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Functional characterization of 
NES and GES responsible for 
the biosynthesis of (E)-nerolidol 
and (E,E)-geranyllinalool in 
Tripterygium wilfordii
Ping Su1,2,*, Tianyuan Hu1,*, Yujia Liu1, Yuru Tong1,2, Hongyu Guan1,2, Yifeng Zhang1,2, 
Jiawei Zhou1, Luqi Huang2 & Wei Gao1,3

Triptolide and celastrol, two principal bioactive compounds in Tripterygium wilfordii, are produced 
from geranylgeranyl diphosphate (GGPP) and farnesyl diphosphate ((E,E)-FPP) through terpenoid 
biosynthesis pathway. However, little is known about T. wilfordii terpene synthases which could 
competitively utilize GGPP and (E,E)-FPP as substrates, producing C15 and C20 tertiary alcohols. Here 
we firstly cloned the genes encoding nerolidol synthase (NES) and geranyllinalool synthases (GES1, 
GES2), which are responsible for the biosynthesis of (E)-nerolidol and (E,E)-geranyllinalool. In vitro 
characterization of recombinant TwNES and TwGES1 revealed both were functional enzymes that could 
catalyze the conversion of (E,E)-FPP and GGPP to (E)-nerolidol and (E,E)-geranyllinalool, which were 
consistent with the results of yeast fermentation. Biochemical characterization revealed TwNES and 
TwGES1 had strong dependency for Mg2+, Km and Kcat/Km values of TwNES for (E,E)-FPP were 12.700 μM 
and 0.029 s−1/μM, and TwGES1 for GGPP were 2.039 μM and 0.019 s−1/μM. Real-time PCR analysis 
showed the expression levels of NES and GES1 increased by several fold in the suspension cells treated 
with alamethicin, indicating TwNES and TwGES1 are likely to utilize GGPP and (E,E)-FPP to generate 
tertiary alcohols as precursor of plant volatiles, which play important roles in the ecological interactions 
between T. wilfordii and other organisms.

Tripterygium wilfordii Hook. f., also known as lei gong teng, is widely used in the treatment of rheumatoid arthri-
tis and other inflammatory diseases in Traditional Chinese Medicine1,2. The main effective compounds in the 
plants are terpenoids, whose precursors include diterpenes derived from geranylgeranyl diphosphate (GGPP), tri-
terpenes from farnesyl diphosphate ((E,E)-FPP) and monoterpenes from geranyl diphosphate (GPP)3–6. Among 
these terpenoids, the sesquiterpene alcohol (E)-nerolidol and diterpene alcohol (E,E)-geranyllinalool, confirmed 
as the precursors of plant defense compounds, are widely distributed in the plant kingdom7–11 and competitively 
utilize GGPP, (E,E)-FPP or GPP as substrates with other terpenoids.

The biosynthesis pathway leading to (E)-nerolidol and (E,E)-geranyllinalool, same as that of other ter-
penoids in higher plants, starts from the condensation of isopentenyl diphosphate (IPP) and dimethylallyl 
diphosphate (DMAPP), which formed through either the cytoplasmic mevalonate (MVA) or the plastidic 
2-C-methyl-D-erythritol-4-phosphate (MEP) pathway12. Sequential condensations of these two C5-units, result 
in the formation of linear elongated prenyldiphosphates, including GPP, (E,E)-FPP and GGPP13–15. Next, nero-
lidol synthase (NES) or geranyllinalool synthase (GES) catalyzes a two-step reaction, in which carbocation forma-
tion of the (E,E)-FPP or GGPP is followed by an allylic rearrangement, resulting in the production of the tertiary 
alcohol (E)-nerolidol or (E,E)-geranyllinalool7,16 (Fig. 1).
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To date, scores of enzymes involved in terpenoid biosynthesis pathway, responsible for the formation of the bio-
active compounds (e.g. triptolide and celastrol), have been identified3,5,6,17–19. None of enzymes, impacting the con-
tents of triptolide and celastrol by consuming their precursor compounds competitively or affecting the plant growth 
through regulating the production of defense compounds, have been reported. In this manuscript, we firstly clone 
the full-length genes encoding NES and GES enzymes in T. wilfordii suspension cells and identify the functions of 
the enzymes both in vitro and in yeast. Both of TwNES and TwGES1 transcript levels are upregulated simultaneously 
in suspension cells by treatment with alamethicin, suggesting that TwNES and TwGES1 may participated in the 
ecological interactions between T. wilfordii and other organisms through regulating the synthesis of plant defense 
volatiles. Functional characterization of TwNES and TwGES provide two gene regulatory elements for further regu-
lating the biosynthesis of the bioactive compounds (e.g. triptolide and celastrol) in T. wilfordii.

