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Abstract 24 

Isoprenol (3-methyl-3-butene-1-ol) is a valuable drop-in biofuel and an important precursor of 25 

several commodity chemicals. Synthetic microbial systems using the heterologous mevalonate 26 

pathway have recently been developed for the production of isoprenol in Escherichia coli, and a 27 

significant yield and titer improvement has been achieved through a decade of research. 28 

Saccharomyces cerevisiae has been widely used in the biotechnology industry for isoprenoid 29 

production, but there has been no good example of isoprenol production reported in this host. In 30 

this study, we engineered the budding yeast S. cerevisiae for improved biosynthesis of isoprenol. 31 

The strain engineered with the mevalonate pathway achieved isoprenol production at the titer of 32 

36.02 ± 0.92 mg/L in the flask. The IPP (isopentenyl diphosphate)-bypass pathway, which has 33 

shown more efficient isoprenol production by avoiding the accumulation of the toxic intermediate 34 

in E. coli, was also constructed in S. cerevisiae and improved the isoprenol titer by 2-fold. We 35 

further engineered the strains by deleting a promiscuous endogenous kinase that could divert the 36 

pathway flux away from the isoprenol production and improved the titer to 130.52 ± 8.01 mg/L. 37 

Finally, we identified a pathway bottleneck using metabolomics analysis and overexpressed a 38 

promiscuous alkaline phosphatase to relieve this bottleneck. The combined efforts resulted in the 39 

titer improvement to 383.1 ± 31.62 mg/L in the flask. This is the highest isoprenol titer up to date 40 

in S. cerevisiae and this work provides the key strategies to engineer yeast as an industrial platform 41 

for isoprenol production. 42 

  43 
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1. Introduction 44 

The concerns due to climate change and the need for sustainability in the energy sector has 45 

increased the interest in developing microbial hosts to produce advanced biofuels from renewable 46 

carbon sources. As microorganisms are evolved to maintain metabolic homeostasis under various 47 

environmental conditions, their metabolisms must be intensively rewired to achieve high titer, rate, 48 

and yield for commercial production. Recent advances in metabolic engineering and synthetic 49 

biology provide new tools that allow a better understanding of the production host and how to 50 

rewire the metabolism to produce biofuels in an economically more affordable way (Peralta-Yahya 51 

et al., 2011). Advanced biofuels, such as higher alcohols, isoprenoid- and fatty acid-derived 52 

biofuels, have physical properties similar to those of petroleum-based fuels. For example, n-53 

butanol, isobutanol, and C5 alcohols, are bio-derived alternatives to gasoline with higher energy 54 

density and less hygroscopicity than ethanol (Generoso et al., 2015). Fatty acid-derived biofuels 55 

such as fatty acid esters and isoprenoid-derived biofuels such as farnesane, bisabolane, and epi-56 

isozizaane are potential candidates to replace diesel and jet fuel due to their favorable 57 

physicochemical (such as freezing temperature) and combustion properties (such as cetane number 58 

and energy density) (Runguphan and Keasling, 2014; Zhang et al., 2017).   59 

The production of high-energy compounds from biomass is an important task, and recently, 60 

isoprenol (3-methyl-3-buten-1-ol) has gained interest as a promising, biomass-based strategic 61 

renewable intermediate for high-volume biofuel blend-stocks. Isoprenol is a good target for 62 

advanced biofuel based on its lower water miscibility than ethanol, good octane number and 63 

combustion efficiencies. In addition, a recent literature from the US Navy also suggested isoprene 64 

which is produced from isoprenol as a biobased precursor of high performance jet fuel blend-65 

stocks such as 1,4-dimethylcyclooctane (DMCO) (Rosenkoetter et al., 2019).  66 
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For microbial production of isoprenol, the mevalonate (MVA) pathway has been 67 

engineered and optimized in Escherichia coli, and recently, in Corynebacterium glutamicum 68 

(Chou and Keasling, 2012; George et al., 2014; Kang et al., 2016; Kang et al., 2019; Liu et al., 69 

2013; Sasaki et al., 2019; Withers et al., 2007). A heterologous MVA pathway was constructed to 70 

produce isoprenol in E. coli by overexpressing pathway enzymes from various organisms. 71 

Isopentenyl diphosphate (IPP), a universal precursor of isoprenoid biosynthesis, is accumulated 72 

via both the methylerythritol 4-phosphate (MEP) pathway and the MVA pathway and 73 

dephosphorylated to isoprenol by promiscuous activity of E. coli endogenous phosphatases (Figure 74 

1). However, the accumulation of IPP via the engineered MVA pathway caused growth inhibition, 75 

reduced cell viability, and plasmid instability, all of which resulted in low yield and titer by the 76 

production host. To overcome these limitations, a new pathway that avoids IPP formation for 77 

isoprenol production was designed (Figure 1) (Kang et al., 2016). Using promiscuous activities of 78 

two enzymes, mevalonate diphosphate decarboxylase (PMD or ERG19sc) from Saccharomyces 79 

cerevisiae and a phosphatase (AphA) from E. coli, a novel IPP-bypass pathway (IBP) was 80 

developed for isoprenol production. Using the IBP, 3.7 g/L of isoprenol titer was achieved in batch 81 

condition, and the highest titer of 10.8 g/L was recently reported through optimization of fed-batch 82 

fermentation process (Kang et al., 2019).  83 

S. cerevisiae has been widely used in the biotechnology industry due to robustness, ease of 84 

genetic manipulation, and is generally regarded as safe (GRAS) for large-scale operation. With 85 

these advantages, the yeast cell factories have been used to produce many biochemicals such as 86 

branched-chained higher alcohols (Generoso et al., 2015), biofuels derived from terpenoids such 87 

as farnesene (Meadows et al., 2016), and pharmaceutical terpenoids such as amorphadiene (Zhang 88 

et al., 2017). The Ehrlich pathway in S. cerevisiae is a well-known route to produce branched-89 
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chain higher alcohols such as isobutanol, isopentanol, and 2-methyl-1-butanol (Hazelwood et al., 90 

2008). Terpenoid pathway was used to produce biofuels in S. cerevisiae. For example, an FPP-91 

overproducing platform and plant-derived bisabolene synthase expression led to the biodiesel 92 

precursor bisabolene at titers >900 mg/L (Peralta-Yahya et al., 2011). As a successful example of 93 

industrial-scale production of isoprenoid biofuels, farnesene was produced with a titer exceeding 94 

130 g/L in the bioreactor (Benjamin et al., 2016; Meadows et al., 2016). Interestingly, even though 95 

there have been many successful examples of isoprenoid production in S. cerevisiae, isoprenol 96 

production in S. cerevisiae has not been achieved so far.  97 

In this study, we engineered the budding yeast S. cerevisiae for improved biosynthesis of 98 

isoprenol. We engineered both the original MVA pathway and the IPP-bypass pathway (IBP) in 99 

S. cerevisiae. To improve isoprenol production via the IBP, we engineered the strains by deleting 100 

a promiscuous endogenous kinase that could divert the pathway flux by generating IPP from 101 

isopentenyl phosphate (IP), a key intermediate of the IPP-bypass pathway, and from isoprenol. 102 

Using metabolomics analysis, we identified the last step of the pathway (a hydrolysis of IP to 103 

isoprenol) as the bottleneck and screened a promiscuous phosphatase that improves isoprenol titer 104 

significantly.  105 

 106 

2. Materials and Methods 107 

2.1 The strains, plasmids, and chemicals 108 

S. cerevisiae CEN.PK2-1C (MATa; ura3-52; trp1-289; leu2-3_112; his3Δ1; MAL2-8C; 109 

SUC2) was used as the background strain, and E. coli DH1 was used to propagate the recombinant 110 

plasmids. S. cerevisiae CEN.PK2-1C genome was used for construction of all linear DNA and 111 
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plasmids for genome engineering. All chemicals were purchased from Sigma Aldrich (Sigma-112 

