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Microbial biosynthesis has become the leading commercial approach for
large-scale production of terpenoids, a valuable class of natural products.

Enhancing terpenoid production, however, requires complex modifications

on the host organism. Recently, a two-step isopentenol utilization (IU) path-
way relying solely on ATP as the cofactor has been proposed as an alternative
to the mevalonate (MVA) pathway, streamlining the synthesis of the common
terpenoid precursors. Herein, we find that isopentenol inhibits energy meta-
bolism, leading to reduced efficiency of the IU pathway in Saccharomyces
cerevisiae. To overcome this, we engineer an IU pathway-dependent (IUPD)
strain, designed for growth-coupled production. The IUPD strain is compelled
to enhance the ATP supply, essential for the IU pathway, and incorporates a
high-throughput screening method for enzyme evolution. The refined IU
pathway surpasses the MVA pathway in synthesizing complex terpenoids. Our
work offers valuable insights into developing growth-coupled strains adapted
to efficient natural product synthesis.

Terpenoids, also known as isoprenoids, are abundant natural com-
pounds found in animals, plants, and microorganisms, playing a crucial
role in maintaining normal biological activities'. These compounds
have extensive applications, including use in fragrances, biofuel, col-
orants, micronutrients, cosmetics, and medicine. However, conven-
tional extraction methods are insufficient to meet the growing market
demand for terpenoids? Synthetic biology technology has enabled the
design and construction of microbial cell factories, offering a sus-
tainable and scalable solution for terpenoid production. Several valu-
able terpenoids have been successfully synthesized by engineered
microorganisms such as retinol’, carotenoid®, ursolic acid’, and
rebaudiosides®.

The mevalonate (MVA) and methylerythritol 4-phosphate (MEP)
pathways represent two classical biosynthetic routes for terpenoids’,
and decades of extensive research have led to substantial advancements
in understanding these processes. Despite these accomplishments, the

involvement of numerous enzymes and a high demand for cofactors
make these two excessively long pathways inherently challenging for
terpenoid production. Sophisticated engineering of microorganisms is
necessary®, involving the overexpression of endogenous enzymes and
their variants, or introduction of heterologous enzymes, to enhance the
supply of precursors’ and maintain a balance between cell growth and
the target production. Recently, the isopentenol utilization (IU) pathway
has emerged as a promising alternative synthetic route for terpenoid
synthesis'®". The IU pathway is characterized by a two-step conversion
from economical bulk chemicals isopentenol to the Cs precursors of
terpenoids, isopentenyl diphosphate (IPP), and dimethylallyl dipho-
sphate (DMAPP)“, and ATP serves as the only cofactor. This pathway
greatly simplifies the challenges in the metabolic engineering of strains.

The IU pathway has been employed to synthesize diverse terpe-
noids, predominantly in Escherichia coli. Pan et al.”* optimized dehy-
drogenase expression and fermentation conditions, achieving a
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geranate production of 764 mg/L. Wang et al.* enhanced lycopene
production to 212.49 mg/L through promoter and ribosome-binding
site (RBS) engineering, as well as increasing gene copy number. Zhang
et al.” achieved 1375.7 mg/L of cis-abienol by screening various het-
erologous phosphatases and knockouting endogenous ones. How-
ever, E. coli inherently faces limitations in synthesizing complex
natural compounds, as their production often necessitates the invol-
vement of glycoproteins, membrane proteins, and other elements. Its
lack of post-translational modification systems makes it less effective
in protein folding and modification. In contrast, Saccharomyces cere-
visiae, a widely used eukaryotic model organism, is excellent at syn-
thesizing natural products due to its clear genetic background and
feasible genetic manipulation tools. As one of the main production
platforms of terpenoids, there have been efforts to incorporate the U
pathway into S. cerevisiae for terpenoid synthesis. For instance, Ma
et al.'* increased the geranylgeranyl diphosphate titer through mixed
feeding of prenol and isoprenol. However, the impact of introducing
the IU pathway and non-natural substrate utilization on the cellular
metabolism of S. cerevisiae remains unexplored. Engineering S. cere-
visiae to adapt a non-natural synthetic pathway and enhance the 1U
pathway efficiency for terpenoid production is important for its
application.

In this work, we unveil that isopentenol inhibits the TCA cycle and
the cellular respiratory chain in S. cerevisiae, leading to inadequate ATP
supply and consequently diminishing the IU pathway efficiency. To
address this issue, we construct an IU pathway-dependent (IUPD)
strain by replacing the MVA pathway with the IU pathway. The growth
of IUPD strain is coupled to the IU pathway, compelling cells to
enhance ATP production for sustaining growth and reproduction. To
further enhance terpenoid production, a high-throughput screening
method is developed for enzyme evolution. The engineered IUPD
strain shows a 152.95% increase in squalene accumulation. Our work
highlights the advantages of a growth-coupling strategy for enhancing
terpenoid production in S. cerevisiae, offering a platform for enzyme
adaptive evolution and demonstrating the construction of growth-
coupling properties in other cells.

Results
Rational analysis of IU pathway in S. cerevisiae
To explore the impact of IU pathway substrates on S. cerevisiae, a
transcriptional analysis was performed. Differences in gene expression
between two groups, one exposed to isopentenol and the other
without, were compared (Fig. 1a). In the presence of isopentenol, cel-
lular energy production and conversion were affected (Fig. 1b). Under
aerobic conditions, S. cerevisiae converts glucose into ATP through
respiration, involving two main processes: (1) substrate-level phos-
phorylation producing NADH and modest ATP amounts; (2) oxidative
phosphorylation of NADH and FADH, in the inner mitochondrial
membrane generating substantial ATP'%, Interestingly, isopentenol
was observed to suppress the expression of genes related to the TCA
cycle and oxidative phosphorylation, while the expression of genes
involved in substrate-level phosphorylation increased (Fig. 1c and
Supplementary Fig. 1a). Reporter GO term analysis" showed a down-
regulation of genes related to the generation of precursor metabolites,
energy and cellular respiration (Supplementary Fig. 1b). While S. cere-
visiae exhibits greater alcohol tolerance than other microorganisms,
its growth can be obviously suppressed in the presence of prenol or
isoprenol at a concentration of 80 mM®. We speculate that iso-
pentenol could induce the dissolution of the lipid components within
the cell membrane®?, leading to a decline in mitochondrial mem-
brane potential and disruption of oxidative phosphorylation. This
leads to reduced ATP production and low IU pathway flux.

