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HIGHLIGHTS GRAPHICAL ABSTRACTS

o Systematic subcellular mapping iden-
tifies bottlenecks limiting o-santalene
biosynthesis in yeast.

o Comparative analysis of enzyme vari- ‘ - \
ants uncovers critical structure—function
relationships affecting pathway
performance.

e Multi-layered metabolic engineering
strategies  achieve  industrial-level
a-santalene  titers in  fed-batch
fermentation.

e Establishes a broadly applicable plat-
form for spatial metabolic pathway
optimization and precision design in
yeast.

ERG10: acelcacetyl-CoA thiolase

| ERG13: 3-hydroxy-3-methylglutaryl-CoA synthase
| HMG1: HMG-CoA reductase

ERG12: moveonao kinase

ERGS: phosphomevalonate kinase

/ ERG19: mevalonate pyrophosphate decarboxylase

ERG12 — ERG8 — ERG19 / / IDI1: isopentenyl pyrophosphate isomerase
) ERG20: famesyl pyrophosphate synthase

SanSyn: santalene synthase (from Clausena lansium)

ARTICLE INFO ABSTRACT
Keywords: Spatial compartmentalization in eukaryotic cell factories often constrains the efficiency of metabolic pathways.
Subcellular enzyme localization Here, we systematically mapped the subcellular localization of nine core enzymes in the a-santalene biosynthetic

Spatial engineering
a-Santalene
Saccharomyces cerevisiae
Metabolic engineering
Synthetic biology

pathway of Saccharomyces cerevisiae, identifying metabolic bottlenecks associated with nuclear and endoplasmic
reticulum (ER) localization. Through rational spatial engineering, including bioinformatically guided HMG1
truncation to achieve ER release and nuclear export signal (NES) tagging of key enzymes, we successfully rewired
enzyme localization to enhance pathway flux. Coupled with promoter engineering to downregulate ERG9,

addition-copy integration for IDI1 and ERG20 overexpression, and targeted medium optimization to improve
cellular osmotolerance, we achieved substantial synergistic effects on production, leading to a 132-fold increase
in a-santalene titer, reaching 568.59 mg/L in fed-batch fermentation. Our results demonstrate that combining
subcellular localization engineering with classic metabolic and process optimization offers a robust and
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generalizable strategy for high-level terpenoid biosynthesis in S. cerevisiae. This approach not only advances the
performance of S. cerevisiae cell factories but also holds promise for broader application across other yeast species

and eukaryotic microbial hosts.

1. Introduction

Terpenoids are structurally diverse isoprene-derived natural prod-
ucts that possess potent biological activities, including anti-cancer, anti-
inflammatory, and antimicrobial effects, rendering them valuable in
pharmaceutical, cosmetic, and food industries (Chen et al., 2024; Hong
& Nielsen, 2012). Among these, a-santalene, a sesquiterpene and major
component of sandalwood essential oil (Yan et al.,, 2024), exhibits
notable therapeutic properties such as anti-tumor, anti-inflammatory,
and antibacterial activities (Adams et al., 1975). Through mono-
oxygenation, a-santalene can be converted into a-santalol, the principal
bioactive compound of sandalwood oil, which holds significant com-
mercial interest (Bommareddy et al., 2019; Celedon et al., 2016).
Traditionally, sandalwood essential oil is obtained through steam
distillation of heartwood and roots from Santalum album (Burdock &
Carabin, 2008). However, the slow growth, stringent ecological re-
quirements, and overexploitation of sandalwood trees, exacerbated by
climate change, severely constrain its supply and sustainability (Zhang
et al., 2017). Thus, developing alternative, renewable production stra-
tegies is urgently required.

Microbial cell factories offer a promising alternative due to their fast
growth, small ecological footprint, and genetic tractability (Kim et al.,
2025). Recent advances in synthetic biology (Voigt, 2020) have facili-
tated the design and reconstruction of microbial metabolic pathways for
the sustainable production of high-value natural products (Liu et al.,
2024; Zhang et al., 2022). Among microbial hosts, Saccharomyces cer-
evisiae is widely used owing to its robust fermentation performance,
comprehensive genetic toolbox, and Generally Recognized as Safe
(GRAS) status (Ostergaard et al., 2000). Nonetheless, as a eukaryote,
S. cerevisiae exhibits intrinsic subcellular compartmentalization,
spatially separating metabolic enzymes across organelles such as the
nucleus, endoplasmic reticulum (ER), cytoplasm, and mitochondria.
This spatial separation will hinder substrate channeling and reduce
overall metabolic efficiency (Wang & Li, 2017). Emerging evidence
suggests that reducing spatial separation between pathway enzymes can
significantly enhance metabolic flux and overall product titers (Geraldi
et al., 2021). Targeting enzymes to specific organelles, such as mito-
chondria or peroxisomes, not only facilitates substrate channeling but
can also mitigate cytotoxicity and further boost production yields
(Avalos et al., 2013; Awan et al., 2017; Kulagina et al., 2021; Song et al.,
2024; Zhang et al., 2023). For example, localization of the geraniol
biosynthesis pathway to peroxisomes via the PST1 targeting signal in
Pichia pastoris increased geraniol titers by more than 30 % compared to
cytosolic localization (Ye et al., 2024). Therefore, accurate protein
localization is crucial for optimizing heterologous pathways in synthetic
biology applications, as mis-localized enzymes may suffer reduced ac-
tivity or impaired stability (Awan et al., 2017; Grewal et al., 2021; Liu
et al., 2024; Ye et al., 2024).

