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Abstract 

Amorphadiene synthase (ADS) is known for its vital role as a key enzyme in the 
biosynthesis of the antimalarial drug artemisinin. Despite the vast research targeting 
this enzyme, an X-ray crystal structure of the enzyme has not yet been reported. In 
spite of the remarkable difference in product profile among various sesquiterpene 
synthases, they all share a common α-helical fold with many highly conserved regions 
especially the bivalent metal ion binding motifs. Hence, to better understand the 
structural basis of the mechanism of ADS, a reliable 3D homology model representing 
the conformation of the ADS enzyme and the position of its substrate, farnesyl 
diphosphate in the active site was constructed. The model was generated using the 
reported crystal structure of α-bisabolol synthase mutant, an enzyme with high 
sequence identity with ADS, as a template. Site-directed mutagenesis was used to probe 
the active site residues. Seven residues were probed showing their vital role in the ADS 
mechanism and/or their effect on product profile. The generated variants confirmed 
the validity of the ADS model. This model will serve as a basis for exploring structure-
function relationships of all residues in the active site to obtain further insight into the 
ADS mechanism. 
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Introduction 

Terpenoids represent a large class of natural products with complex structural 
diversity. They are important for numerous vital functions in all organisms and they 
are usually produced in small quantities in nature. They are being harvested from 
microbes and plants to be used in various applications ranging from food to cosmetics 
in addition to being an important source of valuable medicinal compounds. The 
chemical synthesis of terpenoids is difficult due to their complex structures often 
displaying chirality. Owing to the importance and demand for terpenoidal compounds, 
alternative methods for their production have been explored including, among others, 
synthetic biology[1, 2]. To be able to biologically synthesize a terpenoid, an 
understanding of the core enzymes, namely terpene synthases, involved in this process 
is crucial. 

All terpenoids originate from the same C5 isoprene building block, which produces the 
precursors for the different classes of terpenoids[3]. The presence of a terpene synthase 
is a prerequisite for the production of terpenoids. Terpene synthases catalyze the 
rearrangement and/or cyclization of the precursors geranyl diphosphate (GPP; C10), 
farnesyl diphosphate (FPP; C15), and geranylgeranyl diphosphate (GGPP; C20), to 
produce the numerous classes of terpenes[4]. Among these classes are the 
sesquiterpenoids that are C15 isoprenoid compounds derived from FPP through a series 
of enzymatic and non-enzymatic reactions. They are structurally diverse and widely 
distributed among plants, bacteria, and some species of fungi. Sesquiterpene synthases 
are responsible for the conversion of FPP into more than 300 cyclic sesquiterpenoids 
that were characterized thus far[5], some demonstrating remarkable therapeutic effects 
including anti-inflammatory, antimicrobial, antimalarial, or anticancer properties, 
permitting applications in pharmaceutical, chemical, food, and the fragrance 
industries[6]. Sesquiterpene synthases have been extensively researched, these efforts 
comprise the identification of the X-ray crystal structures of a number of enzymes of 
this class, such as, Streptomyces UC5319 pentalenene synthase, Nicotiana tabacum 5-
epi-aristolochene synthase, Penicillium roqueforti and Aspergillus terreus aristolochene 
synthase, Gossypium arboreum δ-cadinene synthase, Streptomyces coelicolor epi-
isozizaene synthase, Fusarium sporotrichioides trichodiene synthase, Abies grandis α-
bisabolene synthase, and Artemisia annua α-bisabolol synthase[7, 8]. 

Terpene synthases in general, and sesquiterpene synthases specifically, possess complex 
catalytic mechanisms. Each sesquiterpene synthase retains a large active site that offers 
a shaped cavity for the binding and folding of the malleable substrate. Throughout the 
cyclization process, the enzyme removes the diphosphate from FPP, then stabilizes the 
reactive high energy carbocation intermediates, leading to the formation of one major 
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product with remarkable stereo- and regio-chemical specificity. Despite a conserved 
carbocation initiation process among the sesquiterpene synthases, the structural basis 
for accurate control over the dynamics and folding of the substrate to guide it in favor 
of the production of a specific major product over another, is still poorly 
comprehended[9-12]. The ability of the enzyme to change its specificity with minimal 
amino acid substitutions is referred to as ‘plasticity’ and in the course of divergent 
evolution permitted the organisms to adjust to rapidly changing environmental 
conditions without compromising their central metabolism[13, 14]. The amino acid 
residues with the potential of altering product specificity might be located within or 
outside the active site and are called “plasticity residues”[8, 13]. Published data suggest 
that product specificity may be dependent on subtle differences in the active site and as 
minute as one amino acid residue mutation may result in an altered product profile[15]. 
Identifying and understanding the role of such plasticity residues in terpene synthases 
would facilitate the engineering of improved enzymes with regard to product 
specificity, thermostability, or catalytic efficiency[9, 13]. 

