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Significance

Colocalization of pathway 
enzymes is a proven method to 
increase pathway flux and the 
synthesis of nonnative products. 
Here we detail a method of 
colocalization that both uses the 
peroxisomal membrane surface 
as an anchoring site and enables 
capture of peroxisomal acetyl-
CoA. Display of the native 
peroxisomal/mitochondrial 
enzyme Cat2, to intercept 
exported acetyl-carnitine for 
conversion back to acetyl-CoA at 
the membrane surface, 
significantly increased acetyl-CoA 
levels. The production of a 
polyketide (using three 
peroxisome-bound pathway 
enzymes) also increased, 
demonstrating the effectiveness 
of this display strategy for both 
colocalization and accessing 
peroxisomal acetyl-CoA. This 
method can be used to colocalize 
any small pathway, and with the 
anchoring of Cat2, can be applied 
to increase the synthesis of other 
acetyl-CoA-based products.
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Colocalization of enzymes is a proven approach to increase pathway flux and the synthe-
sis of nonnative products. Here, we develop a method for enzyme colocalization using 
the yeast peroxisomal membrane as an anchor point. Pathway enzymes were fused to 
the native Pex15 anchoring motif to enable display on the surface of the peroxisome 
facing the cytosol. The peroxisome is the sole location of β-oxidation in Saccharomyces 
cerevisiae, and acetyl-CoA is a by-product that is exported in the form of acetyl-carni-
tine. To access this untapped acetyl-CoA pool, we surface-anchored the native perox-
isomal/mitochondrial enzyme Cat2 to convert acetyl-carnitine to acetyl-CoA directly 
upon export across the peroxisomal membrane; this increased acetyl-CoA levels 3.7-
fold. Subsequent surface attachment of three pathway enzymes – Cat2, a high stability 
Acc1 (for conversion of acetyl-CoA to malonyl-CoA), and the type III PKS 2-pyrone 
synthase – demonstrated the success of peroxisomal surface display for both enzyme 
colocalization and access to acetyl-CoA from exported acetyl-carnitine. Synthesis of 
the polyketide triacetic acid lactone increased by 21% over cytosolic expression at low 
gene copy number, and an additional 11-fold (to 766 mg/L) after further optimization. 
Finally, we explored increasing peroxisomal membrane area through overexpression of 
the peroxisomal biogenesis protein Pex11. Our findings establish peroxisomal surface 
display as an efficient strategy for enzyme colocalization and for accessing the peroxi-
somal acetyl-CoA pool to increase synthesis of acetyl-CoA-based products.

peroxisomal surface display | PEX15 | acetyl-CoA | polyketides

Biosynthesis, which harnesses microbial metabolism to produce desired compounds, has 
many advantages over traditional chemical synthesis, including greater economic viability 
and a much lower carbon footprint (1–3). This has led to the use of microorganisms in 
industrial biomanufacturing for production of a wide range of natural products, including 
those related to the pharmaceutical, food, agriculture, and petrochemical industries. 
Polyketides are one such class of natural products that span all of these industries, with 
their main appeal as pharmaceuticals due to their antimicrobial, anticancer, and immu-
nosuppressive properties (4). Polyketides have been reported to comprise over 20 billion 
USD in the annual pharmaceuticals market and account for over a third of all natural 
product-derived drugs approved by the United States Food and Drug Administration 
(5–7). Biosynthesis of these molecules is via polyketide synthases (PKS) that use the central 
metabolite Coenzyme A (CoA) species (e.g., acetyl-CoA, propionyl-CoA, and malon-
yl-CoA) as building blocks. Triacetic acid lactone (TAL) is a simple polyketide that can 
be synthesized in yeast from acetyl-CoA and malonyl-CoA via the Gerbera hybrida type 
III 2-pyrone synthase (2-PS) (8, 9) and is considered a platform chemical that can be 
converted to a wide range of high-value and commodity products (10, 11). TAL is also 
easily assayed, making it effective for identifying microbial strains with the optimized 
acetyl- and malonyl-CoA pools needed for production of higher order polyketides and 
other acetyl-CoA-based products.