Microbial production of a-santalene and its oxidized derivative
a-santalol has been pursued primarily by introducing a-santalene syn-
thase (SanSyn) into S. cerevisiae, coupled with enhancement of the
mevalonate (MVA) pathway and downregulation of ERG9 to redirect
FPP flux toward sesquiterpene biosynthesis (Scalcinati et al., 2012a;
Scalcinati et al., 2012c; Zuo et al, 2022). Additional strategies,
including biphasic fermentation and cytochrome P450 (e.g.,
CYP736A167)-mediated a-santalol synthesis, have further improved
yields (Tippmann et al., 2016a; Zha et al., 2020). However, the majority
of previous efforts have focused on pathway reconstruction and meta-
bolic flux optimization, with limited consideration of enzyme subcel-
lular localization. To date, there have been no systematic studies

integrating localization engineering with genome-level pathway design
for a-santalene biosynthesis in yeast.

In this study, we systematically characterized the subcellular local-
ization of nine enzymes in the a-santalene biosynthetic pathway in
S. cerevisiae, identifying localization-based metabolic bottlenecks.
Guided by bioinformatic predictions, we rationally designed truncated
enzyme variants, notably HMG1, to improve cytoplasmic accessibility
and metabolic flux. Our experiments highlight that not all literature-
derived enzyme variants work as expected and must be empirically
tested in the specific metabolic context.. By applying targeted spatial
reprogramming strategies, including nuclear export signal (NES)
tagging and enzyme truncation, coupled with gene overexpression,
promoter optimization, and fermentation condition refinement, we
substantially improved a-santalene production. Ultimately, a 5L-fed-
batch fermentation confirmed the scalability of our engineered strain,
achieving an industrially relevant titer of 568.59 mg/L, and demon-
strating the broad applicability and effectiveness of spatial metabolic
engineering in microbial production of high-value terpenoids.

2. Materials and methods
2.1. Strains, media, and cultivation conditions

Escherichia coli DH5a was used for plasmid construction and propa-
gation, cultured in LB medium (10 g/L tryptone, 5 g/L yeast extract, 10
g/L NaCl, 20 g/L agar was added for solidification when needed) sup-
plemented with 100 mg/L ampicillin at 37 °C, 220 rpm. Saccharomyces
cerevisiae BY4742 was cultivated in YPD medium (10 g/L yeast extract,
20 g/L glucose, 20 g/L Peptone, 20 g/L agar was added for solidifica-
tion) at 30 °C, 220 rpm. For selection, SD dropout plates (SD-Uracil, SD-
Leucine, SD-Histidine, and SD-Lysine) were used (6.7 g/L yeast nitrogen
base without amino acids, 20 g/L glucose, 20 g/L agar, supplemented
with amino acids except for the corresponding dropout: uracil 40 mg/L,
lysine 30 mg/L, adenine 30 mg/L, methionine 30 mg/L, histidine 40
mg/L, leucine 100 mg/L, and tryptophan 100 mg/L). YPD-Gal medium
consisted of 10 g/L yeast extract, 2 g/L glucose, 18 g/L galactose, and 20
g/L peptone. SMD medium contained 6.7 g/L yeast nitrogen base
without amino acids, 20 g/L glucose, 15 g/L agar, and the same amino
acids supplementation as above. The fermentation medium contained
10 g/L yeast extract, 20 g/L peptone, 5 g/L ammonium sulfate, 20 g/L
galactose, 10 g/L glucose, and 2.5 mM betaine. The feed medium con-
sisted of 10 g/L yeast extract, 20 g/L peptone, 5 g/L. ammonium sulfate,
and 200 g/L glucose.