Among the most famous sesquiterpene synthases is amorphadiene synthase (ADS), a 
key enzyme in the biosynthesis of the antimalarial drug artemisinin in the plant 
Artemisia annua. Youyou Tu was awarded the Nobel prize in 2015 for her discovery of 
artemisinin, which she refers to as a gift from traditional Chinese medicine to the 
world. Malaria in humans remains an important cause of mortality in tropical 
countries. Although the disease is entirely preventable and treatable, the increasing 
resistance of Plasmodium spp. towards a majority of the available antimalarial drugs, 
mainly quinine and its analogues, contributes to devastating numbers of malaria 
deaths, mostly among African children under 5 years of age[16]. Artemisinin-based 
combination therapies (ACTs) are currently recommended by The World Health 
Organization (WHO) as the most effective first-line treatment of malaria, however, 
their price is substantially higher in comparison with quinine-derived but less effective 
alternatives[17]. Currently, the production of artemisinin relies on extraction from the 
plant or microbial production. ADS catalyzes the first step in the synthesis of 
artemisinin which is considered the rate limiting step in the production process[16, 18]. 
Hence, understanding the structural basis of the ADS mechanism is a crucial goal. 
Despite the thorough characterization of the ads gene[19] and the enzymatic properties 
of ADS[20, 21], several trials to obtain an X-ray crystal structure of the enzyme have not 
been successful. Hence, the structural basis of the catalytic mechanism remains 
unknown, as the molecular conformation of the enzyme has not been determined. In 
this study, a reliable 3D homology model representing the conformation of the ADS 
enzyme and the position of its substrate (FPP) in the active site is provided. The model 
was generated using the reported crystal structure of the α-bisabolol synthase (BOS) 
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mutant as a template. BOS is a sesquiterpene synthase that shares a high sequence 
identity with ADS and is also present in Artemisia annua. This model, in the absence of 
any success obtaining the natural crystal structure of ADS, serves as a basis for protein 
engineering of ADS. Site-directed mutagenesis was used to probe the active site amino 
acid residues to help confirm the reliability of the model, determine functionally 
important residues, and generate variants with altered product profile compared to 
wild type ADS. 

RESULTS AND DISCUSSION 

Homology Modeling of ADS  

Both Artemisia annua α-bisabolol synthase (BOS) and amorphadiene synthase (ADS) 
belong to the family of sesquiterpene synthases where they convert the acyclic substrate 
FPP into numerous, mostly cyclic, sesquiterpenes[22]. Despite the remarkable difference 
in product profile among the various sesquiterpene synthases, they all share a common 
α-helical fold with many highly conserved regions, especially the bivalent metal ion 
binding motifs[7, 23]. In an attempt to find an enzyme offering the best homology with 
ADS, the primary amino acid sequences of the reported BOS mutant crystal structure 
and ADS were aligned (Figure S1, Supporting Information), revealing 89.6% sequence 
similarity and 80% sequence identity. The penta-substituted BOS mutant is more 
identical to ADS than the wild type BOS. Based on this close similarity between the two 
enzymes, the reported crystal structure of the BOS mutant (PDB accession code 4GAX, 
E.C. number 4.2.3.24)[8] was used as a template to build a 3D model of ADS (Figure 1a) 
using Accelrys Discovery Studio 4.0 software. Twenty models were generated and loop 
refined. The models were subjected to an energy minimization protocol using the DS 
smart minimizer algorithm of 200 maximum steps and 0.1 RMS gradient value to 
minimize their energy through geometry optimization. The DS smart minimizer 
protocol performs minimization with steepest descent method for the first 100 steps 
followed by minimization with conjugate gradient. The protein models after loop 
refinement and energy minimization were sorted by Probability Density Function 
(PDF) Total Energy and Discrete Optimized Protein Energy (DOPE) score. The Model 
with the lowest PDF Total Energy and DOPE score showing least violation to 
homology restraints was chosen. The root mean square deviation value (RMSD) 
between the chosen model and reported BOS crystal structure was 0.235 nm indicating 
the good quality of the model. The presence of metal ion co-factors in the active site of 
terpene synthases is well documented[7, 24]. Since the reported BOS crystal structure lack 
these metal ions, the superimposition of the reported crystal structure of 5-epi-
aristolochene synthase (PDB accession code 3M01, E.C. number 4.2.3.61)[25] with the 
ADS model allowed the positioning of the three cofactor magnesium ions into the
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active site followed by energy minimization of the ADS model with the magnesium 
ions. 5-Epi-aristolochene synthase is a sesquiterpene synthase with similar structural 
features to ADS[26]. The position of the magnesium ions in the ADS model was further 
confirmed by their interaction with the two metal ion binding motifs in the active site. 

Figure 1. (a) ADS model showing three magnesium ions (green balls) and FPP substrate docked 
into the active site. (b) Main Ramachandran plot of the ADS model. 
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Role of Metal Ions in Enzyme-Substrate Conformation 

