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CHAPTER 3. EXTENSIVE PROMISCUITY INVESTIGATIONS OF CLASS I DITERPENE 

SYNTHASES REVEAL THE STRUCTURE- ACTIVITY RELATIONSHIP OF DITERPENE 

SUBSTRATES   
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Abstract 

The large super-family of labdane-related diterpenes (LRDs) is characterized by a core 

decalin ring structure produced by the initiating class II diterpene cyclases (DTCs), which can 

generate an array of structurally similar yet distinct products, serving as the substrates for the 

subsequent class I diterpene synthases (DTSs). Our previous study has successfully revealed the 

extreme promiscuity of the terpentetriene synthase from Kitasatospora griseola (KgTS) and the 

sclareol synthase from Salvia sclarea (SsSS) in a modular metabolic engineering system. 

Particularly, KgTS and SsSS could readily react with all 12 distinct DTC products, including all 

three types of bicyclic scaffolds (i.e., labdane, halimadane and clerodane), regardless of 

configuration/stereochemistry, or the presence of a hydroxyl group, simply by removing the 

diphosphate to yield an additional carbon-carbon double bond and adding water to the tertiary 

position of the allylic carbocation to further afford alcohol products, respectively. This 

unprecedented extreme promiscuity elucidation has arisen more intriguing questions represented 
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maximum per tube). Generally, non-oxygen containing products would come out in the 100% 

hexane fraction; otherwise, the products eluted in 100% acetone fractions. Fractions of interest 

were dried under N2, re-suspended in 2 mL methanol, and filtered through 0.2 um cellulose filter 

(Thermo Scientific). These fractions were further separated using an Agilent 1200 series HPLC 

instrument equipped with a diode array UV detector and automated injector and fraction 

collector, over a semi-preparative C-8 column (ZORBAX Eclipse XDB-C8, 25 × 0.94 cm) run at 

4 mL/min. The column was pre-equilibrated with acetonitrile/water (1:1 for olefins, 4:1 for 

oxygenated products), the sample injected, followed by washing (0 – 2 min) with same 

acetonitrile/water mix (i.e., depending on the targeted compound), then the percentage of 

acetonitrile increased to 100% (2–10 min), and final elution with 100% acetonitrile (10–30 min), 

with collection of 0.5 mL fractions. Fractions were analyzed by GC-MS and, if necessary, 

compounds were further purified by another round of HPLC separation over an analytical C-8 

column (Kromasil
®

 C8, 50 × 4.6 mm) run at 0.5 mL/min, and using the same elution program 

described above. Fractions containing pure compounds were dried under N2, and the compounds 

then dissolved in 0.5 mL deuterated solvents for NMR analysis.  

4.6. Chemical structure identification by NMR analysis 

Samples were dried under N2 and dissolved in 0.5 mL deuterated CDCl3 (Aldrich). NMR 

spectra were acquired on a Bruker AVIII-800 spectrometer equipped with a 5-mm HCN 

cryogenic probe, using TopSpin 3.2 software. The analysis was carried out at 25 °C. Chemical 

shifts were calculated by reference to those known for CDCl3 (
13

C 77.23 ppm, 
1
H 7.24 ppm) 

signals offset from TMS. All spectra were acquired using standard programs from the TopSpin 

3.2 software, with collection of 1D 
1
H-NMR, and 2D double-quantum filtered correlation 

spectroscopy (DQF-COSY), heteronuclear single-quantum coherence (HSQC), heteronuclear 
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multiple-bond correlation (HMBC), HMQC-COSY and NOESY (800 MHz), as well as 1D 
13

C-

NMR (201 MHz) spectra. Observed HMBC correlations were used to propose a partial structure, 

while COSY correlations between protonated carbons were used to complete the structure, which 

was further verified by HSQC correlations. Observed correlations from NOESY spectrum were 

used to assign the relative stereochemistry of chiral carbons and also the configuration of double 

bonds, where applicable.  