Rewiring carbon metabolism through metabolic engineering
represents a common strategy to increase ATP supply but involves
complex regulation and inherent risks. The MVA pathway is integral to

S. cerevisiae as terpenoids participate in basic physiological functions
of cells, such as electron transfer and maintenance of cell membrane
fluidity. We considered whether engineering an IU pathway-dependent
(IUPD) strain by replacing S. cerevisiae’s MVA pathway with the IU
pathway could modulate its metabolic network to enhance ATP supply
and maintain growth (Fig. 1d). To test this hypothesis, we initially
performed in silico simulations using genome-scale metabolic
models®. Flux balance analysis (FBA) showed that the strain cannot
grow without the MVA pathway (Fig. le). Introducing the IU pathway
and adding isopentenol restored yeast cell growth; At 0.0186 mmol/
gpcw/h, its growth matched the wild-type level. Only a small substrate
portion was used for growth recovery, while most were directed into
product synthesis. This highlights the IU pathway’s higher maximum
theoretical yield compared to the MVA pathway.

Substituting the MVA pathway with the IU pathway

FBA reveals that the knockout of FRGI3, HMG1/2, ERG12, ERGS, or
ERGI9 leads to MVA pathway inactivation. ERG13, an upstream gene, is
an ideal deletion candidate to avoid ineffective carbon conversion. For
S. cerevisiae with an inactivated MVA pathway, mevalonate is necessary
during the growth. PRMI10 is predicted to be a pheromone-regulated
membrane protein, and the PRMI10"*? facilitates the uptake of
mevalonate?. Therefore, we introduced PRM10"°¢? mutation through
the CRISPR/Cas9 system, resulting in the IUPO strain. After the intro-
duction of PRM10*"¢? mutation, the prenol uptake by the IUPO strain
was reduced by 30.88%, whereas isoprenol uptake was unaffected
(Supplementary Fig. 2). Subsequently, ERGI3 was knocked out,
resulting in the IUP1 strain, which can be rescued by mevalonate sup-
plementation (Supplementary Fig. 3).

The IU pathway converts isopentenol (prenol or isoprenol) into
the terpenoid precursors IPP and DMAPP through two-step phos-
phorylation (Fig. 2a). Choline kinase from S. cerevisiae (ScCKIl1) and
isopentenyl phosphate kinase from A. thaliana (AtIPK) are two
enzymes commonly used in the IU pathway construction'®. There-
fore, the insertion of AtIPK at the ERGI13 site in strain IUPO led to the
substitution of the MVA pathway with the IU pathway, resulting in
strain IUP2. Growth comparison between strain IUP1 and IUP2 with
varying prenol and isoprenol concentrations (0-20 g/L) showed that
strain IUP1, lacking the IU pathway, failed to grow as expected (Sup-
plementary Fig. 4a). In contrast, IUP2 was rescued by prenol (Fig. 2b).
Upon the addition of 5g/L prenol, the ODggo value of IUP2 reached
1.12, which was 20.86% of that of wild-type (WT) strain and 26.00% of
that of IUP1 cultivated with 20 mM MVA (Fig. 2¢). It indicates that
prenol can be assimilated into central carbon metabolism, and the IU
pathway can function like the MVA pathway, providing Cs terpenoids
precursors for cell growth. The IU pathway, composed of ScCKI1 and
AtIPK, has been reported to utilize two isopentenols***. However,
supplementation with isoprenol resulted in minimal growth of the
IUP2 strain in liquid media. This strain showed only extremely weak
growth in spot assays (Supplementary Fig. 4b).

Improving flux of the IU pathway

Although the strain IUP2 can be rescued through prenol supple-
mentation, its growth is inferior to that of the WT strain. This could be
attributed to a low IU pathway flux. We attempted to address it by
overexpressing ScCKI and AtIPK. Nevertheless, it was unable to
improve the strain growth, whether through individual or synergistic
overexpression with episomal plasmids in IUP2 (Fig. 3a). This sug-
gested that the key bottleneck is the low enzyme activities. We then
evaluated various kinases, including SmDAGK (diacylglycerol kinase
form S. mutans)®, MVIPK (IPK from M. vannielii)*, and MtIPK (IPK from
M. tindarius)®, to improve the IU pathway. Co-expression of SmMDAGK
with IPKs greatly enhanced the cell growth with isoprenol supple-
mentation, comparable to the WT, in strains IUP1-4 (SmDAGK with
AtIPK), IUP1-5 (SmDAGK with MvIPK) and IUP1-6 (SmDAGK with MtIPK)
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Fig. 1 | Rational analysis of IU pathway in S. cerevisiae. a Exploring the effect of
isopentenol on the metabolism of S. cerevisiae. 5 g/L isoprenol was added for co-
cultivation with wild-type S. cerevisiae (WT +isoprenol group) to assess gene
transcriptional levels, compared with the control group without isoprenol (WT
group). b The scatter plot shows the significant down-regulated physiological
activities by KOG enrichment. ¢ The scatter plot shows the significant down-
regulated biological pathways by KEGG enrichment. d Schematic diagram of IUPD
strain construction. The IU pathway contains two phosphorylation reactions. Pre-
nol or isoprenol is converted to DMAP (dimethylallyl monophosphate) or IP

(isopentenyl monophosphate) subsequently, IPK catalyzes the second phosphor-
ylation reaction to generate DMAPP (dimethylallyl diphosphate) or IPP (isopentenyl
diphosphate). The MVA pathway is inactivated by knockout of the FRG13 gene, and
then the IU pathway is introduced. e Flux balance analysis. Change the objective to
growth when in silico, simulating the effect of different concentrations of iso-
pentenol substrates on IUPD strain growth. Change the objective to squalene
synthase, when comparing the maximum theoretical yield of the IU pathway and
the MVA pathway. Source data are provided as a Source Data file.