Results
Cloning and sequence analysis of TwNES and TwGES. Previous reports indicated that nerolidol syn-
thase (NES) and geranyllinalool synthase (GES) utilize GGPP, (E,E)-FPP or GPP as substrates15,16, which were 
two competitors of the triptolide and celastrol biosynthetic pathway in T. wilfordii. Thus, the identification of 
them in T. wilfordii would facilitate the understanding of the synthesis route of triptolide and celastrol. From the 
T. wilfordii transcriptome sequencing dataset, the TwNES, TwGES gene sequences were screened out and cloned 
using the cDNA of suspension cells.

The full length TwNES cDNA (GenBank accession number KU588405) is 1891 nt and encodes a polypeptide 
of 552 amino acids. The compute isoelectric point (PI) and molecular weight (MW) of TwNES are 5.33/63.02 kDa. 
TwNES was homologous to NES in other species according to the multiple alignments (Supplementary Figure 1). 
The protein domain analysis showed that TwNES has a terpenoid cyclases/protein prenyltransferase alpha-alpha 
toroid between 35–227 aa and a TPS pfam between 62–202 aa. The TPS metal-binding domain was between 
232–551 aa.

The TwGES1 cDNA (GenBank accession number KU577438) is 2946 nt in length and encodes a predicted 
protein of 848 amino acid residues (PI: 5.76, MW: 97.89 kDa). The TwGES2 cDNA (GenBank accession number 
KU577439) is 2700 nt in length and has an open reading frame (ORF) encoding 766 amino acid residues (PI: 
5.84, MW: 88.35 kDa). The sequences of the two TwGESs are basically the same (similarity identified as 90.45%) 
except that TwGES2 misses a fragment (from the 1825th to the 2070th nt) versus TwGES1, leading the TwGES2 

Figure 1. The chemical reactions TwNES and TwGES1 catalyzed in terpenoids biosynthesis pathway. 
MVA pathway, the cytoplasmic mevalonate pathway; MEP pathway, the plastidic 2-C-methyl-D-erythritol-
4-phosphate pathway; IPP, isopentenyl diphosphate; IDI, isopentenyl diphosphate isomerase; DMAPP, 
dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP farnesyl diphosphate; GGPP, geranylgeranyl 
diphosphate; NES, nerolidol synthase; GES, geranyllinalool synthase.
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protein misses 82 amino acids. TwGES1 was homologous to GES in other species according to the multiple align-
ments (Supplementary Figure 2). The protein domain analysis showed that TwGES1 has a terpenoid cyclases/
protein prenyltransferase alpha-alpha toroid between 33–152 aa and a TPS pfam between 231–404 aa. The TPS 
metal-binding domain was between 446–766 aa. The “missing amino acids” of TwGES2 versus TwGES1 was in 
the TPS metal binding domain.

Phylogenetic Tree Construction. The phylogenetic tree was constructed based on the TPS from other 
species downloaded from NCBI database (Fig. 2). It is obvious that NESs from different plants clustered while 
the GESs in different species clustered in the other clade. TwNES clustered with the TPS enzymes in the TPS-g 
subgroup. The TPS-g enzymes lack an N-terminal RRX8W motif, which is present in many terpene synthases and 
also reported to be required to the catalytic functions of the monoterpene synthases in the angiosperm TPS-b and 
gymnosperm TPS-d enzyme clade20–23. TwNES clustered most closely to the (3 S)-linalool/(E)-nerolidol synthase 
from Vitis vinifera24, with 61% amino acid identity. TwGES1 and TwGES2 clustered with TPS enzymes in the 
TPS-f clade, but showed a farther genetic distance from GESs of other plants. TwGES1 and TwGES2 clustered 
most closely to the terpene synthase from Solanum lycopersicum25, with 47% amino acid identity, indicating a 
similar enzyme catalysis that they may have.

Functional characterization of TwNES and TwGES both in vitro and in yeast. The TwNES 
ORF, TwGES1 ORF and TwGES2 ORF were cloned into the pMAL-c2X vector and expressed in E. coli strain 
Transetta (DE3) individually for characterization the activities of each protein. Firstly, we induced the expres-
sion of recombinant proteins in E. coli strain Transetta (DE3) with different induction temperature and time 
(Supplementary Figure 3), and the results showed that induction at 16 °C for 20 h could get a better result. Under 
these conditions, all the three proteins have been expressed successfully in solubility and the relative bands of 

Figure 2. Phylogenetic analysis of selected terpene synthases from different species. TwNES, TwGES1 and 
TwGES2 are indicated by filled square. The Neighbor-Joining phylogenetic trees were constructed using the 
bootstrap method on MEGA 5.1 and the number of Bootstrap replications was 1000.
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each protein were identified based on the deduced MW and tags (Fig. 3A). The purified proteins were assayed for 
catalytic activity characterization with respective substrate. The in vitro experiments showed both TwNES and 
TwGES1 were able to catalyze the conversion of (E,E)-FPP and GGPP to (E)-nerolidol and (E,E)-geranyllinalool, 
respectively. None products generated when TwGES2 was incubated with (E,E)-FPP or GGPP (Fig. 3B and C).