Aldrich, USA) unless otherwise stated.  113 

 114 

2.2 S. cerevisiae transformation  115 

S. cerevisiae was transformed by lithium acetate (LiAc) / single-stranded carrier DNA 116 

(ssD) / PEG method based on a previously published protocol (Gietz and Schiestl, 2007). Briefly, 117 

a single colony of the yeast strain was inoculated into 5 mL of YPD liquid medium (10 g/L yeast 118 

extract, 20 g/L peptone, and 20 g/L glucose) and inoculated overnight on a rotary shaker at 200 119 

rpm and 30ºC. 2.5 x 108 cells were inoculated on 250 mL flask containing 50 mL YPD medium at 120 

200 rpm and 30ºC until the cell titer reached 2 X 107 cells/mL. Cells were harvested by 121 

centrifugation at 4,000 x g for 15 min and resuspend the pellet using 25 mL of sterile water two 122 

times. Cells were resuspended in 1 mL of sterile water and 100 μL samples containing 108 cells 123 

were used for transformation. Cells were centrifuged at 13,000 g for 30 s and removed supernatant. 124 

336 μL of transformation mix (including 240 μL of PEG 3350, 36 μL of 1.0 M LiAc, 50 μL of ssD 125 

(2 mg/mL) and 34 μL of plasmid or linear DNA) was added and resuspended the cells by vortex 126 

vigorously. The mixture of plasmid and cells has placed the tube in a water bath at 42ºC and 127 

incubate for 40 min. After removed supernatant, cells were resuspended in 1 mL YPD medium 128 

and incubated for 1 hour at 30ºC. The cells were screened on the SC (synthetic complete) selection 129 

medium. 130 

 131 

2.3 Construction of the original MVA pathway and the IPP-bypass pathway (IBP) strains 132 

To construct the original MVA pathway for isoprenol production, 5 pathway genes 133 

(EfmvaE, EfmvaS, ERG8sc, ERG12sc, and ERG19sc) were integrated on the genome. Three S. 134 
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cerevisiae genes (ERG8sc, ERG12sc, and ERG19sc), promoters, and terminators were amplified 135 

from the S. cerevisiae genome. EfmvaE and EfmvaS were amplified from strain JPUB_007547 136 

(Reider Apel et al., 2017) and integrated with the URA selection marker on the URA locus and 137 

expressed under the control of galactose promoter (PGAL). ERG12sc and ERG19sc were integrated 138 

with histidine (HIS) selection marker on the leucine (LEU) locus and expressed under the control 139 

of PGAL1. ERG8sc was integrated with the tryptophan (TRP) selection marker on GAL1 locus and 140 

expressed under the control of PGAL. The expression of the MVA pathway genes was controlled 141 

under the inducible promoter to overcome growth problem by the accumulated intermediate such 142 

as IPP and FPP. To use galactose promoters, GAL1, GAL7, and GAL10 were deleted from the 143 

genome. For integration and deletion of target genes, the linear DNAs including 500 base pair (bp) 144 

homologous arms (HAs), selection marker, target genes with promoter and terminator were 145 

assembled using Gibson assembly kits (NEB, England). The homologous recombinase was used 146 

to integrate the assembled linear DNA on the target region. The NudB was expressed on the high 147 

copy (2 micron) plasmid with the LEU selection marker. For the construction of IBP strains, 4 148 

pathway genes (EfmvaE, EfmvaS, ERG12sc, and ERG19sc) were also integrated on the genome. 149 

The ERG19sc was expressed on the high copy (2 micron) plasmid with the LEU selection marker. 150 

The ERG19sc expression was controlled under constitutive promoter to efficiently convert the 151 

unnatural substrate (MVAP) to IP.  152 

 153 

2.4 Deletion of the 5-phosphomevalonate kinase (ERG8sc) and choline kinase (CK) 154 

The target region was analyzed based on the Saccharomyces Genome Database (SGD, 155 

https://www.yeastgenome.org/). CRISPR/Cas9 system was employed to construct strains for 156 

isoprenol production. For CRISPR/Cas9, pCut plasmids were derived from a yeast episomal 157 

https://www.yeastgenome.org/
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shuttle vector and have a 2-micron origin of replication and a uracil selection marker (Reider Apel 158 

et al., 2017). The Cas9 is driven by the ADH1 promoter and CYC1 terminator. The 20 bp single 159 

guide RNA (sgRNA) on the target gene is controlled under a tyrosine promoter and an SNR52 160 

terminator. Benchling web tool (https://www.benchling.com/) was used to design primers to create 161 

donor DNA fragments with 500 bp flanking regions homologous to the respective target site. 162 

CEN.PK2-1C genomic DNA served as a template to generate all flanking regions, promoter and 163 

terminator fragments. The deletion was screened by growing recombinants on an SC agar plate 164 

without URA. The deletion of target genes, ERG8sc and CK, were confirmed using specific 165 

primers. Primers were designed based on the sequence flanking the target region to amplify the 166 

junction sequence. 167 

 168 

2.5 Validation of phosphatases for isoprenol production  169 

To improve IP hydrolysis to isoprenol, we tested 15 phosphatases for their promiscuous 170 

activity; 4 phosphatases amplified from E. coli DH1 include AphA, Agp, YqaB, and PhoA, and 171 

11 phosphatases from S. cerevisiae CEN.PK2-1C include Pyp1, Pah1, Gpp1 and Gpp2, Glc7, Pho3 172 

and Pho5, Pho8 and Pho13, Lpp1, and Dpp1. Gibson assembly (Gibson et al., 2009) was employed 173 

to construct plasmids. For the construction of the phosphatase expression vectors, the phosphatase 174 

genes were individually cloned on the pRS425. To efficiently convert IP to isoprenol, the 175 

expression of all phosphatases was controlled using the constitutive PGK1 promoter and ADH1 176 

terminator. This plasmid contains the 2-micron origin and LEU as a selectable marker.  177 

 178 

2.6 Cell culture condition and isoprenol tolerance test 179 

https://www.benchling.com/
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Engineered yeast was selected on the SC medium under auxotroph-screening conditions 180 

(SC, uracil 20 mg/L, histidine 20 mg/L, tryptophan 20 mg/L and leucine 100 mg/L) or yeast extract 181 

peptone glucose (YPD) medium with antibiotic screening (G418 200 mg/L). YPD and Delft 182 

medium were used for isoprenol production from S. cerevisiae. Delft medium contained (L-1): 7.5 183 

g (NH4)2SO4, 14.4 g KH2PO4, 0.5 g MgSO4•7H2O, 20 g glucose, 2 mL trace metals solution, and 184 

1 mL vitamins. The pH was adjusted to 6.5 before autoclavation. Vitamin solution was added to 185 

the Delft medium after autoclavation. The trace metals solution contained (L-1): 4.5 g CaCl2•2H2O, 186 

4.5 g ZnSO4•7H2O, 3 g FeSO4•7H2O, 1 g H3BO3, 1g MnCl2•4H2O, 0.4 g Na2MoO4•2H2O, 0.3 g 187 