(Fig. 3b). Among these three strains, IUP1-4 showed the highest squa-
lene accumulation (Fig. 3c). Thus, combining SmDAGK and AtIPK
effectively restored cell growth and increased squalene accumulation.
The strain exhibited poorer growth in the presence of prenol when
AtIPK was on the plasmid (IUP1-1) rather than integrated into the
chromosome (IUP2). This poor cell growth might be attributed to the
metabolic burden imposed by the high-copy (21 ori) episomal
plasmid.

Constructing an IUPD strain demonstrated superiority over
directly introducing the IU pathway. Strains with both the MVA and 1U
pathways (WT-4 and IUP3 in Fig. 3d) moderately increased squalene
production through using isoprenol compared to the WT strain. In
contrast, the IUPD strains (IUP1-4 and IUP4 in Fig. 3d) showed a 15-fold

and 11-fold increase in squalene accumulation. The cell growth of the
IUP4 strain reached only 65% of the IUP1-4 strain (Supplementary
Fig. 5). We conducted the Real-Time Quantitative PCR (RT-qPCR)
analysis to compare the gene expression levels of SmMDAGK and AtIPK
between IUP3 and IUP4 with isoprenol supplementation (Fig. 3e).
Results indicated that the elevated IU pathway flux in IUPD strains is
not attributable to changes in the expression levels of the two phos-
phokinases. To delve deeper into the mechanisms behind the
enhanced IU pathways, transcriptional analysis was conducted to gain
insight into the regulation and changes of metabolism in IUPD strains.
Compared with IUP3+isoprenol group, IUP4 +isoprenol group
exhibited noticeable distinctions in gene transcriptional levels, show-
ing a low correlation between them (Supplementary Fig. 6). In the
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Fig. 2 | Construction of IU pathway-dependent strain. a Schematic diagram of
the construction of IUPD strains, substituting the MVA pathway with the IU path-
way. b Growth of IUP2 in YPD medium supplemented with prenol using 48 deep
well plates and isoprenol at various concentrations ranging from O to 20 g/L.

¢ Comparison of the growth of different strains. Prenol (5 g/L) and MVA (20 mM)

were added to the YPD medium as required. Data represent mean value with SD
(three independent biological replicates). Statistical significance was evaluated by a
two-tailed student’s ¢ test (ns represents no significant difference, *p < 0.05,

**p < 0.01, **p < 0.001). Source data are provided as a Source Data file.

IUP4 +isoprenol group, all glucose transporters except Hxt3, Hxt4,
Hxt6 and Hxt7, transcriptional activators of respiratory genes (HAPI1/2/
3/4/5), and part of the TCA cycle genes were up-regulated (Supple-
mentary Fig. 7a and Fig. 3g). This suggests enhanced cellular respira-
tion, ultimately resulting in an increased ATP production
(Supplementary Fig. 7b). In addition, the expression levels of three
citrate synthases including Citl, Cit2, and Cit3 increased by 2-fold, 10-
fold, and 17-fold, respectively (Supplementary Fig. 7c). Upon ERGI3
knockout, acetyl-CoA ceased to be utilized for terpenoid synthesis.
Therefore, the excess acetyl-CoA tends to flow toward the TCA cycle
via citrate synthases, subsequently generating a substantial amount of
energy (Supplementary Fig. 7d).

Strengthening IU pathway by enzyme engineering

Our earlier findings indicate the crucial role of two phosphokinases in
the IU pathway for terpenoid synthesis. We aim to evolve these two
enzymes to further enhance the efficiency of the IU pathway. SmDAGK
has a homotrimeric structure with 9 transmembrane helices and 3
active sites, which belong to the composite and shared site type®.
Through molecular docking and enzyme-substrate complex structure
analysis, we identified 16 key residues near the active site (Fig. 4a, b,
Gl12, W15, R18, S23, G37,N40, G86, N87, V89, D90, S93, Y95, A101, A102,
K105 and A109) and 12 residues near the substrate channel (Fig. 4c,
H44, S47, A48, L50, AS51, A54, A120, T122, G123, L124, F127 and 1131) of
SmDAGK. AtIPK is a promiscuous Mg*-dependent enzyme with a
homodimer structure. There are 18 residues near its active site,
including K18, A22, K27, H101, R163, T198, S201, G202, D203, P232,
S270, A272, D275, T276, T277, G279, M280 and K283 (Fig. 4d, e). The

NNK-based codons site saturation mutagenesis was performed to
screen for mutants at the mentioned sites with higher catalytic
activities.

The IUPD strain, a synthetic auxotroph, serves as an ideal model
for high-throughput screening due to its growth-coupled traits®. We
established a streamlined and efficient high-throughput screening
method (all details are provided in Supplementary Fig. 8 and Supple-
mentary Note 1). Briefly, transformed strains were spread on YPD agar
plates with 0.5g/L isoprenol. Most deleterious mutations were natu-
rally eliminated as they failed to support the strain growth. A subset of
mutants was further filtered based on their growth (OD¢o value), and
the remaining candidates were subsequently validated through HPLC
(Fig. 4f). This method demonstrated accuracy comparable to con-
ventional saturation mutagenesis (Supplementary Fig. 8).

