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A B S T R A C T   

Monoterpenoids are typically present in the secretory tissues of higher plants, and their biosynthesis is catalyzed 
by the action of monoterpene synthases (MTSs). However, the knowledge about these enzymes is restricted in a 
few plant species. MTSs are responsible for the complex cyclization of monoterpene precursors, resulting in the 
production of diverse monoterpene products. These enzymatic reactions are considered exceptionally complex in 
nature. Therefore, it is crucial to understand the catalytic mechanism of MTSs to elucidate their ability to pro
duce diverse or specific monoterpenoid products. In our study, we analyzed thirteen genomes of Dipter
ocarpaceae and identified 38 MTSs that generate a variety of monoterpene products. By focusing on four MTSs 
with different product spectra and analyzing the formation mechanism of acyclic, monocyclic and bicyclic 
products in MTSs, we observed that even a single amino acid mutation can change the specificity and diversity of 
MTS products, which is due to the synergistic effect between the shape of the active cavity and the stabilization 
of carbon-positive intermediates that the mutation changing. Notably, residues N340, I448, and phosphoric acid 
groups were found to be significant contributors to the stabilization of intermediate terpinyl and pinene cations. 
Alterations in these residues, either directly or indirectly, can impact the synthesis of single monoterpenes or 
their mixtures. By revealing the role of key residues in the catalytic process and establishing the interaction 
model between specific residues and complex monoterpenes in MTSs, it will be possible to reasonably design and 
engineer different catalytic activities into existing MTSs, laying a foundation for the artificial design and in
dustrial application of MTSs.   

1. Introduction 

Dipterocarpaceae plants have served as a primary source of natural 
monoterpenoids, which have been used for treating cardiovascular 
diseases including stroke and coronary heart diseases in China for over 
2000 years [1–3]. However, due to over-harvesting, many species within 
Dipterocarpaceae family are now endangered [4]. To solve this problem, 
synthetic biology offers a promising alternative approach by enabling 
the engineering of biosynthetic pathways in microbes to synthesize 
monoterpenes [5–8]. Microbes have demonstrated significant capabil
ities to produce certain monoterpenes [9,10]. The abundance of 

monoterpenes’ carbon skeleton can be attributed to diverse mono
terpene synthases (MTSs), which convert the C10 precursor geranyl 
pyrophosphate (GPP) into cyclic or acyclic products [11–14]. However, 
only five MTSs have been identified in the Dipterocarpaceae species so 
far [15]. Therefore, mining more MTSs in Dipterocarpaceae species 
holds great potential in reconstructing the biosynthetic pathway of 
different monoterpenes in microbes. 

Monoterpene cyclization by MTSs is one of the most complex 
chemical reactions in nature [16]. Over half of the carbon atoms in the 
substrate undergo modifications in bonding, hybridization, and stereo
chemistry during the multi-step catalytic cyclization process [17,18], 
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which will form a variety of products [19]. For instance, (+)-sabinene 
synthase, one of the first cloned MTSs, demonstrated a broad product 
spectrum in vitro, containing 63 % (+)-sabinene, along with 21 % ter
pinene, 7.0 % terpinolene, 6.5 % limonene and 2.5 % myrcene [20]. In 
contrast, borneol diphosphate synthases (BPPSs) from four Dipter
ocarpaceae plants can specifically synthesize borneol with minimal 
production of other monoterpene byproducts [15]. Although the cata
lytic process of monoterpenes has been reported in previous studies 
[21–26], there is still a need for further investigation into the catalytic 
mechanism responsible for the diversity of products catalyzed by MTSs, 
particularly in more species from the Dipterocarpaceae family. 

In this study, we performed annotation of terpene synthases (TPS) in 
genomes of 13 Dipterocarpaceae species and narrowed down 38 MTSs 
that can generate a variety of monoterpene products by simulations and 
experiments. By analyzing the formation mechanism of acyclic, mono
cyclic and bicyclic products in monoterpene synthases, the minimum 
unit that affects the selectivity of monoterpene products, namely a single 
amino acid mutation, is predicted for the first time. We validated the 
relationship between residue mutations and product spectra, and further 
revealed that the mutations altered the synergistic effect between the 
shape of the active cavity and the stability of the carbocation in
termediates are sufficient to relocate the reaction intermediates to select 
the reaction pathway. Monoterpenes are important plant natural prod
ucts those are widely used as nutraceuticals and pharmaceuticals. The 
monoterpene synthases and mutants mined in this study will lay a 
foundation for the efficient production and application of monoterpenes 
in microorganisms. 