4.7.  Computational biology  

4.7.1. Substrate comparison investigation  

All 3D structures of bicyclic substrates have been generated and visualized in chem3D 

15.1. Before any comparison of the substrates, all the structures have been energetically 

minimized individually using MM2 molecular mechanics force field with all parameters set as 

default. Then the conserved diphosphate chain has been erased with only decorated bicyclic 

backbones overlaid. The overlay has been done using the fast overlay function included in 

chem3D 15.1 with one randomly selected as the target fragments.  

4.7.2. Docking study of BjKS with various substrates 

Given the reported crystal structure of BjKS bound with substrate ent-CPP (PDB: 4XLY) 

is in the open form missing the J-K loop (residues 212-220) and also lacking the three Mg
2+

 ions, 

which are essential for substrate binding and enzyme function. Therefore, the fully closed 

structure of BjKS was firstly modeled by adding the aforementioned two missing elements. The 

previously resolved monoterpene synthase structure of bornyl diphosphate synthase (PDB: 

1N20) exposing its fully closed conformation that has a highly conserved class I fold domain as 

that of BjKS was used as the template. From the structural alignment of 4XLY and 1N20 using 

Pymol, it was found that residues 501-509 from 1N20 aligned quite well with the missing region 
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of 4XLY. The PDB coordinates for this region (residues 501-509, 1N20) were obtained from the 

template PDB file, and Modeller 
[16,17]

 was then used to model the missing functional loop of 

BjKS. The first model was selected and then energy minimized using the Chiron energy 

minimization server 
[19]

. All docking studies were then performed using this model. Three Mg
2+

 

ions were firstly docked into the loop-modeled structure of BjKS using AutoDock and AutoDock 

Vina 
[22,23]

, where Mg
2+

a and Mg
2+

c were interacting with D75 and D79, and Mg
2+

b interacted 

with N207 and D215. Those interactions are correspondingly speculated based on the high 

conversation pattern of enzymes possessing class I terpene fold. Then the energy minimized 

ligands prepared as that described in 4.7.1. were docked individually into this modeled BjKS 

structure using AutoDock Vina. Twenty poses for each ligand were allowed to generate with the 

lowest energy pose being represented for comparison analysis. Polar contacts of ligands to both 

BjKS and metal ions were identified using Pymol. Both the number and the type of polar 

contacts found in each representative pose were used to estimate the strength of interaction 

between the ligand and the enzyme. 
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Figures  

 

 

Figure 1. Chemical structures of various substrates included in this study. Numbers correspond 

to chemical structures defined in text. 
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Table 1. Terpene substrates with their relative enzymes used in this study. 

 

Terpene substrates 
a
 Enzymes 

b
 References 

GGPP (1) GGPP synthase 
[24]

 

NNPP (2) NNPP synthase 
[25]

 

CPP (3) AgAS:D621A  
[26]

 

ent-CPP (4) An2 
[27]

 

syn-CPP (5) OsCPS4  
[28]

 

iso-CPP (6)  SmCPS/KSL1:D501A/D505A 
[29]

 

8α-hydroxy-CPP (7) NgCLS 
[30]

 

8β-hydroxy-ent-CPP (8) AtCPS:H263A 
[31]

 

peregrinol diphosphate (9) MvCPS1 
[32]

 

kolavenyl diphosphate (10) Haur_2145 
[33]

 

ent-kolavenyl diphosphate (11) AtCPS:H263Y 
[34]

 

terpentedienyl diphosphate (12) KgTPS 
[35]

 

tuberculosinyl diphosphate (13) MtHPS  
[36]

 

syn-halimadienyl diphosphate (14) OsCPS4:H501D 
[37]

 

FPP (15) FPP synthase 
[38]

 

GFPP (16) GFPP synthase 
[9]

 

cis-CPP (17) 
c
 AgAS:D621A This study 

 
a 
Numbers defined here would be used throughout the text. Common names have been given 

when available and semi-systematic names are used otherwise (The complete name list is found 

in the abbreviation list). 
b 

Full names of enzymes are referred to the abbreviation list.  
c 
AgAS:D621A converts NNPP to cis-CPP. 
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Table 2. DTSs used in this study with their native substrates and products shown.  