In order to indentify the enzymes more impeccable in eucaryon, we constructed the TwNES ORF and TwGES1 
ORF into pESC-Trp vector. The recombinant plastids pESC-Trp::TwNES and pESC-Trp::TwGES1 were trans-
formed into yeast BY-T20, a terpenoids pathway enhanced yeast strain, and the productions after fermenta-
tion were detected using GC-MS. In terms of the production of (E)-nerolidol, both TwNES and TwGES1 could 
improve the production significantly. TwNES has a more powerful effect on the accumulation (E)-nerolidol, 
which reached 1.203 mg/L. In terms of the production of (E,E)-geranyllinalool, both TwNES and TwGES1 could 
also improve the production significantly. However, TwGES1 has a more powerful effect on the accumulation 
(E,E)-geranyllinalool, which reached 0.095 mg/L (Fig. 4).

Enzymatic properties of TwNES and TwGES1. The catalytic activities of the purified enzymes were 
measured in the presence of the metal ions Mg2+ and K+ at different concentrations. The means and standard 
errors of each enzyme activity under specific metal ions concentrations are shown in Fig. 5. Determination of 
the enzymes activities in presence of different concentrations of Mg2+ showed that both TwNES and TwGES1 
reached the highest activity at 10 mM Mg2+, which are similar to those reported enzymes16. We further detected 
the activities in presence of different concentrations of K+ with 10 mM Mg2+, and TwNES and TwGES1 showed 

Figure 3. GC-MS analysis of reaction products catalyzed by purified recombinant MBP-tagged proteins 
with (E,E)-FPP and GGPP as substrates. (A) SDS-PAGE analysis of recombinant proteins through affinity 
purification with Amylose Resin. The arrows indicate the purified recombinant proteins; (B) Peak 1 was 
identified as the only product of TwNES with FPP as the substrate, peak 2 was the only product of TwGES1 
with FPP as the substrate, peak 3 was the only product of TwNES with GGPP as the substrate, and peak 4 was 
the only product of TwGES1 with GGPP as the substrate; (C). Mass spectrums of peak 1 and 2 were identical to 
the mass spectrum of the nerolidol standard, and the mass spectrum of peak 3 and 4 were identical to the mass 
spectrum of the geranyllinalool standard.
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opposite responses to the concentrations of K+. TwNES presents the highest activity as the concentration of K+ 
arise (200 mM) while K+ inhibits the activity of TwGES1.

Kinetic properties of TwNES and TwGES1 for the substrates (E,E)-FPP and GGPP respectively, were examined 
under the optimum concentrations of Mg2+ and K+. Kinetic profiles of TwNES for (E,E)-FPP were 12.700 μ M  
(Km), 3.496 nkat/mg (Vmax), 0.029 s−1/μ M (Kcat/Km) in the presence of 10 mM Mg2+ and 200 mM K+, and TwGES1 
for GGPP were 2.039 μ M (Km), 0.273 nkat/mg (Vmax), 0.019 s−1/μ M (Kcat/Km) in the presence of 10 mM Mg2+ 
(Fig. 5).

Expression analysis of TwNES, TwGES1 and TwGES2. Previous researches about the expression anal-
yses of NES and GES mainly concentrated on the plant tissues (e.g. flower and leaf)7,15,16, but no tissue cultures 
(e.g. suspension cell and hairy root). Relative gene expression analysis was carried out to investigate the expres-
sion levels of TwNES, TwGES1 and TwGES2 in T. wilfordii suspension cells in response to the fungal peptide 
alamethicin. Interestingly, the transcript levels of TwNES and TwGES1 are increased by 5.9-fold and 1.6-fold 
respectively in suspension cells treated with alamethicin (ala), compared with control treatment (mock), while 
TwGES2 transcript level does not change when treated with alamethicin (Fig. 6).

