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The activation of fatty acids to their acyl-CoA derivatives is a crucial step for their integration into more complex lipids or their degradation via beta-oxidation. Yeast cells employ five distinct acyl-CoA synthases to facilitate this ATP-dependent activation of acyl chains. Notably, mutant cells that are deficient in two of these fatty acid-activating (FAA) enzymes, namely, Faa1 and Faa4, do not take up free fatty acids but rather export them out of the cell. This unique fatty acid export pathway depends on small, secreted pathogenesis-related yeast proteins (Pry). In this study, we investigate whether the expression of human fatty acid-binding proteins, including Albumin, fatty acid-binding protein 4 (Fabp4), and three distinct lipocalins (ApoD, Lcn1, and Obp2a), could promote fatty acid secretion in yeast. To optimize the expression and secretion of these proteins, we systematically examined various signal sequences in both low-copy and high-copy number plasmids. Our findings reveal that directing these fatty-acid binding proteins into the secretory pathway effectively promotes fatty acid secretion from a sensitized quadruple mutant model strain (faa1∆ faa4∆ pry1∆ pry3∆). Furthermore, the level of fatty acid secretion exhibited a positive correlation with the efficiency of protein secretion. Importantly, the expression of all human lipid-binding proteins rescued Pry-dependent fatty acid secretion, resulting in the secretion of both long-chain saturated and unsaturated fatty acids. These results not only affirm the in vitro binding capabilities of lipocalins to fatty acids but also present a novel avenue for enhancing the secretion of valuable lipidic compounds. Given the growing interest in utilizing yeast as a cellular factory for producing poorly soluble compounds and the potential of lipocalins as platforms for engineering substrate-binding specificity, our model is considered as a powerful tool for promoting the secretion of high-value lipid-based molecules.
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1 Introduction

Fatty acids (FAs) constitute the hydrocarbon chains of most lipids. As such, FAs are not only important to provide the hydrophobic portion of the membrane bilayer forming phospholipids and sphingolipids but they also serve to store metabolic energy in neutral lipids, including triacylglycerols and steryl esters. Additionally, FAs serve as crucial precursors to highly potent signaling molecules in both mammals and plants (de Carvalho and Caramujo, 2018). FAs can be synthesized intracellularly through a well-characterized fatty acid synthase complex or acquired from the extracellular environment and then need to be activated to acyl-CoAs before undergoing further metabolism. In specialized tissues such as the fat body in insects and adipose tissue in vertebrates, FAs are stored as esterified FAs within lipid droplets. During energy scarcity, these neutral lipid stores are broken down by lipases to release free FAs into circulation (Grabner et al., 2021). However, the precise mechanisms of FA secretion and the molecular components of a potential FA export pathway remain poorly understood (Thompson et al., 2010).

The best-characterized FA transporters include the bacterial FadL protein, which is responsible for transporting FAs across the outer membrane of gram-negative bacteria, and MFSD2A, a member of the major facilitator superfamily domain, which facilitates the transport of polyunsaturated FAs in the form of lysophosphatidylcholine across the blood–brain and blood–retina barriers (van den Berg et al., 2004; Chua et al., 2023). Plants export FAs from plastids into the cytosol and endoplasmic reticulum (ER) through the FA exporter, Fax1 (Li et al., 2015). In Saccharomyces cerevisiae, long-chain FAs can be taken up through the integral plasma membrane protein Fat1, and their uptake is thought to be coupled to acyl-CoA activation (Zou et al., 2003). While wild-type yeast cells do not secrete FAs, double mutant cells lacking the two acyl-CoA synthases, Faa1 and Faa4, fail to efficiently take up long-chain FAs and secrete FAs into the culture medium (Johnson et al., 1994; Faergeman et al., 2001; Scharnewski et al., 2008). Faa1/4∆ double mutant cells display aberrant morphology of the ER membrane with a more dilated ER lumen and the accumulation of laminated electron-dense material (Scharnewski et al., 2008, #46464). Notably, FA secretion in faa1/4∆ double mutant cells requires Pry1, a small ~31 kDa secreted glycoprotein that is structurally related to the plant pathogenesis-related 1 (PR1) family of proteins (Darwiche et al., 2016; Han et al., 2023). Pry1 binds to FAs and exports them through the secretory pathway, suggesting its role in facilitating FA secretion (Darwiche et al., 2017, 2018). However, this mechanism, involving stoichiometric complexes of FA bound to a secreted protein, appears energetically expensive for secreting large amount of FAs.