CoCl2•6H2O, 0.1 g CuSO4•5H2O, 0.1 g KI, 15 g EDTA. The trace metals solution was prepared 188 

by dissolving all the components except EDTA in 900 mL ultra-pure water at pH 6.5. The solution 189 

was then gently heated and EDTA was added. In the end, the pH was adjusted to 4, and the solution 190 

volume was adjusted to 1 L and autoclaved (121°C in 20 min). This solution was stored at 4°C. 191 

The vitamin solution had (L-1): 50 mg biotin, 200 mg p-aminobenzoic acid, 1 g nicotinic acid, 1 g 192 

Ca-pantothenate, 1 g pyridoxine-HCl, 1 g thiamine-HCl, 25 g Myo-inositol. Biotin was dissolved 193 

in 20 mL 0.1 M NaOH and 900 mL water is added. pH was adjusted to 6.5 with HCl and the rest 194 

of the vitamins were added. pH was re-adjusted to 6.5 just before and after adding m-inositol. The 195 

final volume was adjusted to 1 L and sterile filtered before storage at 4°C. For isoprenol 196 

production, recombinant yeast colony was inoculated in glass tubes containing 5 mL YPD medium 197 

supplemented 2% glucose at 30ºC on overnight. And cultures were diluted 50-fold (v/v) in 5 mL 198 

fresh Delft medium for 12 h at 30ºC. This step was repeated twice for medium adaptation and cells 199 

were inoculated at OD600 0.2 in 50 mL Delft medium for analysis of isoprenol and cell growth. 200 

After 12 h, 2% galactose was added on the YPD and Delft medium for the induction of gal 201 
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promoters. Growth rates of strains were measured at OD600 on time course using UV/vis 202 

spectrometry. 203 

To test the tolerance of E. coli and S. cerevisiae against isoprenol, a single colony of E. 204 

coli DH1 wild type or S. cerevisiae CEN.PK2-1C wild type was inoculated in the 5 mL LB or 205 

YPD medium and grown overnight at 37ºC or 30ºC, respectively, with shaking at 200 rpm. Each 206 

strain was inoculated at OD600 0.2 in the tubes with 5 mL LB or YPD containing isoprenol at five 207 

different concentrations (0 g/L, 5 g/L, 10 g/L, 15 g/L, and 20 g/L) accordingly. For the isoprenol 208 

toxicity spot assay, the liquid culture of each strain was diluted at OD600 of 2 × 10-4 and was spotted 209 

on LB or YPD agar plates individually containing isoprenol at five different concentrations (0 g/L, 210 

5 g/L, 10 g/L, 15 g/L, and 20 g/L). 211 

 212 

2.7 Production and quantification of isoprenol  213 

For the isoprenol production, a single colony was inoculated in YPD medium overnight 214 

and diluted 50-fold (v/v) in Delft medium. The adapted cells were diluted 50-fold (v/v) in a fresh 215 

Delft medium again, and the final adapted cells were inoculated to initial OD 0.02 in 50 mL Delft 216 

medium supplemented with 2% glucose. After 12 h, integrated genes were induced by adding 2% 217 

galactose. 218 

For isoprenol quantification and quantitation, the cell culture (1 mL) was combined with 219 

an equal volume of ethyl acetate (1 mL) containing 1-butanol (30 mg/L) as an internal standard 220 

and mixed at 3,000 rpm on vortex mixer (Scientific industrial, USA) for 10 min. The cell cultures 221 

and ethyl acetate were separated by centrifugation at 14,000 x g for 5 min. A 500 μL of ethyl 222 

acetate layer was analyzed by gas chromatography – flame ionization detection (GC-FID, Thermo 223 

Focus GC) equipped with a DB-WAX column (15-m, 0.32-mm inner diameter, 0.25-μm film 224 
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thickness, Agilent, USA). The GC oven temperature program was as follow: started at 40ºC, a 225 

ramp of 15ºC/min to 100ºC, a ramp of 40ºC/min to 230ºC and held at 230ºC for 3 min. The inlet 226 

temperature is at 180ºC.  227 

 228 

2.8 Quantification of metabolites 229 

For the analysis of glucose, galactose, acetate, ethanol, and glycerol, 200 μL of filtered 230 

supernatant from 0.45-μm centrifugal filter was analyzed by the HPLC system equipped with an 231 

Aminex HPX-87H column (Bio-Rad, Richmond, CA, USA) at 65ºC and a refractive index detector 232 

at 50ºC (Agilent Technologies). The sugars and metabolites were analyzed by isocratic elution 233 

with 4 mM sulfuric acid. The flow rate was maintained at 0.6 mL/min. The sample tray was set to 234 

4ºC. Data acquisition and analysis were carried out via ChemStation software (Agilent 235 

Technologies). 236 

For the analysis of metabolites of the endogenous MVA pathway, OD 15 cells were 237 

harvested using a centrifuge at 14,000 x g for 10 min at 4ºC. The cell pellets were resuspended in 238 

a mixture of 300 μL methanol, 300 μL chloroform and 150 μL water. The cells and supernatant 239 

were transferred on a 1.7 mL screw-cap tube with glass beads for intracellular metabolites 240 

extraction. The cells were disrupted in a bead-beater, using 10 cycles of 10 s beat. The samples 241 

were then centrifuged at 14,000 x g for 5 min at 4ºC, and the aqueous phase was transferred to 3 242 

kDa cut-off tubes to remove macromolecules such as proteins. The 400 μL filtrate was then 243 

lyophilized and stored at -80ºC until LC-MS analysis. Lyophilized solutions were diluted with an 244 

equal volume of acetonitrile (400 μL, final 50% (v/v) ACN) and analyzed via liquid 245 

chromatography-mass spectrometry (LC-MS; Agilent Technologies 1290 Infinity II UHPLC 246 

system and Agilent Technologies 6545 quadrupole time-of-flight mass spectrometer) on a ZIC-247 
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pHILIC column (150-mm length, 4.6-mm internal diameter, and 5 μm particle size).  The UHPLC 248 

method used was described by (Baidoo et al., 2019) in note 6 of the book chapter. A sample 249 

injection volume of 1 µL was used throughout. Electrospray ionization conditions for the 6545 250 

quadrupole time-of-flight mass spectrometer were as follows: Negative ion mode, drying gas 251 

temperature = 300C, drying gas flow rate = 10 L/min, sheath gas temperature = 350C, sheath 252 

gas flow rate = 12 L/min, nebulizer = 20 lb/in2, VCap = 3500 V, nozzle voltage = 2000 V, 253 

Fragmentor = 100 V, skimmer = 50 V, and OCT 1 RF Vpp = 300 V. A mass range of 70-1100 m/z 254 

was used. All other LC-MS conditions were described by (Baidoo et al., 2019).  255 

 256 

3. Results and Discussions 257 

3.1 Isoprenol tolerance test and isoprenol biosynthetic pathway design in yeast using the 258 

original MVA pathway 259 

Before we engineer the isoprenol production pathway in S. cerevisiae, we examined the 260 

tolerance of E. coli and S. cerevisiae against isoprenol. Wild type E. coli and S. cerevisiae were 261 

cultured in presence of isoprenol at various concentrations and their growth rates were measured 262 

to determine the half maximal inhibitory concentrations (IC50) toward isoprenol (Supplementary 263 

Figure S1).  S. cerevisiae (IC50 7.79 g/L) showed slightly better tolerance toward isoprenol than 264 

E. coli (IC50 3.80 g/L), and they showed no growth at 15 g/L for E. coli and 20 g/L for S. 265 

cerevisiae. In addition, the spot assay was also performed, and E. coli did not grow on the plate 266 

with isoprenol at 15 g/L and 20 g/L while S. cerevisiae showed no growth only on the plate with 267 