 

DTSs  Native substrates  Products  References 

SsSS 8α-hydroxy-CPP (7) (13R)-sclareol 
[39,40]

 

KgTS terpentedienyl diphosphate (12) terpentetriene 
[41]

 

DsKSL CPP (3) miltiradiene 
[10]

 

AbCAS:D405A 8α-hydroxy-CPP (7) cis-abienol 
[11]

 

BjKS ent-CPP (4) ent-kaurene 
[42]

 

SaDTS CPP (3) isopimara-8,15-diene 
[13]

 

 

 

Figure 2. The substrate conversion percentages of four DTSs towards all the 12 bicyclic 

substrates and GGPP (1) (Numbers correspond to chemical structures defined in Table 1). The 

bar lengths represent the substrate conversions of the four DTSs, which were shown in different 

colors as indicated in legend. 

* Indicate 3,7, 4 and 3 as the native substrates of DsKSL, AbCAS:D405A, BjKS and SaDTS, 

respectively.  
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Figure 3. The chromatogram from GC-MS analysis of extraction from E. coli engineered for 

production of CPP (3) by introducing AgAS:D621A co-expressed with BjKS (Numbers 

correspond to chemical structures defined in text and previous figure legends). New enzymatic 

product pimara-7,15-diene (18) of BjKS was identified by comparison of both retention time and 

mass spectrum to its enantiomer ent-pimara-7,15-diene standard. Product manool (19) was 

identified by comparison of both retention time and mass spectra to the authentic standard (see 

Figure S4). 

 

 

 

 

 
 

Figure 4. The chromatogram from GC-MS analysis of extraction from E. coli engineered for 

production of syn-CPP (5) by introducing OsCPS4 co-expressed with SaDTS (Numbers 

correspond to chemical structures defined in text and previous figure legends). New enzymatic 

product syn-pimara-9(11),15-diene (20) of SaDTS was identified NMR analysis (see Figure S5). 

Product syn-stemodene (21) was identified by comparison of both retention time and mass 

spectra to the authentic standard (see Figure S6). 
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Figure 5. The chromatogram from GC-MS analysis of extraction from E. coli engineered for 

production of syn-CPP (5) by introducing OsCPS4 co-expressed with DsKSL (Numbers 

correspond to chemical structures defined in text and previous figure legends). New enzymatic 

product 22 of DsKSL is currently under the process of structural identification by NMR analysis.  

 

 

 
 

Figure 6. Structural comparison of bicyclic diterpene substrates. 6A. The overall structure of 

each type substrate shown as sticks with the labda-type ent-CPP (4) in green, cleroda-type TPP 

(12) in cyan and halimada-type syn-HPP (14) in purple. The double-bond carbons in side chain 

are highlighted in blue and the ones from rings in yellow with phosphate atoms in magentas and 

oxygens in red; 6B. The bicyclic backbones of TPP (12) in cyan and syn-HPP (14) in purple 

were individually superimposed with that of ent-CPP (4) in green. 
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Figure 7. Molecular docking study of BjKS with three types of substrates. (7A). Docking of the 

labda-type substrate ent-CPP with protein in green (4); (7B). Docking of the cleroda-type 

substrate terpentedienyl diphosphate with protein in cyan (TPP, 12); (7C). Docking of the 

halimada-type substrate syn-halimadienyl diphosphate (syn-HPP, 14) with protein in purple. The 

phosphate groups has been shown as sticks in red and the rest of the substrates are simply 

represented as a methyl group. Residues involved in polar contacts with the phosphate group are 

shown as lines, Mg
2+

 ions shown as yellow spheres, polar contacts shown as blue dotted lines. 
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Supplementary Information 

 

 

 