In this study, we investigate whether mammalian lipid-binding proteins, directed into the secretory pathway, could enhance the secretion of FAs. We selected human Albumin, along with four members of the lipocalin family of lipid-binding proteins: fatty acid binding protein 4 (Fabp4), apolipoprotein D (ApoD), tear lipocalin (Lcn1), and odorant binding protein 2A (Obp2a), to test their potential to complement the role of Pry1 and promote FA secretion. Human Albumin, a major protein in human serum, possesses multiple FA-binding sites (Curry et al., 1998; Fang et al., 2006). Fabp4, an intracellular FA-binding protein abundant in adipocytes, regulates adipogenesis and lipolysis (Esteves and Ehrlich, 2006). It is secreted into the circulation, acting as an adipokine, and is associated with metabolic diseases such as obesity and diabetes (Ertunc et al., 2015; Hotamisligil and Bernlohr, 2015; Prentice et al., 2019).

Conversely, lipocalins, although less characterized than Albumin and Fabp4, shared a common tertiary structure and secreted lipid-binding proteins known for their diverse ligand specificity (Akerstrom et al., 2000; Bishop, 2000; Flower et al., 2000; Stopková et al., 2021; Ganfornina et al., 2022; Yang et al., 2023). Lipocalins have also been used to create proteins with novel ligand specificities, known as Anticalins, and are recognized as important mammalian respiratory allergens (Virtanen, 2021; Morales-Kastresana et al., 2022). ApoD, a highly conserved lipocalin among mammals, is broadly expressed in various mammalian tissues and is associated with several diseases, such as cancer (Ren et al., 2019; Rassart et al., 2020). Lcn1 is predominantly produced by the lacrimal glands and is involved in maintaining the tear film lipid layer, exerting antimicrobial activity (Glasgow, 2021). Obp2a, a member of the odorant binding proteins, is present in various human tissues and has a large hydrophobic pocket capable of accommodating different compounds (Tegoni et al., 2000; Pelosi and Knoll, 2022). Our findings suggest that FA secretion can be augmented by the heterologous expression of mammalian lipid-binding proteins targeted into the yeast secretory pathway, offering a potential strategy to increase the production yield of hydrophobic compounds in various applications.



2 Results


2.1 A yeast strain lacking acyl-CoA synthases and lipid export proteins serves as a platform to assess the fatty acid binding and export function of human proteins

A yeast strain lacking two of the six acyl-CoA synthases, Faa1 and Faa4, cannot take up exogenously supplied FAs, instead secretes free FAs into the culture medium (Johnson et al., 1994; Faergeman et al., 2001; Scharnewski et al., 2008). This export of FAs requires small soluble and secreted lipid-binding proteins of the CAP/PR1 superfamily [cysteine-rich secretory proteins (CRISP), antigen 5 (Ag5), and pathogenesis-related 1 (PR1)] (Darwiche et al., 2017; Han et al., 2023). The S. cerevisiae genome encodes three members of this pathogen in yeast proteins, Pry1-3 (Choudhary and Schneiter, 2012; Darwiche et al., 2018). While the deletion of any one of these three yeast PRY genes does not cause an apparent change in FA export, the concomitant deletion of any two of them results in a significant reduction in FA secretion (Darwiche et al., 2017) (Figure 1A). To study the effects of selected human FA-binding proteins on FA secretion, we utilized a quadruple mutant strain, lacking the two acyl-CoA synthases and both Pry1 and Pry3 (faa1/4∆ pry1/3∆) as a platform.
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FIGURE 1
 A yeast-based platform to test fatty acid-binding proteins. (A) Schematic illustration of the interconnections between FA synthesis, uptake, and secretion in yeast. Uptake of extracellular free FAs requires Fat1 and the acyl-CoA synthases Faa1 and Faa4. Deletion of these acyl-CoA synthases leads to FA export, facilitated by Pry proteins. Acyl-CoA, generated via synthesis or uptake, is utilized for lipid synthesis, stored as triacylglycerol (TAG) and steryl esters (STE) in lipid droplets, or channeled to peroxisomes for beta-oxidation (β-ox). (B,C) Comparison of intracellular and extracellular FA levels and composition in wild-type (wt), quadruple mutant (faa1/4∆ pry1/3∆), and double mutant (faa1/4∆) cells. Lipids were extracted from the cell pellet and culture supernatant, and FA methyl esters (FAMEs) were analyzed by gas chromatography. Statistical significance of changes in the composition of extracellular FAs is indicated in the table. (D) Viability of cells in the presence of detergents. Cells of the indicated genotypes were cultivated in YPD media with or without 0.5% Triton X-100 for 16 h at 30°C. Relative growth compared with untreated controls is shown. The sfk1Δ lem3Δ double mutant strain was included as a positive control. All data represent mean + standard deviation of at least three independent experiments. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001 (unpaired two-tailed t-test); ns, not significant.