Acetyl-CoA is readily formed in yeast in four intracellular locations: the nucleus, the 
cytosol, the mitochondria, and the peroxisome (12), with acetyl-CoA diffusing freely 
between the cytosol and the nucleus (13). For polyketide production in the cytosol of the 
yeast Saccharomyces cerevisiae, strategies to increase acetyl-CoA (e.g., pathway engineering, 
reducing the transport of pyruvate and acetyl-CoA into the mitochondria) have successfully 
increased TAL levels (8, 14, 15). The peroxisome is the sole location of β-oxidation in 
S. cerevisiae, breaking down fatty acids and converting them into acetyl-CoA (16). 
Localizing pathways within the peroxisome has been used to improve the synthesis of fatty 
acids and fatty alcohols (17, 18), alkanes (18), and isoprenoids (19, 20), products made 
from acetyl-CoA. However, utilizing the peroxisomal acetyl-CoA in the cytosol poses a 
challenge, as acetyl-CoA cannot pass through the peroxisomal membrane. The acetyl-CoA 
produced by β-oxidation is instead exported from the organelle in the form of 
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acetyl-carnitine, a conversion catalyzed by the S. cerevisiae mito-
chondrial/peroxisomal carnitine acetyl-CoA transferase (Cat2), 
for transport and subsequent use in the mitochondria (21). To 
capture acetyl-CoA produced in the peroxisome for cytosolic 
polyketide synthesis, the acetyl-carnitine should be rapidly con-
verted back to acetyl-CoA following the exit from the peroxisome. 
A simple strategy would be to express the mitochondrial/peroxi-
somal Cat2 in the cytosol. Given the bidirectionality of Cat2 
catalysis, cytosolic expression could result in acetyl-carnitine inter-
ception enroute to the mitochondria and therefore increased 
acetyl-CoA levels.

Peroxisomal biogenesis, general peroxisomal maintenance, and 
the import and export of proteins and metabolites are mediated 
by a handful of membrane proteins called peroxins (22). The 
Pex15 peroxin is a tail-anchored protein, comprised of a single 
transmembrane domain and a C-terminal anchoring motif used 
for docking and membrane translocation with Pex19 (23–25). 
Previous work isolated the C-terminal 68 amino acid (aa) chain 
of Pex15 used for membrane docking to the peroxisome surface, 
and demonstrated that fusion of this C-terminal peptide to GFP 
or the mitochondrial Fis1 resulted in localization of these proteins 
on the cytosolic side of the peroxisomal membrane (24). Fusion 
of this sequence with the native Cat2 could thus be used for 
interception of the exported acetyl-carnitine at the peroxisomal 
surface for immediate conversion back to acetyl-CoA, increasing 
acetyl-CoA levels in the cytosol. Furthermore, the fusion of the 
Pex15 peptide to multiple pathway enzymes could create a unique 
method for enzyme colocalization; the close anchoring of enzymes 
allows for increased flux to the desired product (26).

In this study, the 68 aa Pex15 C-terminal anchoring motif 
(PEX15) was used to colocalize enzymes on the surface of the 
peroxisomes to both improve metabolic pathway flux and to ena-
ble the use of the peroxisomal acetyl-CoA pool in S. cerevisiae. We 
first anchored the S. cerevisiae Cat2 enzyme and demonstrated 
significantly higher cytosolic acetyl-CoA levels. We then anchored 
three enzymes as a metabolon for the synthesis of the polyketide 
TAL: the Cat2 enzyme to produce the starter unit acetyl-CoA, a 
stable S. cerevisiae acetyl-CoA carboxylase (Acc1S1157A) for con-
version of acetyl-CoA to the extender unit malonyl-CoA (27), and 
the G. hybrida 2-PS for TAL synthesis. Increases in TAL 

demonstrated the success of our strategy. Finally, we explored var-
ying the peroxisomal membrane surface area through the overex-
pression of the peroxisomal biogenesis protein Pex11, which 
results in an increased number of smaller peroxisomes, greater 
membrane area, and the stimulation of β-oxidation (28–30). The 
research establishes a new approach to enzyme colocalization 
within the cytoplasm of yeast and a means to access the untapped 
peroxisomal acetyl-CoA pool for improved production of polyket-
ides and other acetyl-CoA-based products.