Figure S1. Basic DTC products from bicyclization and subsequent rearrangement (PP = 

diphosphate). Also shown are known stereoisomers for the initial bicycle, and derived 

products for which DTCs are known are shown by superscript (
n
normal, 

e
ent,

 s
syn). 
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Figure S2. Chromatograms from GC-MS analysis of extractions from E. coli engineered for 

production of (2A). FPP (15) by introducing FPPS; (2B). GFPP (16) by introducing GFPPS; 

(2C). cis-CPP (17) by introducing cis-CPPS, which were further  co-expressed with SsSS and 

KgTS (Numbers correspond to chemical structures defined in text and previous figure legends 

with 2’, 15’, 16’, 17’ corresponding to the dephosphorylated derivative of 2, 15-17). Product 

manool was identified by comparison of both retention time and mass spectra to the authentic 

standard. 
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Figure S3. Chromatograms from GC-MS analysis of extractions from E. coli engineered for 

production of GGPP (1) by introducing GGPPS co-expressed with DsKSL, AbCAS:D405A, 

BjKS, SaDTS, respectively. (Numbers correspond to chemical structures defined in text and 

previous figure legends with 1’ corresponding to the dephosphorylated derivative of 1). Product 

β-springene of SaDTS was identified by comparison of both retention time and mass spectra to 

the authentic standard. 

 

 

Figure S4. Enzymatic product manool (19) of BjKS by co-expression with AgAS:D621A was 

identified by comparison of both retention time and mass spectra to the authentic standard. 
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Figure S5.
 1

H and 
13

C Spectra of syn-pimara-9(11),15-diene (20). 

 

 

Figure S6. Enzymatic product syn-stemodene (21) of SaDTS by co-expression with OsCPS4 

was identified by comparison of both retention time and mass spectra to the authentic standard. 
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Figure S7. Modeled BjKS structure in closed conformation by adding the missing sequence 

residues (211-220) highlighted in red and also the trinuclear Mg
2+

 ions shown as yellow spheres.  

 

 

 

Figure S8. Molecular docking study of BjKS with three types of substrates superimposed after 

individual docking into the active site. All substrates are shown in stick with the labda-type 

substrate ent-CPP (4) in green; the cleroda-type substrate TPP (12) in cyan; the halimada-type 

substrate syn-HPP (14) in purple.  
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Table S1. Diterpene products from this study with ratios shown in parenthesis when multiple 

products afforded.  

 

DTS+S
a
 products

b
 Identification

c
 

BjKS+3 pimara-7,15-diene (56%) 

manool (44%) 

This study 

BjKS+4 ent-kaurene 
[12]

 

BjKS+5 syn-pimara-7,15-diene (82%) 

syn-stemodene (18%) 

This study 

BjKS+6 (9R,10S)-labda-7,14-dien-13-ol 
[8]

 

BjKS+7 (13R)-manoyl oxide (46%) 

(13S)-manoyl oxide (54%) 

[43]
 

BjKS+8 (13R)-ent-manoyl oxide  
[43]

 

BjKS+9 viteagnusin D 
[8]

 

BjKS+11 ent-kolavelool 
[8]

 

SaTDS+1 β-springene 
[8]

 

SaTDS+3 isopimara-8,15-diene 
[13]

 

SaTDS+4 ent-sandaracopimaradiene (28%) 

ent-manool (72%) 

[44]
 

SaTDS+5 syn-pimara-9(11),15-diene (68%) 

syn-stemodene (32%) 

This study 

SaTDS+6 (9R,10S)-labda-7,14-dien-13-ol 
[8]

 

SaTDS+7 (13R)-manoyl oxide  
[43]

 

SaTDS+8 (13R)-ent-manoyl oxide 
[8]

 

SaTDS+9 viteagnusin D 
[8]

 

DsKSL+3 miltiradiene 
[10]

 

DsKSL+5 unidentified new product This study 

DsKSL+7 (13R)-manoyl oxide (84%) 

(13S)-manoyl oxide (16%) 

[43]
 

AbCAS:D405A+3 sclarene 
[8]

 

AbCAS:D405A+7 cis-abienol 
[11]