Discussion
We have identified three enzymes (TwNES, TwGES1 and TwGES2), involved in the biosynthesis of the C15 and 
C20 tertiary alcohols in T. wilfordii. Both of TwNES and TwGES1 could catalyze the formation of (E)-nerolidol 
and (E,E)-geranyllinalool, whose functions are similar to other NESs and GESs characterized in a number of 
plant species including Cinnamomum tenuipilum, Arabidopsis thaliana, strawberry, Vitis vinifera and Clarkia 
breweri15,16,26–29, and again demonstrates an inherent capacity for TPS enzymes to evolve different product and 
substrate specificities15. In addition, the activities of enzymes responds to different concentration of metal ions 
were detected. The optimum Mg2+ concentration for TwNES and TwGES1 is 10 mM, which is consistent with 
previous report about GES and NES30. Yang et al. reported that additional K+ up to 100 mM had no effect on the 
enzyme activity26. However, the metal ion K+ used in this paper has apparent influences on the enzyme activities, 
indicating that TwNES and TwGES1 in T. wilfordii are sensitive to K+.

TwGES2 lacking a TPS metal binding domain is the firstly reported geranyllinalool synthase among the 
reported GES from other species (Supplementary Figure 2)4,16,25,28,31,32. The in vitro experiments confirm that 
TwGES2 could not convert (E,E)-FPP or GGPP to any products. TwGES2 expression level does not change in  
T. wilfordii suspension cells when treated with alamethicin, suggested that TwGES2 would not utilize (E,E)-FPP 
or GGPP to form signal products to respond to the exogenous stimuli, further molecularly excluding the involve-
ment of TwGES2 in competing (E,E)-FPP or GGPP. In here, we surmised TwGES2 might be a mis-spliced version 
of TwGES1, or TwGES2 might be a backup enzyme which would mutate into a functional geranyllinalool syn-
thase when TwNES and TwGES1 did not work.

The two identified enzymes TwNES and TwGES1 are most likely to be utilized as gene regulatory elements for 
further regulating the biosynthesis of the bioactive compounds (e.g. triptolide and celastrol) in T. wilfordii. Based 
on the fact that TwNES and TwGES1 transcript levels are upregulated simultaneously in suspension cells treated 
with alamethicin, we suppose TwNES and TwGES1 are likely to utilize GGPP and (E,E)-FPP to generate tertiary 

Figure 4. Accumulation of (E)-nerolidol and (E,E)-geranyllinalool in yeast transformed with TwNES 
and TwGES1. BY-T20 strain (BY4742, ΔTrp1, Trp1::HIS3-PPGK1-BTS1/ERG20-TADH1-PTDH3-SaGGPS-TTPI1-
PTEF1-tHMG1-TCYC1) containing different recombinant plasmid were cultivated in 100 mL liquid induction 
medium supplemented with 20 g/L galactose and grown at 30 °C for 3 d36. (A) Accumulation of (E)-nerolidol; 
(B) Accumulation of (E,E)-geranyllinalool. pESC-Trp, BY-T20 yeast with pESC-Trp; pESC-Trp::TwNES, BY-
T20 with pESC-Trp::TwNES recombinant plasmid; pESC-Trp::TwGES1, BY-T20 with pESC-Trp::TwGES1 
recombinant plasmid. Values shown are means ±  SD of six replicates (**P <  0.01).
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alcohols as precursor of plant volatiles, which play important roles in the ecological interactions between T. wilfordii  
and other organisms, and further experimental evidences are needed for this hypothesis.

Methods
Plant materials, substrates and reagents. The T. wilfordii suspension cells were cultured in Murashige 
and Skoog (MS) medium containing 30 g/L sucrose with 0.1 mg/L kinetin (KT), 0.5 mg/L indole-3-butytric acid 
(IBA) and 0.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), and maintained at 25 ±  1 °C with 120 rpm shaking in 
the dark as described previously3. Farnesyl diphosphate ((E,E)-FPP), geranylgeranyl diphosphate (GGPP), (E)-
nerolidol, (E,E)-geranyllinalool standards were purchased from Sigma-Aldrich Co. T4-DNA ligase and restric-
tion enzymes were from New England Biolabs. The E. coli strains Trans5α  and Transetta (DE3), and pEASY-Blunt 
Simple Cloning Kit were obtained from TransGen Biotech Co. Ltd. All reagents were purchased from Fisher, 

Figure 5. Kinetic analysis of the NES and GES1 purified recombinant proteins. The catalytic activities of 
the purified enzymes were measured in the presence of the metal ions Mg2+ (0, 5, 10, 15 and 20 mM) and K+ 
(0, 50, 100, 150 and 200 mM). Under the optimum concentrations of Mg2+ and K+ (TwNES, 20 mM MgCl2 and 
200 mM KCl; TwGES1, 20 mM MgCl2), the basic kinetic properties of TwNES and TwGES1 for the substrates 
(E,E)-FPP and GGPP were examined. All assays were incubated for 10 min at 30 °C. Km (Michaelis-Menten 
constant), Vmax (maximal velocity), Kcat (turnover number) and Kcat/Km values of the were calculated by using 
the GraphPad Prism software. Values shown are means ±  SD of three replicates.
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unless otherwise noted. Primers were synthesized by Shanghai Sangon Co., and automated DNA sequencing was 
conducted at Majorbio Co.