2. Results 

2.1. Discovery of monoterpene synthases in 13 species of 
dipterocarpaceae 

The Dipterocarpaceae species are rich in monoterpenoids [15], and 
the biosynthesis of monoterpenes involves a complex rearrangement of 
GPP carbocations catalyzed by MTSs, resulting in a diverse collection of 
products (Fig. 1a). In order to identify more MTSs for synthesizing 

different monoterpenes, we performed annotation of terpene synthases 
(TPS) in genomes of thirteen Dipterocarpaceae species (Dipterocarpus 
alatus, D. gracilis, D. zeylanicus, D.intricatus, Hopea mollissima, H. odorata, 
Parashorea chinensis, Shorea leprosula, S. roxburghii, S. henryana, Vatica 
xishuangbannaensis, V. odorata and V. rassak) within the Dipter
ocarpaceae family. Initially we obtained 373 TPS genes based on local 
BLASTP and Hidden Markov Models analysis (Supplementary Fig. 1). 
These TPS genes can be clustered into five subfamilies, namely TPS-a, 
TPS-b, TPS-c, TPS-e/f and TPS-g, which is consistent with the annota
tion in Arabidopsis thaliana (Supplementary Fig. 1) [27]. To further 
refine these sequences, we focused on sequences containing the func
tional motif (RR(X)8W), which is crucial for the isomerization of GPP to 
linalyl cation and is highly conserved among all monoterpene synthases 
[28,29]. After filtering sequences that do not have the conserved func
tional motif, we identified 14 to 48 MTS candidates in the thirteen 
Dipterocarpaceae species, respectively (Supplementary Table 1). For 
enzymatic functional characterization, we randomly selected 60 candi
date genes from these candidates (Supplementary Fig. 1). Notably, none 
of the sequences in the TPS-c and TPS-e/f subfamilies contained a motif 
(R(R)X8W), which is consistent with previous findings (Supplementary 
Fig. 1) [30,31]. Except 22 genes that did not produce targeted products, 
a total of 38 MTSs were identified to be able to yield monoterpenes, 
including 5 previously identified (+)-bornyl diphosphate synthases [15] 
(Fig. 1b and Supplementary Table 2). In conjunction with the outcomes 
from phylogenetic tree and Multiple Expectation Maximums for Motif 
Elicitation (MEME) motif search of these 38 protein sequences (Sup
plementary Fig. 2), we found that MTSs have obvious sequence and 
functional motif homology. Those having close phylogenetic relation
ships show higher similarity (Supplementary Fig. 2). 

Starting with the same GPP precursor, these MTSs yielded distinct 
product profiles. The proteins sharing closest sequence similarity tend to 
produce similar monoterpenes. However, high conserved sequence ho
mology was not the sole determinant of product profiles. We found that 
some proteins with high sequence similarity have very different product 
profiles. For instance, vod.ctg000225_np551212.959 (VOMTS1) was 
capable of producing acyclic linalool (compound1), while vod. 
ctg000225_np551212.964 (VOMTS2) could form four common 

Fig. 1. | Monoterpene biosynthetic pathway and functional identification of MTS genes. a) The formation process of different monoterpenes. b) Phylogenetic tree of 
MTSs and its product distribution. Identification of product using GPP as a substrate and analysis by GC-MS. Heat map of the proportion of different monoterpenes in 
the total product of GPP catalyzed by MTSs. n = 3. Orange to green color indicates lowest to highest percentage of the product. 1, Linalool; 2, Limonene; 3, Terpineol; 
4, Phellandrene; 5, Carene; 6, α-Pinene; 7, β-Pinene; 8, Borneol. 