Analysis of FA levels confirmed that a wild-type strain hardly secreted any free FAs into the culture medium. Deletion of Pry1/3 led to a significant reduction of FA export compared with that of a faa1/4∆ double mutant (Figure 1B). Notably, the composition of FAs exported by the quadruple and double mutant strains differed considerably from those secreted by the wild-type strain. The wild-type strain showed a much higher proportion of C18:0 in the culture medium compared with the strains that lacked the two acyl-CoA synthases. On the other hand, the composition of free FAs exported by the quadruple mutant (faa1/4∆ pry1/3∆) and the double mutant (faa1/4∆) was more similar, suggesting that the deletion of Pry1 and Pry3 did not strongly affect the composition of FAs that were secreted.

Intracellular FA levels and composition remained largely unaffected in both the quadruple mutant (faa1/4∆ pry1/3∆) and the double mutant (faa1/4∆) when compared with wild-type cells (Figure 1C). To examine whether the export of FAs from the faa1/4∆ double mutant could be due to leakage from a compromised plasma membrane, we tested membrane integrity of these mutants. Both the double (faa1/4∆) and quadruple (faa1/4∆ pry1/3∆) mutants remained viable when grown in the presence of the non-ionic detergent Triton X-100 (0.5%) (Figure 1D). On the other hand, a sfk1∆ lem3∆ double mutant, which has a known defect in plasma membrane integrity due to the deletion of the phospholipid flippase Lem3 and the regulator Sfk1, lost viability in the presence of the detergent (Mioka et al., 2018). These findings suggest that FAs are actively exported from the acyl-CoA synthase mutant cells, rather than simply leaking out through a compromised plasma membrane.



2.2 Addition of signal sequence to human Albumin and Fabp4 promotes their secretion

We investigated whether the expression of two abundant and secreted human FA-binding proteins, Albumin and Fabp4, could enhance FA secretion from the quadruple mutant strain. Codon-optimized versions of these genes were cloned into both low-copy and high-copy plasmids [pRS416 and pRS425, respectively (Mumberg et al., 1995)], and their expression was driven by a constitutively active alcohol dehydrogenase (ADH1) promoter. To target these proteins to the secretory pathway, they were fused with an N-terminal signal peptide from either yeast Pry1 (amino acids 1–19; Pry1ss) or pre-pro α-factor mating pheromone 1 (amino acids 1–88; MFαss) (Waters et al., 1988). Previous studies aimed at optimizing the secretion of human Albumin in yeast cells had shown that the replacement of the pro-sequence (amino acids 1–6) of Albumin with that of mating factor α (MFα) increased the efficiency of secretion, and we followed a similar strategy (Sleep et al., 1990). Since Fabp4 does not have a defined signal peptide for ER luminal targeting and is secreted through an alternative pathway, we fused the signal sequences of Pry1 or that of MFα directly to the N-terminus of Fabp4 (Ertunc et al., 2015; Villeneuve et al., 2018; Josephrajan et al., 2019).

To examine the expression and secretion of these two human proteins in yeast, we added a hemagglutinin (HA) epitope to the C-terminus of both proteins. Western blot analysis of intracellular (cell pellet, P) and secreted proteins (culture supernatant, S) indicated that both proteins were indeed synthesized and secreted to varying degrees. To assess the efficiency of their secretion, these Western blots were quantified, and an export index, defined as the fraction of the protein present in the culture supernatant relative to the sum of the protein present in both the cell pellet and culture supernatant, was calculated and plotted in a bar diagram (Figures 2A–C). Proteins fused to the signal sequence of MFα typically displayed two discrete bands in the cell pellet. The higher molecular mass band corresponds to the immature proteins containing the MFα pre–pro signal sequence, whereas the band at lower molecular mass represents the proteolytically processed form lacking the signal sequence (Waters et al., 1988).
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FIGURE 2
 Secreted human Albumin and Fabp4 enhance fatty acid release. (A,B) Expression and secretion of human Albumin and Fabp4 fused to either a Pry1 signal sequence (Pry1ss) or the pre-pro-α-factor signal sequence (MFαss), from low-copy or high-copy number plasmids. Cells were cultivated to the stationary phase, and proteins were precipitated from the cell pellet (P) and the culture supernatant (S). Proteins were separated by SDS-PAGE and probed with an antibody against the C-terminal myc-epitope of Pry1, the cytosolic glycolytic enzyme GAPDH, or a myc-tagged version of the secreted heat shock protein, Hsp150. The fraction of protein, which is secreted relative to the sum of the protein present in the intracellular and extracellular fractions, is plotted as the export index. (C) Secretion of endogenous Pry1 expressed from low-copy or high-copy number plasmids. Note that the higher molecular weight of Pry1 in the secreted fraction is due to protein glycosylation. The export index is plotted in the bar diagram. (D) FA secreted by a quadruple mutant strain (faa1/4∆ pry1/3∆) expressing lipid-binding proteins or an empty vector (ev) control were quantified and analyzed for their composition. (E) Quantification and composition of intracellular FAs of quadruple mutant strains expressing either Pry1, Pry1ss-Albumin, or MFαss-Fabp4 from a low-copy number plasmid. (F) Analysis of free and esterified FAs released by control (ev, empty vector) and lipid-binding protein-expressing strains. All data represent mean + standard deviation of at least three independent experiments. Values were compared with the corresponding empty vector (ev) control by unpaired two-tailed t-test. *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001; ns, not significant.


