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Yeast cell factories, particularly Saccharomyces cerevisiae, have proven valuable for the synthesis of non-native compounds, ranging from commodity chemicals to complex natural products. One significant challenge has been ensuring sufficient carbon flux to the desired product. Traditionally, this has been addressed by strategies involving “pushing” and “pulling” the carbon flux toward the products by overexpression while “blocking” competing pathways via downregulation or gene deletion. Colocalization of enzymes is an alternate and complementary metabolic engineering strategy to control flux and increase pathway efficiency toward the synthesis of non-native products. Spatially controlling the pathway enzymes of interest, and thus positioning them in close proximity, increases the likelihood of reaction along that pathway. This mini-review focuses on the recent developments and applications of colocalization strategies, including enzyme scaffolding, construction of synthetic organelles, and organelle targeting, in both S. cerevisiae and non-conventional yeast hosts. Challenges with these techniques and future directions will also be discussed.
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INTRODUCTION

A main goal of metabolic engineering is to increase production of non-native products built from native precursors. Traditionally, this has been done by “pushing” or “pulling” the carbon flux toward the product-producing pathway by overexpression of pathway enzymes or by deletion of competing pathways (Ostergaard et al., 2000). Recently, many novel molecular engineering tools and synthetic biology strategies have been successfully employed to improve the production of desired compounds in microbial cell factories (Lian et al., 2018; Liu and Nielsen, 2019; Guirimand et al., 2020; Xu et al., 2020). This review focuses on the latest successful attempts to localize the metabolic pathway enzymes in close proximity for redirection of flux through the pathway of interest and, subsequently, increase synthesis of the products in Saccharomyces cerevisiae and other yeast species. The methods include enzyme fusion, enzyme scaffolding, organelle targeting, and construction of synthetic organelles (Figure 1).
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FIGURE 1. Successful colocalization strategies: enzyme fusions, enzyme scaffolds, organelle targeting, and synthetic organelles, for increasing the production of non-native products in yeast.




ENZYME FUSIONS

Construction of synthetic fusion proteins is perhaps the most obvious strategy to enhance the substrate channeling effect in metabolic engineering. By physically fusing successive enzymes in the production pathway together, substrates can be localized in the same vicinity. However, despite the straightforward nature of the approach, fusion proteins are not always successful in improving final product titer, as fusion can lower the enzymatic activities or hinder the folding processes (Jia et al., 2014). Therefore, optimization of the fusion protein construct is often needed.

One critical factor in designing a multi-enzyme complex is the choice of linker. Albertsen et al. (2011) demonstrated the effect of different linkers on the production of patchoulol for a two-enzyme fusion of farnesyl diphosphate synthase (FPPS) and patchoulol synthase (PTS). A short flexible linker (GSG) resulted in the highest titer (9.5 mg/L, representing a 2-fold increase over the free enzyme system) whereas a very long linker (the entire CFP protein sequence) resulted in the lowest titer (one third of that with the flexible linker). This study showed a decrease in patchoulol titer as the length of the linker increased; however, since the optimal linker is often dependent on the specific protein, this finding may not translate to other proteins. A comprehensive review of different linkers and their properties (such as length and structural integrity) can be found in Chen et al. (2013).

Interestingly, the order in which the enzymes are fused may also affect the performance of the fusion protein complex. By fusing Petroselinum crispum coumarate-CoA ligase (Pc4CL) and Rheum palmatum benzalacetone synthase (RpBAS) using either a flexible (VDGGSGR) or rigid (VDEAAAKSGR) linker, Lee et al. (2016) achieved a 6.5-fold improvement in raspberry ketone titer relative to the free enzymes. However, this improvement was only observed with the orientation Pc4CL-RpBAS and not with RpBAS-Pc4CL; for the latter, the final titer was similar to that obtained when expressing free enzymes. Similar findings were also reported in Hu et al. (2017) for the synthesis of germacrene A when fusing the farnesyl diphosphate synthase (ERG20) and a Lactuca sativa germacrene A synthase (LTC2opt) with two different flexible linkers, GSG and GGGGS. No significant differences were observed for the linkers used and both protein orientations resulted in higher germacrene A production relative to free enzymes. However, the ERG20-LTC2opt configuration resulted in 97.7 mg/L germacrene A production compared to approximately 60 mg/L for the LTC2opt-ERG20 configuration.