Using our high-throughput screening protocol, saturation muta-
genesis libraries of SmMDAGK and AtIPK underwent selection, with
results presented in Supplementary Fig. 9. Eleven mutants of SmDAGK
and eighteen mutants of AtIPK were selected for subsequent validation
and combinatorial mutagenesis studies (Fig. 4g). Among the SmDAGK
mutants, S47A, S47F, L124A, L124W, S47M, ASIL, G123R, and GI123F
demonstrated increased activity compared to the control. These
mutations, located near the cavity, predominantly introduced non-
polar residues, enhancing the hydrophobicity of the cavity.
SmDAGKS*» 11244 represented the most active mutant, with a 77.30%
increase in squalene production (Fig. 4g). Specifically, the S47A
mutation involved a change from a polar to a non-polar residue,
facilitating isoprenol binding, and the L124A mutation reduced steric
hindrance by replacing a larger leucine with a smaller alanine
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(Supplementary Fig. 10a). SmDAGK®>** "2** has a larger cavity (Sup-  AS5l, V75, A119 to A48, 172, V75, Al19 for isoprenol) and reshaping the
plementary Fig. 10b), facilitating the entry of bulky ATP. The variant binding conformation (Fig. 4h). For AtIPK, 10 mutants, including
exhibited a higher predicted affinity for isoprenol and ATP compared M280L, P232R, S270P, G279A, G279S, S272R, M280V, S270L, T276M,
to its wild-type counterpart near the cavity (Supplementary Fig. 10c). and P232G, showed higher activity than the wild type (Fig. 4g). The
Molecular docking studies indicated that the SmDAGKS*A 1124 gltered  combinatorial mutant AtIPKS7%™ A7 displayed the highest activity,
the microenvironment of the pocket, changing the interacting resi- showing a 94.88% improvement. The variant has an increased dis-
dues (from H44, S47, S71, G123 to S71, A119, G123 for ATP; from H44, tribution of positive charges near the pocket (Supplementary Fig. 10d)
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Fig. 3 | Increasing IU pathway flux to improve cell growth. a Examining the
effects of overexpressing ScCKI1 and AtPIK individually or in combination using
episomal plasmids, supplemented with 5 g/L prenol. b, ¢ AtIPK, MvIPK, and MtIPK
were expressed individually and synergistically with SmDAGK with episomal plas-
mids in strain IUP1, supplemented with 5 g/L prenol or isoprenol. p = 0.04 between
WT and IUP1-4 (isoprenol) compared with ODggo. d Impact of IU pathway intro-
duction strategy on flux, IU pathway (vector) represents SMDAGK and AtIPK
expressed based on episomal plasmids. IU pathway (chromosome) represents
SmDAGK and AtIPK expressed based on chromosome integration. The isoprenol
concentration was 5 g/L when added. e Differences in the expression levels of the

SmDAGK gene and AtIPK gene in different strains. p = 0.0132 between IUP3 and
IUP3 (isoprenol) compared with transcription level of SmMDAGK. p = 0.0110 between
IUP3 and IUP3 (isoprenol) compared with transcription level of AtIPK. f Schematic
diagram of different IU introduction strategies. Statistical significance was eval-
uated by a two-tailed student’s ¢ test (ns represents no significant difference,
*p<0.05, *p <0.01, **p < 0.001). Data represent mean value with SD (three inde-
pendent biological replicates). g Transcriptional analysis of engineered strains.
Four groups included the WT group, WT + isoprenol group, IUP3+isoprenol group,
and IUP4 + isoprenol group. Source data are provided as a Source Data file.

and altered loop conformation for ATP binding. Specifically, the
Arg272 residue of the variant forms a salt bridge with ATP (Fig. 4i),
resulting in a higher ATP binding affinity. The AtIPKS?°" A% mutant
also confers a larger catalytic pocket (Supplementary Fig. 10e),
which might be beneficial for substrate uptake and phosphorylation.
Finally, the synergistic effect of combining SmDAGK>** "2** with
AtIPKS70P A27R |ed to a 152.95% increase in squalene accumulation.

Advantages of the IUPD strains for terpenoid synthesis

A strengthened MVA (SMVA) pathway (SMVAP], attained by integrat-
ing truncated hydroxymethylglutaryl-CoA reductase (¢HMGI) and
isopentenyl diphosphate isomerase (/D/I) to the GAL8O site of WT
strain, Fig. 5a) was compared with the engineered IU pathway (IUP5,
created by integrating SmDAGK*** "2 and AtIPKS¥°" %2R to0 ERGI3 site
of IUPO, Fig. 5a). By increasing the IUP gene copy number in IUP5, we
obtained the IUP6 and IUP7 strains, which greatly enhanced squalene
yields to 10.08 and 26.02 mg/g/ODg0, representing 4-fold and 10-fold
compared to that of SMVAP1 (Fig. 5b). When the engineered IU path-
way was integrated with SMVA pathway, the resulting strains SI1 and
SI2 produced less squalene and had lower isoprenol conversion rates
than their respective IUPD counterparts (strains IUP5 and IUP6)
(Fig. 5b, c). The coexistence of both pathways leads to a negative effect
on both cell growth and terpenoid synthesis when the isoprenol is
supplied (Supplementary Fig. 11). Further analysis showed that the
IUP6 strain had higher levels of accumulation of intermediate meta-
bolites, specifically IPP/DMAPP, GPP, and FPP, compared with the
SMVAPI strain (Supplementary Fig. 12).

We further compared the IUPD strategies with the IUP-based yeast
systems developed in a previous study'. The IUPD strains exhibit an
obvious advantage in the production of squalene, limonene, and f3-
carotene (Fig. 5d-f). Specifically, for squalene and limonene produc-
tion, the IUPD strains (IUP6 and IUP8) achieved 695-fold and 850-fold
increases, respectively, compared to the control strain, surpassing the
11-fold and 16-fold improvements achieved by the previous record
strains (PN2 and PN4). For B-carotene production, the IUPD strains
(IUP9 and IUP10) showed a 14-fold and 18-fold increase over the con-
trol strain, with a 7-fold and 9-fold improvement compared to the
SMVA pathway (Fig. 5f).