2.2. Plasmids construction

High-fidelity PCR amplification was performed using the Q5® High-
Fidelity 2 x Master Mix (New England Biolabs). Yeast genes were
amplified from S. cerevisiae BY4742 genomic DNA, and PCR products
were purified using the FastPure Gel DNA Extraction Mini Kit (Vazyme).
All heterologous genes were synthesized by GenScript. Plasmids
including pBS406-ERG8-GFP, pBS406-ERG10-GFP, pBS406-ERG12-
GFP, pBS406-ERG20-GFP, pBS406-IDI1-GFP, pBS406-HMG1-GFP, and
pBS405-GAL1-SanSyn-GFP-tADH1 were constructed using the Golden
Gate assembly method (Engler et al., 2008). All other plasmids were
assembled via the Gibson assembly approach (Gibson, 2011). Golden
gate and Gibson assemblies were performed using the NEBridge®
Golden Gate Assembly Kit (Bsal-HF® v2, NEB) and the ClonExpress
Ultra One Step Cloning Kit (Vazyme), respectively. Recombinant plas-
mids were transformed into E. coli DH5q, validated by PCR and Sanger
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sequencing. The confirmed correct constructs were stored at — 80 °C.

2.3. Strains construction using CRISPR-Cas9 or homologous
recombination

Engineered S. cerevisiae strains were constructed using either
CRISPR-Cas9 genome editing system (DiCarlo et al., 2013) or homolo-
gous recombination (Rothstein, 1991). Yeast transformation were car-
ried out using the lithium acetate/single-stranded DNA protocol (Gietz
& Schiestl, 2007). Positive transformants were selected on appropriate
dropout media or antibiotic-containing media. Plasmids for subcellular
localization were constructed by fusing a S. cerevisiae codon-optimized
GFP gene to the C-terminus of each target enzyme via a flexible GGGS
linker. Linearized plasmids were integrated into the S. cerevisiae BY4742
genome at the promoter region by homologous recombination. For
CRISPR-Cas9-based protocol, the plasmid pCas9 + delta-gRNA and
linearized donor DNA were co-transformed into S. cerevisiae cells and
plated onto selective media for antibiotic resistance or auxotrophy
complementation. The spacer for sgRNA construct was designed using
Benchling. To eliminate the pCas9 + delta-gRNA plasmid, transformants
were cultured in liquid YPD medium for 12 h, serially diluted, and
plated. Single colonies were picked into 10 pL sterile ddH>0, and 1-2 pL
were spotted onto URA-selective plates. Colonies that failed to grow on
URA selection were considered to have successfully lost the pCas9 +
gRNA plasmid.

To construct production strains, cassettes SO to S4 were co-
transformed with pCas9 + delta-gRNA into BY4742 to generate the
engineered strains SBYSO, SBYS1, SBYS2, SBYS3, and SBYS4. Subse-
quently, cassettes A1 and A2 were introduced into SBYS3 and SBYS4,
yielding strains SBYS3-Al, SBYS3-A2, SBYS4-Al, and SBYS4-A2 via
homologous recombination. Further transformation of cassettes B1 and
B2 into SBYS4-Al and SBYS4-A2 led to the construction of strains
SBYS4-A1-B1, SBYS4-A1-B2, SBYS4-A2-B1, and SBYS4-A2-B2. Finally,
the R cassette was independently integrated into each of these strains,
resulting in the final engineered strains: SBYS4-A1-B1-R, SBYS4-A1-B2-
R, SBYS4-A2-B1-R, and SBYS4-A2-B2-R.

2.4. Fluorescence microscopy and image processing

A single S. cerevisiae colony was inoculated into 8 mL YPD (or YPD-
Gal for strains requiring galactose) and incubated overnight at 30 °C,
220 rpm. The overnight culture was diluted to an initial OD600 of
approximately 0.2 and regrown to OD600 ~ 0.7. Subsequently, 2 mL of
culture was harvested by centrifugation at 5000 rpm for 2 min and
resuspended in 2 mL of SMD medium. A 300 pL aliquot of the cell sus-
pension was applied to a Concanavalin A (ConA)-coated coverslip and
incubated for 5 min to facilitate cell attachment. Fluorescence imaging
was performed using an OLYMPUS IX83 fully automated fluorescence
microscope, and images were processed using ImageJ (Version 1.54 k)
(Schneider et al., 2012).

2.5. Yeast flask cultivation and a-santalene extraction

Positive transformants were inoculated into 5 mL YPD and cultured
for 24 h at 30 °C, 200 rpm. 1 mL aliquot was transferred to 50 mL YPD-
Gal medium in a 250 mL shake flask and incubated for 24 h under the
same conditions. Then 10 % (v/v) n-dodecane (5 mL) was added, and
fermentation was continued for 3-4 days. Post-fermentation, 10 mL
culture was centrifuged for 5 min at 5000 rpm, room temperature, and
the n-dodecane layer was extracted, diluted with n-hexane, dehydrated
with NaySOy, filtered through a 0.22 pm nylon membrane, and analyzed
via GC-MS.

