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Abstract: Terpenes are the largest and most diverse class of natural products, essential for plant
defence, ecological interactions, and environmental adaptation. Cannabis sativa is noted for its rich
terpene profile, influencing aroma, flavour, and pharmacological properties. Limonene, a significant
monoterpene, is commercially important in the fragrance and flavouring industries, making it a
target for metabolic engineering. Terpene biosynthesis involves terpene synthase enzymes that
convert isoprenoid diphosphates into diverse terpene scaffolds. Despite advances in terpene
biochemistry, C. sativa TPSs lack structural characterisation. This study presents the first crystal
structure of (-)-limonene synthase from C. sativa, offering insights into monoterpene biosynthesis.
Solved at 3.2 A resolution, the structure shows an "open" conformation with a solvent-accessible
active site and disordered loops near the catalytic pocket, indicating a pre-catalytic state that aids
substrate access. Biochemical characterisation confirmed limonene synthase as a highly specific
monoterpene synthase, predominantly producing (-)-limonene from geranyl diphosphate with
minor amounts of eight other monoterpenes. Kinetic analysis provided a Km of 7.809 + 0.678 uM and
a kcat of 0.0204 s, indicating moderate catalytic efficiency compared to other plant monoterpene
synthases. These findings improve understanding of TPS function and set the stage for enzyme
engineering to optimise terpene biosynthesis for industrial and biotechnological applications.

Keywords: terpene synthase; Cannabis sativa; limonene; crystal structure

1. Introduction

The biological and economic significance of terpenoids has prompted extensive research into the
metabolic enzymes responsible for their chemical diversity (Karunanithi & Zerbe, 2019; Lange, 2015).
Terpene biosynthesis adheres to common metabolic patterns, encompassing scaffold-forming and
tailoring reactions (Anarat-Cappillino & Sattely, 2014). This process involves the enzymatic
conversion of acyclic isoprenoid diphosphate precursors into various cyclic hydrocarbon products,
catalysed by terpene synthases (TPSs), which serve as gatekeepers of the committed step in terpene
formation (Chen et al., 2011; Tholl, 2006; Oldfield et al., 2012). The precursor's chain length determines
the class of terpene produced: monoterpenes (C10) from geranyl diphosphate (GPP), sesquiterpenes
(C15) from farnesyl diphosphate (FPP), and diterpenes (C20) from geranylgeranyl diphosphate
(GGPP) (Degenhardt et al., 2009; Gershenzon & Croteau, 1990). Structural studies reveal that TPS
enzymes share a common fold comprised of variations of three conserved helical domains: a, fa, or
vBa (Gao et al., 2012; Jia et al., 2022). Functional differences within these domains distinguish two
major classes of TPSs: class II TPSs generate the initial carbocation intermediate via substrate
protonation and catalyse scaffold rearrangements without cleaving the diphosphate ester bond,
whereas class I TPSs use ionisation of the diphosphate moiety to form the intermediary carbocation
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(Cao et al., 2010; Davis & Croteau, 2000). Class I TPSs initiate catalysis through a divalent metal ion-
dependent reaction triggered by the ionisation of the diphosphate group, leading to the formation of
a high-energy allylic carbocation intermediate (Tholl, 2006; Trapp & Croteau, 2001). Subsequently,
TPS enzymes orchestrate a series of carbon skeleton rearrangements, methyl shifts, and hydride
transfers, culminating in a wide array of terpene structures (Gershenzon & Dudareva, 2007; Pichersky
& Gershenzon, 2002).

Limonene synthase (LMS) is a model Class I monoTPS, catalysing the conversion of GPP to
limonene via a simple cyclisation mechanism (Hyatt et al., 2007a; Kumar et al., 2017; Morehouse et
al., 2017; Schiff & Oprian, 2023; Srividya et al., 2015, 2020; Xu et al., n.d., 2018; Yu, 2017). The reaction
involves stereoselective GPP binding, diphosphate loss to form a geranyl cation, isomerisation to
linalyl diphosphate (LPP), and cyclisation to the a-terpinyl cation, followed by deprotonation to yield
limonene, whereas alternative termination pathways result in the production of other monoterpenes
(Hyatt et al., 2007a; Srividya et al., 2015). Structural studies of LMS from Mentha spicata and Citrus
sinensis (PDB: 20NG (Hyatt et al., 2007a), 5UV1 (Kumar et al., 2017)) have revealed conserved features
of plant monoTPSs, including an all-a-helical fold and metal-binding active sites. Substrate analogues
have aided mechanistic insights, though crystallisation remains challenging due to enzyme
flexibility.

