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Abstract: Efficient expression of multiple genes is critical to yeast metabolic engineering 

because of the increasing complexity of engineered pathways. A yeast polycistronic expression 

system is of particular interest because one promoter can drive the expression of multiple 

genes. Polycistronic expression thus requires less genetic material and minimizes undesirable 

recombination due to repeated use of the same promoter. It also decreases the number of DNA 

parts necessary for cloning a multi-gene construct. 2A viral peptides enable the co-translation of 

multiple proteins from one mRNA by ribosomal skipping. However, the wide adaptation of this 

strategy for polycistronic-like gene expression in yeast awaits in-depth characterizations. 

Additionally, a one-step assembly of such a polycistronic-like system is highly desirable. To this 

end, we have developed a MoClo compatible 2A peptide-based polycistronic-like system 

capable of expressing multiple genes from a single promoter in yeast. Characterizing the bi-, tri, 

and quad-cistronic expression of fluorescent proteins showed high cleavage efficiencies of three 

2A peptides. The expression level of each protein decreases as it moves away from the 
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promoter. Additionally, the impact of a C-terminal 2A peptide on protein function is dependent 

on the protein sequence. Applying the polycistronic-like system for geraniol production resulted 

in similar or higher titers compared to a conventional monocistronic construct. In summary, this 

highly-characterized polycistronic-like gene expression system is another tool to facilitate multi-

gene expression in yeast. 

Introduction 

Baker’s yeast (Saccharomyces cerevisiae) is widely used in metabolic engineering for 

renewable production of commodity and specialized chemicals1. The increasing lengths and 

complexity of engineered metabolic pathways in yeast require a highly efficient and controllable 

expression of multiple genes2-4. The recent development of new synthetic genetic parts has 

greatly enriched tools available for yeast gene expression5-14. However, gene expression in 

yeast is monocistronic such that each gene requires a separate promoter and terminator. As a 

result, multiple promoters and terminators are required to clone multi-gene constructs. This 

requirement often results in unusually large plasmids since the sizes of each promoter and 

terminator are considerable. Additionally, repetitive use of the same promoter increases 

unintended homologous recombination, while using different promoters causes uneven gene 

expression. Therefore, it will be of great advantage to develop a polycistronic-like system in 

yeast so that a single promoter will drive the expression of multiple genes. 

2A viral peptides are viral oligopeptides of 20-30 amino acids, which “self-cleaves” a 

polypeptide into two separate proteins during translation15-17. Mechanistic studies showed that 

instead of a peptidyl cleavage, the 2A peptide mediates a highly unusual translation termination 

independent of the stop codon at the C-terminal conserved D(V/I)EXNPGP motif18, 19. 

Specifically, when the G of the D(V/I)EXNPG is at the P site in the ribosome, the 2A peptide: 
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ribosome complex changes the fine structure to discriminate against the peptidyl transfer of the 

incoming prolyl-tRNAPro. The ribosome thus stalls, releasing the first protein ending with the 2A 

peptide up to glycine. Then the ribosome resumes translation of the second peptide with proline 

as the first amino acid. Occasionally the ribosomal skipping does not happen, thus resulting in 

an “uncleaved” protein (Figure 1A). The highly efficient self-processing property and the small 

size render the 2A peptide an ideal tool to develop a polycistronic-like expression system in 

yeast. 

2A peptides have been applied to express two or more genes in animals for antibody 

production and fluorescent cell imaging20-29. It has also been utilized to produce specialized 

metabolites in plants30-37 and fungus38-41. Recently, a pioneering work by Souza-Moreira et al. 

(2018)41 calculated cleavage efficiencies of twenty-two 2A peptides individually linking two 

fluorescent proteins in yeast. However, the 2A peptide system still requires further 

characterization before it can be widely adapted in yeast metabolic engineering. Questions 

remaining include: how reliable are 2A peptides when expressing more than two genes? How 

does the positioning of each gene in a 2A peptide construct affect its expression? Does the C-

terminal 2A peptide affect the molecular function of the protein? Does the cleavage efficiency of 

a 2A peptide vary in different yeast strains? How does the 2A peptide construct compare to the 

traditional monocistronic expression system in terms of product yield? Is there a facile cloning 

method that allows the seamless assembly of multiple genes in a 2A peptide construct? 

To address these questions, we first developed a Golden Gate compatible 2A polycistronic-

like expression system that builds on the existing yeast MoClo kit developed by Lee et al. 

(2015)14. This system enables a one-step assembly of up to four genes separated by three 2A 

peptides. We used this system to characterize bi-, tri-, and quad-cistronic constructs using 

fluorescent proteins. Interestingly, we found that the 2A peptide tail negatively affects protein 
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function but to a different extent in different proteins. The four 2A peptides characterized 

behaved similarly in four commonly used yeast strains. The position of each gene in a 2A 

peptide construct does influence its expression. Additionally, a side-by-side comparison of the 

conventional monocistronic expression system and the 2A peptide expression system was 

performed using a four-gene pathway for geraniol production. The assembled polycistronic 

constructs yielded a similar or higher amount of geraniol than their monocistronic counterparts.  

Results and Discussion 

Assembly of polycistronic-like expression constructs in yeast 

We have developed a bottom-up approach to assemble 2A peptide-based polycistronic 

constructs building on the existing yeast MoClo toolkit14. In brief, the cloning process requires 

the assembly of part plasmids into a transcription unit (TU) level plasmid. The polycistronic 

constructs developed can assemble up to four coding sequences (CDS) linked by 2A peptides 

in a TU level construct, allowing the co-expression of four genes from a single promoter (Figure 

1B). All of the part plasmids, except those containing CDSs, are available in the Addgene 

repository (kit #:1000000061). The codon-optimized 2A peptide part plasmids will be deposited 

to Addgene too. The users only need to clone their genes of interest into the entry vector 

followed by a one-step Golden Gate assembly into the TU level multi-gene construct. The 

fluorescent proteins in the entry vector greatly facilitate screening the correct constructs. It is 

routine to obtain the correctly assembled quad-cistronic construct in one attempt. The cloning 

protocol is detailed in Supplementary Figures 1-6 and Supplementary Tables 1-3.  