X. Lu et al.                                                                                                                                                                                                                                       



Synthetic and Systems Biotechnology 9 (2024) 11–18

13

monoterpenes (α-pinene (compound 6), limonene (compound 2), phel
landrene (compound 4), terpineol (compound 3)). Moreover, specific 
synthesis of linalool (compound 1) and borneol (compound 8) without 
byproducts was observed, whereas most cyclic monoterpenes (com
pound 2–6) tend to be produced simultaneously. These findings suggest 
that functional similarity is not entirely dependent on homology of se
quences, indicating the existence of other factors influencing function of 
enzymes. However, the concrete mechanism driving these differences 
remains to be fully elucidated. 

2.2. Broad product spectrum of monoterpene synthases 

MTSs possess a conserved C-terminal α-helical fold and rely on a 
cluster of three Mg2+ ions to facilitate the ionization of the substrate and 
release of pyrophosphate moiety (PPi), thereby initiating a cyclization 
cascade involving multiple carbocation intermediates. This enzymatic 
process is aided by a closed active site conformation that effectively 
guards against premature quenching [32]. Despite the shared precursor 
geranyl diphosphate (GPP), different MTSs exhibit distinct product 
profiles. This divergence in products may be attributed to the rear
rangement of carbocation facilitated by specific residues within the 
active site cavity, given the conserved structure of the enzyme (Fig. 2a). 
To investigate the catalytic mechanism of MTS specific synthesis of 
monoterpenoids, we focused on 4 MTSs involved in the synthesis of 
acyclic monoterpenes (VOMTS1), monocyclic monoterpenes (PCMTS1, 
pch.Chr3.3879), bicyclic monoterpenes (DZMTS3, dze.ctg04_np.1007), 
and various complex products (VOMTS2) (Fig. 2a). By constructing the 
ternary structure of these four MTSs using Alphafold2, we found that 
these MTSs are similar to the reported crystal structure (1N20) [33], 
with the three α-helices contributing to the formation of the active cavity 
(Supplementary Fig. 3). 

To identify the residues that exert significant influence on the sub
strate profile, we excluded residues situated at the back of the helix and 
those engaged in interactions with the phosphate group of GPP. This 
enabled us to narrow down our investigation to the 16 remaining amino 

acids within a 6 Å distance from the active cavity, which were identified 
as critical residues governing the product profile [34]. Among these 
residues, we found 9 residues exhibited similarities or possess shared 
characteristics across the analyzed set of 4 MTS enzymes, highlighting 
their conserved roles (Supplementary Fig. 4). Therefore, only 7 residues 
showed variability across the studied MTSs, indicating their potential 
contribution to the diversification of product profiles (Fig. 2b). In 
Fig. 2c, the distribution of these 7 residues within the pocket of DZMTS3 
is illustrated. It is worth noting that T563 was not in direct contact with 
the substrate due to the presence of W319, which acts as a barrier be
tween them. Meanwhile, the other residues mentioned were in direct 
contact with the substrate. 

2.3. Cyclization mechanism of monoterpene synthase 

To determine the key factors affecting the first cyclization step in 
monoterpene synthesis, we focused on residues within VOMTS1 and 
other MTSs. In VOMTS1, residue 320 is alanine (A), while the corre
sponding residues in other enzymes are asparagine (N). Through mo
lecular dynamics simulations, we found that the A320N mutation 
resulted in the compression of linear pyrophosphate (LPP) by occupying 
space, resulting in smaller pockets that promote LPP folding (Fig. 3a, 
Supplementary Fig. 5). Additionally, the G323I mutation introduced 
larger side chains, increasing the distance between neighboring helices 
and expanding the pocket space, allowing the substrate to undergo 
conformational change (Fig. 3a, Supplementary Fig. 5). Functional 
verification of these mutants supported the findings from molecular 
dynamics simulations (Fig. 3b). Interestingly, the A320N-G323I double 
mutation further enhanced cyclization, completely eliminating the 
production of linear linalool (Fig. 3b). This suggests that the introduc
tion of aspartic acid in the A320N mutation may facilitate the cyclization 
of linear LPP, but whether the active cavity shape is suitable for LPP 
folding cyclization is more critical. 