Discussion

We have demonstrated that IUPD strains hold advantages in the
synthesis of various terpenoids. On one hand, the IU pathway sim-
plifies the synthesis process. The production of limonene, squalene,
and f-carotene requires only 4, 5, and 8 steps, respectively, compared
to 21, 22, and 25 steps in the MVA pathway. On the other hand, the
metabolism adaptation to the IU pathway decouples central carbon
metabolism from terpenoid synthesis in the IUPD strain, thus enhan-
cing overall efficiency. The synthesis of terpenoids often necessitates
additional cofactors. For instance, converting one molecule of phy-
toene to B-carotene requires four NADPH molecules®. Consequently,
there may be resource competition between the MVA pathway and
later terpenoid synthesis pathways, highlighting the need for intricate
regulation to balance the upstream and downstream pathways for
enhanced terpenoid production. However, the IU pathway operates

orthogonally to heterologous pathways, mitigating resource compe-
tition issues. Our engineered IUPD strain can serve as a universal
platform for synthesizing terpenoids through simply integrating with
efficient downstream pathways.

The IUPD strain consists of both glucose and isopentenol
modules. The glucose module supplies reducing power, energy, and
essential components such as lipids, while the isopentenol module
facilitates efficient terpenoid synthesis. In the glucose module,
acetyl-CoA is no longer used for terpenoid synthesis; instead, the
redundant acetyl-CoA overflow into other metabolic pathways,
leading to the up-regulation of related genes (Supplementary
Fig. 7d). Rewiring acetyl-CoA metabolism holds a paramount sig-
nificance because it can be redirected to enhance the synthesis of
ATP, which is essential for terpenoid production. In addition, miti-
gating the Crabtree effect is crucial for non-ethanol chemical
synthesis in S. cerevisiae*”*°. In the isopentenol module, enhancing IU
pathway flux, such as increasing the gene copy number, is beneficial
for the performance of the IUPD strain.

Our high-throughput screening methods, based on growth-
coupled characteristics, reduce the reliance on expensive equipment
such as spectral cell sorters and droplet microfluidics systems®. Given
the essential role of terpenoids as building blocks for cells, the IUPD
strain exhibits a robust coupling relationship without the need for
intricate calculations or cumbersome metabolic network reprogram-
ming. This coupling relationship enhances the evolutionary robust-
ness of high-yield phenotypes, thereby facilitating global
improvements in terpenoid production by IUPD strains through the
adaptive evolution of enzymes.

Taken together, this study presents a strategy to develop an IlUPD
strain by integrating the IU pathway with cell growth, prompting cells to
enhance ATP production. The IUPD strains demonstrate a superior
potential for terpenoid synthesis through the IU pathway, surpassing
strains with both IU and MVA pathways. In addition to limonene, squa-
lene, and -carotene, the IUPD stains can be utilized to synthesize a wide
range of terpenoids (Supplementary Fig. 13). Moreover, DMAPP is the
paramount donor for prenylation reactions, and its insufficient supply is
the bottleneck in the synthesis of many complex molecules®. The IUPD
strains also show potential for enhancing the efficiency of the prenylation
process. Our work serves as a paradigm for establishing growth-coupled
production with IU pathways in other cell platforms.

Methods

Flux balance analysis

The flux balance analysis was based on the consensus S. cerevisiae
metabolic model Yeast 8.6.2> (https://github.com/SysBioChalmers/
yeast-GEM/releases/tag/v8.6.2). The COBRA Toolbox 3.0** was used
for reconstruction and analysis run on MATLAB R2021b (MathWorks,
Inc., USA) software. The genes involved in the MVA pathway including
ERGIO (YPLO28W), ERGI3 (YMLI126C), HMG1/2 (YMLO75C and
YLR450W), ERGI2 (YMR208W) or ERGS8 (YMR220W), ERGI9
(YNRO43W) were simulated to be knocked out respectively to obtain
the Model 1, Model 2, Model 3, Model 4, Model 5 and Model 6, after
which the growth rate of the model was predicted. The code can be
found in Supplementary Data 1. For in silico simulation of
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(c) shows the cavity of SmMDAGK. d Homodimer structure of AtIPK obtained from
AlphaFold2. e Monomeric structure of AtIPK and its active site. f Schematic diagram
of high-throughput screening method based on growth-coupled characteristics.
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SMDAGKS*/A 124 4+ A{IPKS?PA27R yariants and control group compared with squa-
lene titer. Statistical significance was evaluated by a two-tailed student’s ¢ test (ns
represents no significant difference, *p < 0.05, **p < 0.01, **p < 0.001). Data repre-
sent mean value with SD (three independent biological replicates). h, i Molecular
docking results for wild-type enzyme and mutant. The substrate ATP and isoprenol
and several key residues were shown. Source data are provided as a Source Data file.

reconstructing IUPD strains, FRG13 (YML126C) was deleted from ori-
ginal model (model Yeast 8.6.2), metabolites including isopentenol[e],
isopentenol[c], isopentenyl monophosphate[c] are created, reactions
including isopentenol exchange, isopentenol transport, isopentenol to
isopentenyl monophosphate are added. In the original model, the
glucose exchange defaults to — 1 mmol/gpcw/h, corresponding to the

same mass, the isopentenol exchange was set to —2.09 mmol/gpcw/h.
The code can be found in Supplementary Data 2.

Yeast strains and medium
YPD medium consisting of 10 g/L yeast extract (Thermo Scientific™
Oxoid Co., Ltd., USA), 20 g/L peptone (Thermo Scientific™ Oxoid Co.,
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Fig. 5 | Advantages of the IUPD strains for terpenoid synthesis. a Strengthened
MVA pathway (SMVAP) obtained by overexpression of tHMGI and IDIL. IU pathway
(IUP) composed of SmDAGKS*A 1242 and AtIPKS?%" A7 yariants. b The impact of
different integration strategies of SMVAP and IUP on squalene yield. IUP represents
2 copies of IDI1, SmMDAGKS#A1124A and AtIPKS¥%%A72R jn the yeast chromosome. IUP”
represents 3 copies of IDI1, SmDAGKS** 2% and AtIPKS7%" A% in the yeast chro-
mosome. ¢ Conversion rates of isoprenol by IUPD and non-IUPD strains. d The yield
of squalene by different strains. PN1 and PN2 represent strains SCMAOO and
SCMAO3 used in previous work'. e The yield of limonene by different strains. The

gene of tCILS (encoding truncated geranylgeranyl pyrophosphate synthase from C.
limon) was used for limonene synthesis. PN3 and PN4 represent strains SCMA10
and SCMAI9 used in previous work™. f The yield of B-carotene by different strains.
The synthesis of B-carotene requires the introduction of XdGGPPS (encoding ger-
anylgeranyl pyrophosphate synthase from X. dendrorhous), CarB (encoding phy-
toene dehydrogenase from M. circinelloides), and CarRP"*® (encoding phytoene
synthase from M. circinelloides). Fermentation was performed in 250 mL shake
flasks. Data represent mean value with SD (three independent biological replicates).
Source data are provided as a Source Data file.