This study reports the crystal structure of (-)-limonene synthase from Cannabis sativa (CSLMS),
offering insights into terpene biosynthesis and enzyme specificity. Limonene, a key monoterpene
contributing to the citrus aroma in cannabis, holds industrial relevance and is a target for metabolic
engineering. The CsLMS apoprotein structure, resolved at 3.2 A, reveals an open conformation with
a solvent-exposed active site, suggesting a pre-catalytic state. Structural analysis highlights conserved
features among monoterpene synthases, with variations including Y547 and a flexible J-K loop, likely
shaping product specificity. These findings support terpene pathway engineering in cannabis and
broader biotechnological contexts.

2. Materials and Methods

2.1. Macromolecule Production

Cloning and recombinant protein production of CsLMS was carried out as described by (Wiles
et al., 2025).

2.2. Crystallisation

Crystallisation screening was performed manually with a 48-condition screen developed for
TPSs (Wiles et al., 2025), using the hanging-drop vapour-diffusion method at 293 K. The best-
diffracting crystals of CsSLMS were grown in a condition composed of 20 mM Tris-HCI (pH 7.0), 100
mM MgClz, 100 mM NaCl, 30% PEG-3350. The obtained crystals were transferred to the reservoir
solution supplemented with 28% (v/v) glycerol, mounted on a cryo-loop (Hampton Research) and
then flash-cooled in liquid nitrogen prior to collection of X-ray diffraction data.

2.3. Data Collection, Processing and Structure Solution

X-ray diffraction data were collected at the Australian Synchrotron (MX2 beamline). The CsLMS
structure was determined by molecular replacement using Phaser crystallographic software in the
CCP4 package (McCoy et al., 2007), using MsLMS (PDB entry 20NH) as a search probe (Hyatt et al.,
2007b). Iterative cycles of refinement and manual adjustment of the model were performed with
REFMACS5 and COOT, respectively (Emsley et al.,, 2010; Potterton et al., 2003). Refinement of
Macromolecular Structures by the Maximum-Likelihood method” (Murshudov et al., 1997). Final
refinement statistics are listed in Table 1.

Table 1. Data collection and refinement statistics for recombinant CsLMS (PDB ID: 90PS).
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Data collection statistics

Temperature (K) 100

X-ray source MX2 Australian synchrotron
Space group P3221

Cell Dimensions (A) a=973,b=973,¢c=117.7
Resolution (A) 60 — 3.2 (3.25 - 3.20)
Total no. observations 81866 (4326)

No. unique observations 10899 (545)

Multiplicity 7.5(7.9)

Data completeness (%) 99.1 (100)

I/s1 7.5(5.2)

Rumerge (%)1 0.29 (0.45)

CC 1/2) 0.98 (0.12)

Refinement statistics

Non-hydrogen atoms

Protein 4290
Reactor (%)? 18
Riree (%)? 23.0
r.m.s.d. from ideality

Bond lengths (A) 0.003
Bond angles (°) 0.591
Dihedrals (°) 14.5
Ramachandran plot

Favoured regions (%) 94.9
Allowed regions (%) 5.1
B-factors (A?)

Wilson 41
Average protein 42

TRmerge = Y bkt ) j | Ihkij - < Inia > | / Ynka Y Inkij. 2 Reactor = Y hki IFoI - | Fe ”/thllFol for all data excluding the 5% that

comprised the Reree used for cross-validation.

2.4. Product Identification by GC-MS

Enzyme assays were conducted in 2 ml Eppendorf tubes with a total reaction volume of 500 pl.
Each reaction consisted of 25 mM HEPES (pH 7.3), 5 mM MgClz, 100 mM KCl, 1 mM DTT, and 5%
(v/v) glycerol, supplemented with 100 uM GPP and 10 uM enzyme. Reactions were overlaid with 500
ul hexane, mixed, and incubated for 16 hours at 37°C. Terpene products were extracted by vortexing
for 30 seconds and transferring to glass vial inserts within 2 ml screw-top amber glass vials (Agilent)
for GC-MS analysis.