Results

Accessing Acetyl-CoA from the Yeast Peroxisome. Advantages 
of peroxisomal surface localization include both increasing 
pathway flux via enzyme proximity and the ability to exploit the 
peroxisomal acetyl-CoA exported from the peroxisome in the form 
of acetyl-carnitine. We first overexpressed free or anchored Cat2 
to capture and convert this acetyl-carnitine to acetyl-CoA, and 
evaluated the impact on acetyl-CoA levels in the cell. Cat2 or Cat2 
directly fused to the PEX15 anchoring motif (Cat2PEX15) was 
expressed using the strong S. cerevisiae TEF1 promoter on CEN/
ARS plasmids. These plasmids, along with an empty plasmid (no 
Cat2), were independently transformed into base strain BY4741, 
and cultures were grown for 48 h before acetyl-CoA extraction 
and analysis (14).

A significant increase in specific acetyl-CoA titer was observed 
as we moved from no additional Cat2 expression to unanchored 
Cat2 expression to anchored Cat2 expression (Fig. 1A). Direct 
fusion of Cat2 to PEX15 was chosen as incorporating a linker 
reduced performance (SI Appendix, Fig. S1). Expression of Cat2 
alone improved specific acetyl-CoA levels 2.2-fold over basal levels, 
with an additional 1.7-fold improvement when the Cat2 was 
anchored to the peroxisome surface (Fig. 1A). This is consistent 
with what was expected. Expression of Cat2 should increase acetyl-
CoA levels as the enzyme can intercept acetyl-carnitine enroute 
to the mitochondria. Peroxisomal surface display of Cat2 should 
result in a further increase in acetyl-CoA as Cat2 can intercept 
acetyl-carnitine immediately upon export from the peroxisome 
(Fig. 1B). No significant changes in cell densities were observed 
between any two groups (SI Appendix, Fig. S1A); thus, the overall 
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Fig. 1. Access to peroxisomal acetyl-CoA pools through interception by Cat2. (A) Specific acetyl-CoA levels were measured using a fluorescence-based assay and 
normalized to final cell densities; higher acetyl-CoA levels were observed for the strains expressing the Cat2-encoded carnitine acetyl-CoA transferase, particularly 
for Cat2 anchored to the peroxisome surface. (B) Schematic illustrating how acetyl-CoA is converted into acetyl-carnitine for transport to the mitochondria, 
and then subsequently converted back to acetyl-CoA by Cat2 proteins displayed on the surface of the yeast peroxisome. Bars represent mean ± 1-SD, n = 3 
biological replicates, **P < 0.01, ***P < 0.001.
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3.7-fold increase for Cat2PEX15 relative to the control demon-
strates the ability of peroxisomal display of Cat2 to access the 
untapped peroxisomal acetyl-CoA pool and should prove benefi-
cial for the synthesis of polyketides and other acetyl-CoA-based 
products.

Peroxisomal Display of Three Enzymes for Synthesis of Acetyl-
CoA-Based Product TAL. We next evaluated peroxisomal display 
using a 3-enzyme metabolon for TAL synthesis: S. cerevisiae Cat2, 
S. cerevisiae Acc1S1157A (Acc1m), and the G. hybrida 2-PS. In this 
configuration, the Cat2 on the peroxisome surface will intercept 
the acetyl-carnitine exported from the peroxisome and convert 
it to acetyl-CoA for immediate use by the coanchored Acc1m 
and 2-PS. Acc1m was chosen as the S1157A mutation prevents 
enzyme deactivation after glucose depletion (27), enabling higher 
polyketide synthesis. Anchoring all three enzymes on the surface 
of the peroxisome should create an enzyme cascade that increases 
the synthesis of TAL. We evaluated how anchoring the Cat2, 
Acc1m, and 2-PS enzymes alone and in combination affects TAL 
production and compared this with free enzymes in the cytosol 
(Fig. 2 A and B).