All sesquiterpene synthases possess two metal ion binding motifs on opposite sides of 
the active site, the first is the aspartate-rich motif closely conserved as a DDxx(D,E) 
motif and the second  diverged into an (N,D)-Dxx(S,T)xxxE sequence. These motifs 
chelate three magnesium ions in the active site of these enzymes[7, 24, 26, 27]. In ADS, three 
magnesium ions are chelated in the active site as follows; two are bound by the 
carboxylate groups of the DDxx(D,E) motif (residues 299-303)  and the third binds to 
the (N,D)-Dxx(S,T)xxxE  motif (residues 443-451) (Figure 2a). After confirming the 
position of the magnesium ions in the model with respect to the metal ion binding 
motifs, the substrate, (2E, 6E)-FPP was docked into the active site of the ADS model 
with the aid of the CHARMm force field based docking tool in Discovery Studio 4.0 
software followed by energy minimization. The docking process generated 10 different 
conformations of the substrate within the active site. Terpene synthases, in general, 
must orient their substrates placing relevant C-C bonds in the appropriate orientation 
for the creation of new C-C bonds detected in their products. Hence, the starting 
conformation of FPP is considered to be a crucial determinant of the structure of the 
final major product produced by terpene synthases[7, 28]. However, the docking process 
in terpene synthases represents a challenge due to their large active site that allows 
folding of the substrate in various conformations[4, 7, 8]. This requires eliminating all 
unlikely conformations generated from the docking of FPP in the ADS model, leaving 
one conformation as the most likely to be resembling that in nature. In order to do that, 
a few facts must be taken in consideration. First, FPP usually folds in a U-shaped 
conformation to facilitate ionization and ring closure[28]. Thus, six of the 10 poses were 
eliminated because they were docked in a straight conformation (Figure 2b). Secondly, 
two of the magnesium ions from opposite sides of the active site bind to the 
pyrophosphate group of FPP allowing the orientation of FPP into the correct 
conformation while concurrently activating the allylic diphosphate moiety to initiate 
the cascade of electrophilic cyclization reactions[24, 27]. The interactions of the remaining 
four FPP poses with the magnesium ions and the position of their pyrophosphate 
groups were examined. One conformation was inverted so the pyrophosphate could 
not interact with the magnesium ions (Figure 2c), while another pose was interacting 
with only one magnesium ion. Based on these assumptions, one conformation of FPP 
within the active site of ADS emerged as the best possible fit (Figure 2d) where it shows 
the formation of a complex between the metal ion binding motifs, magnesium ions, 
and the pyrophosphate group of FPP (Figure 2e). Using these different aspects to 
evaluate the docked FPP poses permitted the generation of a reliable ADS model with 
the substrate in the active site. 
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Figure 2. Close-up view of the active site of ADS. 
(a) Three magnesium ions (green balls) chelated to the metal ion binding motifs. (b) Binding 
pocket (mesh enclosure) of ADS showing FPP (pyrophosphate group in red) docked in straight 
conformation. (c) Binding pocket (mesh enclosure) of ADS showing FPP (pyrophosphate group 
in red) docked in inverted conformation. (d) Binding pocket (mesh enclosure) of ADS showing 
FPP (pyrophosphate group in red) docked in preferred conformation. (e) Metal ion binding 
motifs, magnesium and FPP complex at the entrance of the active site.

Validation of the ADS Model Quality  

The stereochemical quality of the predicted model was assessed by PROCHECK[29]. The 
main Ramachandran plot (Figure 1b) showed that 94.9% of the amino acids were in the 
most favored regions and only 0.4% were in the disallowed regions which supports the 
reliability of the chosen model. Data from the full PROCHECK analysis of the model is 
included in the Supporting Information. 

Cloning, Expression, and Purification of ADS Wild Type and Mutants  

Seven residues were probed in order to confirm the reliability of the ADS model and to 
gain insight into their role in the mechanism and product profile of this enzyme. In 
total, 12 variants were constructed (Table 1). Wild type ADS and mutant genes were 
successfully cloned into the pET15b vector, expressed, and purified from E.coli as 
described in the Supporting Information. For each protein, a prominent IPTG 
inducible band corresponding to the size of approximately 66 kDa was observed on 
western blot, which is in accordance with the theoretical molecular mass of the ADS 
enzyme containing a his-tag (Figure S2b, Supporting Information). 
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Table 1. ADS Variants and Their Product Profile Compared to the Wild Type ADS 
Variants Products 

β-farnesene Amorpha-
4,11-diene 

Amorpha-
4,7-diene 

γ-humulene Amorpha-4-
en-7(11)-ol 

α-bisabolol 

Wild 
type 

-/+ + -/+ -/+ + -/+

N443A - - - - - - 

N443D -/+ + -/+ -/+ + -/+

F525A - - - - - - 

F525Y -/+ + -/+ -/+ + -/+

T526A - - - - - - 

D523A - + -/+ -/+ ++ -/+ 

G439C ++ -/+ - - - ++ 

G439A -/+ + -/+ -/+ + -/+

G400T - - - - - - 

G400A - + ++ ++ -/+ ++ 

G401T - - - - - - 

G401A - + ++ ++ -/+ ++ 

- means no production. -/+ refers to minor production. + denotes production. ++ indicates 
production higher than wt ADS.

Evaluation of the ADS Model Using Site-directed Mutagenesis 

Enzyme engineering to test structure-function relationships of protein residues has 
been gaining considerable interest in the last few decades. Subsequently enzyme 
engineering has been explored to alter product specificity and catalytic efficiency of 
enzymes. In principle, prior knowledge of the enzyme function or structure is not a 
prerequisite to start protein engineering. However, having information on the putative 
3D structure of a protein allows informed targeted mutagenesis[9, 30]. Hence, based on 
the ADS model generated in this study, site-directed variants of certain putative active 
site residues were generated to confirm the reliability of the model and provide insight 
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into the structural build-up of this enzyme, which currently has no reported crystal 
structure. 