The results of these analyses indicated that Albumin was most efficiently (68%) secreted when expressed as a fusion with the signal sequence of Pry1 (Pry1ss-Albumin) from a low-copy vector (Figure 2A). Albumin has no predicted enzymatic N-glycosylation sites, but the protein is non-enzymatically glycated on lysine residues (Iberg and Flückiger, 1986; Lapolla et al., 2004). High molecular mass of possibly glycated forms of Albumin in yeast was apparent when the protein was overexpressed from a high copy number plasmids (Figure 2A).

In contrast, Fabp4 was most efficiently secreted (86%) when expressed as a fusion with the pre–pro sequence of mating factor α (MFαss-Fabp4) (Figure 2B). Probing of these Western blots with antibodies against the cytosolic glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or a myc-tagged version of the secreted heat-shock protein, Hsp150, confirmed the integrity of the cell pellet and supernatant fractions (Figures 2A–C). To compare the efficiencies of secretion of Albumin and Fabp4 with that of an endogenously secreted protein, we performed the same analysis with a myc-tagged version of yeast Pry1. Pry1 reached an export index of (99%) when expressed from a low-copy plasmid, which is comparable with that of the two human proteins, indicating that they were indeed secreted efficiently (Figure 2C). Except for Pry1ss-Fabp4, expression of all three proteins from a high-copy number plasmid resulted in reduced secretion efficiency, possibly due to saturation of the translocation and/or ER folding machinery (Besada-Lombana and Da Silva, 2019; Lin et al., 2023).



2.3 Expression of both Albumin and Fabp4 promotes the secretion of fatty acids

Given that signal sequences containing Albumin and Fabp4 were indeed secreted when expressed in yeast, we next determined whether the expression of these proteins in a quadruple mutant background could increase the secretion of FAs. Therefore, levels and composition of FAs secreted by these cells into the culture medium were analyzed. Like the expression of Pry1, the expression of Albumin or that of Fabp4 significantly promoted the accumulation of FAs in the culture supernatant (Figure 2D). Expression of these proteins from a low-copy number plasmid resulted in higher levels of secreted FAs and correlated with secretion efficiency of these proteins as indicated by the export index. These findings suggest that these proteins indeed bind FAs in the ER luminal compartment and transport the lipid out of the cell through the secretory pathway. While expression of Albumin and Fabp4 promoted the accumulation of extracellular FAs, the levels and composition of intracellular FAs remained unaffected (Figure 2E). Analysis of free and esterified FAs in the culture supernatant of these strains indicated that the majority (>95) of FAs were secreted as free rather than esterified FAs (Figure 2F).

