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Abstract

Objectives To characterize the ent-copalyl diphos-

phate (ent-CPP) synthase involved in the biosynthetic

pathway of andrographolides in a medicinal plant,

Andrographis paniculata.

Results The ent-CPP synthase (ent-CPS) gene was

cloned from A. paniculata and its encoded ApCPS was

demonstrated to react with (E,E,E)-geranylgeranyl

diphosphate to form ent-CPP through recombinant

expression in Escherichia coli. Site-directed mutage-

nesis of the Asp to Ala in the conserved DXDD motif

of ApCPS resulted in loss of function. One Arg is

located in the conserved position close to DXDDmotif

indicating the involvement of ApCPS in specialized

metabolism. In addition, RT-PCR analysis revealed

that ApCPS was expressed in all tissues of A.

paniculata at all growth stages, which is consistent

with andrographolides accumulating in these organs.

Methyl jasmonate induced ApCPS gene expression,

matching inducible accumulation of andrographolides

in vivo.

Conclusions ApCPS is the first ent-CPS character-

ized in A. paniculata and is suggested to be involved in

biosynthesis of andrographolides that have high

pharmaceutical values.
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Andrographolides � Conserved DXDD motif � ent-
Copalyl diphosphate synthase � Diterpenes �
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Introduction

Labdane-related diterpenoids, with over 7000 mem-

bers, exhibit broad activities and are involved in many

biological aspects, including plant growth and devel-

opment or plant pathogen defense mediated by the

phytohormones gibberellic acids and phytoalexins

(Peters 2010). All labdane-related diterpenoids have

the core structure of a bicyclic labdane, which is

derived from copalyl diphosphate (CPP). CPP is

cyclized from geranylgeranyl diphosphate (GGPP)

through CPP synthase (CPS). Three types of CPP with

different stereochemical configurations, ent-, syn- and

normal, are produced by three differential CPSs

respectively and are involved in biosynthesis of
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various labdane-related diterpenoids (Fig. 1a; Prisic

et al. 2004; Xu et al. 2004; Gao et al. 2009). ent-CPP,

formed by ent-CPS, is the direct precursor of gib-

berellic acid biosynthesis and also is involved in the

metabolism of many natural products including phy-

toalexins in rice and maize (Bensen et al. 1995; Prisic

et al. 2004; Harris et al. 2005) and the sweetener

steviol glycoside in Stevia rebaudiana (Richman et al.

1999).

Andrographis paniculata is a traditional medicinal

plant and is used to treat infections and inflammation

in China and South Asia. Its major bioactive con-

stituents are andrographolides (Fig. 1b; Pholphana

et al. 2013). Andrographolides are labdane-related

diterpenoids and exhibit various bioactivities includ-

ing anti-cancer (Luo et al. 2014), anti-virus (Chen

et al. 2009), antimicrobial and anti-inflammatory

activities (Chua 2014), suggesting potential pharma-

ceutical values. However, the biosynthetic pathway of

andrographolides has not been elucidated. Based on

their chemical structure, andrographolides biosynthe-

sis should be initiated from the cyclization of GGPP to

form ent-CPP catalyzed by ent-CPS. One CPS gene

(ApCPS, GenBank: JN216843) has been cloned pre-

viously from A. paniculata but not yet characterized

biochemically. Here we characterized the function of

CPS with its recombinant expression in E. coli. The

CPP product was further identified as ent-CPP through

co-expression of ApCPS and rice kaurene synthase,

enabling the formation of ent-kaurene. Gene expres-

sion analysis of ApCPS showed that it ubiquitously

expressed in whole plant and was induced by methyl

jasmonate, consistent with andrographolides accumu-

lation and indicating participation in its biosynthesis.

Materials and methods

Material

Andrographis paniculata was grown in the green-

house at 28 �C, 14 h light/10 h dark. All chemical

reagents used are analytic grade unless described

specifically.