2.6. GC-MS quantification

An Agilent GC-7890B coupled with MS-5977B and HP-5MS capillary
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column was used in selected ion monitoring (SIM) mode. Conditions:
injection temp 250 °C, ion source 250 °C, electron energy 70 eV, solvent
delay 10 min. The oven program: 40 °C (3 min), ramp to 130 °Cat 10 °C/
min, then to 180 °C at 2 °C/min, then to 300 °C at 50 °C/min, hold for
10 min. Mass range: m/z 40-500; SIM ions: 93, 94, 105, 107, 119, 122,
202. Quantification of a-santalene using p-caryophyllene as external
standard.

2.7. Standard curve

B-Caryophyllene (4 mg) was dissolved in n-hexane to prepare a 10
mL stock solution (400 mg/L). The stock was serially diluted to prepare
standards at 100, 50, 25, 5, and 1 mg/L. GC-MS analysis was used for
quantification, and chromatographic areas were integrated to generate a
standard curve.

2.8. Fed-batch fermentation

A single colony was first inoculated into 10 mL YPD medium and
cultivated at 30 °C with shaking at 220 rpm for 24 h. Two seed cultures
were then combined to inoculate 200 mL of fermentation medium ina 1-
L flask (at 10 % v/v inoculation). After an additional 24-h incubation
under the same conditions, the entire culture was transferred to a 5-L
fermenter containing 2 L fresh fermentation medium. The fermenta-
tion was carried out at 30 °C with pH maintained between 5.0 and 5.5
using NH4OH for automatic adjustment. Dissolved oxygen (DO) was
controlled at 30 % by adjusting the agitation speed (300-450 rpm), with
an aeration rate of 2-3 L/min. Both glucose concentration and cell
density (OD600) were monitored periodically. After 24 h of batch
cultivation, a continuous glucose feeding strategy was initiated, with the
feed rate dynamically adjusted based on real-time residual glucose
measurements to maintain low glucose levels and avoid ethanol accu-
mulation. At 48 h, galactose (60 g) was added to induce expression of
GAL promoters, together with 250 mL of n-dodecane as an in situ
extractant, and glucose feeding was terminated. Fermentation was
continued to 144 h. Samples from the organic phase were collected at
designated time points, centrifuged to remove cell debris, and diluted in
n-hexane prior to analysis. a-santalene concentrations were determined
by GC-MS.

2.9. RNA extraction and RT-qPCR

Yeast cells were cultured and induced under the same conditions as
flask fermentation. Total RNA was extracted using the Spin Column
Yeast Total RNA Purification Kit (Sangon), including an on-column
DNase I digestion step (Vazyme) to remove genomic DNA. RNA con-
centration was determined using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific), and RNA integrity was verified by agarose
gel electrophoresis. cDNA synthesis and quantitative PCR were per-
formed using ToloScript All-in-one RT EasyMix (ToloBio) and TB Green
Premix Ex Taq II (Takara), respectively, following the manufacturers’
protocols. ACT1 served as the reference gene. Relative mRNA levels
were calculated using the 2788Ct ethod (Livak & Schmittgen, 2001).

2.10. Statistical analysis

All experiments were performed with at least three independent
biological replicates. Statistical significance was evaluated using one-
way analysis of variance (ANOVA) followed by Tukey’s honestly sig-
nificant difference (HSD) test for multiple comparisons, unless otherwise
specified. For comparisons involving multiple groups against a single
control (e.g., different supplementation conditions vs. 0 mM or 0 g/L),
Dunnett’s multiple comparisons test was applied. A p-value of less than
0.05 was considered statistically significant. Significance levels are
indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Sta-
tistical analyses were conducted using GraphPad Prism 10.0.
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3. Results

3.1. Subcellular localization profiling of key enzymes in the a-santalene
biosynthesis pathway

a-Santalene is synthesized via the cyclization of farnesyl pyrophos-
phate (FPP), a 15-carbon intermediate derived from the mevalonate
(MVA) pathway in S. cerevisiae. In this pathway, one molecule of
dimethylallyl diphosphate (DMAPP) and two molecules of isopentenyl
diphosphate (IPP) are condensed sequentially to form FPP, the direct
precursor of sesquiterpenes (Fig. 1A). FPP can be converted to a-santa-
lene by the santalene synthase. To initiate heterologous production of
a-santalene in S. cerevisiae BY4742, we used CRISPR-Cas9-based genome
editing approach (DiCarlo et al., 2013) to integrate the Clausena lansium
santalene synthase gene (SanSyn) (Schalk, 2013) into its genome
(Fig. 1B) under the control of the galactose-inducible GAL1 promoter at
the §-site, resulting in a baseline strain SBYSO (Unless otherwise speci-
fied, all yield comparisons in this study were performed using SBYSO as
the reference group), which produced 4.29 mg/L o-santalene upon
galactose induction (Fig. 1C). To systematically enhance a-santalene
production, we innovated key enzyme re-localization combining with a
modular metabolic engineering strategy of gene overexpression, flux
redirection, medium refinement, and scale-up fermentation.