This MolClo system greatly simplified the cloning of 2A peptide-linked genes. Firstly, the 2A 

peptide part plasmids have been sequence-verified; this eliminates the chance of mutations if 

they are synthetic oligonucleotides. Secondly, the Golden Gate protocol allows the 
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simultaneous assembly of multiple genes in one step. The 2A peptide-based construct is at the 

TU level; there is no need to assemble a multi-gene plasmid, which is required for cloning 

conventional monocistronic constructs. 

Characterization of the bi-cistronic constructs 

To characterize the expression of functional proteins in a bi-cistronic construct, we 

assembled four constructs with TagRFP-T as the first gene and mTurquoise2 as the second 

gene linked by a 2A peptide (Figure 2A). A GSG linker was placed between the first gene and 

the 2A peptide to maximize the cleavage efficiencies of the 2A peptides42 and minimize their 

potential impact on the function of the first protein. The four 2A peptides examined are E2A, 

O2A, P2A, and T2A. They are chosen based on a previous screening in yeast and the wide 

usage in other organisms20, 22, 24, 30, 31, 42. Fluorescence of both TagRFP-T and mTurquoise2 

were detected, indicating the bi-cistronic system is functional (Figure 2B). Interestingly, 

TagRFP-T as the first gene was expressed at a lower level (43-80% of the control) than 

mTurquoise2, the second gene (72-78% of the control). One reason could be that the additional 

C-terminal 2A peptide of the first protein decreased fluorescence, despite a GSG linker. 

However, increasing linker lengths or switching to other linkers43 did not increase the 

fluorescence of the first protein (Supplementary Figure 7). Western blot using a C-terminal anti-

his antibody showed high cleavage efficiency (~95%) for E2A, O2A, and P2A. The cleavage 

efficiency of T2A was only 30% (Figure 2C).  

To determine if the bi-cistronic expression is influenced by the two gene sequences flanking 

the 2A peptide, we flipped the construct so that mTurquoise2 was the first gene and TagRFP-T, 

the second (Figure 2D). Similar results were observed in the flipped constructs. mTurquoise2 as 

the first gene (42-57% of the control) was expressed significantly lower than the second gene 

(71-94% of control) (Figure 2E). The cleavage efficiencies for the four 2A peptides were similar 
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to the original reporter constructs, with T2A being the least efficient. Thus, the expression and 

cleavage efficiency of bi-cistronic constructs does not seem to be affected by specific gene 

sequences. 

Effects of 2A peptides on protein function and strain dependence 

Because the first fluorescent gene expression was consistently lower than its monocistronic 

control, we investigated if the 2A peptide interferes with protein function. To this end, we 

compared the function of fluorescent proteins and β-galactosidase lacZ with or without a C-

terminal 2A peptide (Figure 3). Surprisingly, all three fluorescent proteins with a C-terminal E2A, 

including mTurquoise2, TagRFP-T, and mKate2, showed dramatically decreased fluorescence 

(2-9% of the control) (Figure 3B). However, lacZ with the C-terminal E2A only had a slight 

decrease of the β-galactosidase activity compared to the wildtype version (Figure 3C). Since 

fluorescent proteins and β-galactosidase are structurally disparate44, 45, the impact of the C-

terminal 2A peptide on these two classes of proteins are drastically different. Therefore, how 2A 

peptide interferes with protein function varies from gene to gene. One may add a protease 

sequence between the first gene and the 2A peptide to mitigate the negative impact of the 2A 

peptide on the protein function28, 29. 

Since various yeast strains are used for metabolic engineering, we tested the bi-cistronic 

constructs in four widely used yeast strains, including three haploid strains (BY4741, CEN.PK2-

1C, W303) and one diploid strain (CEN.PK2) (Supplementary Figure 8). Fluorescence 

measurements of both genes were similar across all four strains regardless of which 2A peptide 

was used, suggesting that the 2A peptide-based polycistronic expression system performs well 

regardless of the host strain. 

Characterization of the tri-cistronic constructs: 
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To test the 2A peptide polycistronic-expression system beyond expressing two genes, we 

created tri-cistronic constructs with three fluorescence proteins, TagRFP-T, mTurquoise2, and 

Venus, linked by two 2A peptide sequences (Figure 4A). We used two different 2A peptides in 

tri-cistronic constructs to minimize potential homologous recombination. E2A, P2A, and O2A 

were included because of their high cleavage efficiencies (Figure 2C&F), and a total of six 

constructs were generated. Overall, the fluorescence of the first protein, TagRFP-T, is the 

highest, followed by mTurquoise2 and Venus, compared to their monocistronic counterparts 

(Figure 4B). Fluorescence of TagRFP-T as the first protein had similar relative fluorescence as 

in the bi-cistronic constructs (56%-80% of the control). The second protein, mTurquoise2, had 

lower relative fluorescence in the tri-cistronic constructs (41%-63% of control) than the bi-

cistronic ones (Figure 2B). This result could be due to the extra C-terminal 2A peptide after 

mTurquoise2 that negatively affected fluorescence. The third protein Venus had relative 

fluorescence ranging from 41-52% of its control. Since Venus does not have the C-terminal 2A 

peptide, the dip in fluorescence is likely due to the increased distance of Venus from the 

promoter possibly caused by ribosome run-off when the transcript is too long46, 47. Western blot 

showed comparable ratios of cleaved Venus to the uncleaved mTurquoise2-Venus except when 

O2A was the second 2A peptide. This result agreed with the slightly lower cleavage efficiency of 

O2A in Figure 2F. Thus, 2A peptides can be reliably used to enable tri-cistronic expression in 

yeast, albeit the expression level of the third gene can be lower than that of the first two. 

