M Agricultural Biotechnology Journal :

Shahid Bahonar Tranian
University of Kerman Biotechnology Society

Print ISSN: 2228-6705 Online ISSN: 2228-6500

Investigation of the impact of epigenetic modifiers and computational-
guided metabolic engineering on increasing terpene precursor

production in yeast

Hajar Ebadi
Ph.D. Student, Institute of Biotechnology, School of Agriculture, Shiraz University, Shiraz, Iran.
E-mail address: h.ebadi215@gmail.com

Payam Setoodeh
Associate Professor, Department of Chemical Engineering, School of Chemical, Petroleum and
Gas Engineering, Shiraz University, Shiraz, Iran. E-mail address: payamst@shirazu.ac.ir

Ali Niazi
*Corresponding author. Professor, Institute of Biotechnology, School of Agriculture, Shiraz

University, Shiraz, Iran. E-mail address: niazi@shirazu.ac.ir

Abstract
Objective

This study aimed to enhance isopentenyl pyrophosphate (IPP) production, a key precursor in
terpenoid biosynthesis, in Saccharomyces cerevisiae. Two major approaches were explored:
epigenetic modifications using 5-azacitidine and sodium butyrate, and targeted genetic

engineering based on computational simulations.

Materials and methods

Treatment with 5-azacytidine induced the demethylation of gene promoter regions, while sodium
butyrate inhibited histone deacetylase (HDAC) enzymes, thereby modulating gene expression in
the mevalonate pathway. Using the iMM904 model and an OptForce-FSEOF-inspired algorithm,
computational simulations were employed to identify key reactions and optimize metabolic flux.
In this study, treatments of 5-azacitidine and sodium butyrate at optimal concentrations were
added to the culture medium containing yeast, and the concentrations of metabolites were
measured using LC-MS/MS.
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Results

Results showed that 5-azacitidine and sodium butyrate significantly increased the concentrations
of key metabolites, including phosphomevalonate, IPP, and dimethylallyl diphosphate, thereby
enhancing the mevalonate pathway. Azacitidine was more effective than sodium butyrate in
increasing the concentration of phosphomevalonate, while both treatments had similar effects on
the production of IPP. Additionally, downregulation of the ACACT1m reaction via genetic
engineering led to the reallocation of acetyl-CoA metabolic resources to the mevalonate pathway,
resulting in a 7.25 mmol/gDW/h increase in IPP production, while maintaining a satisfactory cell
growth rate of 0.36 gDW/h.

Conclusions

Based on these findings, the combination of both approaches—epigenetic modifications and
targeted genetic engineering—can be considered an effective strategy for optimizing terpenoid
production at an industrial scale. This approach leverages the strengths of both methods,
enhancing the production capacity of S. cerevisiae for valuable bioproducts.
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Introduction

Terpenoids constitute one of the largest and most structurally diverse classes of natural
products, with significant applications in pharmaceuticals, cosmetics, food additives, and
biofuels. The biosynthesis of terpenoids relies on the efficient production of their fundamental
precursors, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These
molecules serve as essential building blocks for a wide range of isoprenoid compounds, including
sterols, carotenoids, and bioactive secondary metabolites. Saccharomyces cerevisiae has been
extensively utilized as a microbial cell factory for terpenoid biosynthesis due to its well-
characterized metabolic network, genetic tractability, and ability to grow on inexpensive carbon
sources. However, a key challenge in metabolic engineering is enhancing the flux toward the
mevalonate (MVVA) pathway—the primary route for IPP and DMAPP biosynthesis in yeast. This
limitation arises from the tightly regulated nature of the MVVA pathway and the competition for
metabolic precursors, such as acetyl-CoA, which are also required for essential cellular processes,
including lipid biosynthesis.

In this study, we aimed to enhance IPP production in S. cerevisiae through a dual approach:
(i) the application of epigenetic modifications via treatment with 5-azacitidine (5-Aza) and
sodium butyrate (SB), and (ii) the implementation of targeted metabolic engineering informed by
computational simulations. Epigenetic modifications regulate gene expression without altering
the DNA sequence, and their application in metabolic engineering represents an emerging strategy
for optimizing biosynthetic pathways. Moreover, genome-scale metabolic modeling (GEMs)
facilitates the identification of key enzymatic reactions that can be manipulated to enhance
metabolic fluxes. By integrating these two strategies, we aimed to maximize IPP production while
sustaining robust cell growth, ultimately improving the feasibility of yeast-based terpenoid

production for industrial applications.

Materials and methods

Yeast strain and culture conditions: In this study, the yeast strain S. cerevisiae ATCC 9763
was utilized. Cells were cultured in YEPD medium at a temperature of 30°C under constant
shaking at 200 rpm. Upon reaching the mid-exponential phase (OD660nm = 1.0), treatments with
50 uM 5-Aza and 25 mM SB were administered. The concentrations were determined based on
minimum inhibitory concentration (MIC) tests to minimize growth inhibition while inducing
epigenetic modifications.