 
 

a
Substrate (DTC product), numbered as defined in Figure 1. 

b
Common names are those previously reported.  

c
Products were identified based on either ‘previous’ reports for these enzymes or GC-MS based 

‘comparison’ to other previously reported DTS products (with accompanying reference), or were 

determined in ‘this study’ by NMR based structural analysis (or comparison to the characterized 

enantiomer).  
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CHAPTER 4. ONE SINGLE RESIDUE ALTERATION PREDOMINANTLY PREVENTS 

WATER ATTACK IN SCLAREOL SYNTHASE FROM SALVIA SCLAREA 

Meirong Jia
1
 and Reuben J. Peters

1
* 

 

Abstract 

Sclareol synthase from Salvia sclarea (SsSS) stereo-specifically converts 8α-hydroxy-

copalyl diphosphate into versatile (13R)-sclareol. Recently, SsSS has been found to quench an 

array of tertiary allylic carbocations by the water attack, exhibiting extreme substrate 

promiscuity. Here, a single isoleucine substitution for an asparagine in SsSS leads to olefin 

production instead, demonstrating remarkable plasticity. Alternative substitutions are further 

introduced to explore functional roles of this Asn, and the variation of the mutant in water 

management against various substrates has also been investigated, highlighting the critical 

importance of the discovered Asn in regio- and stereo-specific control of water attack.  

 

 Introduction 

Class I diterpene synthases (DTSs) initiate diterpene synthesis by ionization of 

pyrophosphate substrates which are in most cases provided by upstream class II diterpene 

cyclases (DTCs). This ionization causes the formation of one of a variety of carbocation 

cascades depending on the particular enzyme involved. The ionization cascade is typically 

terminated via direct deprotonation, affording olefins. Alternatively, the cascade may end 
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through the nucleophilic attack, typically by water, to afford alcohol products after subsequent 

proton loss. 

Despite DTSs’ high fidelity in conducting unique chemistry to enable diterpene diversity 

after a long evolutionary selection, DTSs are also greatly noted for their remarkable plasticity, 

which is reasonable given the fact that new enzyme activity has been evolved from gene 

duplication and sub-functionalization of existing enzymes
 [1]

. Specifically, as to the carbocation 

intermediate termination procedure focused here, it has been demonstrated that a single residue 

change can either prevent or introduce nucleophilic attack of a water molecule. Particularly, the 

replacement of the bifunctional ent-kaurene synthase P. patens CPS/KS (PpCPS/KS) Ala710 

with Met successfully changed the wild type (hydroxy) ent-kaurene activity into an exclusive 

ent-kaurene synthase, indicating prevention of the water attack on the corresponding ent-

kauranyl cation 
[2]

. Similarly, two orthologous enzymes PtTPS19 (an ent-kaurene synthase) and 

PtTPS20 (a 16α-hydroxy-ent-kaurene synthase) can be functionally interconverted by only one 

single residue exchange 
[3]

. 

Sclareol synthase from Salvia sclarea (SsSS) has been demonstrated to convert 8α-

hydroxy-copalyl diphosphate (1) into stereospecific (13R)-sclareol (2a) representing the 

preferred re face attack of planar carbocation intermediate (Scheme 1). Later on, we further 

showed that SsSS uniformly quenches many other tertiary allylic carbocations formed from 

various diphosphate substrates by water attack besides its native substrate, generating an array of 

diterpene alcohols 
[4]

, where all the bicyclic diterpene substrates are afforded by respective DTCs 

(Table S1). The specific and conserved water attack capacity of SsSS inspired us to explore the 

potential residue(s) in SsSS that might be involved in managing the regio- and stereo-specific 

nucleophilic attack of water. Baer et al. has reported that the G1 helix-break motif is critical for 
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substrate ionization en route to allylic carbocation generation upon substrate binding, which is 

highly conserved in class I terpene synthases from bacteria, fungi, and plants 
[5]

. Small 

alterations in the structure of this region have shown significant impacts on enzyme activity of 

the diterpene synthases, further emphasizing the importance of the surrounding residues on 

product outcome 
[6-10]

. Given SsSS directly terminates the initially formed allylic carbocation, the 

targeted residue(s) managing water attack of those allylic cations in SsSS presumably are in 

proximity to residues trigging substrate ionization. Herein, primary attention has been focused on 

residues lying in G1 helix-break motif region in SsSS (Figure 1A).  