GC-MS analysis was performed using a Thermo Scientific Trace 1310 GC with TSQ 8000 Evo MS
and TriPlus autosampler. Separation used a TG-55ILMS column (60 m x 0.25 mm, 1.0 pum) with
helium at 1.5 ml/min. Injections (1 pl, 5:1 split) were made at 280°C. Oven ramped from 50°C to 300°C
at 5°C/min, held for 5 min. MS operated in full-scan mode (35-400 amu) with 70 eV ionisation. Data
were acquired and analysed using XCalibur v4.7 and FreeStyle v1.8. Reaction products were
identified by comparison with known terpene standards and the National Institute of Standards and
Technology (NIST) mass spectral libraries.
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2.5. Steady-State Kinetics

Kinetic analyses were conducted using a malachite green assay (Vardakou et al., 2014). Standard
curves for Pi and PP: (0.01-100 uM) were generated for product quantification. Reactions (50 pl)
included assay buffer (25 mM 2-(N-morpholino)ethanesulfonic acid (MES), 25 mM 3-
(Cyclohexylamino)-1-propanesulfonic acid (CAPS), 50 mM Tristhydroxymethyl)aminomethane
(Tris), 2.5 mU of inorganic pyrophosphatase (Saccharomyces cerevisiae; Sigma), 100 uM GPP, and
CsLMS (0.01-100 uM), incubated for 30 min at room temperature. Absorbance was measured at 623
nm (Bio-Rad xMark™). Steady-state kinetics were performed using varying GPP concentrations
(0.01-100 puM).

3. Results and Discussion

3.1. Structural Overview of CsSLMS

The catalytic mechanism of CsLMS was investigated by determining the crystal structure of
wild-type CsLMS. The structure was obtained at a resolution of 3.2 A, and it was found that the
asymmetric unit consisted of a monomer of CsLMS, with a homodimer formed through
crystallographic symmetry. For the purposes of analysis, the monomer was used unless otherwise
stated. Size-exclusion chromatography confirmed CsLMS as monomeric (Supplementary Figure S1).
The crystal structure of CsLMS, with an overall resolution of 3.2 A, adopts an a-helical bundle
topology or isoprenoid fold in its unliganded form, as described by Wendt & Schulz, 1998 (Figure 1).
The isoprenoid fold consists of 15 mostly anti-parallel a-helices arranged in a compact bundle
featuring distinct N- and C-terminal domains (Figure 1A). The C-terminal domain (residues 270-567)
houses the active site, which for CsLMS is deeply embedded within the catalytic domain, and
includes residues W345, Y366, V367, L369, T370, 1479, L514, Y547 and H553 (Figure 1B). This
structural organisation forms a hydrophobic binding pocket that supports the accommodation of the
geranyl substrate, facilitating the cyclisation and production of limonene and other monoterpenes.
The entrance to the active site is flanked by loops that contain conserved metal-binding motifs:
‘DDxxD’” and ‘DD, positioned on opposing helices at the entrance of the active site (Figure 1B.). For
CsLMS the Mg?-coordinating aspartic acid residues are D373, D374, D377, D518, D519, which
undergo conformational changes upon substrate binding, a feature observed in other class I TPSs.
This is consistent with TPS functioning as metalloenzymes, where Mg?* or Mn?* plays a crucial role
in stabilising the PPi substrates leaving group and facilitating catalysis. These findings provide a
structural basis for investigating CsLMS catalytic specificity and highlight conserved features among
monoTPSs, which may guide future efforts in enzyme engineering for biotechnological applications.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Crystal structure of CsLMS. A. Cartoon representation of the overall CsLMS structure. The N- and C-
termini are labelled and coloured green and purple, respectively. The active site contains the docked substrate
geranyl pyrophosphate (GPP; black) and a tricluster of magnesium ions (red spheres). B. Architecture of the
CsLMS substrate and cofactor binding pocket. Ball-and-stick representation of the terpene synthase (TPS)
binding site, highlighting the docked GPP and magnesium ions (from the Mentha spicata limonene synthase,
PDB: 20NH) as black sticks and red spheres, respectively. Amino acid residues within 5 A of the docked GPP
and magnesium ions are shown as sticks. All structural visualisations were generated using PyMOL.