RNA isolation, cDNA synthesis and RACE. Total RNA of suspension cells was extracted using the cetyl-
trimethylammonium bromide (CTAB) method33. The purified RNA was obtained using the RNA Purification Kit 
to remove genomic DNA (Tiangen Biotech, Beijing, China). The 3′ - or 5′ -RACE-ready cDNA was reverse tran-
scribed from the purified RNA using the SMARTerTM RACE cDNA Amplification Kit (Clontech Laboratories, 
Cal., USA). An aliquot (1 μ g) of the total RNA was used to synthesize the first strand cDNA according to the 
PrimeScript 1st Strand cDNA Synthesis Kit manufacturer’s protocol (Takara Bio, Dalian, China).

According to the T. wilfordii transcriptome sequencing dataset (not shown), the putative TwGES frag-
ment was identified, and the 3′  and 5′  ends of the TwGES cDNAs were amplified using the SMARTerTM 
RACE cDNA Amplification Kit. The 3′  and 5′  gene-specific primers were designed based on this fragment 
(Supplementary Table 1). All the reactions were performed according to the user’s manual. Primers to amplify the 
full-length cDNAs for each ORF were designed based on the assembled core fragments of the 3′  and 5′  RACE 
sequences (Supplementary Table 1). The amplification reactions were performed using PrimeSTAR GXL DNA 
Polymerase (Takara Bio), according to the manufacturer’s instructions. The PCR products were purified and cloned 
into the pEASY-Blunt cloning vector, transformed into E. coli Trans5α  cells, and then cultured in Luria-Bertani (LB) 
medium (10 g/L Tryptone, 5 g/L yeast extract, 10 g/L NaCl) at 37 °C in the dark. Positive colonies were sequenced. 
The nerolidol synthase gene (TwNES) from T. wilfordii was synthesized by Shanghai Sangon Co.

Recombinant expression and affinity purification. For expression in E. coli, the ORFs of NES, GES1 and 
GES2 were amplified by PCR and subcloned directly into the pMAL-c2X expression vecter (New England Biolabs). 
Details of the primers are given in Supplementary Table 1. The recombinant plasmids pMAL-c2X::TwNES,  
pMAL-c2X::TwGES1 and pMAL-c2X::TwGES2 were separately transformed into the E. coli strain Transetta(DE3) 
(TransGen Biotech) for a fusion expression, using the original pMAL-c2X as negative control. Cultures (200 mL) 
were grown in LB medium containing 100 mg/L ampicillin until optical density of the culture at 600 nm reached 
0.6 to 0.8 and then induced with 0.4 mM isopropyl 1-thio-β-D-galactopyranoside (Sigma, USA) at 16 °C for 20 h 
at 200 rpm. The cell pellets were harvested by centrifugation (3000 g, 20 min, 4 °C) and stored at − 80 °C until used 
for affinity purification with Amylose Resin (New England Biolabs).

Enzymatic assays. Elution buffer containing the purified proteins was exchanged with assay buffer con-
taining 50 mM HEPES, 10 mM MgCl2, 100 mM KCl, 5 mM dithiothreitol, and 10% (v/v) glycerol, pH 7.5, using 
Amicon Ultra-15 centrifugal filter unit with Ultracel-30 membrane (Merck Millipore, Germany), according to the 
manufacturer’s instructions. Protein concentrations were determined by Bradford method34.

To determine the catalytic activity of the recombinant proteins, mixtures of purified protein (20 μ g) in 1 mL 
assay buffer and 25 μ M prenyl diphosphate substrates ((E,E)-FPP, or GGPP) were overlaid with 400 μ L hexane and 
incubated for 2 h at 30 °C, then thoroughly mixed by vortexing and centrifuged at 8000 g for 2 min, and the super-
natant hexane phase was collected. After extraction with hexane (3 ×  0.4 mL), the solvent extracts were reduced 
in volume to 60 μ L under a stream of N2 before GC-MS analysis as described previously3. Linear calibration was 
performed to calculate the contents of the products (for (E)-nerolidol, R2 =  0.9947 and for (E,E)-geranyllinalool, 
R2 =  0.9847).

The effect of Mg2+ on the enzyme activity was performed at different concentrations of MgCl2 (0, 5, 10, 15 
and 20 mM, respectively), and the affinity for K+ was examined at different concentrations of KCl (0, 50, 100, 
150 and 200 mM, respectively). Under the optimum concentrations of Mg2+ and K+, the basic kinetic properties 
of TwNES and TwGES1 for the substrates (E,E)-FPP and GGPP were examined. All assays were incubated for 
10 min at 30 °C. Km and Vmax values were calculated by using the GraphPad Prism software. Data were calculated 
from three independent experiments.