Recently, Rabeharindranto et al. (2019) reconfirmed the importance of both linkers and domain order when constructing a synthetic fusion protein for carotenoid synthesis. A tri-domain enzyme containing the full β-carotene synthesis pathway (CrtY, CrtB, and CrtI) was constructed using different domain orders and linkers. The best tri-domain enzyme [CrtY linked with CrtB by their natural 27 residue linkers and CrtB linked with CrtI by an (EAAAK)4 linker] resulted in a 2-fold increase in β-carotene production relative to the native system. Another successful three-enzyme fusion protein in S. cerevisiae was a trifunctional cellulase complex, with each enzyme connected by the flexible GGGGS3 linker (Liu et al., 2018). This fusion protein had a 46, 6.7, and 46% increase in β-glucosidase, exoglucanase, and endoglucanase activity, respectively, when compared to individual free enzymes.



ENZYME SCAFFOLDS

Protein scaffolds, where specific enzymes are recruited onto synthetic constructs, have been used to localize desired biosynthetic pathway enzymes to improve product formation via substrate channeling. Dueber et al. (2009) successfully demonstrated the use of synthetic scaffolds comprised of metazoan protein-protein interaction domains and ligands in Escherichia coli, increasing mevalonate production 77-fold. There were concerns about the efficiency of this approach for S. cerevisiae, since native proteins may interact with the scaffold domains (Siddiqui et al., 2012). However, the metazoan synthetic scaffold improved the production of resveratrol in S. cerevisiae by 5-fold relative to the non-scaffold system and by 2.7-fold relative to a protein fusion strategy (Zhang et al., 2006; Wang and Yu, 2012). Nonetheless, optimization of the system was still important; depending on the stoichiometry of the SH3 and pDZ domains in the protein scaffold, the increase in resveratrol production varied from 1.2 to 5-fold over the control.

Another successful synthetic scaffold in S. cerevisiae is based on the cohesin and dockerin-enzyme interaction found in the surface cellulosomes of Clostridium cellulovorans and other microorganisms (Mechaly et al., 2001). Engineered cellusome-like complexes localizing cellulases have been successfully expressed on the surface of S. cerevisiae to improve ethanol production (Fan et al., 2012; Tsai et al., 2013; Tang et al., 2018). Recently, the “largest cellulolytic complex” was successfully constructed on the surface of the yeast Kluyveromyces marxianus (Anandharaj et al., 2020). However, utilization of the dockerin-cohesin interaction as an intracellular metabolic scaffold in yeast has been limited. Kim and Hahn (2014) took advantage of the high binding affinity between cohesion and dockerin (Kd <10−11 M) (Stahl et al., 2012) to create a substrate channeling module in the cytosol of S. cerevisiae. Increasing numbers (2, 3, or 7) of cohesin domains were included on the scaffold and the C terminal dockerin fusion proteins of heterologous AlsS, AlsD, and endogenous Bdh1 proteins were overexpressed. 2,3-Butanediol production increased by 37% compared to the scaffold-free system in fed-batch fermentation with occasional glucose feeding; although the increase was limited, this was the first study to utilize the interaction between cohesin and dockerin in the yeast cytosol and for metabolic engineering. In a follow-up study (Kim et al., 2016), this synthetic substrate channeling strategy was used to redirect carbon flux from pyruvate to 2,3-butanediol using a heterologous AlsS or to lactate using heterologous LdhA, rather than to ethanol. The native Pyk1 (for pyruvate synthesis) was fused to a cohesin domain and AlsS to a dockerin domain colocalizing the two enzymes, resulting in a 38% increase in 2,3-butanediol production and a 46% decrease in ethanol production compared to the native strain. However, this strategy was unsuccessful in redirecting the flux toward lactate formation; the dockerin-fused LdhA had a >2-fold lower specific activity relative to wildtype LdhA (11.6 and 27.9 U/nmol, respectively). As discussed in the previous section, the reduction of enzymatic activity presents a significant challenge to fusion-based colocalization strategies.