20 g/L of isoprenol (Supplementary Figure S1b), which was consistent to the liquid culture 268 

experiment.  From these results, we concluded that S. cerevisiae is more tolerant against isoprenol 269 

than E. coli and S. cerevisiae could be a more suitable host to produce isoprenol than E. coli. 270 
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To produce isoprenol in S. cerevisiae, we first conceived the pathway using the endogenous 271 

MVA pathway. Interestingly there was only one literature (a master’s thesis) up to date available 272 

for the study of isoprenol production in S. cerevisiae using isoprenoid biosynthetic pathway (Pham, 273 

2015). In this study, the endogenous MVA pathway in S. cerevisiae was used and overexpressed 274 

a truncated HMG-CoA reductase and a phosphatase from Bacillus subtilis (NudF), previously 275 

reported in E. coli to produce isoprenol and prenol (Pham, 2015; Withers et al., 2007). In this work, 276 

however, only isopentanol (isoamyl alcohol) was produced at a very low titer (4 mg/L only in the 277 

cell pellet extract), and no isoprenol was detected.  278 

In our first strategy, we designed the pathway to improve the cytosolic IPP level for 279 

isoprenol production in the industrially relevant CEN.PK strain via the original MVA pathway 280 

(Figure 1). As IPP is the major intermediate for the synthesis of sterols, ubiquinone, dolichols, and 281 

isoprenoids in S. cerevisiae, (Vickers et al., 2017), we assumed that the cytosolic IPP level may 282 

not be high enough for the high-level production of isoprenol. To increase IPP pools, we 283 

overexpressed MVA pathway enzymes by adding more copies of pathway genes either native or 284 

from different species. We integrated 5 genes (EfmvaE and EfmvaS from Enterococcus faecalis, 285 

and ERG8sc, ERG12sc and ERG19sc from S. cerevisiae) on the host genome (Figure 2a). Instead 286 

of using NudF for the hydrolysis of IPP to isoprenol, we overexpressed a promiscuous 287 

phosphatases NudB as previously reported in E. coli (Chou and Keasling, 2012). 288 

 289 

3.2 Initial assessment of the isoprenol production via the original MVA pathway  290 

The wild type CEN.PK2-1C strain did not produce isoprenol in the YPD medium at any 291 

detectable level regardless of NudB overexpression on plasmid (WT and JHK2 in Figure 2b, Table 292 

1). The strain JHK11 that overexpresses the top portion of the MVA pathway from E. faecalis 293 
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(EfmvaE and EfmvaS) and NudB did not produce isoprenol in the YPD medium either. This result 294 

indicated that the IPP may not be produced at high enough quantities to produce significant 295 

amounts of isoprenol just by overexpression of the top portion of the pathway. When two more 296 

genes (ERG12sc and ERG19sc) were overexpressed from the genome, the strain JHK15 started to 297 

produce isoprenol but the titer was still very low (less than 4 mg/L) (Figure 2b). When all 5 genes 298 

of the MVA pathway (EfmvaE, EfmvaS, ERG8sc, ERG12sc, and ERG19sc) were integrated on the 299 

genome, the strain JHK18 produced 36.02 ± 0.92 mg/L of isoprenol, which was the highest 300 

isoprenol titer achieved using the original MVA pathway in the YPD medium (Figure 2b).  301 

As the strain JHK18 still expresses endogenous IPP isomerase (Idi) that can produce 302 

dimethylallyl diphosphate (DMAPP) from IPP, we expected that this strain can also produce 303 

prenol, an isomer of isoprenol produced from DMAPP. However, no prenol was observed at any 304 

detectable level from this strain, and we suspected that the cytosolic DMAPP level might not be 305 

high enough to produce any detectable level of prenol in this strain as Idi regulates the ratio of IPP 306 

and DMAPP and maintains a much higher level of IPP than DMAPP (Rohdich et al., 2002; Withers 307 

and Keasling, 2007). In addition, if a small amount of prenol is still produced from DMAPP, it 308 

could be converted to isopentanol by promiscuous reductases in S. cerevisiae as previously shown 309 

in E. coli (Figure 1) (Chou and Keasling, 2012; George et al., 2015). To check the possibility of 310 

isopentanol production from DMAPP in this strain, we cultured the strain JHK18 in a minimal 311 

medium (Delft medium). A minimal medium was used because branched-chain amino acids 312 

(BCAA) such as leucine, isoleucine, and valine exist in the YPD medium (from the yeast extract) 313 

and can be converted to branched alcohols such as isopentanol via the Ehrlich pathway (Figure 1). 314 

As we predicted, the strain JHK18 produced 12.02 ± 0.56 mg/L of isopentanol in the Delft medium 315 

while the control strains (JHK17) did not produce any isopentanol (Supplementary Figure S2). 316 
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This result supports our hypothesis that a small amount of prenol was produced from DMAPP but 317 

was converted to isopentanol by unknown promiscuous reductases. 318 

Interestingly, the isoprenol production slightly increased in the Delft medium compared to 319 

the production titer from the YPD medium. The strain JHK18 produced 45.73 ± 3.14 mg/L 320 

isoprenol in the Delft medium at 72 h (Figure 2c). To explain a lower titer in the YPD medium 321 

than the titer in the Delft medium, we hypothesized that BCAA such as leucine, isoleucine, and 322 

valine supplemented from the yeast extract in the YPD medium may inhibit endogenous alkaline 323 

phosphatases and negatively affect the hydrolysis of IPP. There are several literatures that report 324 

the effect of the BCAA on the alkaline phosphatases activity in a mammalian system even though 325 

the mechanism of this effect in S. cerevisiae has not been verified (Boyd et al., 2019; Hoylaerts et 326 

al., 2006; Hoylaerts et al., 1992). According to the literature, the YPD medium includes 327 

approximately 2.859 g/L of the BCAAs from the yeast extract and peptone (Podpora et al., 2016; 328 

Raisa et al., 2016), and to test the BCAA effect in yeast, we cultured the cell in the Delft medium 329 

supplemented with 0.25 g/L, 0.5 g/L, and 1 g/L of three BCAAs (leucine, isoleucine, and valine). 330 

In presence of BCAAs, the strain JHK18 produced approximately 4-fold lower level of isoprenol 331 

than the control without BCAAs in the Delft medium (Supplementary Figure S3). This result 332 

supports our hypothesis that the excess BCAA from yeast extract and peptone may inhibit 333 

isoprenol production in the YPD. It is still not clear why this “BCAA effect” appears, and to 334 

address this, it will need an in vitro inhibition study as well as a structural analysis to see the 335 

interaction of the BCAA and the phosphatases. While this is an interesting question, it is not the 336 

main focus of the current work. Therefore, we simply conclude that the isoprenol production study 337 

is better performed in the Delft medium containing no BCAAs. 338 

 339 
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3.3 Design of the IPP-bypass pathway (IBP) for isoprenol production 340 

Even though we have achieved a significant improvement of isoprenol titer using the 341 

original MVA pathway, the best strain (JHK18) still produced only less than 45.73 ± 3.14 mg/L 342 

of isoprenol. Therefore, we attempted to explore a new design using the IPP-bypass pathway (IBP) 343 

in yeast to improve isoprenol production (Kang et al., 2016). The IBP is designed based on the 344 

promiscuous activity of the mevalonate diphosphate decarboxylase (PMD or Erg19sc) toward the 345 

non-native substrate MVAP (mevalonate phosphate), which can save one ATP and one enzyme 346 

