Synthesis Kit (Takara Bio, Dalian, China) manufacturer’s protocol.
The full-length cDNA for each ORF was cloned using the PrimeSTAR DNA polymerase (Takara Bio). The PCR
products were purified and cloned into the pEASY-T3 cloning vector (TransGen Biotech, Beijing, China), trans-
formed into Escherichia coli Trans5a cells (TransGen Biotech), and then cultured in Luria-Bertani (LB) medium
at 37°C in the dark. Positive clones were sequenced. The full-length cDNA of SmKO was cloned previously?.

Bioinformatics analysis. The SmCPS,,,, SmKS and SmKO sequences were confirmed at NCBI (http://www.
ncbi.nlm.nih.gov/). The open reading frames (ORFs) and deduced amino acid sequences were analyzed using the
online tool ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and the ExPASy online tool (http://web.
expasy.org/translate/), respectively. The ChloroP 1.1 Server (http://www.cbs.dtu.dk/services/ChloroP/) was used
to predict chloroplast transit peptides. The sequences of the SmCPS,,,, SmKS and SmKO as well as other corre-
sponding sequences downloaded from GenBank were aligned using the DNAMAN program, and the phyloge-
netic trees for SmCPS,,,, SmKS and SmKO were constructed using sequences from other plants (Supplementary
Table 2) using the neighbor-joining method in MEGA5.1%4,

Recombinant expression and functional characterization of SmCPS,,,,and SmKS. The SmCPS,,,
and SmKS ORFs (alone or in combination) were subcloned into the yeast epitope-tagging vector pESC-Trp
under the control of the GALI or GAL10 inducible promoter (Agilent Technologies, USA) via digestion by the
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corresponding restriction endonucleases. The resulting constructs were verified by complete gene sequenc-
ing and then transformed into the yeast strain BY-T20 (BY4742, ATrpl, Trpl1::HIS3-Ppgx;-BTS1/ERG20-T s pyy
1-Prpr3-SaGGPS-Trpy-Prgp-tHMGI-Teye;, provided by Prof. Xueli Zhang’s lab, Tianjin Institute of Industrial
Biotechnology, Chinese Academy of Sciences, China)*-?’. Then, the recombinant strains SGH1 (containing the
plasmid pESC-Trp::SmCPS,,,;), SGH2 (containing the plasmid pESC-Trp::SmKS), and SGH3 (containing the
plasmid pESC-Trp::SmCPS,,,/SmKS) were selected on synthetic dropin medium -Trp-His (SD-Trp-His) con-
taining 20 g/L glucose and grown at 30 °C for 2-3 d. Single transformed yeast colonies were grown in SD-Trp-His
liquid medium supplemented with 20 g/L glucose at 30 °C for approximately 2 d. The yeast cells were pelleted
and resuspended in 100 mL of SD-Trp-His liquid induction medium supplemented with 20 g/L galactose and
grown at 30 °C for 3 d. Finally, the induced yeast cells were extracted three times with an equal volume of hex-
ane. The organic fractions were pooled and dried using a Nitrogen Evaporator (Baojingkeji, Henan, China).
The dried samples were dissolved in 100 uL of hexane for GC-MS analysis as described previously?. To confirm
the products of these strains, the identified products ent-CPP and ent-kaurene of A. thaliana AtCPS and AtKS
were used as the authentic standards®**. The detailed protocols for the constructions of the recombinant plas-
mids and strains and the recombinant expression and enzymatic assay for AtCPS and AtKS are described in the
Supplementary Methods.

Construction of the module producing the fused protein SmKS-SmCPS,,,, and the functional
characterization of SmKO. To prepare the module producing the fused protein SmKS-SmCPS,,,, a
restriction-free (RF) cloning method was used®'. The genes encoding the fusion enzyme were constructed by
inserting a widely used GGGS linker encoded by a “GGT GGT GGT TCT” sequence between the two corre-
sponding genes*>*. The recombinant plasmid pESC-Trp:SmKS-SmCPS,,, was transformed into the yeast strain
BY-T20 to generate SGH4 and induced with D-galactose as described above. Then, the products of SGH4 were
analyzed by GC-MS. The detailed protocols for the RF cloning are described in the Supplementary Methods.

The ORF region of SmKO was ligated into the recombinant plasmid pESC-Trp::SmKS-SmCPS,,, as described
above and then transformed into the yeast strain BY-T20 with another recombinant plasmid pESC-Leu::SmCPR1
(SmCPR1, S. miltiorrhiza cytochrome P450 reductase®). The recombinant strain SGH5 (containing the plasmids
pESC-Trp:SmKS-SmCPS,,/SmKO and pESC-Leu::SmCPR1) was induced with D-galactose and extracted once
with an equal volume of hexane and twice with an equal volume of ethyl acetate. The organic fractions were
pooled and dried and then dissolved in 50 uL of methanol and methylated with approximately 200 uL of (tri-
methylsilyl)diazomethane (Aladdin Industrial Inc., Shanghai, China). The methylated samples were redried and
then dissolved in 100 uL of ethyl acetate for GC-MS using a Thermo TRACE 1310/TSQ 8000 gas chromatograph
(splitless; injector temperature 250 °C) with a DB-5 ms (30m X 0.25mm x 0.25 um) capillary column. The GC
conditions were the same as those described previously*.