The dockerin-cohesin interaction was also utilized to colocalize the ethyl acetate biosynthesis enzymes onto the surface of lipid droplets (thus combining both scaffolding and organelle targeting strategies), resulting in 2-fold increase in the production rate (Lin et al., 2017). In S. cerevisiae, ethyl acetate is synthesized by the enzymes Ald6, Acs1, and Atf1, with only Atf1 targeted to the lipid droplets. To target Ald6 and Acs1, the authors screened and identified the protein oleosin as a promising candidate to direct enzymes of interest to the lipid droplets. Cohesin domains were fused to the oleosin proteins while the corresponding dockerin domains were fused to Ald6 and Acs1. After an extensive screening of promoters and scaffold optimization, the ethyl acetate specific titer increased 1.7-fold compared to the strain without scaffold.

An alternate scaffolding strategy is based on the interactions between affibodies and anti-idiotypic affibodies. The 58-residues affibodies (or Z-domains) are a class of non-immunoglobulin affinity proteins derived from Staphylococcus aureus protein A (Löfblom et al., 2010). They possess high specificity and binding affinity toward their target proteins (0.3 pM−10 μM) (Ståhl et al., 2017). In a recent study, Tippmann et al. (2017), utilized the ZTaq:anti-ZTaq (Kd = 0.7 μM) and ZIgA:anti-ZIgA (Kd = 0.9 μM) interactions to create a functional synthetic scaffold in S. cerevisiae. A scaffold linked anti-ZTaq and anti-ZIgA, and ZIgA and ZTaq were fused with farnesyl diphosphate synthase and farnesene synthase, respectively. By optimizing the amino acid linkers and the enzyme:scaffold ratio, a 135% increase in the yield of farnesene on glucose was achieved. This affibody scaffold was also functional in E. coli, in which its utilization resulted in a 7-fold increase in PHB production, demonstrating its versatility as a scaffold platform for metabolic engineering.

Scaffolds were also used to create an artificial Gal2-xylose isomerase complex to improve xylose utilization in S. cerevisiae (Thomik et al., 2017). In this study, WASP-homology 1 (WH1) from rat N-WASP was used as the scaffold construct and a xylose isomerase (XI) was fused with WH1 ligand (WH1L) at the N-terminus. To recruit the XI-WH1 scaffold complex to the Gal2 transmembrane protein, a pair of synthetic coiled-coil zippers with high binding affinity for one another was used: SYNZIP1 (SZ1) and SYNZIP2 (SZ2) (Reinke et al., 2010). In this configuration, Gal2 was fused with SZ2 at the N-terminus by either the flexible or helical linker, while the WH1 scaffold was used with SZ1 at the N-terminus by the flexible linker. The synthetic scaffold allowed the Gal2-xylose isomerase complex to form, enabled the yeast strain to uptake and process xylose, and resulted in higher ethanol/xylitol ratio, a proxy measurement for xylose consumption. Kang et al. (2019) used an alternate means to localize pathway enzymes into a multienzyme complex via RIDD and RIAD, short peptides with high binding affinity (KD = 1.2 nM), to improve lycopene production in S. cerevisiae. The two key enzymes Idi and CrtE, were tagged with RIAD and RIDD, respectively. The resulting complex yielded 2.3 g/L of lycopene after 144 h fermentation, 58% higher than the control strains.

In a recent study, Han et al. (2018) utilized Tya, a part of the Ty1 retrotransposon, to spatially recruit the key enzymes to improve farnesene and farnesol production in S. cerevisiae. Tya is a 49-kDa protein that self-assembles into a shell, similar to virus-like particles (VLPs) (Marchenko et al., 2003). Tya was fused to either the C-terminus or the N-terminus of three key isoprenoid enzymes: tHMG1 (a truncated form of HMG-CoA reductase from S. cerevisiae), IspA (from E. coli), and AFS1 (from Malus domestica) or DPP1 (from S. cerevisiae) to create synthetic metabolons to drive carbon flux toward farnesene or farnesol. Titer reached 930 ± 40 mg/L in the best-performing strain, a 3.1-fold increase relative to 300 ± 11 mg/L for free enzymes. The best-performing strain for farnesol production produced 882 ± 15 mg/L, 3.8-fold higher than the control strains expressing free enzymes (231 ± 14 mg/L).