Given that subcellular localization critically influences metabolic
flux, we first systematically mapped the subcellular distribution of nine
key enzymes within the a-santalene biosynthetic pathway using GFP-
tagged proteins visualized by fluorescence microscopy. Localization
patterns were assigned based on comparisons with organelle-specific
markers (Zhu et al., 2019).

As shown in Fig. 2A, enzymes ERG8, ERG12, ERG19, ERG20, IDI1,
and SanSyn were predominantly localized to the cytoplasm, whereas
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ERG10 and ERG13 were notably confined to the nucleus. Notably, the
rate-limiting enzyme HMG1 (Broker et al., 2018; Meng et al., 2020),
displayed ER membrane localization, suggesting potential accessibility
constraints and flux limitations through the ER membrane barrier.

3.2. Rational design and spatial reprogramming of HMG1

To address this, we designed a truncated HMG1 variant to re-localize
the enzyme to the cytoplasm. Using transmembrane domain prediction
software (TMHMM-2.0) (Moller et al., 2001), we identified amino acid
522 as a potential truncation site to yield a cytoplasmic variant, termed
522tHMG1 (Fig. S2A and S2C). GFP-fusion microscopy validated suc-
cessful relocalization to the cytoplasm (Fig. 2B). Although strain SBYS2
(expressing 522tHMG1) (Fig. 3A) showed an improved a-santalene yield
(14.52 mg/L) (Fig. 3B), this improvement was modest, indicating the
necessity of experimental validation. Further evaluation using an
alternative prediction algorithm (DeepTMHMM) (Hallgren et al., 2022)
indicated minor discrepancies in truncation points (position 520 vs.
522), showing the inherent uncertainty. We then tested the only two
literature-reported truncated variants, 531tHMG1 (Polakowski et al.,
1998) and AA531tHMG1 (Donald et al., 1997). Remarkably, the strain
expressing 531tHMG1 (SBYS4) achieved significantly higher produc-
tivity (26.05 mg/L), demonstrating that subtle amino acid differences
can critically impact catalytic performance (Fig. 3B). These findings not
only align with previous reports (Meng et al., 2020; Polakowski et al.,
1998) but also reveal the complexity and context-dependency of enzyme
truncation and emphasize the value of empirical verification.

The superior performance of the 531tHMGI1 variant aligns with
previous reports where cytosolic expression of HMG1 boosted metabolic
flux (Polakowski et al., 1998). Importantly, our initial attempt with
522tHMG1 highlights the importance of experimental validation of

HMG1 ERG12 ERG8 ERG19 DI
A HMG-CoA MVA | MVP MVPP | ~[IpP

ERG13

Acetyl-CoA
ERG10

Acetoacetyl-CoA

GAL1p

(SanSyn)

S0 cassette [GEIEY

KANMXS6 § delta2

a-Santalene

Cc

Baseline strain
SBYS0
1

T T T
0 1 2 3 4 5

Titer (mg/L)

Fig. 1. Heterologous biosynthetic pathway of a-santalene in S. cerevisiae and baseline strain construction. A. Schematic of the a-santalene biosynthetic pathway in
S. cerevisiae. Key enzymes: ERG10, acetoacetyl-CoA thiolase; ERG13, 3-hydroxy-3-methylglutaryl-CoA synthase; HMG1, HMG-CoA reductase; ERG12, mevalonate
kinase; ERG8, phosphomevalonate kinase; ERG19, mevalonate pyrophosphate decarboxylase; IDI1, isopentenyl pyrophosphate isomerase; ERG20, farnesyl pyro-
phosphate synthase; SanSyn, santalene synthase (from Clausena lansium (Schalk, 2013)); ERG9, squalene synthase. Intermediate metabolites: MVA, mevalonate;
MVP, mevalonate-5-phosphate; MVPP, mevalonate-5-pyrophosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl pyro-
phosphate; FPP, farnesyl pyrophosphate. Dotted arrows indicate competing branches leading to farnesol and sterol biosynthesis via LPP1 (diacylglycerol pyro-
phosphate phosphatase), DPP1 (diacylglycerol pyrophosphate phosphatase), and ERG9 (squalene synthase), respectively. Integration strategies targeting LPP1 and
DPP1 loci are shown in subsequent figures to further channel FPP toward a-santalene production. B. Structure of the SO cassette used for heterologous expression of
SanSyn, integrated at the & loci under the control of the GAL1 promoter. C. Baseline a-santalene titer of strain SBYSO under shake flask conditions. Data represent
mean =+ standard deviation (n = 3 biological replicates).
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Fig. 2. Subcellular localization and spatial organization of key enzymes in a-santalene biosynthesis in S. cerevisiae. A. Native localization of key enzymes in the
a-santalene biosynthetic pathway, including ERG10, ERG13, HMG1, ERG12, ERGS8, ERG19, IDI1, ERG20, and SanSyn. Enzymes were distributed across distinct
cellular compartments including the nucleus, cytoplasm, and ER. B. Subcellular localization of three truncated variants of HMG1. C. Re-localization of ERG10 and
ERG13 using C-terminal fusion to a NES. NES-tagged proteins were successfully redirected from the nucleus to the cytoplasm. All subcellular localizations were