Characterization of the quad-cistronic construct 

We extended the 2A peptide-based polycistronic constructs to express four fluorescent 

protein, mKate2, TagRFP-T, mTurquoise2, and, Venus, linked by three different 2A peptides 

(Figure 5A). Overall, there was a decrease in relative fluorescence of all four proteins compared 

with bi- and tri-cistronic constructs (Figure 5B). This observation could result from the increased 

cellular burden of expressing multiple genes. The decrease of fluorescence in the first three 
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proteins (31%-40% of controls) was likely due to the C-terminal 2A peptides that affected 

protein function. The last protein, Venus, showed a significantly reduced fluorescence (21% of 

control), owing to the further increased distance from the promoter. The Western Blot in Figure 

5C showed the cleaved Venus protein from the quad-cistronic construct. No uncleaved fusion 

protein with Venus was detected.  

Thus far, we have characterized the 2A peptide-based polycistronic expression in yeast up 

to four genes. The positional effect of genes is more pronounced in the quad-cistronic 

constructs than the tri-cistronic constructs. Although more than four genes can be expressed 

using this system, we stopped further characterizations due to the limited numbers of 

fluorescent proteins with non-overlapping light spectra,  

Constructing a metabolic pathway using the 2A peptide-based polycistronic system 

Using the 2A peptide-based polycistronic expression system, we constructed a metabolic 

pathway for producing geraniol in yeast. Geraniol is a valuable mono-terpene extensively used 

in the fragrance industry48. To produce geraniol in yeast, we overexpressed tHMG1 and IDI1, 

the two rate-limiting genes of the mevalonate (MVA) pathway, and the geraniol pyrophosphate 

(GPP) synthase gene ERG20ww49 and the geraniol synthase gene (Ocimum basilicum), 

tObGES50 (Figure 6A). We assembled four quad-cistronic constructs with four genes in different 

positions under the GAL1 promoter. A monocistronic construct (MC) with each gene expressed 

under the same promoter was used as a control (Figure 6B). Three out of four polycistronic 2A 

constructs produced similar or higher geraniol compared with the mono-cistronic control, 

demonstrating that the polycistronic constructs can be used for yeast metabolic engineering 

(Figure 6C) (Supplementary Figure S9). The C-terminal 2A peptide sequence did not 

significantly affect the function of each gene. Comparing geraniol titers in strains 2A_1 and 

2A_2 indicated that ERG20ww was the bottleneck of this pathway since the geraniol titer 
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decreased as ERG20ww was moved farther away from the promoter. The same conclusion could 

be drawn by comparing strains 2A_3 with 2A_4. Therefore, the positional effects of the 2A 

polycistronic expression system, combined with the ease of cloning, can be exploited to identify 

metabolic pathway bottlenecks.  

Summary 

A polycistronic gene expression system is highly valuable for expressing multiple genes in 

yeast. To this end, we have developed a 2A peptide-based polycistronic gene expression 

system compatible with Golden Gate cloning. Such design allowed fast and reliable cloning of 

multiple genes in the polycistronic expression system. Furthermore, we characterized the bi-, tri-

, and quad-cistronic gene expression using fluorescence proteins as reporters. Finally, we 

constructed a four-gene metabolic pathway to produce geraniol. Geraniol produced from the 

polycistronic constructs were comparable or superior to the control monocistronic construct.  

The performance of this polycistronic expression system is constant across four commonly 

used yeast strains. Genes farther away from the promoter showed decreased expression in the 

polycistronic expression system. This phenomenon may be exploited to identify bottlenecks in a 

metabolic pathway. The C-terminal 2A peptide fused to all except the last protein in the 

polycistronic system affected protein function in a sequence-dependent manner. We found that 

the 2A peptide significantly affected fluorescent proteins but had a limited impact on lacZ and 

the four enzymes for geraniol production. Protease cleavage sequences such as a furin 

cleavage site may be placed between a CDS and a 2A peptide to eliminate the impact of 2A 

peptide on protein function28, 29. Additionally, since the quad-cistronic system developed in this 

work is at the TU level, and the original yeast MolClo kit allows the cloning of up to six TUs into 

a multi-gene level plasmid, one can express up to 24 proteins by combining the two systems. 

Such capacity will undoubtedly facilitate the construction of very long metabolic pathways or 
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elaborated engineering in yeast. Taken together, we expect this work to greatly expedite the 

wide adaptation of the polycistronic-expressing system for metabolic engineering and other 

applications in yeast. 

Methods 

Strains and Growth media: The S. cerevisiae strain BY4741 (MATa; his3Δ1; leu2Δ0; 

met15Δ0; ura3Δ0) was used for gene expression of the mono- and polycistronic constructs. The 

MVA pathway genes, tHMG1, and IDI1 were amplified from the genome of the strain CEN.PK2-

1C (MATa his3D1 leu2-3,112 ura3-52 trp1-289 MAL2-8C SUC2). Chemically competent 

Escherichia coli (E. coli) DH5α strain was used to propagate plasmids. Transformed E. coli cells 

were selected on the Luria-Bertani plate (LB) with appropriate antibiotics. The wildtype E. coli 

strain MG1655 was used to amplify the LacZ gene. 

Synthetic dropout media contained 0.67% (w/v) yeast nitrogen base without amino acids 

(Difco, Franklin Lakes, NJ), 0.1% (w/v) dextrose (Fisher Scientific, Waltham, MA), 2% (w/v) 

raffinose (Goldbio, St. Louis, MO), 0.07% (w/v) synthetic complete amino acid mix minus 

histidine (Sunrise Science, Knoxville, TN). Galactose induction media had the same 

composition, except the 0.1% (w/v) dextrose was replaced with 2% galactose (Fisher Scientific, 

Waltham, MA). Yeast extract peptone dextrose (YPD) media for preparing yeast competent 

cells contained 1% (w/v) BactoTM yeast extract, 2% (w/v) BactoTM peptone, and 2% (w/v) 

dextrose.  