References
1. Jiang, W. Y. et al. PF2401-SE, standardized fraction of Salvia miltiorrhiza shows anti-inflammatory activity in macrophages and acute
arthritis in vivo. Int Immunopharmacol 16, 160-164 (2013).
2. Kim, S.J., Kwon, D. Y., Kim, Y. S. & Kim, Y. C. Peroxyl radical scavenging capacity of extracts and isolated components from selected
medicinal plants. Arch Pharm Res 33, 867-873 (2010).
3. Wang, S. et al. Tanshinone I selectively suppresses pro-inflammatory genes expression in activated microglia and prevents
nigrostriatal dopaminergic neurodegeneration in a mouse model of Parkinson’s disease. ] Ethnopharmacol 164, 247-255 (2015).
4. Munagala, R., Aqil, E, Jeyabalan, J. & Gupta, R. C. Tanshinone ITA inhibits viral oncogene expression leading to apoptosis and
inhibition of cervical cancer. Cancer Lett 356, 536546 (2015).
5. Cong, M. et al. Cryptotanshinone and dihydrotanshinone I exhibit strong inhibition towards human liver microsome (HLM)-
catalyzed propofol glucuronidation. Fitoterapia 85, 109-113 (2013).
6. Cui, G. H. et al. Functional divergence of diterpene syntheses in the medicinal plant Salvia miltiorrhiza Bunge. Plant Physiol 169,
1607-1618 (2015).
7. Gao, W. et al. A functional genomics approach to tanshinone biosynthesis provides stereochemical insights. Org Lett 11, 5170-5173
(2009).
8. Guo, J. et al. CYP76AH1 catalyzes turnover of miltiradiene in tanshinones biosynthesis and enables heterologous production of
ferruginol in yeasts. Proc Natl Acad Sci USA 110, 12108-12113 (2013).
9. Hedden, P. et al. Gibberellin biosynthesis in plants and fungi: a case of convergent evolution? J Plant Growth Regul 20, 319-331
(2001).
10. Duncan, J. D. & West C. A. Properties of kaurene synthetase from Marah macrocarpus endosperm. Evidence for the participation of
separate but interacting enzymes. Plant Physiol 68, 1128-1134 (1981).
11. Cho, E. et al. Molecular cloning and characterization of a cDNA encoding ent-cassa-12,15-diene synthase, a putative diterpenoid
phytoalexin biosynthetic enzyme, from suspension-cultured rice cells treated with a chitin elicitor. Plant ] 37, 1-8 (2004).
12. Giinnewich. N. et al. A diterpene synthase from the clary sage Salvia sclarea catalyzes the cyclization of geranylgeranyl diphosphate
to (8R)-hydroxy-copalyl diphosphate. Phytochemistry 91, 93-99 (2013).
13. Emanuelsson, O., Nielsen, H. & von Heijne, G. ChloroP, a neural network-based method for predicting chloroplast transit peptides
and their cleavage sites. Protein Sci 8, 978-984 (1999).
14. Helliwell, C. A., Poole, A., Peacock, W. J. & Dennis, E. S. Arabidopsis ent-kaurene oxidase catalyzes three steps of gibberellin
biosynthesis. Plant Physiol 119, 507-510 (1999).
15. Davidson, S. E., Smith, J. J., Helliwell, C. A., Poole, A. T. & Reid, J. B. The pea gene LH encodes ent-kaurene oxidase. Plant Physiol
134, 1123-1134 (2004).
16. Srere, P. A. Complexes of sequential metabolic enzymes. Annu Rev Biochem 56, 89-124 (1987).
17. Zhou, Y. ]J. et al. Modular pathway engineering of diterpenoid synthases and the mevalonic acid pathway for miltiradiene production.
J Am Chem Soc 134, 3234-3241 (2012).
18. Sakamoto, T. et al. An overview of gibberellin metabolism enzyme genes and their related mutants in rice. Plant Physiol 134,
1642-1653 (2004).
19. Rebers, M. et al. Regulation of gibberellin biosynthesis genes during flower and early fruit development of tomato. Plant ] 17,
241-250 (1999).

SCIENTIFICREPORTS | 6:23057 | DOI: 10.1038/srep23057 7



www.nature.com/scientificreports/

20. Cheng, Q. Q. et al. RNA interference-mediated repression of SmCPS (copalyl diphosphate synthase) expression in hairy roots of
Salvia miltiorrhiza causes a decrease of tanshinones and sheds light on the functional role of SmCPS. Biotechnol Lett 36, 363-369
(2014).

21. Veliky, I. A. & Martin, S. M. A fermenter for plant cell suspension cultures. Can ] Microbiol 16, 223-226 (1970).

22. Ma, Y. et al. Genome-wide identification and characterization of novel genes involved in terpenoid biosynthesis in Salvia
miltiorrhiza. ] Exp Bot 63, 2809-2823 (2012).