visualized using GFP fusions.

bioinformatic predictions and shows that literature-derived variants
may not always translate directly to different metabolic contexts.

3.3. Spatial rewiring ERG13 combined with co-overexpressing IDI1 and
DPP1 disruption enhance a-santalene titer

Following successful HMG1 relocalization, we further investigated
whether the re-localization of the two nuclear-localized enzymes ERG13
and ERG10 to the cytoplasm could further enhance the metabolic flux of
MVA pathway. We fused each enzyme to a nuclear export signal (NES)
derived from yeast Nmd3 (Gadal et al., 2001), and subcellular re-
localization was confirmed by fluorescence microscopy (Fig. 2C).
Building upon the two good-performing strains (SBYS3 and SBYS4)

carrying truncated variants of HMG1, we constructed additional
expression cassettes enabling co-overexpression of IDI1 and either
native ERG13 or ERG13-NES. These cassettes were genomically inte-
grated at the DPP1 locus, a diacylglycerol pyrophosphate phosphatase,
such that locus disruption reduced competing FPP hydrolysis (Fig. 4A).
As confirmed by RT-qPCR, the relative mRNA levels of IDI1 in both
SBYS4-Al and SBYS4-A2 were over 10-fold higher than in the parental
strain SBYS4 (Fig. 4C). Functionally, co-overexpression of IDI1 and
cytoplasmic ERG13-NES with 531tHMG1 (strain SBYS4-A2) signifi-
cantly elevated a-santalene titer to 56.16 mg/L, almost double that of its
native ERG13 counterpart strain SBYS4-Al (Fig. 4B). Similar trends
were observed in SBYS3 background strains, albeit with overall lower
titers compared to SBYS4 derivatives. These results indicate the
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Fig. 3. Rational design and functional evaluation of HMG1 truncation variants for enhanced a-santalene biosynthesis. A. Schematic of engineered cassettes for co-
expression of HMG1 (full-length or truncated) and santalene synthase under the GAL1-10 promoter, integrated at the & loci in the yeast genome. The truncation
variants include 522tHMG1, AA531tHMGI, and 531tHMG1 with S1-S4 cassettes corresponding to full-length HMG1, 522tHMG1, AA531tHMG]1, and 531tHMG1,
respectively. All constructs contain the KANMX6 marker for selection and were PCR-amplified from plasmid templates. B. a-Santalene titers of engineered strains
SBYS1-SBYS4 under shake flask conditions. Data represent mean + standard deviation (n = 3 biological replicates). Statistical significance between groups was
assessed using one-way ANOVA followed by Tukey’s HSD test. Significance levels are indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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importance of both spatial enzyme coordination and strategic chromo-
somal integration for maximizing metabolic flux and product yield
(Fig. 4B).

3.4. Spatial rewiring ERG10 with ERG20 overexpressing, LPP1 disruption
and ERG9 downregulation further boost a-santalene titer

To further increase the supply of FPP, we introduced additional
cassettes encoding ERG20 with either native ERG10 or ERG10-NES,
integrated at the LPP1 locus, another diacylglycerol pyrophosphate
phosphatase whose disruption likewise limited competitive FPP hydro-
lysis while permitting additional copy integration (Fig. 5A). Consistent
with the design, RT-qPCR analysis confirmed that ERG20 mRNA levels
were significantly increased over 15-fold in engineered strains (Fig. 5E).
Surprisingly, overexpression of ERG20, in combination with spatially

rewired ERG10, did not immediately improve a-santalene titers and in
some cases decreased production (Fig. 5B), likely due to enhanced FPP
flux toward sterol biosynthesis via squalene synthase (ERG9).