Gene synthesis, PCR, and Cloning: The ERG20WW and tObGES genes and the 2A 

peptides were synthesized by IDT (Newark, NJ). PCR amplification was performed using the 

Phusion High Fidelity DNA Polymerase (NEB, Ipswich, MA) according to the manufacturer’s 
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protocol. All primer sequences were included in Supplementary Table S5. Gibson assembly51 

was used to insert the LacZ and the LacZ_E2A into the pCEN-HIS vector. Golden Gate 

assembly was performed for all the other constructs as outlined in Mukherjee et al., 202152. In 

brief, each reaction mix contained: 1 μl of equimolar concentration (~20fmol) of each DNA 

fragment or plasmid, 1 μl of T4 DNA ligase buffer (NEB, Ipswich, MA), 0.5μl of restriction 

enzyme (BsaI-HFv2 or Esp3I), 0.5 μl of T4 ligase (NEB, Ipswich, MA), followed by adjusting the 

volume to 10 μl. Reaction mixes were incubated in a thermocycler using the following program: 

25-35 cycles of digestion and ligation at 37 °C for 5 min, and 16 °C for 5 min respectively, 

followed by a final digestion step at 50 °C for 10 min, and a heat inactivation step at 80 °C for 10 

min. The final digestion and heat inactivation steps were omitted for assembling the 

intermediate TU vector14, 52. The sequences of all part plasmids and pCEN-His plasmids were 

confirmed using Sanger sequencing (GeneWiz, South Plainfield, NJ).  

Measuring the fluorescence of the polycistronic constructs: Yeast competent cells were 

transformed with polycistronic constructs containing fluorescent proteins using the Frozen-EZ 

yeast transformation II kit (Zymo Research, Irvine, CA) according to the manufacturer’s protocol. 

The transformation mixture was plated on histidine dropout (SD-His) plates and incubated at 30 

°C for two days. Colonies were picked and grown overnight in 5 ml liquid dropout media at 30 

°C with shaking at 200 rpm. The overnight culture was inoculated at an initial OD600 of 0.1 into 

the induction media containing galactose and grown at 30 °C with shaking at 200 rpm for 24 

hours. 200 μl of the culture was transferred into a 96-well plate. Fluorescence was measured 

using a Tecan (Morrisville, NC) Spark microplate reader. Excitation and emission wavelengths 

used were: mTurquoise2 at 435 nm / 478 nm, TagRFP-T at 555nm / 585nm, Venus at 485nm / 

530nm, mKate2 at 588nm / 633nm, respectively. The fluorescence readings were normalized to 

the OD600.  
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β-galactosidase assay: The β-galactosidase assay was performed according to the 

protocol described in the Clontech (Mountain View, CA) Yeast Protocol Handbook. In brief, 

yeast transformed with plasmids bearing the LacZ gene was grown as described in the 

paragraph above. 1.5 ml of the induced culture was collected at OD600 of 0.8 and pelleted at 

10,000 x g for 1 min, then resuspended in 1.5 ml of Z buffer (16.1 g/l Na2HPO4*7H2O, 5.5 g/l 

NaH2PO4*H2O, 0.75 g/l KCl, 0.246 g/l MgSO4*7H2O; pH 7.0). Cells were pelleted again and 

resuspended in 300 μl of Z buffer (concentration factor: 5). Next, 100 μl of cell suspension was 

frozen in liquid nitrogen and thawed at 37 °C for 1 min. A total of three freeze-and-thaw cycles 

were performed to lyse the cells. To initiate the assay, 700 μl of Z buffer, 0.27% 2-

mercaptoethanol, and 160 μl of 4 mg/ml ONPG (ortho-nitrophenyl-β-galactoside in Z buffer) 

were added to the cell lysate. The assay mixtures were incubated at 30 °C for ~15 min until the 

yellow color developed, followed by the addition of 400 μl of 1 M Na2CO3. Cells were pelleted at 

10,000 x g for 10 min, and the supernatant was used to measure the absorbance at 420 nm 

using a UV-vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA). β-galactosidase 

units were calculated according to the equation: 

β-galactosidase units = (1000 x A420) / (t x V x OD600), 

where t is the time to develop the yellow color and V is 0.1 x concentration factor. 

Yeast protein extraction: Cell pellet from 1.5 ml of culture was resuspended in 250 μl of 

1% (v/v) 2-mercaptoethanol and 0.25 M NaOH. After 10 min on ice, 160 μl of 50% 

trichloroacetic acid (TCA) was added to the cell suspension, then incubated for 10 min on ice. 

After centrifugation at 16,000 x g for 10 min, the supernatant was removed, and the pellet was 

allowed to air dry. The pellet was then resuspended in 200 μl sample buffer containing 2% (w/v) 

2-mercaptoethanol, 125 mM Tris-HCl, 20% (w/v) glycerol, 4% (w/v) sodium dodecyl sulfate 
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(SDS) and 4% (w/v) bromophenol blue. This sample buffer was used for protein gel 

electrophoresis and Western blot. 

Western blot: Western Blot was performed with modifications from the protocol described in 

Wang et al., 201253. In brief, 20 μg protein from each sample was separated by SDS-PAGE 

(polyacrylamide gel electrophoresis), then transferred to the polyvinylidene fluoride (PVDF) 

membrane (Bio-Rad, Hercules, CA), which was then blocked with 5% (w/v) non-fat milk in TBST 

buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween-20) at room temperature for three hours. 