With increased interest in scaffolds to channel substrates toward formation of desired products, additional protein interactions have been screened for their scaffolding potential. Curvature Thylakoid1A (CURT1A) protein, isolated from the thylakoid membrane of Arabidopsis thaliana, has been identified as a prospective membrane-bound scaffolding module (Behrendorff et al., 2019). CURT1A can form homo-oligomers in the membrane. By fusing fluorescence proteins to several variants of CURT1A, CURT1A fusion proteins were shown to scaffold onto the endoplasmic reticulum of S. cerevisiae, resulting in the fluorescence signal being localized to the membrane.



ORGANELLE TARGETING

Another strategy to colocalize enzymes is to target the enzyme pathway to an organelle. This is done by fusing specific leader sequences to the enzymes, allowing the transporters of the respective organelles to recognize and facilitate entry of the enzymes. Once in the organelles, the semipermeable membrane prevents enzymes from diffusing out to the cytosol and localizes them in a smaller volume, increasing the chances of reaction along the enzymatic pathway. Furthermore, some organelles have different local conditions than the cytosol and those conditions may be advantageous to product formation for a given pathway. The mitochondria and the peroxisomes are the most popular organelles for pathway targeting for the production of non-native products, though the endoplasmic reticulum has also been utilized (Hammer and Avalos, 2017).


Mitochondria

The mitochondrial matrix is enclosed by two membranes and has a higher reducing redox potential, higher pH, and lower oxygen concentration than the cytosol (Hu et al., 2008; Orij et al., 2009). The mitochondrion is the cellular location for heme and iron-sulfur cluster biosynthesis (Mühlenhoff and Lill, 2000), formation of several amino acids, and the TCA cycle, and also houses a large number of cofactors and metabolites [NADP(H), NADP+, acetyl-CoA, FAD, TCA cycle intermediates] (Malina et al., 2018). In particular, mitochondria are an attractive location for pathways utilizing acetyl-CoA as the acetyl-CoA pool is 20–30 times greater than the cytosolic pool in S. cerevisiae (Wagner and Alper, 2016). A mitochondrial leader sequence (MLS) is required for an enzyme to enter the mitochondria, with the CoxIV MLS as the most commonly used (Hurt et al., 1985; Farhi et al., 2011; Avalos et al., 2013). In addition, several other leader sequences, Hmil (Lee et al., 1999), Coq3 (Yuan and Ching, 2016), Hsp60, Pda1, Oli1 (Ehrenworth et al., 2017), Cdc9 (Willer et al., 1999), and Eat1 (Löbs et al., 2018), have been characterized for targeting of non-native enzymes.

Exploiting the high acetyl-CoA pool in the mitochondria has allowed for increased production of terpenes and sesquiterpenes, products that come directly from acetyl-CoA. Introduction of the farnesyl pyrophosphate biosynthetic pathway to the mitochondria resulted in production of 427 mg/l of amorpha-4,11-diene and provided evidence that the mitochondrial membranes prevented diffusion of intermediates to competing cytosolic pathways (Yuan and Ching, 2016). Similarly, targeting the entire mevalonate pathway along with the genes FPS and GES resulted in a 6-fold improvement in geraniol production; when coupled with cytosolically expressed G8H, GOR, and ISY, the compounds 8-hydroxygeraniol and nepetalactol were produced in yeast for the first time (Yee et al., 2019). Interestingly, targeting part of the isoprene pathway to the mitochondria resulted in a 2.1 or 1.6-fold increase in isoprene production relative to purely mitochondrial or cytosolic expression, respectively (Lv et al., 2016), highlighting the importance of local environment on enzyme expression.