To mitigate this competitive drain, we replaced the native ERG9
promoter with a weaker, glucose-inducible promoter (pHXT1) (Lewis &
Bisson, 1991), thereby attenuating ERG9 expression and limiting FPP
conversion to squalene (Fig. 5C). RT-qPCR further confirmed that ERG9
transcript abundance was markedly reduced following promoter
replacement (Fig. 5E). Notably, ERG20 overexpression proved crucial
for effective flux redirection only after ERG9 promoter attenuation. This
combinatorial approach in strain SBYS4-A1-B2-R (expressing ERG10-
NES, native ERG13, truncated 531tHMG1, ERG20 overexpression, and
pHXT1-driven ERG9) resulted in a dramatic increase in a-santalene titer
to 199.41 mg/L, a nearly 50-fold improvement over the baseline strain
SBYSO (Fig. 1C, and Fig. 5D). Interestingly, optimal production was
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achieved when ERG10 was localized to the cytoplasm and ERG13
remained in the nucleus, indicating a non-intuitive requirement for
spatial enzyme partitioning to achieve balanced metabolic channeling.

3.5. Medium optimization and scale-up fermentation deliver industrially
relevant titers

To further enhance a-santalene production, we optimized fermen-
tation conditions of the best-performing SBYS4-A1-B2-R by evaluating
medium supplements (for maintaining cell osmolality) and aeration
methods. Initially, supplementation with glycerol (5 g/L and 10 g/L)
and replacement of flask sealing film with gauze covers were tested.
These changes yielded either negligible or modest improvements,

respectively (Fig. 6A). Subsequently, we tested betaine supplementation
at five concentrations (1 mM, 2.5 mM, 5 mM, 10 mM, and 20 mM). The
addition of 2.5 mM betaine notably increased a-santalene titers by 22 %,
reaching 309.76 mg/L (Fig. 6B). Higher betaine concentrations were less
beneficial, likely due to cytotoxicity or osmotic stress at elevated levels.
These results suggest betaine as a practical additive for improving
terpenoid production.

To validate scalability, fed-batch fermentation of strain SBYS4-A1-
B2-R was conducted in a 5-L bioreactor. Initial glucose (10 g/L) and
galactose (25 g/L) concentrations supported robust biomass accumula-
tion. Glucose feeding initiated at 24 h and terminated at 48 h, coinciding
with galactose addition (60 g) and dodecane overlay (250 mL) to induce
a-santalene synthesis and facilitate in situ extraction. This optimized
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indicated as follows: p < 0.05 (*).

process yielded a maximum a-santalene titer of 568.59 mg/L, an 84 %
increase over shake flask cultivation (Fig. 6C and Fig. S1). These results
showed the robustness and industrial potential of our engineered yeast
platform for a-santalene production.

4. Discussion

Sesquiterpenes such as a-santalene and its oxidized derivative
a-santalol are valuable compounds with extensive applications in
pharmaceuticals, fragrances, and cosmetics. Due to the limited avail-
ability and sustainability issues associated with natural extraction from
sandalwood trees, microbial biosynthesis presents an attractive alter-
native (Wang et al., 2021; Zha et al., 2020). Although a-santalene
biosynthesis has been previously reconstituted in S. cerevisiae, achieving
industrially relevant production titers remains challenging. In this study,
we demonstrated a significant improvement in a-santalene biosynthesis
through systematic enzyme localization engineering, gene expression
optimization, flux redirection, and fermentation condition refinement.

Subcellular compartmentalization in eukaryotes, such as yeast, often
restricts metabolic efficiency by physically separating pathway en-
zymes. Previous studies showed that minimizing spatial distances
among enzymes can significantly improve metabolic flux and product

yields (Geraldi et al., 2021). Here, we revealed the native nuclear
localization of ERG10 and ERG13 enzymes as a potential bottleneck in
the early MVA pathway. Surprisingly, relocating both enzymes into the
cytoplasm was not optimal; maximal a-santalene production required a
balanced spatial arrangement, with ERG10 in the cytoplasm and ERG13
retained in the nucleus. This counterintuitive finding suggests that
efficient channeling of acetoacetyl-CoA from the cytoplasmic pool to-
ward nuclear-localized ERG13 may create an optimal flux balance,
minimizing metabolic interference from competing cytosolic pathways
(Wang & Li, 2017).

The rational, bioinformatics-guided redesign of HMG1 further illus-
trates the necessity of empirical validation in metabolic engineering.
Initially, we identified variant 522tHMG1 by TMHMM (Moller et al.,
2001), which modestly improved a-santalene yields, prompting explo-
ration of previously characterized variants (531tHMG1 (Polakowski
et al., 1998) and AA531tHMG1 (Donald et al., 1997)). The dramatically
differing catalytic performances of these closely related variants indicate
the impact of subtle structural variations, likely influencing protein
stability, catalytic kinetics, or other post-transcriptional processes,
emphasizing the necessity for careful enzyme design in metabolic en-
gineering. In particular, the superior activity of 531tHMG1 compared to
AA531tHMG1 and 522tHMG1 warrants further investigation to
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elucidate the underlying mechanisms.