The role of magnesium ions in the mechanism of sesquiterpene synthases has been 
widely described. ADS is considered a class I terpene cyclase as the metal ion binding 
motifs on both sides of the active site of ADS chelates three magnesium ions, two of 
which  bind to the pyrophosphate group of FPP. This complex mediates active site 
closure preventing the entrance of the solvent and stabilizing the starting conformation 
of the substrate. In addition, it triggers the electrophilic cyclization reactions and 
formation of the intermediate carbocations[11, 31, 32]. In order to verify this mechanism in 
the ADS model, one residue (N443) belonging to the metal ion binding motifs was 
chosen to be probed. The asparagine residue at position 443 forms a complex with a 
magnesium ion and the pyrophosphate group of FPP (Figure 2e). By exchanging 
asparagine with alanine (N443A), this variant showed no interaction with the 
magnesium ion and FPP substrate in the active site. This was confirmed by loss of 
N443A enzyme activity as revealed by the absence of detectable amorphadiene or any 
other sesquiterpenes in its GC-MS chromatogram (Figure S3a, Supporting 
Information). On the other hand, substituting the asparagine residue with a closely 
related amino acid (aspartate) (N443D), conserved the ability of the motif to form a 
complex with a magnesium ion and the FPP substrate, retaining N443D activity and 
the ability to produce amorphadiene intact (Figure S3b, Supporting Information).  

Literature reveals evidence of the crucial role of aromatic amino acid residues in 
stabilizing the carbocation intermediates in the active site of sesquiterpene synthases 
through electrostatic quadrupole-charge interactions[5, 11, 27, 33, 34]. In ADS, the aromatic 
residue, phenylalanine at position 525 is similarly involved in positioning of the FPP 
substrate in the active pocket as is obvious from its interaction with the substrate 
(Figure 3a) and subsequent stabilization of the carbocation intermediates by the partial 
negative charge of the π electrons of its aromatic ring. The importance of F525 was 
confirmed by replacing it with alanine (F525A). Alanine lacked the stabilizing ability of 
phenylalanine and showed no interaction with FPP (Figure 3b), which is confirmed by 
the loss of F525A enzyme activity where the GC-MS chromatogram showed no product 
peaks (Figure S4a, Supporting Information). However, F525Y enzyme activity was 
maintained when F525 was replaced with an aromatic residue with similar properties 
(tyrosine) as shown by the interaction with FPP in Figure 3c and its GC-MS 
chromatogram that is comparable to wild type ADS (Figure S4b, Supporting 
Information). In addition, the polar threonine residue at position 526 does not interact 
directly with the substrate but it influences the proximate residues (Figure 3a) by 
forming hydrogen bonds with their side chains. It is important for the functioning of 
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F525 as proven by loss of T526A enzyme activity where threonine was swapped for the 
less polar alanine that no longer interact with the surrounding residues especially F525 
(Figure S4c, Supporting Information). 

Figure 3. Enlarged section of the active site of ADS with FPP docked in it. 
(a) Interactions of residues D523, F525 and T526 in WT-ADS. (b) F525A. (c) F525Y. (d) D523A.

ADS is considered a cisoid sesquiterpene synthase where its multistep pathway 
(Scheme 1) starts with an initial isomerization step at the Δ2,3 double bond of FPP to 
produce nerolidyl diphosphate (NPP). NPP is ionized to produce a 2,3-cis-farnesyl 
cation that will initially undergo1,6-ring closure to give a bisabolyl cation intermediate 
followed by 1,10-cyclization and production of amorpha-4,11-diene as the major 
product. ADS also produces other sesquiterpenes in minor amounts as a result of side 
reactions along the cyclization pathway[20, 21, 25, 34]. After probing some of the active site 
residues that are crucial for the enzyme activity, some residues that can alter the 
product specificity of ADS pushing its pathway (Scheme 1) into producing some of its 
minor sesquiterpene products as a major product instead of amorpha-4,11-diene were 
examined. The effect of single point variation of the residues D523, G439, G400, and 
G401 on the ADS product profile was hence investigated. GC-MS was used to 
determine the product profile of ADS wild type and variants (Table 1). The produced 
sesquiterpenes were identified by comparing their observed and reported mass 
spectrometric data[8, 34-36]. In addition, amorpha-4,11-diene GC-MS spectrum was 
compared to that of an authentic standard (Figure 6). 
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Scheme 1. Amorphadiene Synthase Pathway Showing Different Ionization and      
Cyclization Steps. 

First, amorpha-4-en-7(11)-ol is produced as a minor product of ADS[34]. The 
intermediate electrophilic carbocation captures the weak nucleophilic water molecules 
present in the ADS active pocket forming an intermediate oxonium ion which is 
rapidly deprotonated to produce amorpha-4-en-7(11)-ol. The aspartic acid residue in 
position 523 represents an interesting choice for mutagenesis due to its interactions 
with the FPP substrate, magnesium ion, vital F525 residue, T526, and also R527 (Figure 
3a). In addition, it has the ability to accept or donate a lone pair of electrons allowing it 
to form hydrogen bonds with the water molecules in the active pocket and other amino 
acid residues. The D523A variant caused a decrease in the production of amorpha-
4,11-diene by approximately 60% and an increase in that of amorpha-4-en-7(11)-ol by 
approximately 75% compared to wild type ADS. Hence, it is assumed that exchanging 
D523 with the hydrophobic less reactive alanine residue (D523A) eliminated all residue 
interactions (Figure 3d) and/or increased the space in the active site which permitted 
reaction of the carbocation intermediate with a water molecule. Formation of high 
levels of amorpha-4-en-7(11)-ol requires suitable conditions for the nucleophilic 
substitution reaction between the electrophilic carbocation intermediate and the 
nucleophilic water molecules (Scheme 1). D523A provided the environment for the 
water molecules to readily react with the carbocation in the active site, which facilitated 
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the shift of the reaction towards increased production of amorpha-4-en-7(11)-ol 
compared to wild type ADS. 