23. Hu, Y. T. et al. Cloning and bioinformatics analysis of ent-kaurene oxidase synthase gene in Salvia miltiorrhiza. Zhongguo Zhong Yao
Za Zhi 39, 4174-4179 (2014).

24. Tamura, K. et al. MEGAS5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and
maximum parsimony methods. Mol Biol Evol 28, 2731-2739 (2011).

25. Dai, Z. B. et al. Producing aglycons of ginsenosides in bakers’ yeast. Sci Rep 4, 3698 (2014).

26. Dai, Z. B. et al. Metabolic engineering of Saccharomyces cerevisiae for production of ginsenosides. Metab Eng 20, 146-156 (2013).

27. Shi, M. Y. et al. Construction of Saccharomyces cerevisiae cell factories for lycopene production. Zhongguo Zhong Yao Za Zhi 39,
3978-3985 (2014).

28. Zhang, M. et al. Identification of geranylgeranyl diphosphate synthase genes from Tripterygium wilfordii. Plant Cell Rep 34,
2179-2188 (2015).

29. Sun, T. P. & Kamiya, Y. The Arabidopsis GA1 locus encodes the cyclase ent-kaurene synthetase A of gibberellin biosynthesis. Plant
Cell 6,1509-1518 (1994).

30. Yamaguchi, S., Sun, T. P.,, Kawaide, H. & Kamiya, Y. The GA2 locus of Arabidopsis thaliana encodes ent-kaurene synthase of
gibberellin biosynthesis. Plant Physiol 116, 1271-1278 (1998).

31. van den Ent, E. & Lowe, ]. RF cloning: a restriction-free method for inserting target genes into plasmids. ] Biochem Biophys Methods
67, 67-74 (2006).

32. Ukibe, K., Hashida, K., Yoshida, N. & Takagi, H. Metabolic Engineering of Saccharomyces cerevisiae for Astaxanthin Production and
Oxidative Stress Tolerance. Appl Environ Microbiol 75,7205-7211 (2009).

33. Aslan, E M., Yu, Y., Mohr, S. C. & Cantor, C. R. Engineered single-chain dimeric streptavidins with an unexpected strong preference
for biotin-4-fluo. Proc Natl Acad Sci USA 102, 8507-8512 (2005).

34. Green, L. S., Faergestad, E. M., Poole, A. & Chandler, P. M. Grain Development Mutants of Barley ([alpha]-Amylase Production
during Grain Maturation and Its Relation to Endogenous Gibberellic Acid Content). Plant Physiol 114, 203-214 (1997).

35. Morrone, D., Chen, X. M., Coates, R. M. & Peters, R. J. Characterization of the kaurene oxidase CYP701A3, a multifunctional
cytochrome P450 from gibberellin biosynthesis. Biochem] 431, 337-344 (2010).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (81422053 and 81373906 to
W.G and 81325023 to L.H.) and National High Technology Research and Development Program of China
(863 Program: 2015AA0200908) to W.G. and the Author of National Excellent Doctoral Dissertation of China
(201188) to W.G.

Author Contributions

L.H. and W.G. conceived and designed the study. P.S. and Y.T. performed the experiments and wrote the
manuscript. Q.C., YH., M.Z.,].Y. and Z.T. participated in the research and analyzed the data. All authors read and
approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Su, P. et al. Functional characterization of ent-copalyl diphosphate synthase, kaurene
synthase and kaurene oxidase in the Salvia miltiorrhiza gibberellin biosynthetic pathway. Sci. Rep. 6, 23057; doi:
10.1038/srep23057 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:23057 | DOI: 10.1038/srep23057 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Functional characterization of ent-copalyl diphosphate synthase, kaurene synthase and kaurene oxidase in the Salvia miltior ...
	Results

	Cloning and sequence analysis of SmCPSent, SmKS and SmKO from S. miltiorrhiza hairy roots. 
	Recombinant expression and functional characterization of SmCPSent and SmKS. 
	Recombinant expression and functional characterization of SmKO in vivo. 

	Discussion

	Methods

	RNA isolation and cDNA cloning. 
	Bioinformatics analysis. 
	Recombinant expression and functional characterization of SmCPSent and SmKS. 
	Construction of the module producing the fused protein SmKS-SmCPSent and the functional characterization of SmKO. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Four different diterpenoid biosynthetic pathways in S.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Phylogenetic tree of CPS, KS and KO from different species.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Alignment of plant CPS, KS and KO.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Extracts from yeast strain BY-T20 cultures expressing the S.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The product from BY-T20 yeast strains expressing the S.



 
    
       
          application/pdf
          
             
                Functional characterization of ent-copalyl diphosphate synthase, kaurene synthase and kaurene oxidase in the Salvia miltiorrhiza gibberellin biosynthetic pathway
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23057
            
         
          
             
                Ping Su
                Yuru Tong
                Qiqing Cheng
                Yating Hu
                Meng Zhang
                Jian Yang
                Zhongqiu Teng
                Wei Gao
                Luqi Huang
            
         
          doi:10.1038/srep23057
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23057
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23057
            
         
      
       
          
          
          
             
                doi:10.1038/srep23057
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23057
            
         
          
          
      
       
       
          True
      
   