Next, we explored the factors contributing to the formation of 
borneol during secondary cyclization. Based on BLAST analysis, we 

Fig. 2. | The distribution of products and key amino acids in MTSs. a) GC-MS analysis of four MTS genes (VOMTS1, PCMTS1, VOMTS2, and DZMTS3). The black line 
represents mixed standards of different monoterpenes at equal concentrations. The Blank represents control without MTSs. Peak 1, Linalool; Peak 2, Limonene; Peak 
3, Terpineol; Peak 4, Phellandrene; Peak 5, Carene; Peak 6, α-Pinene; Peak 7, β-Pinene; Peak 8, Borneol. b) Different amino acids present in the active cavity and main 
product structures of four MTSs. Residues with distinct property differences are shown in blue. c) The location of key residues in the DZMTS3 active cavity. The 
DZMTS3 protein skeleton is shown in brown. Key residues are shown in green. The substrate GPP is shown in blue. 

X. Lu et al.                                                                                                                                                                                                                                       



Synthetic and Systems Biotechnology 9 (2024) 11–18

14

found the critical residue T563 in DZMTS3 (Fig. 2b), while other MTSs 
had methionine (M) at the corresponding site. Molecular dynamics 
simulation revealed that the T563M mutation resulted in enlarged 
reactive cavity structure (Fig. 4a). T563 directly affected the position of 
the indole ring of W319 in DZMTS3, resulting in a 1 Å increase in the 
distance between its backbone carbon-α (CA) and the oxygen backbone 
of I448. The enlargement of the reactive cavity structure was not 
conducive to secondary cyclization and resulted in an increased pro
duction of monocyclic monoterpenes. Experimental results further 
confirmed that the substitution of T563M in DZMTS3 led to the reduc
tion of borneol and increased the production of the terpineol byproduct, 
while the corresponding M543T mutation in VOMTS2 improved its 

ability to synthesize borneol (Fig. 4c). Similar observations were found 
in PCMTS1, although simultaneous mutation of S461A was required. We 
hypothesize that A449 of DZMTS3 (corresponding to S461 in PCMTS1) 
functions by influencing I448, a highly conserved residue that affects 
cyclization in MTSs. 

In contrast to PCMTS1-M575T, the PCMTS1-M575T-S461A variant 
demonstrates a notable reduction in Terpineol yield along with a 
simultaneous increase in Borneol production. This observation suggests 
that the S461A mutation plays an effective role in prolonging the in
termediates’ stability. Additionally, molecular dynamics simulations 
have shed light on a significant hydrogen bond interaction forming 
between S461 and I460 in PCMTS1-M575T (Supplementary Fig. 6). This 
interaction is likely to weaken the stabilizing influence of I460. Conse
quently, we put forth a hypothesis that A449 in DZMTS3 (corresponding 
to S461 in PCMTS1) may exert its influence by affecting I448 (corre
sponding to I460 in PCMTS1), which is a highly conserved residue 
known to have a substantial impact on the cyclization process in MTSs 
[33]. Based on the findings of prior research [33–35], it has been 
established that the residue I448 exhibits a high degree of conservation 
across all MTSs. This conservation serves as a compelling rationale for 
refraining from introducing mutations in this particular residue. 

2.4. Steady state of the monoterpene cyclization intermediate 

Although the folding process of borneol in enzymes has been reca
pitulated based on co-crystal structures of substrate or product analogs 
[11,33], the mechanism by which the enzymatic environment promotes 
the steady state of the intermediate remains unclear. Here, we adopted 
QM/MM approach [36] to investigate the cyclization process by scan
ning the bond lengths between reactive atoms. After performing mo
lecular dynamics simulations, we obtained a stable snapshot of LPP as a 
phosphorylated substrate serving as the starting point for remodeling of 
the cyclization pathway (Fig. 5a). To ensure an accurate representation 
the electrostatic environment in the pocket, the QM region included 
residues W319, N340, I448 and A449, in addition to the LPP, which 
have been shown to play a critical role for borneol cyclization [34,35]. 