Gene cloning and recombinant constructs

The coding sequence of ApCPS was amplified from

leaf cDNA of 5 weeks old A. paniculata using primers

of ApCPS-FL-F and ApCPS-FL-R (Supplementary
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Fig. 1 Labdane-related diterpenoids biosynthesis and andrographolides. a GGPP is converted to three types of CPP by differential

CPSs for gibberellic acid or labdane-related diterpenoids biosynthesis. b Four major members of andrographolides
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Table 1). The resulted fragment was ligated into

pGM-T vector (Tiangen, Beijing) for sequencing

verification, and subsequently subcloned into pGEX

vector using BamHI and XhoI to be pGEX/ApCPS for

recombinant expression. The putative mature protein

sequence was constructed by deleting the first 27

amino acids plastid transit peptide at the N-terminus

using PCR, which was also inserted into pGEX vector

to be pGEX/ApCPS d27 for expression in E. coli.

Recombinant expression

The full length and putative mature ApCPS were

recombinant expressed in E. coli C41 (DE3) strain

(Lucigen) with co-expression of GGPP synthase

(GGPPs) from giant fir constructed as pGG (Cyr

et al. 2007). pGG derived plasmid, pGG/An2 harbor-

ing maize ent-CPP synthase An2 was used as positive

control for ent-CPP production (Harris et al. 2005).

pGG and pGG/An2 were kindly provided by Prof.

Reuben Peters at Iowa State University. The enzy-

matic product was twice extracted with equal volumes

of hexane and concentrated by rotary evaporation. The

residue was resuspended in 200 ll hexane for GC–MS

analysis. To identify the stereochemistry of ApCPS

enzymatic product, rice kaurene synthase, OsKS with

ent-CPP specific reactivity was incorporated into the

above expression system (Xu et al. 2007). Wheat

terpene synthase, TaKSL1, with syn- and normal CPP

reactivity was also co-expressed with ApCPS as above

(Zhou et al. 2012). The procedure of product extrac-

tion and analysis is same as described above.

GC–MS analysis

GC–MSanalysiswas performed onAgilent 6890-5973

instrument with quadruple mass spectrometer and HP5

column. Samples in hexane (1 ll) were injected in

GC–MS in splitless mode with the program: 70 �C for

2 min, raising to 280 �C at 10 �C /min, and holding for

2 min. After an acquisition delay of 10 min, MS data

was collected from m/z of 50 to 400.

Site-directed mutagenesis

Site-directed mutagenesis of ApCPS was carried out at

the conserved DXDD motif in pGEX/ApCPS d27

using the Quickchange kit (Strategene). The first Asp

(D388) at DXDD motif was mutated to Ala using

primers of D388A-F and R (codon is underlined,

Supplementary Table 1). The resulted construct

pGEX/ApCPS d27-D388A was sequenced to verify

the successful mutation and subsequently tested for

the enzymatic activity as above.

Gene expression analysis

Constitutive gene expression of ApCPS in different

tissues was analyzed using semi-quantitative RT-PCR.

Roots, leaves and stems were collected from 5 week

old A. paniculata plants. Flowers and siliques were

sampled at flowering stage. Radicals and hypocotyls

were collected from germinating seeds. All tissues

were ground to a fine powder in liquid N2 for RNA

extraction with Trizol. cDNA was synthesized using

the M-MLV reverse transcriptase kit (Takara) follow-

ing the manufacture protocol. RT-PCR was performed

for ApCPS with primers of CPS-F and CPS-R. ACTIN

of A. paniculata (GenBank: JX444056) was used as

internal control with primers of actin-F and actin-R.

Gene expression of ApCPS with methyl jasmonate

(MeJA) treatment was analyzed by quantitative RT-

PCR analysis (qRT-PCR). 5 week old A. paniculata

plants were treated with 25 lMMeJA for 0, 12, 24 and

48 h for RNAextraction and cDNA synthesis as above.

qRT-PCR was performed on a Bio-Rad CFX96

instrument using the SsoFast Eva Green Supermix

(Bio-Rad) with ACTIN as the reference gene. Primers

are listed in Supplementary Table 1.

TLC analysis of andrographolides

A. paniculata tissues (*500 mg each) were ground in

liquid N2, stirred with 10 ml methanol for 1 h, filtered

and the extract concentrated by rotary evaporation.