(PMK or Erg8sc) for isoprenol production compared to the original MVA pathway (Figure 1). To 347 

construct the IBP in S. cerevisiae, we integrated four MVA pathway genes (EfmvaE, EfmvaS, 348 

ERG12sc and ERG19sc) on the yeast genome under galactose promoters, PGAL1 and PGAL10 (Figure 349 

3a). As a promiscuous activity of Erg19sc is known to be the key reaction in the E. coli IBP, we 350 

overexpressed Erg19sc on a high copy 2-micron plasmid under a strong TEF3 promoter as shown 351 

in Figure 3a.  352 

As the IBP requires the accumulation of MVAP as the precursor to produce IP using 353 

Erg19sc, we need to either knock out or knock down the activity of the endogenous 354 

phosphomevalonate kinase enzyme Erg8sc whose native substrate is MVAP. ERG8sc, however, 355 

is an important gene in the endogenous MVA pathway and an ERG8sc-knockout strain would not 356 

be able to grow unless there is another route to provide IPP, a universal precursor of isoprenoids. 357 

Therefore, we decided to introduce an alternative route to provide IPP (Figure 4) after knocking 358 

out ERG8sc in the genome and used an archaeal IP kinase (IPK) from Methanothermobacter 359 

thermautotrophicus that has shown to phosphorylate IP to IPP in E. coli (Kang et al., 2017).   360 

 361 

3.4 Initial assessment of the isoprenol production via the IPP-bypass pathway (IBP) 362 
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We constructed various IBP strains, cultured them first in the YPD medium, and analyzed 363 

isoprenol production. As shown in Figure 3b, the strain JHK1, a CEN.PK2 strain with ERG19sc 364 

overexpressed on plasmid, did not produce any isoprenol at a detectable level. When the top 365 

portion of the MVA pathway (EfmvaS and EfmvaE) was overexpressed from the genome as well 366 

as ERG19sc on plasmid, the strain (JHK12) started to produce isoprenol at less than 5 mg/L titer. 367 

When the other two pathway genes (ERG12sc and ERG19sc) were also integrated and 368 

overexpressed from the genome, this strain (JHK16) produced 46.19 ± 4.10 mg/L of isoprenol in 369 

the YPD medium after 72 h (Figure 3b). The strain JHK16 and the control strain with no ERG19sc 370 

overexpressed on plasmid (JHK14) were cultured in the Delft medium for production test after 371 

serial adaptation. The JHK16 now produced 75.09 ± 8.01 mg/L of isoprenol in the Delft medium 372 

after 72 h which is a 1.8-fold titer improvement compared with the original MVA pathway strain 373 

(JHK18). After 96 h, the isoprenol titer slightly decreased (Figure 3b and 3c), and this late phase 374 

titer decrease can be attributed to the evaporation of the product. When no more carbon source is 375 

available in the medium, the strains stop the isoprenol production. However, the evaporation of 376 

isoprenol is constantly occurring during fermentation under aerobic conditions, and as a result, the 377 

strains show net decrease of the titer in the later time. A hydrophobic overlay can be used to reduce 378 

product evaporation and to improve isoprenol titer as previously reported (George et al., 2015).  379 

To explain why the IBP strain (JHK16) produces more isoprenol than the original MVA 380 

pathway strain (JHK18) in the same condition, we speculated that Erg19sc overexpression re-381 

directs the flux from the native MVA pathway for IPP production to the IPP-bypass pathway for 382 

isoprenol production even though a valid MVA pathway still exists in the IBP strain. In the IBP 383 

strain, MVAP is the substrate of the key enzyme of the pathway (Erg19sc), while it is a native 384 

substrate of Erg8sc in the MVA pathway. As Erg19sc is highly overexpressed in the IBP strain, 385 
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MVAP would be mostly consumed for the isoprenol production via the IBP rather than used by 386 

Erg8sc for MVAPP production and eventually for IPP production in the original MVA pathway.  387 

With the confirmation that the IPP-bypass pathway works well and seems to be better than 388 

the original MVA pathway for isoprenol production in S. cerevisiae, we continued to use the IBP 389 

strain for further engineering to improve isoprenol titer.  390 

 391 

3.5 Knockout of 5-phosphomevalonate kinase (ERG8sc) and choline kinase (CK) 392 

To achieve a higher level of the MVAP, we could either increase the MVAP formation by 393 

Erg12sc (or MK) or decrease the MVAP consumption by Erg8sc (or PMK) in the MVA pathway 394 

(Figure 1). We attempted to decrease unwanted consumption of MVAP by knocking out ERG8sc 395 

in the IBP strain (Figure 4). As described in the previous section, ERG8sc is an essential gene to 396 

produce IPP in S. cerevisiae and the ERG8sc knockout strain would not grow in the medium unless 397 

we provide an alternate route to IPP. Therefore, IP kinase (IPK) from M. thermautotrophicus was 398 

employed to supply IPP for growth in the ERG8sc knockout strain (Kang et al., 2017).  399 

As expected, the strain JHK27 (ERG8sc knockout strain with heterologous IPK) could 400 

grow well in the Delft medium (Figure 5a). However, this strain produced isoprenol only at a very 401 

low level as shown in Figure 5b. All three strains consumed all glucose within 24 hours (data not 402 

shown). They accumulated a high level of ethanol (4~5 g/L) at 24 h, and ethanol level decreased 403 

after 24 h and JHK16 completely consumed ethanol by 72 h (Figure 5c). Surprisingly, we observed 404 

that the ERG8sc knockout strain (JHK26) started to grow slowly even without IPK expression 405 

(Figure 5a). This observation suggested that there is a putative kinase that can phosphorylate either 406 

MVAP, IP, or even isoprenol to produce IPP in the ERG8sc knockout strain. We searched for the 407 

putative kinase with this activity and found a literature that reports kinases with a promiscuous 408 
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activity (Chatzivasileiou et al., 2019). In this report, the authors reported that isoprenol and prenol 409 

could be converted to IPP and DMAPP by several promiscuous kinases, and among them, choline 410 

kinase (CK) from S. cerevisiae was capable of producing appreciable amounts of IPP and IP using 411 

isoprenol (Chatzivasileiou et al., 2019). With this information, we constructed the CK knockout 412 

strains to prevent a potential conversion of IP and isoprenol to IPP (Figure 4). The strain JHK22, 413 

a CK knockout version of JHK16, produced isoprenol at a titer of 130.52 ± 8.01 mg/L in the Delft 414 

medium at 72 h, a 2-fold improvement over the control strain (JHK16) (Figure 5b and 5e). This 415 

result supports our hypothesis that the CK could decrease the flux to isoprenol by phosphorylating 416 

IP and isoprenol to IPP in S. cerevisiae. JHK22 and JHK28 showed a similar glucose consumption 417 

and ethanol accumulation pattern as shown in the strains without CK knockout (Figure 5f), but as 418 

expected, the strain JHK24, in which both CK and ERG8sc were knocked out, did not grow in the 419 

Delft medium and did not produce any isoprenol, and the double knockout strain with an IPK 420 

integration (JHK28) grew slowly with a long lag and log phase, but interestingly, it still did not 421 

produce any isoprenol (Figure 5d and 5e). This result is probably due to a low efficiency of IPK 422 

for IP to IPP conversion, which could have recovered production of IPP only to the level enough 423 

for survival but not enough for isoprenol production. Therefore, we decided to use the CK 424 

knockout strain JHK22 as the IBP background strain for isoprenol production without knocking 425 

out ERG8sc and continued further modification and engineering to improve isoprenol production.  426 