Unlike the other typical class I diTPSs exhibiting tri-domain architecture (γ/β/α), SsSS 

only retains two domains (β/α) presumably representing a relatively recent ‘internal’ domain loss 

event 
[11]

. Fortunately, several miltiradiene synthases as listed in Figure 1B also from Lamiaceae 

family resemble common bi-domain architecture as that of SsSS, share over 60% identity in 

protein level with SsSS, yet terminate cation intermediates by direct deprotonation leading to 

olefins instead, making them an ideal homologous enzyme system for comparison with SsSS to 

functionally elucidate the enzymatic basis leading to different cation termination mechanisms 
[12-

14]
. Sequence alignment of the residues in G1 helix-break motif region brought three positions 

with variations into our attention (Figure 1). The potential substitution effects for those three 

residues in SsSS into corresponding variants of the homologous enzymes on enzyme activity 

have been investigated by generation of each single mutant, which was enzymatically screened 

using a previously developed E. coli-based modular metabolic engineering system by 

recombinant co-expression with the DTC 8α-hydroxy-CPP synthase from Nicotiana glutinosa 

(NgCLS), which provides the substrate 8α-hydroxy-copalyl diphosphate 
[15]

, along with the 

increasing flux into terpenoid metabolism. Despite no change in product profile has been 
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observed for single mutation introduced into S433 and T436 (Data not shown), astonishingly, the 

single mutant SsSS:N431I has completely switched the wild-type sclareol activity into making 

isoabienol instead (Scheme 1, Figures 2A-B, and S1) 
[4]

. The structural replacement of the 

hydroxyl group in sclareol (2a) by an exo-methylene containing double bond in isoabienol (3) 

clearly demonstrates that this single substitution successfully prevents water attack on the tertiary 

allylic cation.  

 

Results and Conclusions 

It is thus speculated that N431 in wild-type enzyme might hold a water molecule in 

position presumably by hydrogen bonds to allow the nucleophilic attack while the hydrophobic 

Ile is unable to position water, affording an olefin in consequence. Alternative substitutions are 

further introduced to explore functional roles of this critical asparagine residue. As shown in 

Figures 2C-F, SsSS:N431D mutant retaining the wild-type activity further supports the critical 

roles of polar residues in holding water, with the expected similar phenomenon observed for Ser 

substitution. However, it is surprisingly noticed that the Leu substitution still allows partial of 

allylic cations to be quenched by the water attack, more remarkably, the Ala introduction showed 

nearly no prevention in water incorporation. Given the little possibility of positioning effects 

exerted by those aliphatic residues, it is assumed that the steric hindrance difference of Leu and 

Ala from Ile might permit water attack. In the extreme scenario, small residue, like Ala has little 

or no repulsion for water entry, therefore resulting in hydroxylated product sclareol (2). If this is 

true, it can be further speculated that the sclareol formed for instance by SsSS:N431A mutant 

would be most probably a mixture of (13R)- and (13S)-sclareols (2a and 2b). To verify this 

assumption, all the enzymatic products have been further established on a chiral column (Figures 
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3A-E). Expectedly, in contrast to the highly stereospecific product of wild type, both the Leu and 

Ala substitutions afford a mixture of sclareols 2a and 2b. The Ser substitution also generates a 

mixture, indicating the water attack enabled by this mutant is probably allowed by steric 

hindrance reduction compared to Asn rather than the polar positioning of introduced hydroxyl 

group. The other interested yet unexpected phenomenon is that SsSS:N431D mutant 

preferentially produces the opposite (13S)-epimer, presumably due to the subtle variation in 

positioning water by Asp compared to wild type Asn. Regardless of the specific interactions of 

residues with water molecules, it is evident that both the hydrophobicity and size of the side 

chain residue at 431 position in SsSS is responsible for quenching the tertiary allylic cation by 

addition of a water molecule prior to deprotonation. 