Figure 6. Relative expression of TwNES, TwGES1 and TwGES2 in suspension cells treated with ethanol and 
alamethicin. mock. Control suspension cells were treated with 0.1% ethanol only; ala. Suspension cells treated 
with alamethicin solution (100 ng/mL, 0.1% ethanol). Means ±  SD of triplicate assays are shown.
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Yeast expression. The TwNES and TwGES1 ORFs were subcloned into the yeast epitope-tagging vector 
pESC-Trp under control of the GAL1 inducible promoter (Agilent Technologies, USA) via digestion by the cor-
responding restriction endonucleases. Expression of TwNES and TwGES1 was performed in the yeast BY-T20 
strain (BY4742, ΔTrp1, Trp1::HIS3-PPGK1-BTS1/ERG20-TADH1-PTDH3-SaGGPS-TTPI1-PTEF1-tHMG1-TCYC1)35–37  
following the procedure with some modifications, as described previously38. The dried samples were dissolved in 
60 μ L of hexane for GC-MS analysis as described previously3.

Expression analysis of TwNES, TwGES1 and TwGES2 performed by RT-PCR. For treatment with 
the elicitor alamethicin (Sigma-Aldrich), the T. wilfordii suspension cells cultured 10 days in Murashige and 
Skoog (MS) medium as described above were treated with alamethicin solution (100 ng/mL, 0.1% ethanol). 
Control suspension cells were treated with 0.1% ethanol only (mock). After 30 h treatment at 25 ±  1 °C with 
120 rpm shaking, the suspension cells were harvested for real-time gene expression analysis.

Total RNA extraction were performed as mentioned above. First-stand cDNA for real-time quantitative PCR 
was reverse transcribed from total RNA using the FastQuant RT Kit (Tiangen Biotech). Quantitative real-time 
PCR was performed using an Applied Biosystems 7300 Real Time PCR System (Applied Biosystems, New York, 
USA) with the KAPA SYBR® FAST qPCR Kit (KAPA Biosystems, Massachusetts, USA) and gene-specific prim-
ers (Supplementary Table 1) to estimate the relative mRNA expression levels. The expression levels of TwNES, 
TwGES1 and TwGES2 were evaluated using the 2−ΔΔCt method39 based on β-actin as reference gene and triplicate 
measurements with three biological replicates.

References
1. Goldbach-Mansky, R. et al. Comparison of Tripterygium wilfordii Hook F versus sulfasalazine in the treatment of rheumatoid 

arthritis: a randomized trial. Ann. Intern. Med. 151, 229–240 (2009).
2. Tao, X. L. & Lipsky, P. E. The Chinese anti-inflammatory and immunosuppressive herbal remedy Tripterygium wilfordii Hook  

F. Rheum. Dis. Clin. North Am. 26, 29–50 (2000).
3. Zhang M. et al. Identification of geranylgeranyl diphosphate synthase genes from Tripterygium wilfordii. Plant Cell Rep. 34, 

2179–2188 (2015).
4. Zerbe, P. et al. Gene discovery of modular diterpene metabolism in nonmodel systems. Plant Physiol. 162, 1073–1091 (2013).
5. Andersen-Ranberg, J. et al. Expanding the landscape of diterpene structural diversity through stereochemically controlled 

combinatorial biosynthesis. Angew. Chem. Int. Ed. 55, 2142–2146 (2016).
6. Zhao, Y. J. et al. Molecular cloning and characterisation of farnesyl pyrophosphate synthase from Tripterygium wilfordii. PLoS One 

10, e0125415 (2015).
7. Lee, S. et al. Herbivore-induced and floral homoterpene volatiles are biosynthesized by a single p450 enzyme (CYP82G1) in 

Arabidopsis. Proc. Natl. Acad. Sci. USA 107, 21205–21210 (2010).
8. Su, J. W., Zeng, J. P., Qin, X. W. & Ge, F. Effect of needle damage on the release rate of Masson pine (Pinus massoniana) volatiles.  