 427 

3.6 Metabolites analysis of the IPP-bypass pathway strains 428 

To identify the bottleneck of the isoprenol production pathway and determine pathway 429 

engineering direction, we analyzed pathway metabolites of the IBP strains. For metabolites 430 

analysis, we selected two strains (JHK16 and JHK22) which show a similar growth pattern while    431 
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differ in isoprenol production levels and the existence of the CK gene. We monitored the level of 432 

MVA pathway intermediates (MVA, MVAP, MVAPP, IP/DMAP, and IPP/DMAPP) as well as 433 

their ODs and isoprenol titers at 24 h, 48 h, and 72 h after inoculation (Figure 6).  434 

The growth rate and the final OD of the strain JHK22 were slightly lower than those of the 435 

strain JHK16, and the isoprenol titer reached 130.52 ± 8.01 mg/L at 72 hours for JHK22 while the 436 

strain JHK16 produced 75.09 ± 8.01 mg/L (Figure 6a and 6b). Analysis of the pathway 437 

intermediates of the strain JHK16 showed that MVA and MVAP (even though with a large error 438 

bar for MVAP) were accumulated at 48 h and rapidly decreased after then, suggesting they were 439 

used to produce sterols and isoprenoids during the ethanol growth phase (Figure 6c and 6d). On 440 

the other hand, the intracellular MVA and MVAP levels showed an opposite trend in the strain 441 

JHK22. The MVA and MVAP levels were lower than those in the strain JHK16 at 48 hours, but 442 

the levels continuously increased from 48 h to 72 h in JHK22, suggesting that the MVA pathway 443 

is still quite active during the ethanol phase. We may explain this result with the different responses 444 

to the shortage of IPP, an essential metabolite for isoprenoids production, in these strains. As we 445 

overexpressed Erg19sc in the IBP strains, the flux from MVAP to MVAPP by an endogenous 446 

Erg8sc is expected to be much smaller than that of the wild type yeast. Therefore, the supply of 447 

IPP for the essential isoprenoids production would not be sufficient in the IBP strains, and to 448 

overcome this shortage, IPP should be further supplied either by the phosphorylation of IP using 449 

a promiscuous activity of CK or by stimulation of the MVA pathway. In the strain JHK22, the first 450 

scenario does not work as the CK gene was deleted and IPP supply should depend solely on the 451 

MVA pathway which may explain the increase of MVA and MVAP during the ethanol phase. And 452 

this explanation is consistent with the result shown in Figure 6e that almost no MVAPP was 453 

detected in both strains. A transcriptomics analysis of the MVA pathway genes would be helpful 454 
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to support this scenario as a more direct evidence, but we did not perform the transcriptomics study 455 

in this work as our primary goal to identify the pathway bottleneck could still be achieved by the 456 

metabolites analysis without transcriptomics data. Various omics analysis including 457 

transcriptomics and proteomics will allow a more complete system-wide understanding of the 458 

production strains and will eventually contribute to the titer improvement, and we will pursue this 459 

in the future work. 460 

The most interesting result from the metabolomics analysis is the IP level which is a few 461 

orders of magnitude higher than the other pathway metabolites in the IPP-bypass pathway. 462 

Especially, the IP levels after 48 h shows a significant increase and a huge accumulation of IP up 463 

to 400 mM in the strain JHK22 while the IP level in the control strain is maintained at around 50 464 

mM without any significant increase (Figure 6f). First, the result of high level of IP suggests that 465 

the Erg19sc overexpression significantly improved the conversion of MVAP to IP as there is no 466 

other route to IP. While the IP levels were similar in both strains by 48 h, the MVA pathway in the 467 

strain JHK22 was still active during the ethanol phase as described above. As a result, this strain 468 

continues to produce MVAP, which is mostly converted to IP due to a significantly higher level 469 

of Erg19sc (from a high copy plasmid) compared to that of Erg8sc (from the chromosomal copy). 470 

As only a small portion of MVAP is used to increase the IPP level, the strain might use more 471 

energy and resources to push the MVA pathway harder and produce more IPP, which increases IP 472 

production much more. 473 

The level of IP in the strain JHK22 should be enough for isoprenol production at a high 474 

level. However, this strain only produced about 130.52 ± 8.01 mg/L of isoprenol, and this suggests 475 

that the phosphatase, which is responsible for the hydrolysis of IP to isoprenol, is the bottleneck 476 

of the current isoprenol strain. As we depend on the promiscuous activity of the endogenous 477 



22 
 

phosphatases in S. cerevisiae, it is an important engineering task for isoprenol titer improvement 478 

to search for promiscuous phosphatases that are more efficient in IP hydrolysis and can relieve this 479 

bottleneck of the IBP strain. 480 

 481 

3.7 Validation of promiscuous phosphatases for isoprenol production via the IPP-bypass 482 

pathway 483 

Without overexpressing any additional phosphatase for the IP hydrolysis, the strain JHK22 484 

could still produce isoprenol from IP, probably using promiscuous activity of endogenous 485 

phosphatases, but the titers were still low. As the endogenous phosphatases may have a weak 486 

activity toward IP hydrolysis, we explored new promiscuous phosphatases which have better 487 

activity toward the IP hydrolysis.  488 

In the previous study performed in E. coli, several endogenous phosphatases (AphA, Apg, 489 

and YqaB) were identified from the screening of the promiscuous IP hydrolysis activity using 490 

single gene knockout mutant library (Kang et al., 2016). The isoprenol titer increased when one of 491 

these phosphatases (AphA) was overexpressed in the engineered E. coli. To improve IP hydrolysis 492 

in the strain JHK22, we tested 15 phosphatases from E. coli and S. cerevisiae, which were 493 

previously reported for promiscuous phosphatase activities. 4 phosphatases derived from E.coli 494 

include aminoglycoside-3-phosphotransferase (AphA), glucose-1-phosphatase (Agp), fructose-1-495 

phosphate phosphatase (YqaB) (Kang et al., 2016), and alkaline phosphatase (PhoA), and 11 496 

phosphatases derived from S. cerevisiae include sugar alcohol phosphatase (Pyp1) (Xu et al., 497 

2018), phosphatidate phosphatase (Pah1) (Han et al., 2006), glycerol-3-phosphatases (Gpp1 and 498 

Gpp2), serine/threonine phosphatase (Glc7), acid phosphatases (Pho3 and Pho5), alkaline 499 

phosphatase (Pho8 and Pho13), lipid phosphate phosphatase (Lpp1) (Faulkner et al., 1999), and 500 
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diacylglycerol phosphate phosphatase (Dpp1) (Faulkner et al., 1999). The phosphatase gene was 501 

individually cloned on a high-copy plasmid expressing Erg19sc under the control of a constitutive 502 

promoter (pPGK1) (Table 2). 503 

When we expressed the 9 phosphatases (Pyp1, Glc7, Pah1, Gpp1, Gpp2, Lpp1, Dpp1, 504 

Pha1, and Agp) individually in the strain JHK22, the growth rate and the isoprenol titer were 505 

similar to or slightly lower than the control strain (JHK22) (Figure 7). Interestingly, the expression 506 

of AphA, which is the best phosphatase reported to produce isoprenol in E. coli, showed a negative 507 

impact on growth and did not improve the isoprenol titer compared to the control. S. cerevisiae 508 

has several phosphatases with different specificities, cellular location, and permeases used in 509 

inorganic phosphate (Pi) uptake (Dick et al., 2011). The activities of these phosphatases are 510 

intrinsically linked to Pi homeostasis, and they are subjected to regulation via the Pi signal 511 

transduction pathway (PHO) in response to varying Pi levels (Dick et al., 2011; Persson et al., 512 