In addition to acetyl-CoA, there are many other substrates present in the mitochondria in high concentration that can be utilized. Farhi et al. (2011) took advantage of the high concentration of farnesyl diphosphate (FDP) in the mitochondria to increase production of valencene and amorphadiene by 8- and 20-fold, respectively over a cytosolic expression strain. Targeting the entire isobutanol pathway to the mitochondria and utilizing mitochondrial pyruvate increased isobutanol production by 2.6-fold over cytosolic expression (Avalos et al., 2013). Additionally, targeting the 2-ketoacid elongation enzymes Leu4, Leu1, and Leu2 (responsible for the cyclic elongation of iso-alcohol products by one carbon per cycle) to the mitochondria increased isopentanol production over isobutanol by 53% relative to cytosolic production (Hammer et al., 2020). In the non-conventional yeast Kluyveromyces marxianus, targeting of the isobutanol pathway to the mitochondria resulted in 1.1 g/l isobutanol in 250 ml shake flasks compared to 0.03 g/l for the cytosolic pathway, and a titer of 21.6 g/l isobutanol for the mitochondrial-targeted pathway in fed-batch reactors (Patent Application: Buelter et al., 2010).



Peroxisomes

The yeast peroxisome is the site of β-oxidation as well as the organelle responsible for the removal and degradation of hydrogen peroxide (Van Der Klei and Veenhuis, 1997). Peroxisomes are enclosed by a single membrane and are selectively permeable, with all entering and exiting proteins receiving assistance by membrane-bound proteins called porins (Sibirny, 2016). The size and number of peroxisomes present in a cell is also dynamically controlled and varies with growth conditions (Saraya et al., 2010). Since the peroxisome is the site of fatty acid degradation by β-oxidation and acetyl-CoA is a byproduct of β-oxidation (Poirier et al., 2006), this organelle is promising for the targeting of lipidic product pathways and acetyl-CoA utilizing pathways.

Proteins enter the peroxisome by the use of peroxisomal targeting sequences, PTS1, PTS2, and mPTS (Sibirny, 2016). The need for a quick, efficient peroxisomal targeting sequence can be important to prevent reactions in the cytosol prior to peroxisomal compartmentalization. DeLoache et al. (2016) developed an enhanced efficiency PTS1 (ePTS1) by adding basic residues upstream of the PTS1 targeting sequence. This new ePTS1 was found to import proteins quicker than PTS1 and with less interaction with cytosolic pathways. Additionally, ePTS1 can be used to target multiple enzymes to the peroxisome with minimal decrease of import efficiency.

Synthesis of the mevalonate pathway derived cytosolic product squalene was compartmentalized to the peroxisome, leading to titers of 1.3 g/l, a 138-fold improvement over cytosolic production; when simultaneously produced in both the peroxisome and the cytosol, titers were as high as 11 g/l in fed-batch culture (Liu et al., 2020). Additionally, the peroxisome acts as a storage vessel for squalene produced in both the cytosol and the peroxisome, leading to reduced degradation of squalene. Synthesis of fatty acid derived products (fatty alcohols and alkanes) was also increased by targeting heterologous pathway enzymes to the peroxisome. Fatty alcohol titers were more than 2-fold higher and alkane titers up to 2-fold higher, shorter chain lengths were observed, and there was a higher alkane to fatty alcohol ratio when enzymes were targeted to the peroxisome (Zhou et al., 2016). Additionally, the carboxylic acid reductase, MmCAR, has 45% higher activity in the peroxisome over the cytosol, demonstrating that the peroxisome has favorable conditions for this enzyme. The titer of olefins, a heterologous product class synthesized from a P450 fatty acid decarboxylase, increased 40% when this enzyme was targeted to the peroxisome, indicating that the peroxisome is a promising location for fatty acid derived products.