The residue was dissolved in 0.5 ml methanol for

analysis by TLC. (see Fig. 4 below). Andro-

grapholides standards were purchased from Sigma.

Bioinformatics analysis

Gene and amino acid sequence alignment were per-

formed using CLC sequence viewer 7.0 (CLC bio). All

primers were designed using Oligo 7 and Primer 3

(bioinfo.ut.ee/primer3-0.4.0/), and the resulted ampli-

con was verified with sequencing. The plastid localiza-

tion of ApCPS was predicted online at TargetP and

ChloroP (www.cbs.dtu.dk/services/TargetP).
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Results and discussion

Recombinant expression and production

identification

The coding sequence of ApCPS was cloned, and the

full length and transit peptide truncated variants were

co-expressed with GGPPs in E. coli as before (Cyr

et al. 2007). CPP is usually depyrophosphorylated to

copalol by the endogenous phosphatase in E. coli and

could be extracted with organic solvent for GC–MS

analysis (Wu et al. 2012). GC–MS analysis of

fermentation products revealed CPP production from

GGPP by full length ApCPS and truncated variant
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Fig. 2 GC–MS analysis of ApCPS enzymatic product. a Ex-

tracted ion chromatograms (275 m/z) of GC–MS analysis for co-

expression products of ApCPS and its truncated variant ApCPS

d27 (putative mature ApCPS with truncation of 27 aa plastid

transit peptide) with GGPPs in E. coli. ent-copalol produced by

An2 (maize ent-CPP synthase) was used as the authentic

standard. b Mass spectra of copalol produced by ApCPS (Peak

1, RT = 19.16 min) and ApCPS d27 (Peak 2, RT = 19.16 min)

in comparison to that of ent-copalol (RT = 19.16 min). c Total
ion chromatograms of GC–MS analysis for co-expression

products of ApCPS d27 and its mutant ApCPS d27-D388A

with OsKS in E. coli. ent-kaurene (Peak 3) was detected in co-

expression products of ApCPS d27 but not for ApCPS d27-

D388A mutant. The authentic standard of ent-kaurene produced

by co-expression of OsKS and An2 was used for comparison.

GC–MS analysis of co-expression product of ApCPS d27 with

TaKSL1 (wheat terpene synthase with reactivity of syn- and

normal CPP) also was shown; however, no terpene was detected.

d Mass spectra of co-expression product of ApCPS d27 with

OsKS (Peak 3, RT = 17.79 min) and the authentic standard of

ent-kaurene (RT = 17.79 min)
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ApCPS d27 (Fig. 2a, b), with identical retention time

and mass spectra of ent-CPP standard.

Stereochemistry analysis of ApCPS enzymatic

product

There are three types of CPP with different stereo-

chemistry, among which ent-CPP and normal CPP are

hard to separate and distinguish by GC–MS analysis

(Wu et al. 2012). To investigate the stereochemistry of

CPP produced by ApCPS, OsKSwith ent-CPP specific

reactivity was co-expressed with ApCPS d27 and

GGPPs (Xu et al. 2007). ent-Kaurene was clearly

detected from the co-expression extract, which

demonstrated ent-CPP production by ApCPS (Fig. 2c,

d). To test whether minor syn- and/or nomal CPP was

produced by ApCPS, TaKSL1 with reactivity of syn-

and normal CPP (Zhou et al. 2012), was co-expressed

with ApCPS d27; however, no terpene product was

detected (Fig. 2c), indicating no syn- and/or normal

CPP was produced by ApCPS.

Conserved domain identification of ApCPS

The DXDD conserved motif is found in all CPSs and is

required for catalysis (Prisic et al. 2007; Zi et al. 2014).

It was also observed in ApCPS (Fig. 3). To verify the

catalytic function of this motif in ApCPS, site-directed

mutagenesis was employed to change the first Asp of

DXDDmotif to Ala (D388A), which resulted in loss of

CPS function (Fig. 2c). This result demonstrated that

ApCPS catalyzed the ent-CPP formation depending on

DXDDmotif as other CPSs (Prisic et al. 2007; Zi et al.

2014).