We first checked TAL production with Acc1m fused directly 
to PEX15 or via a short flexible linker; as with Cat2, no improve-
ment was observed with the linker (SI Appendix, Fig. S2). Direct 
fusion of PEX15 to 2-PS also did not reduce TAL levels 
(SI Appendix, Fig. S3). We thus proceeded with all three enzymes 
directly fused to PEX15. An increase in cell density and TAL titer 
was also observed between 48 and 96 h (SI Appendix, Fig. S2), so 

we chose the longer cultivation time. This should also benefit 
expression of the full pathway; additional culture time should 
allow the cells to consume larger amounts of fatty acids, leading 
to an increase in acetyl-CoA available for TAL synthesis from 
β-oxidation in the peroxisome.

To avoid the instability and metabolic burden imposed by mul-
tiple plasmids, the genes for 2-PS or the 2-PSPEX15 fusion were 
integrated into chromosomal site XI-3 (31) of strain BY4741 
resulting in strains BY2PS and BY2PSP, respectively. The genes 
for Cat2, Acc1m, or their PEX15 fusions were inserted alone or 
in combination on a single low-copy bicistronic CEN/ARS plas-
mid, with all genes expressed under the control of TEF1 promot-
ers. This should result in similar expression levels of the three 
pathway enzymes (with gene copy numbers of approximately 
1:1.5:1.5). Strains BY2PS and BY2PSP were transformed with an 
empty plasmid or the plasmid carrying Cat2, Cat2PEX15, Acc1m, 
Acc1mPEX15, Cat2 and Acc1m, or Cat2PEX15 and 
Acc1mPEX15. The addition of Cat2 or Cat2PEX15 to strain 
BY2PSP did not increase specific TAL titers (Fig. 2C). This was 
not surprising; while acetyl-CoA levels increase (Fig. 1A), both 
acetyl-CoA and malonyl-CoA are required for TAL synthesis, and 
Acc1 is often limiting (27, 32). Accordingly, the addition of free 
or anchored Acc1m alone resulted in significantly higher specific 
titers. The anchoring of both Cat2 and Acc1m in strain BY2PSP 
resulted in a further increase in TAL; with all three enzymes 
anchored, there was a 2.3- to 2.8-fold increase relative to targeted 
2-PSPEX15 or cytosolic 2-PS alone, and a 21% increase relative 
to all three enzymes cytosolically expressed. Cell densities remained 
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Fig. 2. Improving polyketide biosynthesis through peroxisomal surface display and increased 2-PS expression. Schematics for (A) a cytosolic pathway and (B) a 
peroxisomal bound pathway. (C) TAL titers normalized to final cell densities for free and anchored Cat2, Acc1m, and/or 2-PS enzymes. Each enzyme is introduced 
at 1–2 copies (2-PS or 2-PSPEX15 was integrated at one copy; Cat2, Acc1m, their PEX15-bound fusions, and enzyme combinations were carried on low-copy 
CEN/ARS bicistronic plasmids). (D) Pathway optimization with Cat2PEX15 and Acc1mPEX15 integrated at one copy and 2-PSPEX15 on a multicopy 2μ plasmid 
significantly improved TAL titers. Bars represent mean ± 1-SD, n = 3 biological replicates, *P < 0.05, **P < 0.01, ****P < 0.0001.
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unchanged across these experimental groups (SI Appendix, 
Fig. S3A). The results demonstrate the success of enzyme colocal-
ization on the peroxisome for a pathway designed to utilize the 
exported acetyl-carnitine from β-oxidation.

An interesting trend is observed in a similar experiment with 
unanchored 2-PS (SI Appendix, Fig. S3). Again, specific TAL titers 
remain relatively unchanged (and similar for both anchored and 
unanchored 2-PS) when either Cat2 or Acc1 is individually anchored. 
However, when Acc1m and Cat2 are both anchored, TAL titer is 
significantly lower for free 2-PS relative to 2-PSPEX15. Anchoring 
of Acc1m and Cat2 together may effectively shift the location of 
available acetyl-CoA and malonyl-CoA needed for TAL synthesis 
away from the 2-PS in the bulk cytosol. Thus 2-PS must also be 
anchored to see the >2-fold improvement over basal levels.