We further demonstrated the value of genomic context engineering
in metabolic pathway optimization. By integrating IDI1/ERG13 (or
ERG13-NES) and ERG20/ERG10 (or ERG10-NES) expression cassettes at
the DPP1 and LPP1 loci, respectively, we not only achieved high-level
overexpression of key pathway enzymes but also disrupted the activity
of diacylglycerol pyrophosphate phosphatase. This dual effect reduced
unwanted FPP hydrolysis and channeled more precursor toward a-san-
talene biosynthesis. The observed improvements in production likely
reflect the combined effects of ERG13 relocalization, IDI1 co-
overexpression, and DPP1 disruption. Although not all single-variable
controls were constructed in this study, future work systematically dis-
secting the contributions of each genetic modification will be crucial for
clarifying their individual impacts on pathway flux and product yield.

Importantly, overexpression of ERG20 and ERG10 alone did not
enhance a-santalene titers, likely because the increased FPP pool was
continued to be consumed by native sterol biosynthesis via ERG9. This
indicates the need for coordinated regulation of both precursor supply
and downstream metabolic flux. Only after replacing the native ERG9
promoter with the weak, glucose-inducible pHXT1 promoter (Lewis &
Bisson, 1991) was FPP efficiently redirected into the target pathway,
emphasizing the critical role of critical flux control at multiple pathway
nodes. While our data support the notion that ERG20 overexpression
without ERG9 downregulation leads to greater flux toward sterol
biosynthesis, we did not directly quantify squalene or sterol in-
termediates. Future studies involving targeted metabolite profiling will
be essential to validate flux redistribution and further elucidate the
metabolic effects of these engineering strategies.

Medium optimization further enhanced production titers, with 2.5
mM betaine supplementation proving particularly effective, likely due
to enhanced cellular resilience to fermentation stresses (Thomas et al.,
1994). Betaine is a well- characterized osmoprotectant in yeast and
other microorganisms, functioning to stabilize proteins and membranes
and maintain osmotic balance under stressful conditions (Kang et al.,
2012; Thomas et al., 1994). This enhanced stress tolerance may improve
yeast viability and metabolic activity during fermentation, especially in
the presence of hydrophobic products like a-santalene, which can
otherwise disrupt membrane integrity. Thus, betaine supplementation
likely supports higher product yields by mitigating toxicity and main-
taining cellular homeostasis. Finally, the scalability and robustness of
our engineered strain were validated by achieving an industrially
competitive titer of 568.59 mg/L in 5-L fed-batch fermentation, posi-
tioning this strain among the highest reported producers of a-santalene
in yeast systems.

Overall, this work demonstrates that a modular metabolic engi-
neering strategy, combining spatial enzyme rewiring, target genes
overexpression, promoter engineering, and process optimization, can
achieve robust and scalable sesquiterpene biosynthesis. These results
establish enzyme subcellular localization engineering and chromosomal
context design as powerful, generalizable tools for advancing yeast
metabolic engineering.

While our current focus was on overcoming spatial and expression
bottlenecks to achieve high a-santalene titers, additional strategies
could further enhance pathway performance. Future work may include
expanding precursor and cofactor pools (e.g., acetyl-CoA, NADPH),
improving redox and energy balance, optimizing intracellular traf-
ficking and efflux of hydrophobic products, or implementing dynamic
control circuits. These strategies are currently under active exploration
in our laboratory, with the aim of creating a more versatile and high-
performing yeast chassis for sesquiterpene and related natural product
biosynthesis.

5. Conclusions

This study exemplifies how rational subcellular localization engi-
neering, coupled with pathway rewiring and genomic -context
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optimization, can unlock new levels of metabolic performance in
eukaryotic cell factories. By systematically analyzing and strategically
manipulating both the spatial organization of key enzymes and the
genomic loci for overexpression, we resolved intrinsic pathway bottle-
necks and revealed non-intuitive principles underlying optimal flux
distribution. The integration of chromosomal engineering at LPP1 and
DPP1, targeted promoter replacement at ERG9, and adaptive fermen-
tation strategies not only enabled one of the highest reported a-santa-
lene titer in S. cerevisiae to date (92 mg/L (Scalcinati et al., 2012b), 163
mg/L (Tippmann et al., 2016b), and approximately 197 mg/L (Zha et al.,
2022)), but also established a broadly applicable framework for the
efficient and sustainable production of high-value natural products. As
advanced tools for programmable protein localization, synthetic
compartment design, and dynamic metabolic control continue to
emerge, spatial engineering will play an increasingly central role in
next-generation synthetic biology and industrial biotechnology.
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