One conserved amino acid, His versus Arg, close to

DXDDmotif was identified and related to CPS roles in

primary or specialized metabolism respectively (Prisic

and Peters, 2007; Mann et al. 2010). ApCPS has an

Arg at this position (Fig. 3), suggesting putative

involvement in specialized metabolism (i.e. andro-

grapholides biosynthesis).

Gene expression of ApCPS

ent-CPP formation catalyzed by ent-CPS is the key

step for gibberellic acid metabolism, as well as for

andrographolides biosynthesis. To identify ApCPS

gene function in vivo, semi-quatitative RT-PCR was

adopted to analyze gene expression of ApCPS in

different A. paniculata tissues. Figure 4a shows that

ApCPS was expressed in all tested tissues including

stems, leaves, flowers, siliques, and rapid growing

tissues, such as hypocotyls and radicles, which

corresponds to the accumulation of andrographolides

in vegetative and reproductive organs (Fig. 4b). A

trace amount of andrographolides accumulated in

roots and radicals (Fig. 4b), which is consistent with

low gene expression of ApCPS in these tissues

(Fig. 4a). These results are also consistent with

ubiquitous distribution of andrographolides at all

growth stages (Pholphana et al. 2013). Gibberellic

acid metabolism is regulated in planta temporally and

Fig. 3 Conserved DXDD motif and Arg of ApCPS with

alignment with characterized CPSs. DXDD motif is labeled

with solid line, and the conserved Arg or His is marked with

asterisk. The enzymes are separated according to physiological

function by a line. The CPS in the upper section were

characterized to be involved in specialized/secondary metabo-

lism (2�) including ApCPS identified in this study, AgAS

(U50768, Abies grandis), SmCPS (EU003997, Salvia

miltiorrhiza), OsCPS2 (AY602991) and OsCPS4 (AY530101)

from rice (Oryza sativa). The enzymes in the lower section were

identified as CPSs in gibberellic acid metabolism: LsCPS

(AB031204, Lactuca sativa), CmCPS (AB109763, Cucurbita

maxima), PsCPS (U63652, Pisum sativum), SrCPS (AF034545,

Stevia rebaudiana), OsCPS1 (NM_001053085, Oryza sativa),

and AtCPS (U11034, Arabidopsis thaliana)
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spatially (Sun and Kamiya 1994), and active gibberel-

lic acids as well as their biosynthetic genes are usually

located in rapidly growing tissues. Although ApCPS

was expressed in young tissues where gibberellic acid

is synthesized, andrographolides also accumulated in

these tissues (Fig. 4a, b). Thus, ubiquitous expression

of ApCPS in A. paniculata tissues does not match the

limited distribution of gibberellic acids (Sun and

Kamiya 1994).

CPS usually exhibits inducible gene expression in

response to elicitation, such as by MeJA treatment

(Prisic et al. 2004; Xu et al. 2004; Zi et al. 2014). qRT-

PCR analysis showed that MeJA induced ApCPS gene

expression strongly within 12 h (Fig. 4c), consistent

with inducible accumulation of andrographolides by

MeJA (Sharma et al. 2015).

Taken together, constitutive and inducible gene

expression of ApCPS matched the corresponding

accumulation of andrographolides in vivo, indicating

involvement in andrographolides biosynthesis.

Conclusions

Characterization of an a ent-CPS from A. paniculata is

reported. It catalyzed CPP formation from GGPP. The

CPP produced by ApCPS was identified as ent-CPP

through co-expression of ApCPS and OsKS, enabling

ent-kaurene formation. Site-directed mutagenesis of

the conserved Asp in the DXDD motif resulted in loss

of function for ApCPS. The specific Arg near to

DXDD motif of CPS that is involved in specialized

metabolism was also detected in ApCPS. In addition,

ubiquitous gene expression of ApCPS matches andro-

grapholides accumulation in all tissues of A. panicu-

lata. Importantly, MeJA induced ApCPS gene

expression, which corresponds to inducible accumu-

lation of andrographolides by MeJA. These results

suggest that ApCPS is involved in andrographolides

biosynthesis and this is the first report of ent-CPS

characterization in A. paniculata, a medicinal plant

containing andrographolides with high pharmaceuti-

cal values.
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