Optimizing Pathway Configuration for Improved Polyketide 
Synthesis via Peroxisomal Display. Our initial system had only 
one integrated copy of 2-PSPEX15 and a 15-kb CEN/ARS vector 
(1–2 copies) carrying Acc1mPEX15 and Cat2PEX15. To ensure 
stable expression, we integrated the genes for Cat2PEX15 and 
Acc1mPEX15 into the BY4741 genome at sites XI-3 and XI-5, 
respectively, resulting in strain BYac. Control strains had either 
no integrations (base strain BY4741) or only one of the two genes 
(strains BYa and BYc). Based on our previous work showing higher 
TAL levels with increased 2-PS gene copy number (8), we chose 
to express 2-PSPEX15 from a multicopy 2μ plasmid to take full 
advantage of our anchored system. We then compared specific 
TAL titer after 96 h of cultivation for each of the four multicopy 
2-PSPEX15 strains and also relative to three strains from our 
initial low-copy system (Fig. 2D).

Increasing copy number of 2-PSPEX15 increased specific TAL 
titer 3.5-fold over low-copy chromosomal expression (BY2PSP). 
The integration of the genes for Cat2PEX15, Acc1mPEX15, or 
both proteins resulted in an increase in the specific TAL titer with 
each intervention. Integrating Cat2PEX15 and Acc1mPEX15 
individually resulted in a 1.6- and a 2.6-fold increases, respectively. 
With both genes integrated (strain BYac + 2μ-2PSPEX15) and 
thus all three enzymes on the peroxisome surface, the highest TAL 
titers were observed reaching 766 ± 13 mg/L, a sizeable increase 
ranging from 1.2- to 4.7-fold compared with all other strains 
tested (SI Appendix, Fig. S4). Normalized to cell densities, this 
constituted an 8.3-fold increase in TAL production relative to 
BY4741 + 2μ-2PSPEX15, and an 11-fold increase relative to our 
low-copy fully anchored pathway (Fig. 2 C and D).

The overall fitness of the final strains was affected when both 
Cat2 and Acc1m were localized on the peroxisome. With 2-PS or 
2-PSPEX15 expressed from the multicopy plasmid, strains 
BY4741, BYc, and BYa all reached similar final cell densities, while 
BYac had a cell density 40% lower (SI Appendix, Fig. S4). This is 
due to the colocalization of Cat2 and Acc1m, as this drop in cell 
density is observed with both anchored and free 2-PS (SI Appendix, 
Fig. S4). Even so, the highest TAL levels (both specific titer and 
total titer) were observed when all three enzymes were anchored 
on the surface and with high-copy expression of 2-PS (Fig. 2 and 
SI Appendix, Fig. S4). Our results thus confirm that pathway dis-
play on the surface of the peroxisome is advantageous due to both 
enzyme colocalization and access to the peroxisomal acetyl-CoA 
pool (via Cat2) and provides for high-level production of acetyl-
CoA-based products like polyketides.

Improving Polyketide Synthesis Through Alterations of 
Peroxisome Surface Area. Yeast peroxisomes are typically 0.1 and 
0.2 μm in diameter, with only about 2–3 peroxisomes per cell in 
wild-type S. cerevisiae (33). Peroxisomal biogenesis is mediated 
by a handful of membrane proteins called peroxins, facilitating 
elongation, constriction, and fission of new peroxisomes from 
mature ones. These peroxins also play a role in regulating the 
number and size of peroxisomes (22). One of these peroxins, 
Pex11, is exceptionally important in both peroxisome proliferation 
and regulation of β-oxidation; previous reports have cited an 
increased number of small peroxisomes in strains with PEX11 
overexpression (28, 29). Furthermore, overexpression of PEX11 
in S. cerevisiae has been shown to accelerate β-oxidation, leading 
to greater availability of acetyl-CoA in these organelles (30).