J. Plant Res. 122, 193–200 (2009).
9. Degenhardt, J. & Gershenzon, J. Demonstration and characterization of (E)-nerolidol synthase from maize: a herbivore-inducible 

terpene synthase participating in (3E)-4,8-dimethyl-1,3,7-nonatriene biosynthesis. Planta 210, 815–822 (2000).
10. Kant, M. R., Ament, K., Sabelis, M. W., Haring, M. A. & Schuurink, R. C. Differential timing of spider mite-induced direct and 

indirect defenses in tomato plants. Plant Physiol. 135, 483–495 (2004).
11. Bouwmeester, H. J., Verstappen, F. W., Posthumus, M. A. & Dicke, M. Spider mite-induced (3S)-(E)-nerolidol synthase activity in 

cucumber and lima bean. The first dedicated step in acyclic C11-homoterpene biosynthesis. Plant Physiol. 121, 173–180 (1999).
12. Laule, O. et al. Crosstalk between cytosolic and plastidial pathways of isoprenoid biosynthesis in Arabidopsis thaliana. Proc. Natl. 

Acad. Sci. USA 100, 6866–6871 (2003).
13. Dogbo, O. et al. Metabolism of plastid terpenoids. i. biosynthesis in plastid stroma isolated from higher plants. Plant Sci. 49, 89–101 

(1987).
14. Dogbo, O. & Camara, B. Metabolism of plastid terpenoids. ii. regulation of phytoene synthesis in plastid stroma isolated from higher 

plants. Plant Sci. 49, 103–109 (1987).
15. Green, S. A. et al. Identification, functional characterization, and regulation of the enzyme responsible for floral (E)-nerolidol 

biosynthesis in kiwifruit (Actinidia chinensis). J. Exp. Bot. 63, 1951–1967 (2012).
16. Herde, M. et al. Identification and regulation of TPS04/GES, an Arabidopsis geranyllinalool synthase catalyzing the first step in the 

formation of the insect-induced volatile C16-homoterpene TMTT. Plant Cell 20, 1152–1168 (2008).
17. Liu, Y. J. et al. Cloning and characterisation of the gene encoding 3-hydroxy-3-methylglutaryl-CoA synthase in Tripterygium 

wilfordii. Molecules 19, 19696–19707 (2014).
18. Tong, Y. R. et al. Cloning and functional characterization of an isopentenyl diphosphate isomerase gene from Tripterygium wilfordii. 

Biotechnol. Appl. Biochem., doi: 10.1002/bab.1427 (2015).
19. Tong, Y. R. et al. Molecular cloning and characterization of DXS and DXR genes in the terpenoid biosynthetic pathway of 

Tripterygium wilfordii. Int. J. Mol. Sci. 16, 25516–25535 (2015).
20. Bohlmann, J., Meyer-Gauen, G. & Croteau, R. Plant terpenoid synthase: molecular biology and phylogenetic analysis. Proc. Natl. 

Acad. Sci. USA 95, 4126–4133 (1998).
21. Williams, D. C., McGarvey, D. J., Katahira, E. J. & Croteau, R. Truncation of limonene synthase preprotein provides a fully active 

‘pseudomature’ form of this monoterpene cyclase and reveals the function of the amino-terminal arginine pair. Biochemistry 37, 
12213–12220 (1998).

22. Dudareva, N. et al. (E)-β -Ocimene and myrcene synthase genes of floral scent biosynthesis in snapdragon: function and expression 
of three terpene synthase genes of a new terpene synthase subfamily. Plant Cell 15, 1227–1241 (2003).

23. Savage, T., Hatch, M. & Croteau, R. Monoterpene synthases of Pinus contorta and related conifers. A new class of terpenoid cyclase. 
J. Biol. Chem. 269, 4012–4020 (1994).

24. Zhu, B. Q. et al. Identification of a plastid-localized bifunctional nerolidol/linalool synthase in relation to linalool biosynthesis in 
young grape berries. Int. J. Mol. Sci. 15, 21992–22010 (2014).

25. Falara, V., Alba, J. M., Kant, M. R., Schuurink, R. C. & Pichersky, E. Geranyllinalool synthases in solanaceae and other angiosperms 
constitute an ancient branch of diterpene synthases involved in the synthesis of defensive compounds. Plant Physiol. 166, 428–441 
(2014).

26. Yang, T., Li, J., Wang, H. X. & Zeng, Y. A geraniol-synthase gene from Cinnamomum tenuipilum. Phytochemistry 66, 285–293 (2005).
27. Asaph, A. et al. Gain and loss of fruit flavor compounds produced by wild and cultivated strawberry species. Plant Cell 16, 

3110–3131 (2004).
28. Martin, D. M. et al. Functional annotation, genome organization and phylogeny of the grapevine (Vitis vinifera) terpene synthase 

gene family based on genome assembly, FLcDNA cloning, and enzyme assays. BMC Plant Biol. 10, 58–59 (2010).



www.nature.com/scientificreports/

9Scientific RepoRts | 7:40851 | DOI: 10.1038/srep40851

29. Pichersky, E., Lewinsohn, E. & Croteau, R. Purification and characterization of S-linalool synthase, an enzyme involved in the 
production of floral scent in Clarkia breweri. Arch. Biochem. Biophy. 316, 803–807 (1995).