From our previous investigations, we’ve noticed that SsSS would afford a mixture of 

alcohol epimers when it co-expressed with three DTCs KgTPS, OsCPS4:H501D, and MtHPS, 

respectively 
[4]

, with the mixture product profiles further clarified on the chiral column (Figures 

4A-C), implying that SsSS differentiates water management in terms of stereospecificity among 

diverse substrates. To test whether the SsSS:N431I mutant could bind and further exclude water 

incorporation into the substrate analogs as well, the Ile substitution has been systematically 

screened against the other diphosphate substrates by co-expression with relative DTCs (Table 

S1), which were all able to be efficiently converted by SsSS 
[4]

. Remarkably, the single mutant 

retains both the substrate promiscuity and the high efficiency of substrate conversion (Figure S2) 

with all the products being carefully identified using GC-MS chromatography. As expected, 

besides NgCLS, SsSS:N431I mutant exclusively afforded exo-methylene olefins when co-

expressed with OsCPS4, SmCPS/KSL1:D501A/D505A, and AtCPS:H263Y mimicking the 

activity of previously identified promiscuous terpentetriene synthase from Kitasatospora 
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griseola (KgTS) (Figures S3A-C). More surprisingly, this mutant exhibits more specific exo-

methylene olefin synthase activity than KgTS, consequently allowing new enzymatic products 

formation along the way. In particular, SsSS:N431I mutant converted ent-CPP (4) and 8β-

hydroxy-ent-CPP (5) produced by An2 and AtCPS:H263A into ent-sclarene (6) and ent-

isoabienol (7), respectively (Figures 5A-B). Nevertheless, the single Ile substitution did not 

exclusively form olefins with all the tested substrates. Instead, some alcohol activity appeared in 

certain cases, too. Particularly, a mixture of olefin and alcohol products were observed when 

SsSS:N431I mutant reacted with substrates provided by corresponding DTCs KgTPS, 

OsCPS4:H501D, MtHPS, MvCPS1, AgAS:D621A and Haur_2145 (Table S1 and Figures S4A-

F). Those hydroxylated products were presumably produced by nucleophilic attack of water 

molecules either from the other part of the active site or escaping from the prevention of Ile 

substitution. Under either condition, the stereospecific preference of water attack is possibly 

affected. Therefore, the stereochemistry of corresponding alcohol products was further analyzed 

over the chiral column (Figures 4A-E) (Due to the low efficiency of Haur_2145, the 

corresponding chromatograms from chiral column analysis are not available at this stage). 

Clearly, the exclusive or principal (13S)-stereoisomer production by SsSS:N431I mutant 

resulting from si face nucleophilic attack of the water molecule on the allylic carbocation exactly 

reversed the re face preference of wide type though the same face preference was seemly 

retained in quenching allylic cation from CPP (6) provided by AgAS:D621A (Figure 4E). This 

surprisingly opposite stereo-specificity preference indicates that the incorporated water 

molecules are perhaps from the other part of active sites with other surrounding residues being 

involved. An alternative hypothesis is that the final carbocation is simply quenched by a water 

molecule from the bulk solvent. With the carbocation still bound in the active site, specific 
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movements of the flexible loops restrict water molecules to approach from the si face of the 

terminal carbocation, resulting in the regio- and stereo-specific formation (13S)-products. 