To confirm that FA export by human Albumin and Fabp4 indeed depends on the secretion of these proteins into the extracellular space, we generated versions of both proteins lacking a signal sequence. In the absence of a signal sequence, Albumin and Fabp4 were primarily retained in the intracellular fraction, with significantly lower levels detected in the culture supernatant (Figure 3A). When expressed in a quadruple background, these cytosolic variants of Albumin and Fabp4 did not promote FA secretion (Figure 3B). Additionally, a mutant version of Pry1, Pry1V254M, bearing a point mutation in the FA-binding pocket, failed to promote FA secretion when expressed in the quadruple mutant (Darwiche et al., 2017) (Figure 3C). These results indicated that the binding of FAs within the ER luminal compartment by human Albumin or Fabp4 was indeed required to promote lipid secretion and, probably as shown for Pry1, required direct binding of the FA by the transporting protein.
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FIGURE 3
 Secretion of human Albumin and Fabp4 is required to promote fatty acid export. (A) Western blot analysis of leader-less Albumin and Fabp4. HA- and GFP-tagged versions of Albumin and Fabp4, respectively, were expressed without a signal sequence, and their levels in the cell pellet (P) and the culture supernatant (S) were monitored by immunoblotting. Enrichment of cytosolic GAPDH and secreted Hsp150 in the respective fractions are shown. The export index is presented in the bar diagram. (B) Leader-less Albumin and Fabp4 do not promote FA export. Quantification of FA levels and their composition secreted by a quadruple mutant strain (faa1/4∆ pry1/3∆) bearing the indicated low-copy number plasmid-borne lipid-binding proteins. ev; empty vector control. (C) Pry1 mutant, Pry1V254M, expressed from a low-copy number plasmid, does not bind and does not export FAs. All data represent mean + standard deviation of at least three independent experiments. Values were compared with empty vector (ev) control by unpaired two-tailed t-test. **p ≤ 0.01; ns, not significant.




2.4 Human lipocalins, ApoD, Lcn1, and Obp2a promote the secretion of fatty acids

We next investigated whether the expression of lipocalins could enhance FA export in yeast. We synthesized yeast codon-optimized versions of three human lipocalin family members: ApoD (amino acids 21–169), tear lipocalin Lcn1 (amino acids 19–158), and odorant binding protein Obp2a (amino acids 16–155). Their open reading frames, lacking their native mammalian signal peptide, were fused to the signal sequence of either yeast Pry1 or pre–pro-α-factor for expression from a low-copy number plasmid. All three human lipid-binding proteins were secreted to varying degrees, depending on the signal peptide used (Figures 4A–C). While Obp2a and Lcn1 were exported most efficiently when fused to MFαss, ApoD was secreted best when conjugated to Pry1ss (Figures 4A–C). These results indicated that the efficiency of the signal peptide and the secretion of the client protein were context-dependent (Sleep et al., 1990; Mori et al., 2015). Moreover, ApoD appeared to get highly glycosylated when fused to MFαss but not when expressed with the signal sequence from Pry1 (Figure 4A). Previous studies have shown that ApoD harbors two N-glycosylation sites, Asn-65 and Asn-98, and their glycosylation might impact lipid binding and FA secretion (Subramanian and Gundry, 2022).
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FIGURE 4
 Human lipocalins promote fatty acid export. (A–C) Expression and secretion of human lipocalin family members ApoD, Lcn1, and Obp2a fused to either a Pry1 signal sequence (Pry1ss) or the pre–pro-α-factor signal sequence (MFαss) from low-copy number plasmids. Cells were cultivated to the stationary phase, and proteins were precipitated from the cell pellet (P) and the corresponding volume of the culture supernatant (S). Proteins were separated by SDS-PAGE and probed with an antibody against the C-terminal HA-epitope, the cytosolic glycolytic enzyme GAPDH, or the secreted heat shock protein Hsp150-myc. Note the higher molecular weight bands observed in MFαss-ApoD-expressing cells due to ER-luminal protein glycosylation. The fraction of secreted lipocalins is plotted as the export index. (D) Quantification of FA levels and their composition secreted by a quadruple mutant strain (faa1/4∆ pry1/3∆) expressing lipocalins. (E) Quantification and composition of intracellular FAs in quadruple mutant strains expressing specific lipocalins. (F) Relative levels of free and esterified FA released by control (ev) and lipid-binding protein-expressing strains. (G) Growth of double (faa1/4∆) and quadruple mutant (faa1/4∆ pry1/3∆) cells containing an empty vector (ev) or expressing the indicated lipid-binding protein. All data represent mean + standard deviation of at least three independent experiments. Values were compared with the corresponding empty vector (ev) control by unpaired two-tailed t-test: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.


Analyses of FA exported by a quadruple mutant strain expressing these lipocalins indicated that all three of them significantly promoted FA export (Figure 4D). The level of FA that was exported correlated with the secretion efficiency of the respective lipocalin (Figures 4A–D). The levels and composition of intracellular FAs of strains, secreting high levels of FAs, were not significantly altered by the expression of any of the three lipocalins (Figure 4E). Notably, the majority (>94%) of these FAs were secreted as free rather than esterified FAs (Figure 4F). All three lipocalin expressing strains showed a low but significant increase in the export of esterified fatty acids. This could possibly be explained by an enhanced export of fatty acid ethyl esters, which are formed in strains lacking acyl-CoA synthases (Scharnewski et al., 2008). Expression of FA-binding proteins in the quadruple mutant background (faa1/4∆ pry1/3∆) did not significantly affect the growth rate of these cells. Except for cells expressing Fabp4, cells grew comparable to double (faa1/4∆) or quadruple mutant (faa1/4∆ pry1/3∆) cells (Figure 4G), suggesting that the expression of these human FA-binding proteins does not impair the fitness of these strains under the conditions tested.