Following a relaxed scan of the C3–O and C1–C7 bonds in LPP, fol
lowed by unconstrained complete relaxation to find the lowest energy 
state, the first cyclization step yielded the lowest-energy intermediate 1 
(Terpinyl cation) (Fig. 5b). To identify the residues that stabilized this 
conformation, an IGMH [37] analysis was performed on the cluster 
containing residues and phosphate groups surrounding the in
termediates. The electron density at different critical points were 
0.0253, 0.0143 and 0.0102, respectively. The results revealed that the 
phosphate group (point 1, 0.0253) possessed the strongest interaction 
with the intermediates, followed by carbonyl oxygen of the I448 main 

Fig. 3. | Functional characterization of VOMTS1 and its mutants. The active cavity volumes and product distribution in different VOMTS1 mutants. a) The active 
cavity volumes of VOMTS1 and mutants. Green represents the volumes of the active cavity. The red dots represent phosphoric acid groups. The blue dots in the active 
cavity represent intermediate transition states. b) Product distribution in VOMTS1 and mutants. 1, Linalool; 2, Limonene; 3, Terpineol; 4, Phellandrene; 6, α-Pinene; 
7, β-Pinene. Error bars reflect mean ± s.d through three replicates. 

Fig. 4. | The key residues affecting the secondary cyclization of borneol. a) 
Effect of T563 mutation on the structure of DZMTS3 active cavity. Green rep
resents the volume of the active cavity. The red dots represent phosphoric acid 
groups. The blue dots in the active cavity represent intermediate transition 
states. b) Effect of T563 mutation on W319 location in the active cavity. Green 
represents DZMTS3. Blue represents DZMTS3-T563M mutation. c) The product 
distribution of four MTS caused by mutation T563. 1, Linalool; 2, Limonene; 3, 
Terpineol; 4, Phellandrene; 6, α-Pinene; 7, β-Pinene; 8, Borneol. Error bars 
reflect mean ± s.d through three replicates. 
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chain (point 2, 0.0143), while the N340 side chain showed the weakest 
interaction (point 3, 0.0102) (Fig. 5b). Further IRI [38] cluster analysis 
revealed significant interactions between the atoms of the intermediates 
themselves, particularly with marked attraction between the hydrogens 
of the C9 and C2 intermediates (point 7, 0.0259) (Supplementary Fig. 7). 
These findings indicate that the intermediates possess a self-stabilizing 
mechanism in addition to stabilization mediated by enzymatic 
environment. 

For the second positive carbon attack, the C2–C8 bond is formed, 
instead of direct cyclization to borneol diphosphate by terpinyl cations, 
resulting in the generation of intermediates 2 (pinene cation). Based on 
IGMH analysis, the phosphate groups exhibited significant attraction to 
the hydrogens of C4 and C5 (point 4, 0.0453; point 5, 0.0376). This 
stable state prevents the deprotonation of C3 or C5, which would lead to 
the production of α-pinene or β-pinene. Additionally, the carbonyl ox
ygen within the L448 backbone plays an important role in stabilizing the 
pinene cation (point 6, 0.0119). As cyclization is a continuous process, 
both N340 and I448 contribute to the correct stabilization of the terpinyl 
and pinene cations, which are essential for borneol synthesis. The po
sitional changes of N340, I448, and phosphate groups are pivotal for the 
stability of intermediates. Consequently, any mutations affecting the 
positions of N340, I448, and phosphate groups may indirectly lead to the 
instability of intermediates. 

3. Discussion 

MTS enzymes catalyze cascade reaction involving multiple carbo
cation intermediates, which play a crucial role in defining the reaction 
coordinate of catalysis within a non-polar active cavity and provide a 
theoretical basis for the ability to make multiple products [17]. Our 
research provides further evidence that the extent of MTS product 

diversity may be determined to a large degree by the three-dimensional 
profile of the active cavity defined by the overall structure of the 
enzyme, rather than by the precise residues of the direct reaction alone. 
Guided by the three-dimensional structure of the enzyme-active cavity, 
subsequent reactions of these carbocation intermediates lead to the 
formation of diverse carbon skeletons. This phenomenon has been 
observed in other terpene synthases [39–42]. Yoshikuni et al., for 
instance, demonstrated that the combination of multiple mutations in 
γ-humulene synthase can result in a narrowed product specificity 
whereas the enzyme would otherwise produce multiple products [40]. 
Molecular simulations indicated that these mutations altered the shape 
and volume of the active cavity, leading to the repositioning of reaction 
intermediates (Fig. 4). In addition, Greenhagen et al. achieved inter
conversion of TEAS (Nicotiana tabacum 5-epiaristolochene synthase) and 
HPS (Hyoscyamus muticus premnaspirodiene synthase) activities using a 
set of 7 amino acid residues based on a contact mapping strategy [43]. 
While previous reports have shed light on how clusters of amino acid 
residues contribute to reaction cascades of terpene synthases [40,43], 
the precise structural changes required to modify or control product 
specificity in MTSs remain unresolved. 