3.2. Enzymatic Activity of CSLMS

The functional analysis of recombinant CsLMS confirmed its role as a monoTPS, catalysing the
cyclisation of GPP to produce mainly limonene (74.72%), with minor products like {3-pinene,
terpinolene, a-pinene, and (-myrcene (Figure 2A), consistent with prior findings (Giinnewich et al.,
2007). Our study also identified additional minor products: a-terpineol, (3-terpineol, camphene,
fenchol, and geraniol, previously unreported for CsLMS, indicating a broader catalytic repertoire.
Compared to other LMSs like Mentha spicata and Citrus sinensis, which show higher fidelity for
limonene biosynthesis (94-99% limonene), CsLMS maintains a balance between specificity and
catalytic flexibility, producing a more diverse product profile. This variability suggests an
evolutionary adaptation enhancing terpene diversity in cannabis and contributing to chemotype
variation. Genomic studies (Allen et al., 2019) indicate that CsTPS1 (CsLMS) is one of the top-
expressed TPS genes, reinforcing its role in D-limonene biosynthesis in trichomes. Variability in
limonene concentrations across cannabis cultivars adds complexity. A study by Allen et al., (2019)
found TPS1, encoding D-limonene synthase, among the top five TPS transcripts detected, constituting
about 70% of total TPS expression. The limited variability suggests few enzymes contribute to
limonene production in C. sativa. This is supported by Booth et al., (2017),who analysed the
correlation between TPS gene expression and metabolite concentration in Finola trichomes. The only
significant correlation was between TPS1 (CsLMS) and D-limonene, indicating that CsLMS is the
primary source of D-limonene in Finola trichomes, as an independent synthase would likely reduce
this correlation.

While TPSs can produce multiple terpene products, CsSLMS exhibits a high degree of control and
mainly generates a single product. Its adaptability to produce both limonene and minor products

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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offers insights into its evolutionary development of a broad catalytic repertoire. This aligns with the
knowledge that these molecules likely arise from the same carbocation intermediate (a-terpinyl
cation) and are often by-products of synthases that produce limonene. These findings enhance
understanding of CsLMSs catalytic properties and its potential for metabolic engineering aimed at
optimising monoterpene production.

To inform protein engineering of TPSs, understanding catalytic activity is essential. We chose a
high-throughput enzyme assay based on phosphate production, performed without specialised
equipment. The steady-state kinetic parameters (Vmax, Km, keat) were conducted in triplicate and
analysed with non-linear regression using the Michaelis-Menten model in Graphpad Prism. The
kinetic profiles of CsLMS are shown in Figure 2 B, with substrate concentrations (FPP, GPP) ranging
from 0 to 100 um. The analysis revealed that CsTPS1SK has a low K for GPP (7.809 + 0.678 uM)
alongside a high Vmax (0.2038 +0.0053 pM" s71) and ket (0.0204 s7), indicating strong substrate affinity
and rapid catalysis, highlighting its efficiency in monoterpene production (Figure 2B). Giinnewich et
al., (2007) first discovered (-)-limonene synthase in C. sativa, reporting a Km of 6.8 uM, Vmax of 1.1 x
10-4 pmol/min, Vmax/Kmof 0.016, a pH optimum of 6.5, and a temperature optimum of 40°c. However,
this does not clarify the catalysis rate for individual terpenes. Given the broad spectrum of
monoterpene products of CsLMS from GPP, utilising GC-MS would provide insights into individual
rates of catalysis for these products. Approximately 74.72% of CsLMS products are (-)-limonene,
indicating that most catalytic efficiency targets GPP conversion to limonene, while other products
may result from premature deprotonation or cyclisation, suggesting substrate plasticity for metabolic
engineering applications.
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Figure 2. Functional analysis of Limonene synthase from Cannabis sativa (CSLMS) A. GC-MS traces showing
the monoterpene products of CsSLMS. Traces show GC-MS total ion chromatogram from CsTPS assays with GPP,
GGPP, FPP and a boiled enzyme control to account for background noise. Peaks: a) a-pinene, b) camphene c) 3-
myrcene, d) 3 -pinene, e) limonene, f) terpinolene, g) fenchol*, h) B-terpineol®, i) a-terpineol, j) geraniol, i.s. =
internal standard. *No reference standard available, putative identification of compound using National
Institute of Standards and Technology (NIST) library. B. Michaelis-Menten kinetics of CsSLMS (A) Non-linear
regression analysis of steady-state kinetic assays for CsSLMS enzymes using geranyl diphosphate (GPP) as the
substrate, showing the rate of GPP catalysis (UM of GPP consumed per second). Each curve represents the data
fitted to the Michaelis-Menten equation to determine kinetic parameters.