2.5 ApoD efficiently exports fatty acids and shows binding preference for unsaturated long-chain fatty acids

To examine whether lipocalins are more efficient in exporting FAs than Pry1, we normalized FA secretion of lipocalin-expressing cells to that of Pry1. This analysis revealed that all three lipocalins, ApoD, Lcn1, and Obp2a, secreted higher levels of FA than did the Pry1 expressing quadruple mutant strain (Figure 5A). To determine whether expression of these human lipid-binding proteins affected the relative composition of intracellular or extracellular FAs, we compared the normalized composition of extracellular and intracellular FAs (Figures 5B,D). The relative composition of the extracellular FA pool was slightly but significantly affected cells expressing ApoD, Lcn1, or Obp2a (Figure 5B). The ratio between saturated and unsaturated FAs present in the extracellular pool was varying between 0.8 and 1.4 and thus significantly higher than that of the intracellular pool, which is approximately 0.5 (Figures 5C,E). Interestingly the ratio between saturated to unsaturated FA was significantly lower in cells expressing ApoD, indicating that the protein preferentially secreted unsaturated FAs (Figure 5C). Given that the intracellular FA composition of the ApoD expressing strain was not shifted toward more unsaturated fatty acids, this observation suggest that ApoD has preference toward binding unsaturated FAs. This is consistent with the reports showing that ApoD binds to polyunsaturated n-6 FAs, such as arachidonic acid (Morais Cabral et al., 1995).
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FIGURE 5
 ApoD shows preference for exporting unsaturated fatty acids. (A) Fold change of total extracellular FA of human lipid-binding protein expressing strains relative to the Pry1 expressing strain. Significant deviations compared with Pry1-expressing strains are indicated. *p ≤ 0.05 (unpaired two-tailed t-test). (B,D) Analysis of relative FA composition in the extracellular (B) or intracellular (D) FA pools of quadruple mutant strains (faa1/4∆ pry1/3∆) expressing the indicated lipid-binding proteins. (C,E) The ratio of saturated to unsaturated FAs of the extracellular (C) and intracellular (E) FA pools is shown. All data represent mean + standard deviation of at least three independent experiments. Significant deviations compared with control cells bearing an empty vector (ev) are indicated. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 (unpaired two-tailed t-test). Lipid-binding proteins expressed with a Pry1ss signal sequence are shown in dark green; those expressed with a mating factor alpha signal sequence (MFαss) are indicated in light green.


In addition, cells expressing Albumin or Fabp4 displayed a small but significant decrease of stearic acid, C18:0, in their intracellular FA pool, without affecting the overall ratio between saturated and unsaturated FAs (Figures 5D,E). On the other hand, cells expressing Pry1 showed elevated intracellular levels of saturated FAs, and this affected the ratio between saturated and unsaturated FAs (Figures 5D,E). This is in line with the observation that Pry1 preferentially binds to saturated fatty acids in vitro (Darwiche et al., 2017).

In summary, our study demonstrates that human lipocalins efficiently bind and promote FA export when expressed in yeast cells, lacking key enzymes needed for FA activation and export. These findings shed light on the potential of utilizing human lipocalins to modulate FA export and may have implications in various biotechnological and biomedical applications.




3 Discussion

Understanding the mechanisms governing FA export is crucial, given its relevance to metabolic disorders, such as diabetes, obesity, and chronic inflammation (Glatz et al., 2010). Additionally, there is increasing interest in manipulating metabolic pathways to induce the efflux of FA-derived products for biofuel production (Sheng and Feng, 2015; Teixeira et al., 2017). Building on our prior identification of the function of Pry proteins in FA-binding and export, we aimed to explore this protein-mediated FA transport and its potential applications in yeast (Darwiche et al., 2017). In this study, we developed a yeast model to investigate human lipid-binding proteins, their role in FA transport, and their potential use in secreting hydrophobic membrane-impermeable compounds.