Here, we observed that even a single amino acid substitution could 
yield sufficient changes to alter the spectrum of major reaction products 
across all four different MTSs, which themselves produce different types 
of monoterpenes (Fig. 4c). To gain deeper insights, we employed mo
lecular dynamic simulations to analyze the different mutant structures 
within MTSs. The results show that the initial cyclization event requires 
sufficient space for folding the linear LPP, which is further confirmed by 
in vitro mutation experiments. In VOMTS1, the mutation A320N facili
tates the conversion of enzyme activity by reshaping the reaction 
chamber and collaboratively stabilizing the terpinyl cation intermedi
ate. This results in the production of diverse monocyclic monoterpenes 

Fig. 5. | The conformational cyclization process analysis of borneol in IGMH using QM/MM scanning. The green color represents regions influenced by van der 
Waals forces, whereas the blue color represents regions with strong electrostatic attractions. The balls in the figure represent the maximum electron density points. a) 
A stable snapshot of the phosphorylated substrate, LPP. b) Single ring intermediates involving the oxygen atoms of phosphoric acid (1), I448 (2), and N340 (3), which 
contribute to the formation of stable carbon-positive intermediates. c) Double ring intermediates that are stabilized by phosphoric acid (4, 5) and I448 (6). d) The 
final phosphorylated end product undergoes hydrolysis to produce borneol. 

X. Lu et al.                                                                                                                                                                                                                                       



Synthetic and Systems Biotechnology 9 (2024) 11–18

16

instead of acyclic monoterpenes. Meanwhile, in DZMTS3, T563M me
diates product diversity by modifying the three-dimensional profile of 
the enzyme reaction cavity. In addition, our investigation revealed that 
the second cyclization event requires a shorter distance from the alter
nate axis of the active cavity compared to the initial cyclization in 
PCMTS1. In summary, these mutations mediate product diversity by 
inducing changes in the active site shape and volume that are sufficient 
to reposition reactive intermediates for alternative reaction pathways. 

Finally, previous reports have indicated that functional remodeling 
of terpene synthases based on sequences is challenging due to the lack of 
a clear sequence-function correlation [40,44]. Establishing functional 
interaction models of specific amino acids, thereby indicating the role of 
key residues in the catalytic process, holds the promise to predict how 
alternative or novel catalytic activities can be rationally designed into 
specific MTSs. Overall, our findings shed novel light on the evolutionary 
interplay between MTS sequence diversity and complex chemical 
products. This mechanism holds the potential for rationalizing the 
design and engineering of different catalytic activities into existing MTS 
[45]. In a long run, the monoterpene synthases and mutants excavated 
in this study are expected to achieve direct synthesis of specific pro
portions of monoterpenes in microorganisms, and have a strong indus
trial application prospect. 

4. Materials and methods 

4.1. Mining of monoterpene synthases (MTS) in dipterocarpaceae 

From our previous study [15], 13 Dipterocarpaceae genomes were 
used in this investigation. We obtained the 13 Dipterocarpoideae protein 
sequences from the China National GeneBank Database (CNGBdb, 
https://db.cngb.org/) under accession no. CNP0002104. To identify 
candidate Dipterocarpaceae MTS proteins, we performed search against 
two Pfam domains: PF01397 and PF03936 using Hidden Markov Model 
(HMM) analysis in HMMER v.3.3(http://www.hmmer.org/). Protein 
sequences with significant hits (e-value <10-3) were retrieved as po
tential Dipterocarpaceae MTS candidates. To verify these sequences, we 
conducted BLASTp analysis using queries from Arabidopsis thaliana 
with a threshold identity> 30 (p < 10-5). 