Regardless of the exact mechanism, the ability of single substitution for the asparagine 

identified here in SsSS to fundamentally alter product outcome clearly demonstrates the 

involvement of N431 in tertiary allylic cations quenching by water. Combined with product 

profiles from alternative substitutions for N431, we, therefore, hypothesize that the asparagine 

residue found in the wild-type enzyme positions a water molecule for the proper nucleophilic 

attack on the allylic cations, while aspartate substitution positions this water for subtly different 

addition, and the presence of an alanine just allows variable positioning. Impressively, the 

SsSS:N431I mutant specifically adds an exo-methylene double bound to diverse allylic cations in 

contrast to the exclusive water quenching of cations in wild-type enzyme. Otherwise, the minor 

production of stereospecific (13S)-alcohols by the mutant implies other water molecules in/near 

the active site which might be assisted by other residues rather than asparagine focused here 

would make the nucleophilic attack of relevant allylic cations once in the optimal position and 

orientation.  

 

Methods and Materials 

General 

Unless otherwise noted, chemicals were purchased from Fisher Scientific and molecular 

biology reagents from Invitrogen. 

Bioinformatics  

Sequence alignments were performed with CLC sequence viewer 6.9.1 using default 

parameters. Modeled protein structures were obtained through i-Tasser online server for protein 
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structure and function prediction in an automatic searching mode without any restraints and pre-

input templates 
[16]

. 

Mutant construction  

The enzymes investigated here are pseudomature constructs suitable for recombinant 

expression in E. coli. Site-directed mutants were constructed by whole-plasmid PCR 

amplification of the relevant pENTR/SD/D-TOPO constructs using the primers described in 

Table S2, and AccuPrime™ Pfx DNA Polymerase. All mutants were verified by complete gene 

sequencing and then transferred via directional recombination to the T7-based expression vector 

pDEST14.  

Enzymatic analyses 

To determine product outcome, individual SsSS mutant construct has been co-

transformed with individual DTC affording relative diphosphate substrate along with a 

previously reported pIRS plasmid that increases metabolic flux towards terpenoids 
[17,18]

, into the 

OverExpress C41 strain of E. coli (Lucigen). The resulting recombinant strains were cultured in 

50 mL TB medium (pH = 7.0), with appropriate antibiotics, in 250 mL Erlenmeyer flasks.  These 

cultures were first grown by shaking at 37 °C to mid-log phase (OD600 ~0.7), then the 

temperature dropped to 16 °C for 0.5 h before induction with 1 mM isopropylthiogalactoside 

(IPTG) and supplementation with 40 mM pyruvate and 1 mM MgCl2. The induced cultures were 

further grown for an additional 72 h before extraction with an equal volume of hexanes, with the 

organic phase then separated, and concentrated under N2 when necessary.  

Product analyses 

 Gas chromatography with mass spectral detection (GC-MS) was carried on a Varian 

3900 GC with a Saturn 2100T ion trap mass spectrometer in electron ionization (70 eV) mode, 



129 

For non-chiral column analysis, an Agilent HP-5MS column (Agilent, 19091S-433) was applied 

with 1.2 mL/min helium flow rate. Samples (1 uL) as prepared above were injected in splitless 

mode by an 8400 autosampler with the injection port set at 250 °C. The following temperature 

program was used: the oven temperature initially started at 50 °C, which was maintained for 3 

min, and then increased at a rate of 15 °C/min to 300 °C, where it was held for another 3 min. 

Mass spectrum was recorded by mass-to-charge ratio (m/z) values in a range from 90 to 650, 

starting from 13 min after sample injection until the end of the run. Enzymatic products were 

identified by comparison of retention time and mass spectra to those of authentic standards. GC-

MS area under curve (AUC) is automatically calculated to quantitate substrate conversion 

percentages. For chiral column, an Agilent CYCLOSIL-B column (Agilent, USN 198416H) was 

applied with 1.0 mL/min helium flow rate. In general, the injection port was set at 200 °C and 

the oven temperature initially started at 50 °C, which was maintained for 3 min, and then 

increased at a rate of 2 °C/min to 225 °C, where it was held for another 3 min. Mass spectrum 

was recorded starting from 60 min after sample injection until the end of the run. To get 

chromatograms 4C and 4E, the oven temperature was increased from 50 °C to 215 °C at a rate of 

1 °C/min and the mass spectrum was recorded starting from 90 min. All the other parameters are 

set as the same with non-chiral column analysis. 
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