The essentiality of Pry proteins in yeast for the viability of a faa1/4∆ double mutant, which secretes FAs, and the direct binding of Pry1 to free FAs in vitro, suggest that these CAP family members play a critical role in shuttling FAs through the secretory pathway out of cells (Darwiche et al., 2017). Moreover, previous observations indicate that free FAs do not permeate the plasma membrane passively; rather, they require an active transport system for efflux (Kamp and Hamilton, 2006; Kampf and Kleinfeld, 2007). While yeast cells use Pry family members for this active transport, the mechanism of FA release from dedicated animal tissues, such as adipocytes, remains less clear. Evidence suggests that FA efflux from adipocytes is protein mediated, as it can be inhibited by DIDS (4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid), an inhibitor of ABC transporters and anion exchangers (Henkin et al., 2012). However, the exact nature of this pathway and its components await further molecular characterization. Recent studies also implicate integral membrane proteins such as Solute Carrier Slc43a3 in regulating the flux of free FAs in adipocytes (Hasbargen et al., 2020). These types of FA transport systems would likely require additional factors for the extraction of the free FA from the exoplasmic leaflet of the plasma membrane. Our findings demonstrate that the expression and targeting of human lipid-binding proteins to the secretory pathway of a model yeast is a valuable approach to test the FA-binding properties of candidate proteins in vivo and suggests that proteins such as Albumin or Fabp4 have the potential to serve as active FA transporters.

From a broader perspective, metabolites are often unable to passively permeate membranes, leading to their intracellular accumulation, potential toxicity, or feedback inhibition of their own production. Developing transport pathways to facilitate the secretion of such compounds from cells can mitigate these challenges and enhance their yield by providing a metabolic sink. For example, ubiquinone production can be improved by the expression of the human lipid-binding/transfer protein saposin B, which extracts the membrane-bound ubiquinone and makes the saposin-bound lipid water-soluble (Xu et al., 2016).

A metabolite trafficking approach similar to the one we employed for FAs was recently used to enable the secretion of membrane-impermeable terpenes in yeast (Son et al., 2022). This involved fusing a terpene-binding protein, the lipid-binding domain of supernatant protein factor (SPF), with a signal peptide for the selective secretion of squalene and β-carotene (Son et al., 2022). Combining enhanced export pathways with improved fluxes through specific pathways, as demonstrated in the mevalonate pathway, could further boost compound yields and simplify their recovery (Li et al., 2022; Lu et al., 2022). Yeast is considered as an excellent platform for developing microbial factories to produce high-value compounds (Payen and Thompson, 2019). Notably, efforts to enhance the production of FA-derived oleochemicals and biofuels through bioengineering of synthesis, storage, and degradation pathways have been successful (Zhou et al., 2016; Ferreira et al., 2018; Yu et al., 2018; Yan and Pfleger, 2019; Liu et al., 2022). Overexpression of diacylglycerol acyltransferase DGA1, along with the triacylglycerol lipase TGL3, in a mutant background lacking acyl-CoA synthases and peroxisomal enzymes, yielded high levels of extracellular free FAs (2.2 g/L) (Leber et al., 2015). In comparison, the faa1/4∆ double mutant employed here generated an approximately 100-fold lower titer of FAs (Scharnewski et al., 2008). However, this titer is high enough to test the function of lipid-binding proteins in promoting FA secretion.

Our study shows that targeting FA-binding proteins to the secretory pathway of a yeast platform holds promise for characterizing the in vivo ligand specificity of human lipid-binding proteins. Given the diverse ligands known to bind lipocalins and ongoing engineering efforts to tailor them for specific substrates, these proteins present an attractive toolbox to optimize the secretion of specific lipids, lacking a naturally occurring binding protein.



4 Materials and methods


4.1 Yeast strains and growth conditions

S. cerevisiae strains deleted for multiple genes were generated using PCR deletion cassettes and marker rescue strategies as described before (Darwiche et al., 2017). Strains were grown in a minimal defined medium (containing 0.67% yeast nitrogen base without amino acids (US Biological, Salem, MA, United States), 0.73 g/L of an amino acid/nucleobase mixture, and 2% glucose) at 30°C under shaking condition at 180 rpm. The amino acid/nucleobase mixture contained 1.0 g adenine, 1.0 g argenine, 1.0 g histidine, 3.0 g leucine, 11.5 g lysine, 1.0 g methionine, 15.0 g threonine, 1.0 g tryptophan, and 2.0 g uracil (all from AppliChem GmbH, Darmstadt, Germany). For fatty acid analyses, pre-cultures were grown overnight in either SC-Ura or SC-Leu medium. The next morning, the main cultures were inoculated at 0.1 OD600nm and after 24 h of growth, 3 or 5 OD600nm units of cells and the corresponding culture medium were collected.