Secondly, the amino acid, glycine, is often found at the surface of proteins, usually 
within loops. Being the smallest amino acid,  it provides high flexibility to these 
regions[37]. The glycine residue at  position 439 (Figure 4a) in ADS might offer a 
suitable surrounding for the formation of the metal ion binding motifs, magnesium 
ions and FPP complex, which is responsible for closing the active site and excluding the 
solvent from it. This mechanism was illustrated in other terpene synthases where they 
experience a structural transition from open to closed active site conformation when 
the magnesium ions bind to the substrate pyrophosphate group. This conformational 
change protects the carbocation intermediates from premature quenching by 
sequestering them from the bulk solvent[4, 10, 24, 38-40]. The production of amorpha-4,11-
diene was severely reduced in the G439C variant and the acyclic β-farnesene became 
the major product along with α-bisabolol. The observed effect of this variant is due to 
substituting the flexible G439 with cysteine which interact with FPP and neighboring 
residues (Figure 4b). The increased production of β-farnesene may be due to enhanced 
deprotonation of the (2Z, 6E)-farnesyl cation and/or destabilization of the intermediate 
carbocations further along the reaction path. In addition, the higher amount of α-
bisabolol can also be the result of premature quenching of the reactive bisabolyl cation 
caused by the solvent[15]. The effect of this variant was corroborated by replacing G439 
with the similarly flexible alanine (G439A). The G439A variant revealed the same 
product profile as ADS wild type with amorpha-4,11-diene as the major product, as 
revealed in its GC-MS chromatogram (Figure S5, Supporting Information). 

Figure 4. Enlarged section of the active site of ADS with FPP docked in it. 
(a) Interactions of the residue G439 in WT-ADS. (b) G439C.

Finally, it has been reported that the threonine residue at position 399 in ADS is 
important for catalytic specificity and regioselective deprotonation[8]. A closer look into 
the active site showed that the residue G400 possesses interesting interaction with T399 
and other residues influencing them (Figure 5a). Hence, it was hypothesized that an 
increase in the catalytic efficiency of ADS was possible by preparing two variants, 
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G400T and G401T respectively, in which glycines were exchanged with threonines. 
However, instead of producing a more efficient enzyme, these two variants lost their 
activity and showed no peaks of any sesquiterpenes in their GC-MS chromatograms 
(Figure S6, Supporting Information). Apparently, the presence of two adjacent bulky 
threonine residues, T399 and T400 or T399 and T401, causes steric hindrance and 
unwanted interactions affecting the positioning of the substrate and the carbocation 
intermediates (Figure 5b). This probably disrupts the ionization and cyclization 
mechanisms leading to loss of enzyme activity. On the other hand, substituting G400 or 
G401 with alanine, maintained the production of amorpha-4,11-diene in lower 
amounts along with an increase in the amounts of the minor products, amorpha-4,7-
diene, γ-humulene, and α-bisabolol. It seems that this amino acid variation causes a 
shift in the enzyme pathway towards increased production of these minor products 
resulting from side reactions in the mechanism of ADS (Scheme 1). 

Figure 5. Enlarged section of the active site of ADS with FPP docked in it. 
(a) Interactions of residues T399, G400 and G401 in WT-ADS. (b) G400T.

In conclusion, ADS is a vital enzyme for the production of artemisinin, so obtaining 
information about its 3D structure and the structural basis of its mechanism is 
extremely valuable. Hitherto, there hasn’t been a successful attempt to generate the X-
ray crystal structure of ADS. The establishment of a 3D structural model of ADS 
resembling the natural enzyme is a major step. Probing the active site residues by site-
directed mutagenesis confirmed the reliability of the ADS model and proved that single 
point mutation can cause a change in enzyme activity, catalytic efficiency, and product 
profile. The interactions of the cofactor magnesium ions with the metal ion binding 
motifs and the FPP substrate in the active site of ADS were confirmed in the model. 
The importance of aromatic residues (F525) in positioning the substrate in the active 
site and stabilizing the intermediate carbocations was demonstrated. These variants 
confirmed the validity of the ADS model. Probing residues D523, G439, G400, and 
G401 altered the product profile of ADS by showing reduced production of amorpha-
4,11-diene in favor of other products. This model will serve as a basis for exploring the 
role of all active site residues in an attempt to produce an ADS enzyme with improved 
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catalytic efficiency and higher production of amorpha-4,11-diene. Also, designed 
evolution of ADS can be exploited to alter the enzyme affinity towards production of 
other single major products than amorpha-4,11-diene.  