Epigenetic treatments and metabolite extraction: To evaluate the effects of 5-Aza and SB
on gene expression and metabolite accumulation, cells were harvested at various time points

following treatment. Metabolism was quenched using cold methanol, and metabolites were
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extracted following a modified methanol/chloroform method. The resultant samples were
subsequently analyzed using LC-MS/MS for the quantification of key metabolites, including
phosphomevalonate, isopentenyl pyrophosphate (IPP), dimethylallyl pyrophosphate (DMAPP),
and farnesyl pyrophosphate (FPP).

Computational modeling and metabolic engineering: For metabolic engineering, we
utilized the genome-scale metabolic model iMM904, which encompasses a
comprehensive set of metabolic reactions, metabolites, and associated genes in S.
cerevisiae. Constraint-based flux balance analysis (FBA) was performed using the
COBRA Toolbox in MATLAB, providing predictions on the optimal distribution of
metabolic fluxes under defined environmental conditions. In our simulations, the glucose
uptake rate was fixed at 11.5 mmol/gDW/h, while oxygen consumption was considered
nonlimiting, reflecting aerobic growth conditions.

Further simulations were conducted using an algorithm inspired by the OptForce-
FSEOF framework. This allowed us to systematically evaluate candidate reactions that
could be targeted to improve IPP production without compromising cell viability. Out of
49 candidate reactions identified through initial screening, the mitochondrial acetoacetyl-
CoA thiolase (ACACT1m) was selected as the primary target. Downregulating
ACACT1m was hypothesized to reduce the diversion of acetyl-CoA toward competing
metabolic pathways, thereby enhancing its availability for the MVVA pathway.

Results

Impact of epigenetic modifications on IPP biosynthesis: Treatment with 5-Aza and SB
significantly altered the intracellular concentrations of key intermediates in the mevalonate
(MVA) pathway. The application of 5-Aza was more effective in enhancing phosphomevalonate
levels, achieving a 2.5-fold increase compared to control conditions, while SB resulted in a
twofold increase. The concentrations of isopentenyl pyrophosphate (IPP) more than doubled in
both treatment groups, suggesting that epigenetic modifications effectively upregulated genes
encoding critical enzymes within the MVA pathway. However, a statistically significant
difference was not observed between the effects of 5-Aza and SB on IPP production.

Metabolic engineering and growth-coupled production of IPP: Computational
simulations provided critical insights into the metabolic reprogramming required to boost
IPP production. By reducing the flux through the ACACT1m reaction, acetyl-CoA was
redirected from nonproductive pathways toward the MVA pathway. Experimentally, the
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engineered yeast strain exhibited a production rate of 7.25 mmol/gDW/h for IPP—a
significant improvement over the wild-type strain. Furthermore, the biomass growth rate
was maintained at 0.36 gDW/h, indicating that the engineered modifications did not
impose a significant metabolic burden on the cells.

Production envelope analysis revealed a marked difference between the wild-type
and engineered strains. In the wild-type strain, a clear inverse relationship was observed
between cell growth and IPP production, as metabolic resources were primarily allocated
for biomass formation. Conversely, the engineered strain showed a strong positive
correlation between growth and IPP production. This suggests that the reallocation of
metabolic fluxes was successful in coupling IPP synthesis with cellular proliferation—a
desirable outcome for industrial fermentation processes.

Production envelope analysis: The production envelope analysis highlighted a fundamental
difference between the wild-type and engineered strains. In the wild-type strain, IPP production
exhibited an inverse relationship with growth rate, as metabolic resources were preferentially
allocated toward biomass formation. Conversely, in the engineered strain, a strong positive
correlation between growth and IPP production was observed, indicating successful metabolic

reprogramming to couple IPP synthesis with cellular growth.

Conclusions

The results of our study illustrate that a combinatorial approach, which integrates epigenetic
modifications with computationally guided metabolic engineering, can significantly enhance the
biosynthesis of terpene precursors in yeast. The application of 5-Aza and SB resulted in the
substantial upregulation of key intermediates in the mevalonate (MVVA) pathway, while the
targeted reduction of ACACT1m flux led to an increased production of isopentenyl
pyrophosphate (IPP) by optimizing the allocation of acetyl-CoA. These findings emphasize the
potential of epigenetic regulators as valuable tools for metabolic engineering and highlight the
efficacy of computational modeling in identifying and fine-tuning critical metabolic targets. This
integrated strategy presents a promising pathway for the industrial-scale production of terpenoids
and other valuable bioactive compounds. Future research endeavors should investigate additional
epigenetic modifiers and expand computational models to predict the long-term stability of

engineered strains under various fermentation conditions.
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Figure 1. The growth curve of Saccharomyces cerevisiae under control, azacitidine, and

sodium butyrate treatment conditions
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