To analyze the conserved motifs of candidate MTS genes in Dipter
ocarpaceae proteins, were used MEME software (http://meme-suite. 
org/) with default parameters. Multiple sequences alignment was per
formed using MTS proteins from A. thaliana and Dipterocarpaceae with 
ClustalX2.1 software (www.clustal.org/). A phylogenetic tree was con
structed using the Maximum-Likelihood (ML) method with 100 boot
strap replicates in MEGA version 7.0 [46]. The resulting tree was 
visualized and annotated by Figtree version 1.4.4 (http://tree.bio.ed.ac. 
uk/software/figtree/). 

4.2. Functional verification of MTSs 

Following the previously described methods [15], heterologous 
expression and functional determination of MTSs were performed. 
Candidate MTS genes were constructed into the pET-28a vector between 
Nde I and Xho I restriction sites, and all proteins were heterologously 
expressed in E.coli BL21 (DE3) strain. The target proteins were purified 
by nickel affinity chromatography and their concentrations were 
determined using BCA Protein Assay Reagent Kit (Pierce, USA). The 
enzyme reaction system comprised 50 mM Tris-HCl pH 7.2, 10 mM 
MgCl2, 5 mM DTT, 1 mM PMSF, 3 mM GPP. The catalytic reaction was 
initiated by adding 1 mg/mL purified MTS protein, and the reaction 
mixtures were incubated at 30 ◦C for 15 min. The reactions were 
terminated at 80 ◦C for 5 min and subsequently quenched on ice. To 
promote dephosphorylation of the product, 3 μL of calf intestinal alka
line phosphatase (CIAP) (TaKaRa, Japan) was added and the mixture 
was incubated for another 1 h at 37 ◦C. The monoterpene products were 
extracted by ethane and analyzed by GC-MS. 

The GC-MS analysis was carried out on an Agilent 7890A gas chro
matograph system coupled with quadrupole time-of-flight (Q-TOF) mass 
spectrometer and an inert electron ionization (EI) ion source (Agilent, 
USA). An ADB-5MS capillary column coated with 5 % diphenyl cross- 
linked with 95 % dimethylpolysiloxane (30 m × 250 μm inner diam
eter, 0.25 μm film thickness; J&W Scientific, USA) was used. The oven 
temperature program consisted of 50 ◦C (2 min), followed by an increase 
to 180 ◦C (5 min) at a rate of 5 ◦C min− 1, and then a ramp of 10 ◦C min− 1 

to 230 ◦C. The total run time was 38 min. The injection, transfer line, 
and ion source temperatures were set at 250, 290, and 230 ◦C, respec
tively. Agilent MassHunter 10.0 software with NIST2020 library was 
used for raw peak extraction, peak alignment, deconvolution analysis, 
peak identification and integration of the peak areas. Before each 
experiment, perflubuterine was used as the internal standard, and the 
response intensity of the instrument was corrected to the same level. In 
addition, the standard mixture of different concentrations was used as 
external standard for absolute quantification. 

5. Computational method 

The system was initially set up using Alphafold [47] for structure 
prediction. The protein was placed in a water box (OPC [48]) with a 
boundary that was kept at least 10 Å away from the protein, to ensure 
neutralize total charges, Na+ ions were added to the system. The ff19SB 
[49] force field was used to describe the protein in all simulations. The 
system was then subjected to molecular dynamics simulations. Firstly, 
all atoms except the protein backbone underwent minimization. Later, 
the system was heated from 0 to 300 K in 50 ps under the NVT ensemble 
with a time step of 2 fs. Following the heating, the system density was 
equilibrated at 1.0 atm and a temperature of 300 K under the NPT 
ensemble. The protein backbone was fixed during heating and density 
equilibrium steps. Subsequently the system underwent further equili
bration with a gradient restraint applied to the protein backbone for 100 
ns, followed by 100 ns of MD simulations without any restraints. Finally, 
QM/MM calculations were performed using the QM/MM method of 
Orca [50], with the active region including all residues within 10 Å from 
the QM region. The hybrid UB3LYP-D4 [51] and all-electron def2-SVP 
basis set were used to treat the QM region, and geometry optimizations 
were performed using the L-BFGS algorithm and the semiempirical 
quantum mechanical methods GFNn-xTB [52]. The QM/MM boundary 
was treated using hydrogen link atoms and the electronic embedding 
scheme. 
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