Targeting enzymes for the production of fatty acid-derived compounds to the peroxisome also increased product titers in Yarrowia lipolytica. There was an 11-fold increase in fatty acid ethyl ester (FAEE) titers and a 3-fold increase in alkane titers, with shorter chain length alkanes being produced (Xu et al., 2016). Titers of methyl ketones were 6.5-fold higher when the pathway enzymes were targeted to the peroxisome relative to cytosolic expression (Hanko et al., 2018).



Endoplasmic Reticulum

The endoplasmic reticulum (ER) works in conjunction with the Golgi apparatus to sort, transport, and modify newly synthesized proteins and lipids. The ER lumen has an oxidative environment (Tu and Weissman, 2004) and a pH similar to that of the cytosol (Paroutis et al., 2004) making it a possible advantageous location for enzymes requiring an oxidative environment. Targeting to the ER is primarily done by a co-translational mechanism involving an ER recognition signal that facilitates entry to the ER (Young et al., 2001) and additional ER retention sequences are necessary for the enzyme to remain in the ER (Pagny et al., 1999). The ER also has the ability to utilize triacyl glycerides and other neutral lipids (Markgraf et al., 2014) resulting in the presence of acyl-CoA and ACP intermediates, making it a possible location for production of fatty acid-derived compounds from those metabolites (Xu et al., 2016).

Targeting a key enzyme in the opioid production pathway (COR from Papaver somniferum) to the ER increased the production of morphine by almost 2-fold while also reducing the amount of the undesirable side product, neomorphine, in S. cerevisiae (Thodey et al., 2014). In Y. lipolytica, targeting select enzymes in the fatty acid ethyl ester (FAEE) and alkane pathways to the ER led to 19- and 5-fold increases in FAEE and alkane production, respectively (Xu et al., 2016).




SYNTHETIC ORGANELLES

A new emerging technique to colocalize enzymes in yeast is through the use of synthetic organelles. Synthetic organelles are clusters of enzymes that are encapsulated away from the cytosol, similar to an organelle but not a native structure of the cells. Advantages are similar to those of native organelles (smaller volume, separation from the cytosol, and possible different pH conditions) but with the added advantage of avoiding native organelle processes that may compete or interfere with the actions of the localized enzymes.

Many prokaryotes have native intracellular protein compartments that sequester enzymes from the cytoplasm. An example is the encapsulin nanocompartment native to several different bacteria (Giessen, 2016). Encapsulins are constructed by self-assembly of 60 or 180 identical subunits (20–24 nm or 30–32 nm) depending on the source bacterium. Encapsulins were first used as non-native enzyme sequestering organelles in E. coli (Kang et al., 2008; Tanaka et al., 2010; Moon et al., 2014; Giessen, 2016; Nichols et al., 2017), but have since been tested in S. cerevisiae. In an initial study, use of the encapsulin nanocompartment from Myxococcus xanthus in S. cerevisiae resulted in the colocalization of split mVenus, resulting in fluorescence (Lau et al., 2018). This yeast encapsulin can also protect enzymes from native cell proteases.

Another method of constructing synthetic organelles in yeast is via light-inducible enzyme clustering techniques (Zhao et al., 2018). The light-inducible optoCluster and the light-repressible PixELL systems create rigid enzyme clusters that place two or more enzymes in close proximity with little to no diffusion away from the cluster. Both systems were used to direct flux at a branch point in the deoxyviolacein pathway toward deoxyviolacein rather than prodeoxyviolacein (which is formed from the diffuse cytosolic enzymes). These light-inducible synthetic organelles both form and dissociate rapidly, pointing to their possible future use as dynamic synthetic organelles for the production of diverse products (Zhao et al., 2019). Synthetic organelles are thus an emerging technology with potential to influence yeast metabolic engineering.



CONCLUSIONS

Immobilization and colocalization of enzymes are effective ways to increase production of both native and heterologous compounds in yeast. These strategies, including enzyme fusion, scaffolding, and organelle targeting have successfully improved product titers (Table 1) without adversely affecting the cell growth and metabolism. Initial studies with synthetic organelles demonstrated both successful colocalization and redirection of a model pathway, indicating the promise of this emerging technology. Nonetheless, the success of these strategies remains somewhat enzyme-specific and extensive optimization (e.g., enzyme-scaffold ratio) or screening (e.g., linker choice, domain order, and targeting sequence) are needed for successful application. Additional studies should allow more general principles to emerge. It is expected that these colocalization synthetic biology approaches will continue to impact metabolic pathway engineering as more strategies are discovered and optimized.