Ltd., USA) and 20 g/L glucose (Solarbio Life Science Co., Ltd., China) as
well as YNB medium consisting of 6.7 g/L yeast nitrogen base without
amino acids (Solarbio Life Science Co., Ltd., China), 20 g/L glucose
(Solarbio Life Science Co., Ltd., China) for S. cerevisiae cultivation.
Based on the requirements of the experiment, YNB medium should be
supplemented with 50 mg/L histidine, 50 mg/L tryptophan, 50 mg/L
leucine (YNB +leu +his +trp), and 50 mg/L uracil (YNB +leu + his+
trp + U). In addition, if 5mM MVA is added, YNB + leu + his + trp + MVA
and YNB +leu + his + trp + U + MVA are obtained. The prenol (Aladdin
Reagent Co., Ltd., China) and isoprenol (Aladdin Reagent Co., Ltd.,
China) are filter sterilized with a 0.22 um sterile syringe filters (Milli-
pore Co., Ltd., USA) before being added to the medium. MVA was
prepared by mixing equal volumes of 1M DL-mevalonolactone
(Macklin Co., Ltd., China) aqueous solution and 1M KOH aqueous

solution, then incubating the mixture in a 37 °C water bath for 30 min.
After filtration, the MVA solution is stored in the —20 °C refrigerator.

Plasmid construction

High-fidelity enzyme PrimeSTAR® Max DNA Polymerase (Takara Bio-
medical Technology Co., Ltd., Japan) was used for polymerase chain
reaction (PCR). The PCR Product Purification Kit (Sangon Biotech Co.,
Ltd., China) was used for purifying DNA fragments, and 2X MultiF
Seamless Assembly Mix (ABclonal Technology Co., Ltd., China) was
used for plasmid assembly. Subsequently, the assembled plasmids
were transformed into E. coli DH5a for replication of plasmid. All
assembled plasmids were validated through sequencing by Sangon. All
genes, including SmDAGK, AtIPK, MtIPK, MvIPK, XdGGPPS, CarB, and
CarRP'”R, were codon optimized by the online tool GenSmart
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Optimization (GenScript Biotech Co., Ltd., USA) and then synthesized
by Sangon. Plasmids p426-Prgr-SpCas9-Teycr-Psnrs2-PRM10-sgRNA-
Tsupa, P426-P1ee1-SpCas9-Teyci-Psnrs2-ERG13-SgRNA-Tsypy, p426-Prerr-
Spca59'TcycrPSNRsz'GALSO'SgRNA‘TSUP4 and p426-PTEF1-SpCaS9-
Tcycr-Psnrs2-CANI-sgRNA-Tsyps are used for gene editing. All DNA
samples are measured for concentration by a K5600C micro-volume
spectrophotometer  (KAIAO Technology Development Co.,
Ltd., China).

Genetic modifications

Genetic modifications mainly describe the knockout of the ERGI3
gene, and the editing of other sites is similar. The CRISPR/Cas9 system
was employed to introduce the PRM10'*%¢ mutation in the chromo-
some. The principle involved selecting the TCATTGGCAT-
TAATCCTGCC sequence as the 20 nt of PRM10’s sgRNA (PRM10-
sgRNA), which covered the L156 site of PRMI0. The Cas9 is guided by a
designed RNA sequence and binds to a targeted DNA sequence,
leading to a double-strand break. Subsequently, under the action of
homologous recombination enzymes, achieved homologous recom-
bination between the donor DNA and the chromosome. At the 156th
amino acid site of PRM10 in the recombinant strain, the codon was
changed from GAC (leucine) to GTT (glutamine). The Cas9 protein/
sgRNA ribonucleoprotein complex, due to a base mutation at the
target site, was no longer able to identify and cleave PRMIO0.

The primers PRM10-F and PRM10-R, which have 28 overlapping
bases, are used as templates for each other for PCR amplification
purified to obtain donor DNA. The Frozen-EZ Yeast Transformation
II™ Kit (ZYMO RESEARCH, USA) was used for preparing yeast com-
petent cells. The donor DNA is transformed into the WT yeast strain
along with the plasmld of p426'PTEF1'SpC359'TCYCI‘PSNR52'PRMIO'
sgRNA-Tsups, then spread onto YNB + leu + his + trp agar plates. After
approximately 4-day cultivation at 30°C in an incubator, the
obtained engineered strain (IUPO) was verified for PRM10**2 muta-
tion through sequencing. The GATTGGTTGACACATTGAGT
sequence is the 20 nt of ERG13’s sgRNA. The primers ERG13-F and
RGI3-R that have 18 overlapping bases, are used as templates for
each other for PCR amplification purified to obtain donor DNA,
which is transformed into the IUPO along with the plasmid of p426-
PTEFI-SpCasg-TCYCl'PSNRSZ-ERGI3'SgRNA'TSUP4r then Spread onto
YNB + leu + his + trp + MVA agar plate. Single colonies are transferred
to YNB +leu + his + trp agar plate for 2-day cultivation. Colonies that
fail to grow on YNB+leu+his+trp agar plate are selected from
YNB +leu + his + trp + MVA agar plate for further PCR verification.
Correct engineered yeast strains were cultivated in YNB + leu + his +
trp + U+ MVA medium at 220 rpm and 30 °C for 2 days and then
spread onto YNB + leu + his + trp + U + MVA with 5-Fluoroorotic acid
plates to eliminate the carried plasmid, IUP1 was ultimately obtained.
IUP1 had better growth in the YPD-based (YPD supplemented with
MVA) liquid medium than in the YNB-based (YNB +leu + his + trp +
U+MVA) liquid medium. Interestingly, on the contrary, it hardly
grew on the YPD-based agar plate but normally on the YNB-based
agar plate (Supplementary Fig. 3). When isolating the single colony is
needed, IUP1 should be grown by streaking on YNB +leu + his +
trp + U+ MVA agar plates (Supplementary Note 2).