Primary antibody (Anti-His; Invitrogen, Waltham, MA or Anti-HA; Sigma Aldrich, St.Louis, MO) 

was added to the blocking solution at 1:2,000 dilution and incubated overnight at 4 °C. The 

PVDF membrane was then washed 3 x 10 min with TBST and incubated with horseradish 

peroxidase (HRP)-conjugated goat anti-mouse (diluted 1:20,000; Bio-Rad, Hercules, CA) 

secondary antibody for one hour at room temperature followed by 6 x 10 min washes with TBST 

and detection using the Radiance Plus chemiluminescence substrate (Azure Biosystems, 

Dublin, CA) and ChemiDoc XRS+ image analyzer (Bio-Rad, Hercules, CA). The band intensities 

were quantified using the ImageJ software. The following formula was used to measure the 

cleavage efficiency41: 

 Cleavage efficiency=100 × (cleaved protein) / (cleaved protein + uncleaved protein).  

Geraniol production and quantification: Yeast colonies transformed with MC and 2A_1-4 

plasmids were grown overnight in 5 ml dropout media at 30 °C with shaking at 200 rpm. The 

overnight culture was inoculated at an initial OD600 of 0.1 into the induction media and grown at 

30 °C with shaking at 200 rpm for 24 hours. 1 ml of the culture was pelleted at 16,000 x g for 1 

min, and the supernatant was used to quantify geraniol using the geraniol dehydrogenase 

(Gedh) assay54. In brief, 50 μl of the supernatant was mixed with 50 μl of the reaction mix 
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containing 10 μl of 200 mM Tris-HCl (pH 8.0), 4 μl of 4 mM NAD+ (Goldbio, St. Louis, MO), 4 μl 

of 4 mM resazurin sodium salt (Acros Organics, Belgium), 0.002 U purified Castellaniella 

defragrans geraniol dehydrogenase, and 1 μl of 100 U diaphorase (Sigma Aldrich, St.Louis, 

MO). For preparing the geraniol standard curve, 10X of each geraniol concentration was 

prepared by dissolving authentic geraniol standard (Acros Organics, Belgium) in acetone. Next, 

5 μl of the 10X geraniol and 45 μl of double distilled H2O was added to the 50 μl reaction mix, 

such that the final geraniol concentration is 1X. The geraniol standard curve is in Supplementary 

Figure 10. Each reaction was incubated at room temperature for 45 min, and fluorescence was 

recorded at the excitation and emission of 530 nm and 590 nm, respectively, using a Tecan 

Spark microplate reader (Morrisville, NC). 

Supporting Information: 

The supplementary information includes supporting instructions (figures, tables, and text) on 

how to design primers and assemble the poly-cistronic constructs; supporting figures to show 

the effect of longer linkers on 2A peptide function, the effectiveness of four 2A peptides in four 

yeast strains; supporting chromatograms and MS spectra showing the authentic standard and 

geraniol produced by the quad-cistronic construct; supporting tables that list of plasmids and 

primers used in the study. 

Conflict of interests 

The authors declare no conflict of interest. 

 

Acknowledgment 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2022. ; https://doi.org/10.1101/2022.05.23.493076doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.23.493076
http://creativecommons.org/licenses/by-nc/4.0/


The authors are grateful to Dr. Sarah Walker for providing access to the Tecan Spark 

microplate reader and Dr. Valerie Frerichs from the Chemistry Instrument Center (CIC) at 

University at Buffalo for the mass spectrometry work. We also thank Dr. Laura Rusche for 

providing the yeast haploid strain W303 (LRY 1006) for this study. This project was supported 

by the Research Foundation for the State University of New York (71272) to Z. Q. Wang and the 

National Science Foundation (CHE-1919594) to the CIC. 

 
References:  

[1] Krivoruchko, A., and Nielsen, J. (2015) Production of natural products through metabolic 

engineering of Saccharomyces cerevisiae, Curr Opin Biotechnol 35, 7-15. 

[2] Srinivasan, P., and Smolke, C. D. (2020) Biosynthesis of medicinal tropane alkaloids in yeast, 

Nature 585, 614-619. 

[3] Brown, S., Clastre, M., Courdavault, V., and O'Connor, S. E. (2015) De novo production of the 

plant-derived alkaloid strictosidine in yeast, Proc Natl Acad Sci U S A 112, 3205-3210. 

[4] Luo, X., Reiter, M. A., d'Espaux, L., Wong, J., Denby, C. M., Lechner, A., Zhang, Y., 

Grzybowski, A. T., Harth, S., Lin, W., Lee, H., Yu, C., Shin, J., Deng, K., Benites, V. T., Wang, G., 

Baidoo, E. E. K., Chen, Y., Dev, I., Petzold, C. J., and Keasling, J. D. (2019) Complete 

biosynthesis of cannabinoids and their unnatural analogues in yeast, Nature 567, 123-126. 

[5] Redden, H., and Alper, H. S. (2015) The development and characterization of synthetic 

minimal yeast promoters, Nat Commun 6, 7810.    

[6] Rajkumar, A. S., Liu, G., Bergenholm, D., Arsovska, D., Kristensen, M., Nielsen, J., Jensen, M. 

K., and Keasling, J. D. (2016) Engineering of synthetic, stress-responsive yeast promoters, 

Nucleic Acids Res 44, e136. 

[7] Peng, B., Williams, T. C., Henry, M., Nielsen, L. K., and Vickers, C. E. (2015) Controlling 

heterologous gene expression in yeast cell factories on different carbon substrates and 

across the diauxic shift: a comparison of yeast promoter activities, Microb Cell Fact 14, 91. 

[8] Curran, K. A., Morse, N. J., Markham, K. A., Wagman, A. M., Gupta, A., and Alper, H. S. (2015) 

Short synthetic terminators for improved heterologous gene expression in yeast, ACS Synth 

Biol 4, 824-832. 

[9] Fang, F., Salmon, K., Shen, M. W., Aeling, K. A., Ito, E., Irwin, B., Tran, U. P., Hatfield, G. W., 

Da Silva, N. A., and Sandmeyer, S. (2011) A vector set for systematic metabolic engineering 

in Saccharomyces cerevisiae, Yeast 28, 123-136. 