30. Davis, E. M. & Croteau, R. Cyclization Enzymes in the Biosynthesis of Monoterpenes, Sesquiterpenes, and Diterpenes. Biosynthesis. 
Springer Berlin Heidelberg 53–59 (2000).

31. Irmisch, S. et al. Terpene synthases and their contribution to herbivore-induced volatile emission in western balsam poplar (Populus 
trichocarpa). BMC Plant Biol. 14, 270 (2014).

32. Qi, X. et al. Identification of a novel salt tolerance gene in wild soybean by whole-genome sequencing. Nat. Commun. 5, 4340, doi: 
10.1038/ncomms5340 (2014).

33. Del Sal, G., Manfioletti, G. & Schneider, C. The CTAB-DNA precipitation method: a common mini-scale preparation of template 
DNA from phagemids, phages or plasmids suitable for sequencing. Biotechniques 7, 514–520 (1989).

34. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72, 248–254 (1976).

35. Dai, Z. B. et al. Producing aglycons of ginsenosides in bakers’ yeast. Sci. Rep. 4, 3698–3698 (2014).
36. Dai, Z. B. et al. Metabolic engineering of Saccharomyces cerevisiae for production of ginsenosides. Metab. Eng. 20, 146–156 (2013).
37. Shi, M. Y. et al. Construction of Saccharomyces cerevisiae cell factories for lycopene production. Zhongguo Zhong Yao Za Zhi 39, 

3978–3985 (2014).
38. 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).
39. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCt method. 

Methods 25, 402–408 (2001).

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 Key project at central government level: The ability establishment of sustainable 
use for valuable Chinese medicine resources (2060302) to L.H., and National High Technology Research and 
Development Program of China (863 Program: 2015AA0200908) to W.G. The authors thank Prof. Xueli Zhang 
for providing the yeast strain BY-T20 (Tianjin Institute of Industrial Biotechnology, Chinese Academy of 
Sciences, China).

Author Contributions
L.H. and W.G. conceived and designed the study. P.S. and T.H. performed the experiments and wrote the 
manuscript. Y.L., Y.T., H.G., Y.Z. and J.Z. 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 NES and GES responsible for the biosynthesis 
of (E)-nerolidol and (E,E)-geranyllinalool in Tripterygium wilfordii. Sci. Rep. 7, 40851; doi: 10.1038/srep40851 
(2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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/
 
© The Author(s) 2017

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

	Functional characterization of NES and GES responsible for the biosynthesis of (E)-nerolidol and (E,E)-geranyllinalool in T ...
	Results
	Cloning and sequence analysis of TwNES and TwGES. 
	Phylogenetic Tree Construction. 
	Functional characterization of TwNES and TwGES both in vitro and in yeast. 
	Enzymatic properties of TwNES and TwGES1. 
	Expression analysis of TwNES, TwGES1 and TwGES2. 

	Discussion
	Methods
	Plant materials, substrates and reagents. 
	RNA isolation, cDNA synthesis and RACE. 
	Recombinant expression and affinity purification. 
	Enzymatic assays. 
	Yeast expression. 
	Expression analysis of TwNES, TwGES1 and TwGES2 performed by RT-PCR. 

	Acknowledgements
	Author Contributions
	Figure 1.  The chemical reactions TwNES and TwGES1 catalyzed in terpenoids biosynthesis pathway.
	Figure 2.  Phylogenetic analysis of selected terpene synthases from different species.
	Figure 3.  GC-MS analysis of reaction products catalyzed by purified recombinant MBP-tagged proteins with (E,E)-FPP and GGPP as substrates.
	Figure 4.  Accumulation of (E)-nerolidol and (E,E)-geranyllinalool in yeast transformed with TwNES and TwGES1.
	Figure 5.  Kinetic analysis of the NES and GES1 purified recombinant proteins.
	Figure 6.  Relative expression of TwNES, TwGES1 and TwGES2 in suspension cells treated with ethanol and alamethicin.



 
    
       
          application/pdf
          
             
                Functional characterization of NES and GES responsible for the biosynthesis of (E)-nerolidol and (E,E)-geranyllinalool in Tripterygium wilfordii
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40851
            
         
          
             
                Ping Su
                Tianyuan Hu
                Yujia Liu
                Yuru Tong
                Hongyu Guan
                Yifeng Zhang
                Jiawei Zhou
                Luqi Huang
                Wei Gao
            
         
          doi:10.1038/srep40851
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep40851
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep40851
            
         
      
       
          
          
          
             
                doi:10.1038/srep40851
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40851
            
         
          
          
      
       
       
          True
      
   