To determine how the performance of our anchored system is 
affected by reduced peroxisome size, greater membrane surface 
area (30), and increased β-oxidation, we created strains overex-
pressing PEX11. The Pex11 gene was amplified from BY4741 
genomic DNA and inserted (under the control of the TEF1 pro-
moter) along with the 2-PSPEX15 gene on either low-copy CEN/
ARS or 2μ bicistronic plasmids. Overexpressing PEX11 simulta-
neously with 2-PSPEX15 on the 2μ plasmid did not significantly 
affect TAL titers relative to the control strain (SI Appendix, 
Fig. S5). This is expected as only 2-PS is anchored; precursor levels 
or availability have not been changed. For 2-PSPEX15 on the 
CEN/ARS plasmid, however, a 29% reduction in TAL titer was 
observed (SI Appendix, Fig. S5). Overexpressing PEX11 increases 
the number and reduces the size of the peroxisome; with the 

Fig. 3. Effects of Pex11 overexpression on TAL synthesis. (A) Schematics for native and for overexpression of the peroxisomal biogenesis PEX11 gene illustrate 
the change in size, number, and overall surface area of the yeast peroxisomes. (B) TAL titers normalized to cell densities for strains BY4741, BYc, BYa, and 
BYac expressing 2-PSPEX15 or both 2-PSPEX15 and Pex11 from a multicopy 2μ plasmid. Bars represent mean ± 1 SD, n = 3 biological replicates, *P < 0.05,  
***P < 0.001, ****P < 0.0001.
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increased membrane area (30) and low 2-PSPEX15 expression, 
2-PS dimerization (required to form a fully functional active site 
for biocatalysis (34)) may be inhibited.

We then evaluated the effect of PEX11 overexpression on the 
TAL titer for our fully anchored system (Fig. 3A). The multicopy 
2μ plasmids carrying 2-PSPEX15 alone or 2-PSPEX15 and PEX11 
were each transformed into strains BY4741, BYc, BYa, and BYac. 
The strains were cultivated for 96 h before TAL analysis. For BYc 
(Cat2 anchored) expressing 2-PSPEX15, the addition of Pex11 
overexpression increased the specific TAL titer (Fig. 3B) with no 
effect on the final cell density (SI Appendix, Fig. S6), showing that 
the combination of increased membrane surface and Cat2 anchor-
ing is generally beneficial. When strain BYa (Acc1m anchored) 
expressed both 2-PSPEX15 and Pex11, the specific TAL titer 
increased 5.9-fold relative to BY4741 (Fig. 3B), and the titer 
increased 3-fold reaching 553 ± 15 mg/L in 5-mL tube cultures 
(SI Appendix, Fig. S6). In this case, the final cell density was 
reduced by 40 to 50% relative to the BY4741 expressing these 
two genes (SI Appendix, Fig. S6), suggesting that it is the simul-
taneous expression of PEX11 (smaller peroxisomes and increased 
membrane area) and anchoring of Acc1m that is creating this 
burden. Even so, both the TAL titer and the specific titer increased 
significantly. This may be due to the proximity and ease of metab-
olite shuttling between Acc1m and 2-PS on the smaller peroxi-
somes, as there is no increase in acetyl-CoA levels in these strains.

For our final strain BYac with all three enzymes anchored, TAL 
increased even further (as seen previously in Fig. 2D). However, 
in this case, overexpression of Pex11 was deleterious and significant 
drops in both the final cell density and the titer were observed 
(Fig. 3 and SI Appendix, Figs. S3 and S6. It is likely that we have 
now overwhelmed the peroxisome and further optimization is 
required. However, it is noteworthy that significant TAL increases 
were observed for strain BYa; this clearly highlights the power of 
PEX11 upregulation for this colocalization strategy.

Discussion

In this study, we demonstrate the use of the native S. cerevisiae 
Pex15 anchoring motif for colocalization of enzymes on the per-
oxisomal membrane both to access an additional pool of acetyl-
CoA and to increase metabolic pathway flux. We first tested 
peroxisomal display of the native Cat2 to intercept and convert 
exported acetyl-carnitine, resulting in a substantial increase in 
available acetyl-CoA. The results also highlight the directionality 
of Cat2 catalysis in the cytoplasm. The CAT2 gene encodes for 
both the mitochondrial and peroxisomal Cat2 proteins, with 
transfer of the acetyl group from CoA to carnitine in the peroxi-
some, and the reverse in the mitochondria (35, 36). Based on our 
results, cytosolic expression of Cat2 favors the transfer reaction 
from carnitine to CoA, similar to the mitochondria. The local 
environment of Cat2 may play a role in the reaction direction 
favored, as the mitochondria and cytosol both have a lower pH 
(near neutral) than the alkaline peroxisomes (37, 38).