Figure 6. Product identification by GC-MS. 
(a) GC chromatograms of: (i) ADS wild type; (ii) D523A; (iii) G439C; (iv) G400A.
(b) MS spectra corresponding to the sesquiterpene peaks.
Produced sesquiterpenes were identified as: 1) β-farnesene; 2) amorpha-4,11-diene;
3) amorpha-4,7-diene; 4) γ-humulene; 5) cis-γ-bisabolene; 6) zingiberene; 7) probably
zingiberol;  8) amorpha-4-en-7(11)-ol;   9) α-bisabolol
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EXPERIMENTAL SECTION 

Homology Modeling of ADS 

A structural model of ADS was built using the published crystal structure of α-bisabolol 
synthase mutant (PDB accession code 4GAX, E.C. number 4.2.3.24)[8] as a template 
with the aid of Discovery Studio 4.0 software (Accelrys, CA, USA). The model was 
subjected to loop refinement and energy minimization. Three magnesium ions were 
positioned into the active site of the ADS model based on their superimposed location 
in the 5-epi-aristolochene synthase crystal structure (PDB accession code 3M01, E.C. 
number 4.2.3.61)[25]. The FPP substrate molecule was docked and model refining was 
performed using Discovery Studio 4.0 software. The substrate FPP was docked in the 
active site of the model with the CHARMm force field based docking tool in Discovery 
Studio 4.0 software. To obtain a structural view of the active site of ADS and to allow 
for the identification of a strategy to predict useful mutations, the interactions between 
the active site residues, the essential magnesium ions, and the docked FPP were 
examined. The computational ADS model was verified by constructing and testing the 
chosen mutant enzymes for their activity. 

General Methods, Plasmids, Strains, and Culture Conditions 

In the course of this study, a full-length cDNA encoding ADS (GeneBank/NCBI 
accession number AY006482)[41] was cloned in the pET15b vector (Novagen) in frame-
with N-terminal histidine tag. The cloning was performed with the Escherichia coli 
DH5α strain. The cells were cultivated in Luria-Bertani (LB) broth (1% tryptone, 0.5% 
yeast extract, 1% NaCl) supplemented with 100 μg/mL ampicillin (LBAmp). When 
required, the medium was solidified with Difco agar (15 g/L). The liquid cultures were 
grown in shake-flasks at 37°C in a shaking incubator (250 rpm). Mutants were 
constructed using the QuikChange® protocol (Stratagene, USA) or by megaprimer PCR 
of whole pET15bADS plasmid according to Miyazaki and Takenouchi[42]. For 
recombinant protein production, the E. coli BL21(DE3) strain (Stratagene) was used. 

Enzyme Assay for Product Analysis 

The ability of the purified recombinant wild-type and mutated ADS enzymes to 
convert FPP was tested in 1 mL reaction volumes in 10 mL Teflon-capped screw-top 
glass tubes. Purified enzyme (200 μg) was assayed in 10 mM Tris-HCl buffer (pH 7.4), 
containing 10 mM MgCl2 , 2 mM DTT, and 46 μM FPP substrate. After incubation for 
2 hours at 30°C, the reactions were stopped by addition of an equal volume of 0.2 M 
KOH containing 0.1 M EDTA. Subsequently, 10 μl of tetradecane stock-dilution (0.075 
mg/ml in heptane) was added, serving as an internal standard to correct for any loss 
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during extraction and/or concentration. The reactions were extracted three times with 
n-hexane (0.5 mL) by vigorous vortexing for 10 seconds. The combined n-hexane 
layers were transferred to 2 mL glass vials and concentrated by evaporation under a 
stream of N2 to a final volume of approximately 50 μL. Controls containing empty 
pET15b vector and wild-type enzyme boiled for 10 minutes were handled and extracted 
in the same manner.  All assays were performed in duplicate. The obtained samples 
were analyzed by GC-MS.

Product Identification by GC-MS 

The n-hexane extracts were analyzed in total ion scan using an HP-5MS (5%-Phenyl)-
methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 µm thickness, 
30 m length) in a Shimadzu GCMS-QP5000 system equipped with a 17A gas 
chromatograph (GC) and AOC-20i auto injector. The solution (2 µL) was injected 
splitless onto the GC column and He was used as the carrier gas. The injector 
temperature was 250 °C and the oven initial temperature was 50 °C with an increase of 
5 °C per minute up to 180 °C. After 180 °C was reached the temperature was raised to 
300 °C with an increase of 10 °C per minute. The solvent cut-off was 5 minutes. 
Product peaks were analyzed using GCMSsolution 1.20 software (Shimadzu, Den 
Bosch, the Netherlands). Products were identified by comparison of their mass spectra 
to those of real standards and/or spectra included in the NIST (National Institute of 
Standards and Technology, Maryland, USA) and other libraries. 
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Supplementary material 

Materials and General Methods  

All reagents and solvents were of analytical grade, unless stated otherwise. The 
components of media and buffers were purchased from Duchefa Biochemie B.V. 
(Haarlem, The Netherlands), Merck KgaA (Darmstadt, Germany) or VWR 
International (Radnor, PA, USA). Farnesyl pyrophosphate ammonium salt was 
obtained from Sigma-Aldrich Co. (St Louis, MO, USA). Chemicals and biochemicals 
for molecular biology procedures, including PCR reagents, restriction enzymes, DNA 
ladders, protein molecular weight standards, were purchased from Life Technologies 
Co. (Grand Island, NY, USA), Fermentas GmbH (Sankt Leon-Rot, Germany) or 
Finnzymes Oy (Vantaa, Finland). Commercially available kits for PCR purification, gel 
extraction and plasmid mini preparation were delivered by Qiagen GmbH (Hilden, 
Germany). The authentic amorpha-4,11-diene standard was kindly donated by 
Professor Toshiya Muranaka (Osaka University, Japan). Oligonucleotides for DNA 
amplification were synthesized by Eurofins MWG Operon (Germany) and are listed in 
Table S1.  