3.3. Comparison of the Overall Structure of CsSLMS to That of Other TPS

Multiple sequence and structural alignments of CsLMS with limonene synthases from M. spictata
(MsLMS; (Hyatt et al., 2007a)) and C. sinensis (CsiLMS; (Kumar et al., 2017)), reveal high structural
similarity, including conserved active site topology that supports a similar catalytic mechanism.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Subtle differences in aromatic residue arrangement suggest variations in substrate stabilisation,
explaining differences in product specificity. Superposition of apo-CsLMS and FGPP-bound CsiLMS
(PDB entry 20NG) shows no significant fold differences, despite only 45.41% sequence identity
(Figure 3B). Notable differences observed in the catalytic C-terminal domain reflect distinct
conformational states: an open active site in apo-CsLMS and a closed, ligand-bound conformation in
FGPP-bound CsiLMS. The N-terminal strand and loop between helices N and O form a lid over the
active site in CsLMS (Figure 4A). In FGPP-bound CsiLMS, a secondary K2 a-helix shifts inward to
cover the active site, as described previously (Figure 4B; (Morehouse et al., 2017). In apo-CsLMS,
poor electron density in the K2 region mirrors other apo structures like bornyl diphosphate synthase
and 1,8-cineole synthase, indicating an open, flexible conformation. In this open state, the K2 helix is
thought to stabilise through hydrogen bonds with residues on helix M, disrupted upon active site
closure during substrate binding.

Six a-helices of the TPS fold (C, D, H, I1-12, K1-K2, N) form the active site cavity walls, primarily
lined with nonpolar, hydrophobic, and aromatic residues. In CsLMS, helix N is a half-turn longer,
and the loop between N and O projects outward compared to the ligand-bound structure. Upon
substrate binding, this loop moves to cover the active site, partially unwinding helix N by about half
a turn at residue Y547. This unwinding repositions the side chain of Y547, allowing it to flip inward
toward the active site. In the closed conformation, the hydroxyl group of Y547 approaches the metal
ion-coordinating residue D488 and gets closer to the bound FGPP molecule. These structural changes
suggest that the movement of the phenolic side chain into the active site is key for catalysis, likely
aiding in stabilising carbocation intermediates and efficient product formation. Transitioning to a
closed conformation is critical for excluding solvent molecules that could quench high-energy
carbocation intermediates, thus maintaining the reaction mechanism's fidelity. Furthermore, the
structural flexibility in the apo-CsLMS structure may contribute to its broader product profile,
including minor oxygenated monoterpene byproducts.

A
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Figure 3. Structural comparison of limonene synthases (LMS) from Cannabis sativa (CSLMS), Citrus sinensis
(CsiLMS), and Mentha spicata (MsLMS). A. Ribbon representation of CsLMS overlayed with C. sinensis
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limonene synthase in its holoenzyme form complexed with fluorinated geranyl pyrophosphate (FGPP) (CsiLMS;
PDB: 5UV1), and M. spicata limonene synthase in its apo form (MsLMS; PDB: 20NG), highlighting the active
site. B. Sequence alignment of CsLMS, CsiLMS, and MsLMS, generated using Geneious with Clustal Omega.

Strictly conserved residues are highlighted in purple, while similar residues are shaded in a lighter purple.

Figure 4. A. Cylindrical helix model of apo-limonene synthase from Cannabis sativa (CsSLMS). The N-terminal
domain is shown in green, and the C-terminal domain is shown in blue. Residues involved in conserved metal
ion and substrate binding are highlighted in red. B. Superposition of the active sites of apo-CsLMS (yellow) and
FGPP-bound limonene synthase from Citrus sinensis (CsiLMS; PDB ID: 20NG, blue). The overlay highlights the
N-terminal strand and the loop between helices N and O, which together form a lid covering the active site in

the closed conformation of LMS, while the K2 a-helix supports the active site from below.

4. Conclusion

This study presents the first crystal structure of (-)-limonene synthase from Cannabis sativa,
resolved at 3.2 A resolution. The structure reveals an "open" conformation, offering insights into how
the enzyme binds its substrate and catalyses the production of (-)-limonene, a commercially
important monoterpene. Structural comparisons show high similarity to other limonene synthases,
with a conserved active site, but subtle differences in aromatic residues and a "lid” domain over the
active site combined with a shortened C-terminal loop in CsLMS may explain variations in product
specificity. Functional analysis confirmed that CsLMS primarily produces limonene yet also
produces newly identified minor byproducts. CsLMS exhibits strong substrate affinity and rapid
catalysis, highlighting its efficiency in monoterpene production. The research improves the
understanding of terpene biosynthesis and offers a basis for developing metabolic engineering
strategies to produce specialized metabolites in cannabis.
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