We then implemented this novel display method to create a 
protein metabolon consisting of the Cat2, Acc1m, and 2-PS 
enzymes required for TAL synthesis. Anchoring of the three 
enzymes enabled the use of the peroxisomal acetyl-CoA pool for 
efficient conversion to malonyl-CoA and then TAL. This led to a 
nearly 4.2-fold increase in the TAL titer relative to multicopy 
expression of 2-PS alone and a 6.9-fold increase over the initial 
low-copy system (Fig. 4). In our previous efforts to increase TAL 
synthesis in S. cerevisiae, promoter and plasmid modifications were 
used to obtain a titer of 0.25 g/L; subsequent improvements 
required extensive pathway engineering, 2-PS enzyme engineering, 

and fed-batch cultivation (8, 9, 14). Our current results highlight 
the efficiency of peroxisomal surface display as we obtained  
0.77 g/L prior to any extensive engineering efforts. Incorporation 
of our prior engineering strategies with peroxisomal surface display 
should further improve titers and yield.

We also explored varying the peroxisomal membrane surface 
area through the overexpression of the peroxisomal biogenesis 
protein Pex11, known to result in an increased number of smaller 
peroxisomes and to stimulate β-oxidation. For 2-PSPEX15 on a 
low-copy plasmid, TAL levels decreased (SI Appendix, Fig. S5) 
with PEX11 overexpression and may reflect insufficient 2-PS levels 
for dimerization given the increased peroxisomal surface area. The 
multicopy 2μ 2-PSPEX15 plasmid rescued this drop, indicating 
sufficient dimerization with higher expression. In the absence of 
PEX11 overexpression, no decrease in TAL levels was observed for 
2-PSPEX15 relative to free-floating 2-PS for both low- and mul-
ticopy expression (SI Appendix, Figs. S3 and S4), suggesting 
dimerization is not an issue in the native Pex11 strains.

With two enzymes anchored (2-PS with either Cat2 or Acc1m), 
overexpression of PEX11 resulted in significant increases in titers, 
demonstrating the advantages of reducing peroxisome size (and 
increasing membrane area) for our system. Anchoring all three 
enzymes while expressing PEX11 reduced both growth and TAL 
titer. This may be due to detrimental effects on the native perox-
isomal function (e.g., membrane transport functions) imposed by 
anchoring three different proteins on the now smaller peroxi-
somes. The genes for 2-PSPEX15 and Pex11 were both expressed 
using a strong constitutive promoter on a multicopy 2μ plasmid; 
intermediate expression of one or both enzymes would be a first 
step in improving the system. Although the overall peroxisomal 
surface expression system is not yet fully optimized, it is clear that 
this is a successful approach for increasing product titers and for 
pathway redirection in the cytosol, adding to the small list of 
cytosolic enzyme colocalization strategies available in S. cerevisiae 
(26). The anchoring of Cat2 also enables access to the peroxisomal 
acetyl-CoA pool; this should be broadly applicable for enhancing 
production of acetyl-CoA-based products.

Fig.  4. Summary of engineering strategies to improve TAL synthesis via 
peroxisomal surface display in S. cerevisiae. Anchoring Cat2, Acc1m, and 2-PS 
(all low copy) increased TAL ~2-fold relative to unanchored 2-PS alone. With a 
multicopy plasmid for the limiting 2-PS, a >4-fold increase in TAL was observed 
for the fully anchored pathway relative to unanchored 2-PS. Bars represent 
mean ± 1-SD, n = 3 biological replicates.
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Materials and Methods