The standard protocols including restriction enzyme digestion, agarose gel 
electrophoresis,  bacterial transformation and other molecular biology techniques were 
performed according to protocols described by Sambrook and Russell[1] or following 
manufacturer’s instructions. The PCR was carried out in a G-Storm GS-1 thermal 
cycler purchased from Biolegio (Nijmegen, The Netherlands). DNA sequencing was 
performed by Macrogen (Seoul, Korea). Protein was analyzed by SDS-PAGE using 4–
12% and 12% NuPAGE® Bis-Tris precast gels (Life Technologies). The gels were stained 
with Coomassie brilliant blue. Protein concentrations were determined with Bradford 
method[2] using bovine serum albumin (BSA) as a standard. 

Construction of the ADS Expression Vector and Generation of Site-directed 
ADS Mutants 

A full-length cDNA encoding ADS[3] was cloned in the pET15b vector (Novagen) in 
frame with N-terminal histidine tag using NdeI and BamH1 restriction sites.  Since 
wild-type ads gene carries the NdeI restriction site (CATATG), the silent mutation 
(CCTATG) has been incorporated to facilitate further cloning and mutagenesis. This 
expression vector was named pET15bADS and was subsequently used as a template for 
the generation of all the mutants with PCR. For cloning purposes, the chemo-
competent E. coli DH5α cells were used. Four mutants, namely F525A, F525Y, D523A 
and T526A, were constructed using the QuikChange® protocol (Stratagene, USA) with 
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Phusion™ DNA polymerase (Finnzymes Oy, Finland). The primer pairs used for the 
respective PCRs are listed in Table S1. Mutations at positions G400, G401, G439 and 
N443 were introduced by megaprimer PCR of the whole pET15bADS plasmid 
according to Miyazaki and Takenouchi[4] using the respective forward primer carrying 
the desired mutation and ADS_BamH1 reverse primer corresponding to 3’-end of ads 
coding sequence (Table S1). Seven mutants were generated with this method, namely 
G400A, G400T, G401A, G401T, G439C, N443A, and N443D. All genes were fully 
sequenced to assure that only the desired mutations were incorporated. The plasmids 
with confirmed sequences were used to transform chemo-competent E. coli BL21(DE3) 
cells with negative (water instead of plasmid) and positive (isolated empty pET15b 
plasmid) controls included. The transformants were selected from LB agar plates 
containing ampicillin and followed by verification using colony PCR. Positive clones 
were used for the respective protein expression and purification. 

Table S1. Sequences of the Primers used to Generate the Respective Mutants. The Substituted 
Nucleotides are Underlined. The Site-directed Mutagenesis Method Applied is Indicated for 
Each Mutant (QC – QuikChange® method; MP – Mega Primer method) 

Primer’s name Primer’s sequence Method 

F525A-Fw 5’-GGAAAGGATAACGCCACACGATGGG-3’ 
QC 

F525A-Rev 5’-CCCATACGTGTGGCGTTATCCTTTCC-3’ 
F525Y-Fw 5’-GGAAAGGATAACTACACACGTATGGG-3’ 

QC 
F525Y-Rev 5’-CCCATACGTGTGTAGTTATCCTTTCC-3’ 
D523A-Fw 5’-CAATATGCAGGAAAGGCGAACTTCACACGTATG-3’ 

QC 
D523A-Rev 5’-CATACGTGTGAAGTTCGCCTTTCCTGCATATTG-3’ 
T526A-Fw 5’-GGATAACTTCGCGCGTATGGGAG-3’ 

QC 
T526A-Rev 5’-CTCCCATACGCGCGAAGTTATCC-3’ 
G400A-Fw 5’-GTAATCATTACTGCGGGTGCTAACC-3’ MP 
G400T-Fw 5’-GTAATCATTACTACCGGTGCTAACCTGC-3’ MP 
G401A-Fw 5’-CATTACTGGCGCGGCTAACCTGC-3’ MP 
G401T-Fw 5’-CATTACTGGCACCGCTAACCTGC-3’ MP 
G439C-Fw 5’-CTCAGGTATACTTTGCCGACGCCTAAATG-3’ MP 
G439A-Fw 5’-CTCAGGTATACTTGCGCGACGCCTAAATG-3’ MP 
N443A-Fw 5’-GGTCGACGCCTAGCGGATCTCATGACC-3’ MP 
N443D-Fw 5’-GGTCGACGCCTAGACGATCTCATGACC-3’ MP 
ADS_BamH1-Rev 5’-CTAGCCTAGGTCATATACTCATAGGATAAACG-3’ MP 
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Expression, Purification, and Detection of ADS Wild-type and Mutants. 