The ACGATAGTTGCAGTATGGCG, GACACATTAGTCTCGTATGT,
GTAGAAATCAGACGCACGCT, and TTATCCTTAGATATTATACC sequen-
ces are the 20 nt of the relevant sgRNAs targeted at GAL8O0, X-3, XI-3 and
CANI sites, respectively. The yeast strain construction process is illu-
strated in Supplementary Fig. 14.

Strain culture

For routine fermentation of S. cerevisiae in 48-well plates or 250 mL
shake flasks, a single colony is picked and cultured overnight with YPD
or YNB medium in a sterile 12 mL culture tube. It is then transferred to
YPD medium at an OD of 0.1 and incubated at 220 rpm and 30 °C for

4 days (3 days for B-carotene production). For the production of
limonene, 10% (v/v) hexadecane is added. The concentration of iso-
prenol added to IUPS, IUP6, IUP8 and IUP9 is 5g/L, and to IUP7 and
IUP10 is 2g/L. The New Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek Instruments, USA) is used to determine the OD¢qo value
of cells.

Real-time quantitative PCR

For the total RNA extraction of S. cerevisiae, 2 mL of exponential
phase cells is collected and centrifuged at 15,000 x g and 4 °C for
3min with CF1524R centrifuge (SCILOGEX, USA), and the super-
natant is discarded. The cell pellet is washed twice with DEPC-treated
water. Then, the cell pellet is mixed with 0.7 g of 0.5 mm glass beads,
300 pL RNA lysis buffer (0.5 M NaCl, 10 mM EDTA, 1% SDS, 0.2 M Tris-
HCI pH 7.6), and 250 pL phenol/chloroform/isoamyl alcohol (25:24:1)
to 2 mL homogenization tube, and disrupted by high-speed homo-
genizer for biological samples processing Bioprep-24R (Aosheng
Instrument Co., Ltd., China). Then, centrifuge at 4 °C and 15,000 x g
for 5 min, carefully transfer 200 pL of the upper organic phase to a
1.5mL centrifuge tube. Add 500 pL of 100% ice-cold ethanol and
centrifuge at 4°C and 15,000 x g for 5min and discard the super-
natant. Add 500 pL of 75% ice-cold ethanol to resuspend the RNA,
then centrifuge under the same conditions and discard the super-
natant. Dry the RNA in a 65 °C metal bath for 10 min to evaporate the
water and ethanol. Resuspend in 50 pL DEPC-treated water. The RNA
concentration is measured with a micro-volume spectrophotometer.
Reverse transcription and genomic DNA degradation are performed
using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara
Biomedical Technology Co., Ltd., Japan) and TB Green® Premix Ex
Tag™ II (Tli RNaseH Plus) for RT-qPCR. All materials used in the RNA
extraction process are RNAse-free to prevent any degradation of RNA
samples and ensure the integrity of the results. ACTI is used as the
housekeeping gene. Primers for ACT1, SmDAGK, and AtPK are ACT1q-
F and ACT1q-R, SmDAGKq-F and SmDAGKq-R, AtIPKqg-F and AtIPKg-
R, respectively.

Transcriptional analysis

The exponential phase cells are collected and centrifuged at 6000 x g
for 3 min. The supernatant is discarded, and the cells are washed twice
with sterile water to obtain the cell pellet. The cells are then flash-
frozen in liquid nitrogen and stored at — 80 °C. Transcriptional analysis
is conducted by Sangon.

Molecular docking and analysis

Three-dimensional structures of compound ligands (in SDF file format)
are downloaded from the PubChem website (https://pubchem.ncbi.
nlm.nih.gov). These are converted to PDB file format using OpenBabel
2.4.1 software. AlphaFold2, accessible via a specific Google Colab URL
(https://colab.research.google.com/github/sokrypton/ColabFold/
blob/main/AlphaFold2.ipynb), is used for predicting and obtaining
protein structures. Preprocessing of ligands and enzymes before
molecular docking is performed using AutoDockTools 1.5.6. Molecular
docking and analysis are conducted using AutoDock Vina. PyMol 2.5.4
is used for visualization. The Protein-Ligand Interaction Profiler**
(https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) is used to
identify non-covalent interactions between the enzyme and ligand.
CavityPlus 2022 (http://www.pkumdl.cn:8000/cavityplus) is used for
protein cavity detection, and MOLEonline*® (https://mole.upol.cz) is
used for channel analysis.

Transformation protocols for high-throughput

screening method

IUP1is inoculated in 3 mL YPD medium supplemented with 5 mM MVA
in a sterile 12 mL culture tube at 30 °C and 220 rpm for 36-48 h. Then,
250 pL of culture is centrifuged at 6000 x g for 3 min, discard the
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supernatant. The cell pellet is added 100 pL of transformation solu-
tion, 1 ug of purified DNA products (Primers for SmMDAGK and AtIPK
single-point saturation mutations are listed in Supplementary Data 3),
and 3 pL of 10 mg/mL ssDNA (Solarbio Life Science Co., Ltd., China).
The transformation solution consists of 800 pL PEG3350 (500 g/L),
200 plL LiAc (2 M), and 7.5 pL 3-ME, and it can be stored for 6 months at
4 °C. After mixing the cell suspension by a vortex mixer for 10 sec, it is
incubated in a 37 °C water bath for 30 min, followed by centrifugation
at 6000 xg for 3min, discard the supernatant. The cell pellet is
resuspended in 100 pL ddH,0 and spread onto a YPD agar plate sup-
plemented with 0.5 g/L isoprenol, then incubated at 30 °C for 4-5 days.
This method is also suitable for routine S. cerevisiae plasmid
transformation.