[10] Chan, K. M., Liu, Y. T., Ma, C. H., Jayaram, M., and Sau, S. (2013) The 2 micron plasmid of 

Saccharomyces cerevisiae: a miniaturized selfish genome with optimized functional 

competence, Plasmid 70, 2-17. 

[11] Reider Apel, A., d'Espaux, L., Wehrs, M., Sachs, D., Li, R. A., Tong, G. J., Garber, M., Nnadi, 

O., Zhuang, W., Hillson, N. J., Keasling, J. D., and Mukhopadhyay, A. (2017) A Cas9-based 

toolkit to program gene expression in Saccharomyces cerevisiae, Nucleic Acids Res 45, 496-

508. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2022. ; https://doi.org/10.1101/2022.05.23.493076doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.23.493076
http://creativecommons.org/licenses/by-nc/4.0/


[12] Agmon, N., Mitchell, L. A., Cai, Y., Ikushima, S., Chuang, J., Zheng, A., Choi, W. J., Martin, J. 

A., Caravelli, K., Stracquadanio, G., and Boeke, J. D. (2015) Yeast Golden Gate (yGG) for the 

efficient assembly of s. cerevisiae transcription units, ACS Synth Biol 4, 853-859. 

[13] Guo, Y., Dong, J., Zhou, T., Auxillos, J., Li, T., Zhang, W., Wang, L., Shen, Y., Luo, Y., Zheng, Y., 

Lin, J., Chen, G. Q., Wu, Q., Cai, Y., and Dai, J. (2015) YeastFab: the design and construction 

of standard biological parts for metabolic engineering in Saccharomyces cerevisiae, Nucleic 

Acids Res 43, e88. 

[14] Lee, M. E., DeLoache, W. C., Cervantes, B., and Dueber, J. E. (2015) A highly characterized 

yeast toolkit for modular, multipart assembly, ACS Synth Biol 4, 975-986. 

[15] Ryan, M. D., King, A. M., and Thomas, G. P. (1991) Cleavage of foot-and-mouth disease 

virus polyprotein is mediated by residues located within a 19 amino acid sequence, J Gen 

Virol 72 ( Pt 11), 2727-2732. 

[16] Ryan, M. D., and Drew, J. (1994) Foot-and-mouth disease virus 2A oligopeptide mediated 

cleavage of an artificial polyprotein, EMBO J 13, 928-933. 

[17] Ryan, M., D., Donnelly, M., Lewis, A., Mehrotra, A.P., Wilkie, J., Gani, D. (1999) A model for 

nonstoichiometric, cotranslational protein scission in eukaryotic ribosomes, Bioorg Chem 

27, 55-79. 

[18] Doronina, V. A., Wu, C., de Felipe, P., Sachs, M. S., Ryan, M. D., and Brown, J. D. (2008) Site-

specific release of nascent chains from ribosomes at a sense codon, Mol Cell Biol 28, 4227-

4239. 

[19] Sharma, P., Yan, F., Doronina, V. A., Escuin-Ordinas, H., Ryan, M. D., and Brown, J. D. (2012) 

2A peptides provide distinct solutions to driving stop-carry on translational recoding, 

Nucleic Acids Res 40, 3143-3151. 

[20] Daniels, R. W., Rossano, A. J., Macleod, G. T., and Ganetzky, B. (2014) Expression of 

multiple transgenes from a single construct using viral 2A peptides in Drosophila, PLoS One 

9, e100637. 

[21] Schwirz, J., Yan, Y., Franta, Z., and Schetelig, M. F. (2020) Bicistronic expression and 

differential localization of proteins in insect cells and Drosophila suzukii using picornaviral 

2A peptides, Insect Biochem Mol Biol 119, 103324. 

[22] Trichas, G., Begbie, J., and Srinivas, S. (2008) Use of the viral 2A peptide for bicistronic 

expression in transgenic mice, BMC Biol 6, 40. 

[23] Wang, Y., Wang, F., Wang, R., Zhao, P., and Xia, Q. (2015) 2A self-cleaving peptide-based 

multi-gene expression system in the silkworm Bombyx mori, Sci Rep 5, 16273. 

[24] Ahier, A., and Jarriault, S. (2014) Simultaneous expression of multiple proteins under a 

single promoter in Caenorhabditis elegans via a versatile 2A-based toolkit, Genetics 196, 

605-613. 

[25] de la Cova, C., Townley, R., Regot, S., and Greenwald, I. (2017) A real-time biosensor for 

ERK activity reveals signaling dynamics during C. elegans cell fate specification, Dev Cell 42, 

542-553 e544. 

[26] Kim, J. H., Lee, S. R., Li, L. H., Park, H. J., Park, J. H., Lee, K. Y., Kim, M. K., Shin, B. A., and 

Choi, S. Y. (2011) High cleavage efficiency of a 2A peptide derived from porcine teschovirus-

1 in human cell lines, zebrafish and mice, PLoS One 6, e18556. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2022. ; https://doi.org/10.1101/2022.05.23.493076doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.23.493076
http://creativecommons.org/licenses/by-nc/4.0/


[27] Tang, W., Ehrlich, I., Wolff, S. B., Michalski, A. M., Wolfl, S., Hasan, M. T., Luthi, A., and 

Sprengel, R. (2009) Faithful expression of multiple proteins via 2A-peptide self-processing: a 

versatile and reliable method for manipulating brain circuits, J Neurosci 29, 8621-8629. 

[28] Chng, J., Wang, T., Nian, R., Lau, A., Hoi, K. M., Ho, S. C., Gagnon, P., Bi, X., and Yang, Y. 

(2015) Cleavage efficient 2A peptides for high level monoclonal antibody expression in CHO 

cells, MAbs 7, 403-412. 