Table 1. Enzyme colocalizations studies in yeast and the resulting improvements in product titer.
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Products Strategy Final titer Fold Organism References
improvement*
Amorpha-4,11-diene Mitochondria targeting (COX4) 427 mg/L 265 S. cerevisiae Yuan and Ching, 2016
Geraniol Mitochondria targeting (COXé) 433 mg/L 6 S. cerevisiae Yee ot al., 2019
Isoprene Mitochondria targeting (COXé) 246 mg/L 1.6 S. cerevisiae Lvetal, 2016
Valencene Mitochondria targeting (COX4) 1.5 mg/L 8 S. cerevisiae Farhietal., 2011
Amorphadiene Mitochondria targeting (COXé) 20 mg/L 20 S. cerevisiae Farhietal., 2011
Isobutanol Mitochondria targeting (COX4) 635 mo/L 26 S. cerevisiae Avalos et al,, 2013
Isopentanol Mitochondria targeting (COXé) 124 gL 73 S. cerevisiae Hammer et al,, 2020
Isobutanol Mitochondria targeting (COX4) 21.69/L 36.5 K. marxianus Buelter et al., 2010
Squalene Peroxisome targeting (€PTS1) gL 138 S. cerevisiae Liu etal., 2020
Olefins. Peroxisome targeting (PTS1) 0.18mg/L 1.4 S. cerevisiae Zhou et al,, 2016
Alkane Peroxisome targeting (PTS1) 35mg/L 2 S. cerevisiae Zhou et al., 2016
Fatty alcohol Peroxisome targeting (PTS1) 193 mg/L. 2 S. cerevisiae Zhou et al., 2016
Fatty acid ethyl ester Peroxisome targeting (SKL) 1109 mg/L 20 Y. lipolytica Xuetal., 2016
Alkane Peroxisome targeting (SKL) 11 mg/L 34 Y. lipolytica Xu etal., 2016
Methyl Ketone Peroxisome targeting (SKL) 314.8mg/L 65 Y. lipolytica Hanko et al., 2018
Fatty acid ethyl ester ER targeting 1365 mg/L 15 Y. lipolytica Xu et al., 2016
Alkane ER targeting 16.8 mg/L 5 Y. lpolytica Xuetal., 2016
Morphine ER Targeting (CNE) 47 mg/lL 2 S. cerevisiae Thodey et al., 2014
Patchoulol Fusion protein (GSG) 9.5mg/L 2 S. cerevisiae Albertsen et al., 2011
Raspberry ketone Fusion protein (VDEAAAKSGR) 281 mg/L 65 S. cerevisiae Les etal, 2016
Germacrene A Fusion protein (GGGGS) 190.7 mg/L 3 S. cerevisiae Huetal, 2017
p-carotene Tridornain fusion protein 2.7 mg/gboW 2 S. cerevisiae Rabeharindranto et al., 2019
Resveratrol Metazoan synthetic scaffold 14.4 mg/L 5 S. cerevisiae Wang and Yu, 2012
2,3-Butanediol Dockerin-Cohesin scaffold 1369/L 1.4 S. cerevisiae Kim et al., 2016
Ethyl Acstate Lipid droplet scaffold 15 mg/(L"OD) 1.7 S. cerevisiae Linetal., 2017
Farnesene Affibodies scaffold 16 mg/L 1.9 S. cerevisiae Tippmann et al., 2017
Farnesene Tya scaffold 930 mg/L 3.1 S. cerevisiae Han et al., 2018
Farnesol Tya scaffold 882 mg/L 38 S. cerevisiae Hanetal., 2018
Lycopene Peptide tags 23g/L 16 S. cerevisiae Kang et al., 2019

*Fold improvement reported is due to enzyme colocalization (not other metabolic engineering strategies).
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