We initially tested 188 mutants (from Supplementary Fig. 8
routel-2) and measured their squalene accumulation and ODggo
values. A Spearman correlation analysis revealed a strong positive
correlation between squalene accumulation and ODggg Vvalues. It
indicates that the mutants with increased squalene accumulation
generally had ODggo values not less than 75% of the WT strain
(Supplementary Fig. 8b). Therefore, we used 0.75 x ODggo value of
the WT strain as the threshold to further screen the mutants (Sup-
plementary Fig. 8 route3).

We performed saturation mutagenesis on 46 sites from two
enzymes (SmDAGK and AtIPK). Due to the growth-coupled trait, those
strains that exhibit a phenotypically normal appearance on YPD + 0.5
g/L isoprenol plates can be directly selected for fermentation. A total
of 385 mutants were selected on plates for fermentation. Based on
ODg¢oo measurements, we eliminated a subset of 134 mutants. Finally,
we used HPLC to determine the squalene accumulation in the
remaining 251 mutants. In contrast, the traditional method (each site
requires randomly selecting 94 mutants to achieve 95% coverage)
would have required measuring the squalene accumulation in 4324
mutants.

Metabolite extraction and analysis
A total of 0.2mL of fermentation liquid is added to a 2mL homo-
genization tube containing 0.7 g of 0.5 mm glass beads and 1 mL of
ethyl acetate. The cells are disrupted using Bioprep-24R, followed by
centrifugation at 10000 x g for 1 min. The upper ethyl acetate layer is
then filtered through a 0.22 pm syringe filter for high-performance
liquid chromatography (HPLC) analysis, which is conducted using an
LC-16 equipped with an SPD-16 dual wavelength UV detector (Shi-
madzu Corporation, Japan), utilizing an Agilent Poroshell 120 EC-C18
2.1x100 mm column (Agilent Technologies Inc., USA). The elution is
isocratic with 100% acetonitrile at a flow rate of 0.5mL/min and a
sample volume of 2 pL. Squalene is detected with an elution time of
7.5min at 210 nm, and B-carotene with an elution time of 15 min at
470 nm. For the determination of limonene, 10 uL of the upper organic
layer was added to 990 pL of ethyl acetate, then filtered through a
0.22 um filter for analysis. Limonene was measured by gas chromato-
graphy with an HP-5 column (30 m x 320 um x 0.25 um) using Agilent
8890 Gas Chromatograph (Agilent Technologies Inc., USA). The
injector temperature was set to 250 °C, and the FID detector tem-
perature was set to 250 °C. The split ratio was 5:1. The column oven
temperature was initially held at 80 °C for 3 min, then, increased to
140 °C at a rate of 10 °C per minute, and held for 7 min. Finally, the
column oven was heated to 280 °C at a rate of 30 °C per minute and
held for 1 min.

To extract intermediate metabolites (IPP/DMAPP, GPP, and FPP),
4 mL of cell culture was centrifuged at 10,000 x g for 3 min at 4 °C,
and the cell pellet was washed once with ddH,O0. The cell pellet was
then disrupted with 0.5 mm glass beads in 0.8 mL of 50% acetonitrile.
The mixture was centrifuged at 16,000 x g for 10 min at 4 °C. The
supernatant was filtered through a 0.22 um filter. The intermediate
metabolites were determined using liquid chromatography-tandem

mass spectrometry (LC-MS/MS) comprising a Waters Acquity UPLC
(Waters Corporation, USA) and an AB Sciex QTRAP 6500 + System
(AB Sciex LLC, USA). An Agilent Poroshell 120 EC-C18 (2.1 x 100 mm)
column was utilized, with the mass spectrometry mode set to Mul-
tiple Reaction Monitoring (MRM). Solvent A was an aqueous solution
of 5mM NH4HCO;, and solvent B was acetonitrile. The gradient
elution conditions were as follows: initially, solvent A was at 99% and
maintained for 0.5 min. It was then adjusted to 60% at 1.5 min and
maintained until 5.5 min. At 7 min, solvent A was adjusted to 1% and
maintained until 9 min. At 9.5 min, solvent A was returned to 99% and
maintained until 12 min. The flow rate was set to 0.3 mL/min. The
isomers IPP and DMAPP could not be separated under these liquid
chromatography conditions and were collectively quantified as
IPP/DMAPP.

Determination of isopentenol absorption

To determine the absorption rate of isopentenol, yeast was cultured
overnight and then inoculated at ODggo = 0.1 into 250 mL flasks con-
taining 25 mL of YPD medium, followed by incubation for 36 h. The
cells were then harvested by centrifugation at 6000 x g for 5min at
4 °C, washed once with 25 mL of sterile 9 g/L NaCl, and resuspended in
25 mL of 9 g/L NaCl. Subsequently, 10 mL of the cell suspension was
supplemented with 5g/L of prenol or isoprenol and incubated at
220 rpm and 30 °C for 12 h with shaking. After incubation, 0.5 mL of
the culture was mixed with 1 mL of ethyl acetate, vortexed vigorously
for 5min, and centrifuged at 10,000 x g for 3 min. The upper organic
layer was then filtered through a 0.22 um filter for analysis. Isopentenol
was measured by gas chromatography. The injector temperature was
set to 220 °C, and the FID detector temperature was set to 250 °C. The
split ratio was 30:1. The column oven temperature was initially held at
40 °C for 5 min, then increased at a rate of 50 °C per minute to 250 °C,
and held for 2 min.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw data of RNA-seq is deposited in the NCBI BioProject database
under accession PRJNA1182314. Primers, genes, plasmids, and strains
used in this work are provided in Supplementary Data 3-6. Source data
are provided in this paper.
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