4.2 Generation of strains expressing human lipid-binding proteins

Yeast codon optimized cDNA-encoding human Albumin, Fabp4, Obp2a, Lcn1, and ApoD, which were synthesized (GenScript, Piscataway, NJ) (sequences are available in Supplementary material). Genes were amplified by PCR and cloned by homologous recombination into BamH1/SalI-digested low-copy and high-copy number plasmids [pRS416 and pRS425, respectively (Mumberg et al., 1995)], driving their expression from a constitutive alcohol dehydrogenase promoter (ADH1) and as fusion proteins with signal sequences derived either from pre–pro-mating factor alpha (MFαss, amino acids 1–88) or Pry1 (Pry1ss, 1–19) (Waters et al., 1988; Choudhary and Schneiter, 2012). Transcription was terminated by the inclusion of cytochrome C, isoform 1, terminator sequence (CYC1) (Mumberg et al., 1995). PCR-amplified cDNA fragments of human Obp2a, Lcn1, and ApoD and yeast Pry1 were cloned into low-copy number plasmids, pRS416-ADH-MFαss and pRS416-ADH-Pry1ss, which were digested with HindIII/EcoRI and NheI, respectively. Plasmids were transformed into yeast strains, and transformants were selected on media lacking either leucine or uracil (Gietz and Woods, 2002). All plasmids were verified by sequencing.



4.3 Analysis of protein secretion and Western blotting

To assess the expression and secretion of proteins of interest, they were C-terminus-tagged with either hemagglutinin (HA), a myc-epitope, or GFP. For Western blotting, cellular proteins were extracted from 3 OD600nm units of cells with 185 mM NaOH and precipitated with 10% trichloroacetic acid (TCA) (Horvath and Riezman, 1994). To assess their secretion into the culture medium, proteins from the culture medium were precipitated with 10% TCA; the pellet was washed with acetone and solubilized in a loading buffer for further analysis by SDS-PAGE and Western blotting. After blotting, nylon membranes were probed using rat anti-HA antibody (Roche #11867423001, 1:2,000), a mouse monoclonal antibody against GFP (Roche #11814460001, 1:2,000), anti-MYC (Invitrogen #13–2500, 1:5,000), or anti-GAPDH (1:5,000). Secondary antibodies such as horseradish peroxidase (HRP)-conjugated goat anti-rat (Merck #AP136P, 1:10,000) or goat anti-mouse (Bio-Rad #1706516, 1:10,000) were used. A chemiluminescence reaction was developed using the Immobilon Forte Western HRP substrate (Merck), and the signal was recorded with an ImageQuant LAS 4000 biomolecular imager (GE Healthcare). Signals were quantified by pixel analysis using ImageJ (Fiji), and the export index was calculated as the ratio of secreted protein relative to the sum of proteins in the intracellular and the secreted fractions (Schindelin et al., 2012).



4.4 Total fatty acid analysis

For the analysis of total extracellular FAs, the culture medium from 3 or 5 OD600nm units of cells was collected, cells were removed by two successive steps of centrifugation (1,500 × g for 3 min and 13,200 × g for 3 min, respectively), and the medium was dried completely in a lyophilizer. For intracellular FAs, 5 OD600nm units of cells were collected, cells were washed two times with H2O, and the cell pellet was dried in a lyophilizer. FA methyl esters (FAMEs) were generated by incubating the dried fraction in methanol-sulfuric acid (5%; v/v), supplemented with butylated hydroxytoluene (0.01%; w/v) and an internal standard (C17:0) at 85°C for 45 min. FAMEs were extracted with organic solvents (hexane/NaCl (0.9% w/v); 2:1, v/v), dried, and resuspended in heptane. FAMEs were separated on an Agilent 7890A gas chromatograph (GC) equipped with a DB-23 capillary column (30 m × 0.25 mm × 0.25 μm) (Agilent Technologies, Santa Clara, CA) and quantified relative to an internal standard (C17:0, 10 μg) as described before (Darwiche et al., 2017).



4.5 Free fatty acid analysis

To determine the levels of free FAs in the extracellular fraction, the culture medium from 6 OD600nm units of cells was collected, cells were removed by two successive steps of centrifugation, and lipids were extracted in chloroform:methanol:HCl (50:100:1.5; v/v), supplemented with an internal standard (C17:0). The organic phase was collected and dried under a stream of nitrogen. Dried lipids were resuspended in 200 μL of methanol and divided into two aliquots for the analysis of both free and total FAs. To quantify free FAs, lipid extracts were methylated in methanol with 1-ethyl-3-(3-dimethylaminopropylcarbodiimide). Methylated free FAs were extracted with organic solvents [hexane/Tris–HCl (0.1 M, pH 7.5) (5:1, v/v)], and lipids were then dried, resuspended in heptane, and analyzed as described for FAMEs.
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