Plasmid and Strain Construction. The plasmids and strains used in this work 
are listed in SI Appendix, Table  S1 with primers summarized in SI Appendix, 
Table S2. All S. cerevisiae strains were built from BY4741 (39); all plasmids were 
built from pBT76 and pBT76-2μ (40). Escherichia coli strains used were XL1-Blue 
or DH5α (Invitrogen, Carlsbad, CA). Detailed methods for design and construction 
of plasmids and strains can be found in the SI Appendix, Supplemental Methods. 
Primers were synthesized by Integrated DNA Technologies (IDT, San Diego, CA). 
PCRs were performed using Q5® Hot Start High-Fidelity DNA Polymerase from 
New England Biolabs (NEB, Ipswich, MA) in a T100 Thermal Cycler from Bio-Rad 
(Hercules, CA). Gibson assembly reactions were performed using the NEBuilder® 
HiFi DNA Assembly Master Mix (NEB) and ligation reactions used T4 DNA Ligase 
(NEB). All restriction enzymes used for plasmid construction were purchased from 
NEB. All plasmids, gene disruptions, and cassette integrations were confirmed 
by Sanger sequencing (Azenta Life Sciences, South Plainfield, NJ) prior to use.

Media & Cultivation. E. coli strains XL-1 Blue and DH5α were cultivated in 5 mL 
lysogeny broth (LB) containing 150 μg/mL ampicillin for molecular cloning and 
plasmid maintenance. S. cerevisiae strains were grown at 30˚C in 15 × 125-mm 
borosilicate culture tubes containing 5 mL medium: YPD [10 g/L yeast extract 
(BD Difco™, BD, Franklin Lakes, NJ), 20 g/L peptone (BD Difco™), and 20 g/L 
D-glucose (Fisher Scientific, Hampton, NH)] prior to plasmid transformation, and 
selective SDC(A) [20 g/L D-glucose, 1.7 g/L yeast nitrogen base without amino 
acids (BD Difco™), 5 g/L casamino acids (BD Difco™), 100 mg/L adenine-hemisul-
fate (Sigma-Aldrich, St. Louis, MO), and 5 g/L ammonium sulfate (Fisher Scientific)] 
following transformation. Detailed yeast transformation methods can be found 
in SI Appendix, Supplemental Methods. For acetyl-CoA and TAL production, cells 
from overnight cultures in SDC(A) were reinoculated into SDC(A) (with 10 g/L 
D-glucose) and cultured for 48 or 96 h. Optical density (OD600) was measured 
using a Shimadzu UV‐2450 UV‐Vis spectrophotometer (Shimadzu, Columbia, 
MD) and converted to cell density (gDCW/L) via a linear correlation. Cells were 
harvested by centrifugation at 3,000 rcf in a Beckman Coulter Allegra X-22R 
Centrifuge (Beckman Coulter, Brea, CA).

Extraction and Quantification of Acetyl-CoA. Acetyl-CoA was extracted from 
the cells using a cold-methanol quenching, a boiling ethanol protocol, and sub-
sequent nitrogen-supported solvent evaporation based on previous methods (14, 
41, 42), and assayed using the fluorometric Acetyl-CoA Assay Kit (Sigma-Aldrich, 
St. Louis, MO). Briefly, 5 mL yeast cultures were dropped into 25 mL of a 60% v/v 
methanol–water solution in a 50-mL conical tube that was prechilled to –40˚C; the 
culture was added to the center to avoid freezing on the tube wall. Cell-methanol 
suspensions were placed back at –40˚C for 5 min before pelleting at 1,800 rcf for 
5 min. Cell pellets were resuspended in 5 mL of boiling ethanol-HEPES buffer 
(75% v/v ethanol, 0.25 M HEPES, pH 7.5). Suspensions were boiled for 3 min 
at 80˚C before nitrogen evaporation. Following complete solvent evaporation, 
cell pellets were resuspended in 100 μL of the assay kit buffer and centrifuged 
in a table-top microcentrifuge at 6,000 rcf for 5 min to remove the cell pellet. 
The fluorometric assay kit was used to quantify acetyl-CoA concentrations in the 
supernatant. Relative fluorescence was measured using 535-nm and 587-nm 
excitation and emission wavelengths in a SpectraMax M3 plate reader from 
Molecular Devices (San Jose, CA).

TAL Detection. Following harvest, 250 μL cell culture was centrifuged in a table-
top microcentrifuge at 6,000 rcf for 5 min, and the supernatant collected for TAL 
analysis in a SpectraMax M3 plate reader. Absorbance was measured at 277 nm. 
TAL standards and samples were diluted 20:1 and 40:1 in ddH2O, respectively, 
to ensure linearity.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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