2003). With acid phosphatases such as Pho3 and Pho5 from S. cerevisiae, the isoprenol titer rapidly 513 

decreased after 48 h in the strains. This suggests that acid phosphatases may lose their activity 514 

faster than the other phosphatases as acid phosphatases could become inactive at high Pi 515 

concentration resulting from the IP hydrolysis. Isoprenol titer did not increase by Pho13 516 

expressions either. In general, Pho13 has promiscuous activity toward small intermediates such as 517 

p-glycolate, ribose-5-phosphate, and 4-nitrophenyl phosphate on pH 8 (Kuznetsova et al., 2015), 518 

and the intracellular pH may not be optimal for Pho13 to produce isoprenol in the Delft medium 519 

(adjusted pH 6.5). When Pho8 was overexpressed, isoprenol titer increased by about 20%. Strain 520 

with YqaB also led to a slightly increased isoprenol titer at a similar level to the Pho8 strain, but 521 

their titers were still not high enough to conclude a significant beneficial effect by phosphatase 522 

expression. 523 
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The best result was achieved in the strain that overexpressed PhoA, an alkaline phosphatase 524 

from E. coli. When PhoA was overexpressed in the PHOA strain, the isoprenol titer increased 525 

significantly and reached 383.10 ± 31.61 mg/L, which is about three times of the titer from the 526 

control strain JHK22 (Figure 7). From the growth curve data (Supplementary Figure S4), the 527 

PHOA strain clearly showed lower OD than the other strains after 72 hours when isoprenol titer 528 

significantly increased. To verify whether overexpression of PhoA protein itself is toxic to yeast, 529 

we overexpressed PhoA in the yeast strain that does not produce isoprenol under 5 different 530 

constitutive promoters with a range of promoter strength. As shown in Supplementary Figure S5, 531 

the growth rates of the PhoA overexpressing strains were similar to that of the control strain 532 

without PhoA overexpression. We confirmed that only isoprenol producing strain (JHK22) 533 

showed the growth problem among all PhoA overexpressing strains tested, and this result suggests 534 

a potential toxicity of isoprenol to the production host.  It is also consistent to the recent report that 535 

medium chain alcohols show growth inhibition to S. cerevisiae at a concentration as low as 0.1% 536 

(López et al., 2018). It is interesting that PhoA has not been identified as an important promiscuous 537 

phosphatase for IP hydrolysis in the previous screening attempted in E. coli (Kang et al., 2016). It 538 

is still not clear how PhoA performs so well for IP hydrolysis in S. cerevisiae, but the PHOA strain 539 

has been the highest isoprenol producing S. cerevisiae strain up to date.  540 

To improve isoprenol titer from this strain, the expression levels of PhoA will need to be 541 

optimized as it is crucial to balance the growth and the production for high titer large scale 542 

production. Even though the current isoprenol titer from the yeast strain is still lower than those 543 

previously achieved in E. coli (2.74 g/L in the flask, 3.7 g/L in batch fermentation, and 10.8 g/L 544 

in fed-batch fermentation) or C. glutamicum (1.25 g/L in the culture tube and 1.1 g/L using 545 

sorghum biomass hydrolysate) (Kang et al., 2019; Sasaki et al., 2019), we have successfully 546 
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addressed the major engineering components to use S. cerevisiae as a new isoprenol production 547 

host. With further pathway optimization, host engineering for biomass hydrolysate utilization and 548 

improved tolerance to isoprenol, and process engineering for fed-batch fermentation as well as the 549 

use of hydrophobic overlay, S. cerevisiae will be able to provide a commercially viable platform 550 

for isoprenol production.   551 

 552 

4. Conclusions 553 

Isoprenol is a valuable target in the biofuels and bioproducts sector. In this study, we 554 

reported a successful metabolic engineering of the industrially relevant S. cerevisiae CEN.PK 555 

strain to produce isoprenol. Engineering of the MVA pathway in S. cerevisiae achieved the 556 

isoprenol titer of 45.73 ± 3.14  mg/L, which was a significant improvement from the previously 557 

reported titer. The titer, however, was still low and a recently developed IPP-bypass pathway (IBP) 558 

was also explored in the yeast and almost doubled the isoprenol titer compared to the original 559 

MVA pathway strain. To further improve the titer, an endogenous kinase was identified in this 560 

strain as a key knock-out target to improve isoprenol production and the major bottleneck of the 561 

pathway was also identified from metabolomics analysis. A screening of 15 promiscuous 562 

phosphatases along with the kinase knock-out resulted in a significant titer improvement to 383.10 563 

± 31.61 mg/L in a flask experiment when PhoA from E. coli was overexpressed. To our knowledge 564 

this is the first successful engineering in S. cerevisiae for isoprenol production and the highest 565 

isoprenol titer achieved in this host up to date. As the current titer is still lower than those achieved 566 

in other hosts, more strain optimization will be required to improve titer to the level adequate for 567 

industrial application. Considering many advantages of S. cerevisiae in biotechnology industry, S. 568 
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cerevisiae could be used as a promising workhorse for isoprenol production in a commercially 569 

viable manner.  570 
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Table 1. Strains used in this study. 708 

Strains without plasmid Genotype/Description Source 

CEN.PK2-1C (WT) MATa ura3-52 trp1-289 leu2-3_112 his3 Δ1 MAL2-8C 

SUC2 

Euroscarf 

B1 CEN.PK2-1C GAL1, GAL7, and GAL10::TRP3 This study 

B2 B1 ura3-52::URA3/GAL1p-EfMvaS(A110G)-

CYC1t/GAL10p-EfMvaE-ADH1t 

This study 

B3 B2 leu2-3::His3MX6/GAL1p-ERG19sc-CYC1t/GAL10p-

ERG12-ADH1t 

This study 

B4 B2 trp1-289::GAL1p-ERG8sc-ADH1t This study 

B5 B4 leu2-3::His3MX6/GAL1p-ERG19sc-CYC1t/GAL10p-

ERG12-ADH1t 

This study 

B6 B1 trp1-289::TRP3/ GAL1p-ERG8sc-ADH1t This study 

B7 B3 Δcholine kinase This study 

B8 B5 Δcholine kinase This study 

B9 B7 ΔERG8sc This study 

B10 B3 ΔERG8sc This study 

B11 B10 GAL1, GAL7, GAL10::TRP3/GK1p-IPK-CYC1t This study 

B12 B11 Δcholine kinase This study 

   

Strains with plasmid Genotype/Description Source 

JHK1 CEN.PK2-1C with pERG19sc This study 

JHK2 CEN.PK2-1C with pNudB This study 

JHK3 B1 with pRS425 This study 

JHK4 B2 with pRS425 This study 

JHK5 B6 with pRS425 This study 

JHK6 B4 with pRS425 This study 

JHK7 B6 with pNudB This study 

JHK8 B6 with pERG19sc This study 

JHK9 B11 with pRS425 This study 

JHK10 B12 with pRS425 This study 

JHK11 B2 with pNudB This study 

JHK12 B2 with pERG19sc This study 

JHK13 B4 with pNudB This study 

JHK14 B3 with pRS425 This study 

JHK15  B3 with pNudB This study 
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JHK16  B3 with pERG19sc This study 