[29] Fang, J., Qian, J. J., Yi, S., Harding, T. C., Tu, G. H., VanRoey, M., and Jooss, K. (2005) Stable 

antibody expression at therapeutic levels using the 2A peptide, Nat Biotechnol 23, 584-590. 

[30] Plucinak, T. M., Horken, K. M., Jiang, W., Fostvedt, J., Nguyen, S. T., and Weeks, D. P. (2015) 

Improved and versatile viral 2A platforms for dependable and inducible high-level 

expression of dicistronic nuclear genes in Chlamydomonas reinhardtii, Plant J 82, 717-729. 

[31] Wang, J., and Chen, H. (2020) A novel CRISPR/Cas9 system for efficiently generating Cas9-

free multiplex mutants in Arabidopsis, aBIOTECH 1, 6-14. 

[32] Lin, Y., Hung, C. Y., Bhattacharya, C., Nichols, S., Rahimuddin, H., Kittur, F. S., Leung, T., and 

Xie, J. (2018) An effective way of producing fully assembled antibody in transgenic tobacco 

plants by linking heavy and light chains via a self-cleaving 2A peptide, Front Plant Sci 9, 

1379. 

[33] Buren, S., Ortega-Villasante, C., Otvos, K., Samuelsson, G., Bako, L., and Villarejo, A. (2012) 

Use of the foot-and-mouth disease virus 2A peptide co-expression system to study 

intracellular protein trafficking in Arabidopsis, PLoS One 7, e51973. 

[34] Lee, J. H., Won, H. J., Oh, E. S., Oh, M. H., and Jung, J. H. (2020) Golden gate cloning-

compatible dna replicon/2A-mediated polycistronic vectors for plants, Front Plant Sci 11, 

559365. 

[35] Chen, L., Yang, X., Luo, D., and Yu, W. (2016) Efficient production of a bioactive 

bevacizumab monoclonal antibody using the 2A self-cleavage peptide in transgenic rice 

callus, Front Plant Sci 7, 1156. 

[36] Khosla, A., Rodriguez-Furlan, C., Kapoor, S., Van Norman, J. M., and Nelson, D. C. (2020) A 

series of dual-reporter vectors for ratiometric analysis of protein abundance in plants, Plant 

Direct 4, e00231. 

[37] Zhang, B., Rapolu, M., Kumar, S., Gupta, M., Liang, Z., Han, Z., Williams, P., and Su, W. W. 

(2017) Coordinated protein co-expression in plants by harnessing the synergy between an 

intein and a viral 2A peptide, Plant Biotechnol J 15, 718-728. 

[38] Jiao, X., Zhang, Q., Zhang, S., Yang, X., Wang, Q., and Zhao, Z. K. (2018) Efficient co-

expression of multiple enzymes from a single promoter mediated by virus 2A sequence in 

the oleaginous yeast Rhodosporidium toruloides, FEMS Yeast Res 18, foy086. 

[39] Geier, M., Fauland, P., Vogl, T., and Glieder, A. (2015) Compact multi-enzyme pathways in 

P. pastoris, Chem Commun (Camb) 51, 1643-1646. 

[40] Muntjes, K., Philipp, M., Husemann, L., Heucken, N., Weidtkamp-Peters, S., Schipper, K., 

Zurbriggen, M. D., and Feldbrugge, M. (2020) Establishing polycistronic expression in the 

model microorganism Ustilago maydis, Front Microbiol 11, 1384. 

[41] Souza-Moreira, T. M., Navarrete, C., Chen, X., Zanelli, C. F., Valentini, S. R., Furlan, M., 

Nielsen, J., and Krivoruchko, A. (2018) Screening of 2A peptides for polycistronic gene 

expression in yeast, FEMS Yeast Res 18, foy036. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2022. ; https://doi.org/10.1101/2022.05.23.493076doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.23.493076
http://creativecommons.org/licenses/by-nc/4.0/


[42] Szymczak-Workman, A. L., Vignali, K. M., and Vignali, D. A. (2012) Design and construction 

of 2A peptide-linked multicistronic vectors, Cold Spring Harb Protoc 2012, 199-204. 

[43] Chen, X., Zaro, J. L., and Shen, W. C. (2013) Fusion protein linkers: property, design and 

functionality, Adv Drug Deliv Rev 65, 1357-1369. 

[44] Matthews, B. W. (2005) The structure of E. coli β-galactosidase, Comptes Rendus Biologies 

328, 549-556. 

[45] Ormo, M., Cubitt, A. B., Kallio, K., Gross, L. A., Tsien, R. Y., and Remington, S. J. (1996) 

Crystal structure of the Aequorea victoria green fluorescent protein, Science 273, 1392-

1395. 

[46] Sin, C., Chiarugi, D., and Valleriani, A. (2016) Quantitative assessment of ribosome drop-off 

in E. coli, Nucleic Acids Res 44, 2528-2537. 

[47] Liu, Z., Chen, O., Wall, J. B. J., Zheng, M., Zhou, Y., Wang, L., Vaseghi, H. R., Qian, L., and Liu, 

J. (2017) Systematic comparison of 2A peptides for cloning multi-genes in a polycistronic 

vector, Sci Rep 7, 2193. 

[48] Chen, W., and Viljoen, A. M. (2010) Geraniol — a review of a commercially important 

fragrance material, S Afr J Bot 76, 643-651. 

[49] Ignea, C., Pontini, M., Maffei, M. E., Makris, A. M., and Kampranis, S. C. (2014) Engineering 

monoterpene production in yeast using a synthetic dominant negative geranyl diphosphate 

synthase, ACS Synth Biol 3, 298-306. 

[50] Iijima, Y., Gang, D. R., Fridman, E., Lewinsohn, E., and Pichersky, E. (2004) Characterization 

of geraniol synthase from the peltate glands of sweet basil, Plant Physiol 134, 370-379. 