Both wild-type ADS and the mutants were produced with the use of the pET expression 
system. E.coli BL21(DE3) cells harboring the appropriate expression vectors were 
inoculated in 20 mL LBAmp and grown overnight at 37°C with vigorous shaking. The 
next morning the sufficient volume of the cultures was used to inoculate 1.5 liters of 
rich 2xTY medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl) supplemented with 
100 μg/mL ampicillin (2xTYAmp) with the initial OD600nm of 0.05. The fresh cultures 
were grown at 37°C, 250 rpm until OD600nm of 0.7 - 0.9 was reached, after which they 
were cooled to 20°C and the transcription of the gene of interest from T7 promoter was 
induced by addition of 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) to the 
medium. Cultures were further grown overnight at 20°C, 190 rpm and subsequently 
harvested by centrifugation. The obtained cell pellets were resuspended (3 mL/g of wet 
cell pellet) in Lysis Buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 25 mM imidazole, 
DNaseI, 1x Roche complete protease inhibitor cocktail) and disrupted by sonication. 
The cell lysates were clarified by centrifugation (40000g, 45 min) and the supernatants 
containing the soluble recombinant enzyme were filtered through cellulose acetate 
filter (0.2 μm) and passed through a nickel-charged 5 mL His-Trap HP column (GE 
Healthcare) that had previously been equilibrated with Buffer A (20 mM Tris-HCl pH 
7.4, 150 mM NaCl). After washing the column with Buffer A, the retained protein was 
eluted with the increasing three-step-gradient of 50 mM, 75 mM and 90 mM imidazole 
using elution Buffer B (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 500 mM imidazole). 
All fractions were collected and analyzed by SDS-PAGE. The fractions eluted at 75 mM 
imidazole contained the purest active enzyme and therefore were pooled together and 
extensively dialyzed against Protein Storage Buffer (20 mM Tris-HCl pH 7.4, 150 mM 
NaCl, 2 mM DTT, 10% glycerol) to remove the imidazole using the Spectra/Por dialysis 
membrane with 6-8 kDa cut-off (Spectrum Laboratories, Inc., USA). The extracted 
protein concentrations were determined by Bradford method using bovine serum 
albumin (BSA) as a standard. When necessary, the purified enzymes were flash frozen 
in liquid nitrogen and stored at -80°C until further use.  

SDS-PAGE electrophoresis was carried out with 4–12% and 12% NuPAGE® Bis-Tris 
precast gels (Life Technologies) using Novex® electrophoresis cell, following the 
manufacturer’s instructions. After electrophoresis, the gels were either stained with 
Coomassie brilliant blue or the proteins were transferred to nitrocellulose membranes 
for further immunodetection. The PageRuler prestained protein ladder (Fermentas) 
was used as a marker. For detection of the  heterologously expressed ADS wild-type 
and mutants, the anti-ADS polyclonal rabbit antibodies (Eurogentec, Seraing, Belgium) 
were used in combination with secondary goat anti-rabbit alkaline phosphatase 
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conjugate antibodies (IBA GmbH, Germany). The blots were developed with nitro-blue 
tetrazolium (NBT) and 5-bromo-4-chloro-3'-indolyl phosphate (BCIP) reagents 
according to standard protocol (Life Technologies). In addition, comparative activity 
tests using the his-tagged enzymes and the enzymes from which the tag had been 
removed (digestion with thrombin and subsequent separation of the tagless enzymes) 
were performed, revealing no significant differences in terms of specific activity or 
product profiles. Consequently, the his-tagged enzymes were utilized in the further 
experiments because of the easier purification method.  

Figure S1. Schematic sequence alignment of BOS mutant and ADS (note that, the positions of 
the amino acid residues in the sequence are indicated above them). Residues that are identical, 
strongly similar, similar, weakly similar and non-matching are colored in dark blue, blue, cyan 
and white, respectively. 

 

Figure S2. (a) Example of protein purification. (b) SDS-PAGE of purified ADS proteins. Lane 1, 
wild-type ADS; lane 2, protein molecular weight marker; lanes 3-13, ADS mutants M1-M11, 
respectively. 

(a) (b) 
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Figure S3. GC chromatograms of two variants (a) N443A. (b) N443D. 

Figure S4. GC chromatograms of three variants (a) F525A. (b) F525Y. (c) T526A. 

2 

2 
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Figure S5. GC chromatogram of G439A. 

 
Figure S6. GC chromatograms of two variants (a) G400T. (b) G401T. 

  

2 
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Quality Validation of the ADS Model by PROCHECK Analysis 

Numbers of residues are shown in brackets.  
Those in unfavorable conformations (score < -3.00) are labelled. 
Shading shows favorable conformations as obtained from an analysis of 163 structures at 
resolution 2.0 Å or better. 
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Numbers of residues are shown in brackets.  
Those in unfavorable conformations (score < -3.00) are labelled. 
Shading shows favorable conformations as obtained from an analysis of 163 structures at 
resolution 2.0 Å or better. 
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Red bars > 2.0 st. devs. From mean. 
Solid and dashed lines represent the mean and standard deviation as per Engh & Huber small-
molecule data. 
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ADS secondary structure 
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