JHK17 B5 with pRS425 This study 

JHK18 B5 with pNudB This study 

JHK19 B8 with pRS425 This study 

JHK20 B8 with pNudB This study 

JHK21 B7 with pRS425 This study 

JHK22 B7 with pERG19sc This study 

JHK23 B9 with pRS425 This study 

JHK24 B9 with pERG19sc This study 

JHK25 B10 with pRS425 This study 

JHK26 B10 with pERG19sc This study 

JHK27 B11 with pERG19sc This study 

JHK28 B12 with pERG19sc This study 

JHK29 (APHA) B7 with pAPHA This study 

JHK30 (AGP) B7 with pAGP This study 

JHK31 (YQAB) B7 with pYQAB This study 

JHK32 (PHOA) B7 with pPHOA This study 

JHK33 (PYP1) B7 with pPYP1 This study 

JHK34 (PAH1) B7 with pPAH1 This study 

JHK35 (GPP1) B7 with pGPP1 This study 

JHK36 (GPP2) B7 with pGPP2 This study 

JHK37 (GLC7) B7 with pGLC7 This study 

JHK38 (PHO3) B7 with pPHO3 This study 

JHK39 (PHO5) B7 with pPHO5 This study 

JHK40 (PHO8) B7 with pPHO8 This study 

JHK41 (PHO13) B7 with pPHO13 This study 

JHK42 (LPP1) B7 with pLPP1 This study 

JHK43 (DPP1) B7 with pDPP1 This study 

 709 

 710 

 711 

  712 
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Table 2. Plasmids used in this study. 713 

Plasmids* Genotype/Description Source 

pRS425 pRS425-Leu-amp Christianson et al., 1992 

pERG19 Leu_TEF3-ERG19sc This study 

pNudB Leu_TEF3-NudB This study 

pPYP1 Leu_TEF3-ERG19sc/PGK1-PYP1 This study 

pPAH1 Leu_TEF3-ERG19sc/PGK1-PAH1 This study 

pGPP1 Leu_TEF3-ERG19sc/PGK1-GPP1 This study 

pGPP2 Leu_TEF3-ERG19sc/PGK1-GPP2 This study 

pPHOA Leu_TEF3-ERG19sc/PGK1-PhoA This study 

pGLC7 Leu_TEF3-ERG19sc/PGK1-GLC7 This study 

pAPHA Leu_TEF3-ERG19sc/PGK1-AphA This study 

pAGP Leu_TEF3-ERG19sc/PGK1-Agp This study 

pYQAB Leu_TEF3-ERG19sc/PGK1-YqaB This study 

pPHO3 Leu_TEF3-ERG19sc/PGK1-PHO3 This study 

pPHO5 Leu_TEF3-ERG19sc/PGK1-PHO5 This study 

JPUB_007459 Ura3_pCut Reider et al., 2017 

pCut_CK Ura3_pCut_CK This study 

pCut_PMK G418_pCut_PMK This study 

pCut_208a G418_pCut_208a This study 

pCut_308a G418_pCut_308a This study 

pCut_416d G418_pCut_416d This study 

pCut_CAN1y G418_pCut_CAN1y This study 

pCut_SAP155c G418_pCut_SAP155c This study 
* All Leu plasmids are derived from pRS425. 714 

 715 
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Figure legend 717 

Figure 1. The pathways for the five carbon alcohols production in S. cerevisiae. The mevalonate 718 

pathway (original pathway) consists of 7 reactions to convert acetyl-CoA into IPP and DMAPP 719 

which are dephosphorylated to produces prenol and isoprenol. The IPP-bypass pathway was 720 

designed to produce isoprenol via direct decarboxylation of MVAP using promiscuous activity of 721 

the PMD (or ERG19) followed by dephosphorylation of IP. The Ehrlich pathway is a well-known 722 

route to produce branched-chain higher alcohols. Abbreviations: HMG-CoA, 3-hydroxy-3-723 

methyl-glutaryl-CoA; MVA, mevalonate; MVAP, mevalonate phosphate; MVAPP, mevalonate 724 

pyrophosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; AtoB (or 725 

ERG10), acetoacetyl-CoA thiolase; HMGS (or ERG13), HMG-CoA synthase; HMGR (HMG1 or 726 

HMG2), HMG-CoA reductase; MK (or ERG12), mevalonate kinase; PMK (or ERG8), 727 

phosphomevalonate kinase; PMD (or ERG19), mevalonate diphosphate decarboxylase; IDI (or 728 

IDI1), isopentenyl diphosphate isomerase; NudB, E. coli dihydroneopterin triphosphate 729 

diphosphatase; NemA, E coli N-ethylmaleimide reductase; BAT2, branched-chain-amino acid 730 

aminotransferase; KDC, α-keto-acid decarboxylase; ADH, alcohol dehydrogenase. 731 

 732 

Figure 2. Isoprenol production via the original pathway. (a) Construction of the original MVA 733 

pathway on the genome with nudB on plasmid. Five MVA pathway genes (EfmvaE, EfmvaS, 734 

ERG8sc, ERG12sc, and ERG19sc) were integrated under the control of the GAL promoters. NudB 735 

was expressed on the high-copy plasmid under the control of TEF3 promoter. (b) Isoprenol titers 736 

from the strains in the YPD.  (c) Isoprenol titer from two strains (JHK17 and JHK18) in the Delft 737 

medium. Each medium was supplemented with 2% glucose and 2% galactose. Error bars represent 738 

one standard deviation from the biological replicates. WT, wild type. 739 
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 740 

Figure 3. Isoprenol production via the IPP-bypass pathway. (a) Construction of the IPP-bypass 741 

pathway on the genome with ERG19sc on plasmid. Four MVA pathway genes (EfmvaE, EfmvaS, 742 

ERG8sc, and ERG19sc) were integrated on the genome under the control of galactose promoters. 743 

ERG19sc was overexpressed on the high-copy plasmid under the control of TEF3 promoter. (b) 744 

Isoprenol titers from the strains in the YPD. (c) Isoprenol titers of JHK14 and JHK16 in the Delft 745 

medium. Each medium was supplemented 2% glucose and 2% galactose. Error bars represent one 746 

standard deviation from three biological replicates. WT, wild type.  747 

 748 

Figure 4. Engineering strategy to improve isoprenol production in yeast via the IPP-bypass 749 

pathway. ERG8sc and choline kinase gene were deleted from the genome and IPK was integrated 750 

to compensate IPP depletion. ERG19sc was overexpressed on the plasmid.  751 

 752 

Figure 5. Effect of CK and ERG8sc deletion and IPK overexpression for isoprenol production. (a) 753 

The growth rate, (b) the isoprenol titer, and (c) the ethanol titer of three strains (JHK16, JHK26, 754 

and JHK27) without CK deletion. (d) The growth rate, (e) the isoprenol titer, and (f) the ethanol 755 

titer of three strains (JHK22, JHK24, and JHK28) that CK is deleted. The strains were cultured in 756 

the Delft medium supplemented with 2% glucose and 2% galactose at 30ºC. Error bars represent 757 

one standard deviation from three biological replicates.  758 

 759 

Figure 6. Comparison of the pathway metabolites levels from the IPP-bypass pathway strains with 760 

CK (JHK16) or without CK (JHK22). (a) Growth curve. Inducer was added at 12 h.; (b) Isoprenol 761 

production; (c) Intracellular MVA level; (d) Intracellular MVAP level; (e) Intracellular MVAPP 762 
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level; (f) Intracellular IP level; (g) Intracellular IPP/DMAPP. Error bars represent one standard 763 

deviation from three biological replicates using the Delft medium supplemented with 2% glucose 764 

and 2% galactose at 30°C. 765 

 766 

Figure 7. Isoprenol production via the IPP-bypass pathway with various phosphatases. JHK22 is 767 

the control strain and all the other strains include each phosphatase on the plasmid. Error bars 768 

represent one standard deviation from three biological replicates.  769 
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