[51] Gibson, D. G. (2011) Enzymatic assembly of overlapping DNA fragments, Methods Enzymol 

498, 349-361. 

[52] Mukherjee, M., Caroll, E., and Wang, Z. Q. (2021) Rapid assembly of multi-gene constructs 

using modular golden gate cloning, J Vis Exp 168, e61993. 

[53] Wang, Z., Xu, C., and Benning, C. (2012) TGD4 involved in endoplasmic reticulum-to-

chloroplast lipid trafficking is a phosphatidic acid binding protein, Plant J 70, 614-623. 

[54] Lin, J.-L., Ekas, H., Markham, K., and Alper, H. S. (2018) An enzyme-coupled assay enables 

rapid protein engineering for geraniol production in yeast, Biochem Eng J 139, 95-100. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2022. ; https://doi.org/10.1101/2022.05.23.493076doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.23.493076
http://creativecommons.org/licenses/by-nc/4.0/


 

 

 

Figure 1. The 2A peptide-based polycistronic expression system in yeast. (A) Schematic of the 

canonical monocistronic and the 2A peptide-based polycistronic gene expression system. (B) 

Assembly of the 2A peptide-based polycistronic construct. Step 1: Cloning the gene of interest 

into the entry vector using the BsmbI (or Esp3I) enzyme to create the CDS part plasmid. Step 2: 

Assembly of part plasmids into a TU level vector using BsaI enzyme. The resulting polycistronic 

construct can be transformed into yeast. ORI: origin of replication; AmpR: ampicillin resistant 

gene.  
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Figure 2. Characterization of bi-cistronic constructs. (A) Control monocistronic and

experimental bi-cistronic constructs expressed under the GAL1 promoter. E2A: 2A peptide from

the Equine rhinitis B virus; O2A: 2A peptide from the Operophtera brumata cypovirus-18; P2A

2A peptide from the Porcine teschovirus-1; T2A: 2A peptide from the Thosea asigna virus. (B)

Normalized fluorescence over OD600 of TagRFP-T and mTurquoise2 in yeast strain BY4741. (C)

Western blot to determine the cleavage efficiencies of the four 2A peptides. Anti-his antibody

detects the 6*His tag at the C-terminus of mTurquoise2 in both control and experimenta

constructs. The asterisk indicates a major byproduct commonly observed in fluorescent

proteins. Cleavage efficiencies (%) of the four 2A peptides are shown in the histogram. (D) The

flipped bi-cistronic constructs with the positions of mTurquoise2 and TagRFP-T switched. (E)

Normalized fluorescence of TagRFP-T and mTurquoise2 in the flipped constructs. (F) Western
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blot to determine the cleavage efficiency of the four 2A peptides in the flipped constructs. Data 

represent the average ± SD of three independent biological replicates.  
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Figure 3. Effect of the C-terminal E2A sequence on protein function. (A) Constructs for testing 

the effect of the E2A sequence on fluorescent proteins. (B) Normalized fluorescence of 

mTurquoise2, TagRFP-T, and mKate2 in the empty, control, and experimental constructs. (C) 

Constructs for testing the effect of the E2A sequence on LacZ protein. (D) The β-galactosidase 

activities of LacZ with or without the E2A. *: p < 0.1. Data represent the average ± SD of three 

independent biological replicates.  
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Figure 4. Characterization of tri-cistronic constructs. (A) Control monocistronic and

experimental tri-cistronic constructs expressed under the GAL1 promoter. (B) Normalized

fluorescence of TagRFP-T, mTurquoise2, and Venus in the empty, control, and experimenta

constructs. (C) Western blot to demonstrate the cleavage by the second 2A peptide in the tri-

cistronic constructs. Anti-HA primary antibody bound to the HA tag at the C-terminus of Venus

The cleaved Venus was at ~25kD, and the uncleaved mTurquoise2-2A-Venus fusion protein was

at ~50kD. The histogram shows the ratio of cleaved Venus to the uncleaved mTurquoise2-2A-

Venus fusion protein. Data represent the average ± SD of three independent biologica

replicates. 
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Figure 5. Characterization of quad-cistronic constructs. (A) Control monocistronic and 

experimental quad-cistronic constructs expressed under the GAL1 promoter. (B) Normalized 

fluorescence of mKate2, TagRFP-T, mTurquoise2, and Venus in empty vector, control, and the 

experimental 2A construct. (C) Western blot showing the cleavage of the third 2A peptide, O2A, 

in the experimental construct. Anti-his primary antibody detected the 6*His tag at the C-

terminus of Venus. The cleaved Venus was at ~25kD. The uncleaved mTurquoise2-2A-Venus 

fusion protein was expected at ~50kD. Data represent the average ± SD of three independent 

biological replicates. 
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Figure 6: Geraniol production in yeast using the 2A peptide-based quad-cistronic constructs. (A) 

Mevalonate pathway in yeast for geraniol production. tHMG1: yeast truncated HMG-CoA (β-

hydroxy β-methylglutaryl-CoA) reductase without the regulatory domain; IDI1: yeast 

isopentenyl-diphosphate isomerase; ERG20
ww

: a mutant (F96W, N127W) of ERG20 farnesyl 

pyrophosphate synthetase acting as a geranyl pyrophosphate (GPP) synthase; tObGES: geraniol 

synthase from Ocimum basilicum. (B) Monocistronic construct (MC) bearing tHMG1, IDI1, 

ERG20
ww

, and tObGES with each under the GAL1 promoter and CYC1 terminator. Polycistronic 

constructs (2A_1-4) have the above four genes in different positions. (C) Quantification of 

geraniol produced from yeast transformed with the MC or the 2A_1-4 constructs.  *: p < 0.1; 

**: p < 0.05. Data represent the average ± SD of three independent biological replicates 

quantified using the geraniol dehydrogenase assay. 
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