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ABSTRACT OF THE DISSERTATION 
 
 

Understanding and Engineering Alcohol-O-acetyl/acyltransferase in Yeast 
 
 
 

by 
 
 

Jie Zhu 
 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
University of California, Riverside, March 2017 

Dr. Ian Wheeldon, Chairperson 
 
 
 
 

Production of renewable, non-toxic and environmental-friendly biofuels and chemicals 

has been the focus of metabolic engineering. To achieve high yield production by 

microbial cell factories, it is necessary to identify highly active biocatalysts and engineer 

efficient biosynthetic pathways. Alcohol-O-actyl/acyltransferase (AATase) is responsible 

for synthesis of fatty acid ethyl esters (FAEEs) by condensing acetyl/acyl-CoAs and 

ethanol in yeast and plants. This work demonstrated that S. cerevisiae is a suitable host 

for FAEE production, because AATase has higher specific enzymatic activity compared 

to that in E. coli. To enable the rapid profiling of AATase activities, a 

spectrophotometric-based coupled enzyme assay was developed for high throughput 

screening of AATase enzymatic activity. With this assay, a library of AATases was 

characterized for the substrate specificity towards acyl-CoAs and Atf-Sl from tomato was 

discovered with high activity towards various alcohols. Enzyme co-localization and 

substrate channeling are strategies to improve enzyme cascade reaction rate and yield. A 

protein-based scaffold based on oleosin-cohesin-dockerin was developed for co-
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localizing multienzyme pathways on the surface of intracellular lipid droplets (LDs). The 

upstream enzyme in yeast ester biosynthesis was recruited to the native localization LDs 

of the terminal reaction step, AATase.  

Fluorescent microscopy studies show that most of the endogenous AATases in S. 

cerevisiae are localized to LDs. To understand the localization mechanism and trafficking 

pathway of AATase, structure-function analysis and protein-protein interaction studies 

were performed for Eht1 and its paralogue Eeb1, which arose from genome duplication. 

N- and C-terminal regions of Eht1 are necessary for initially targeting to the ER 

membrane and subsequent sorting to LDs. Eht1 is a peripheral membrane protein on ER 

with both termini exposed to cytosol. The translocation from ER to LDs of Eht1 is related 

to translocons on the ER. Immunoprecipitation and MS analysis have identified possible 

physical protein interactions of Eht1 to assist in the trafficking from the ER to LDs. 

Combined, this work not only engineers AATase in S. cerevisiae by investigating highly 

active AATase and spatially organizing multienzyme pathways, but also understand the 

mechanism of AATase ER-dependent LDs targeting.  
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Chapter 1. Introduction 

 

1.1 Background 

Renewable fatty acid-derived chemicals have been an effort for metabolic engineering 

in last decades. In this thesis, we are interested in producing fatty acid esters. Volatile 

short and medium chain fatty acid ethyl esters (FAEEs) have distinctive odors and flavors 

to be widely used in food, beverage, cosmetic and pharmaceutical fields. Long chain wax 

ester is an attractive biodiesel substitute due to the high energy density and low 

environment toxicity. Compared to traditional extraction and chemical synthesis of esters, 

microbial cell factories have been increasingly attractive as an alternative approach for 

production of various fatty acid esters. All living organisms have endogenous pathways 

to produce fatty acids and the biosynthesis and regulation have been comprehensively 

studied and understood in both prokaryotes (2,3) and eukaryotes (4), which open the 

possibility to utilize microbial cell factories for ester production. Engineered strains can 

be cultured in industrial-scale bioreactors to convert biomass-derived carbohydrates to 

desired products through designed microorganism metabolic pathways (Figure 1.1).  

 

1.1.1  Microbial cell factories for biofuel production 

Two most common strains used in industrial fermentation are Escherichia coli and 

Saccharomyces cerevisiae. E. coli, a prokaryote, has been engineered for biodiesel 

production, including alcohols (1-3) and fatty acid esters (4,5). S. cerevisiae, a model 

yeast, has also been successfully engineered to effectively produce biodiesel (6,7). In our 
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studies, we are interested in producing FAEEs, which have lower negative environmental 

effect and slightly higher stability against oxidation compared to fatty acid methyl esters  

(FAMEs) (8).  

E. coli and S. cerevisiae both have advantages and disadvantages and have been used 

as microbial cell factories with designed pathways for FAEEs production (Figure 1.2). 

The benefits of using E. coli include its fast growth rate and ability to be easily 

genetically modified. However E. coli as a host has drawbacks. For example, the product 

of fatty acids is catalyzed by fatty acyl-acyl carrier protein (ACP) (9), which is linked by 

enzyme and needs to be hydrolyzed by a thioesterase to free fatty acids. Fatty acid is 

subsequently converted to fatty acyl-CoA to substrates of alcohol acetyl/acyltransferases 

(AATases). In addition, E. coli is susceptible to phage attacks during industrial 

fermentation, which can limit production at scale.  

Yeast system is more direct and efficient to produce FAEEs, since its fatty acids 

biosynthetic pathway is much shorter and simpler compared to E. coli. The product of S. 

cerevisiae fatty acid synthase is in the form of fatty acyl-CoA (10), the right substrate for 

AATases. Also, yeast is a robust industrial organism because of its ability to grow at low 

pH is not susceptible to phage contamination. But, there are some bottlenecks of 

producing FAEEs in yeast, like the limited supply of fatty acid biosynthesis precursor and 

cofactors, the tight regulation of fatty acid metabolism, and product toxicity (11). 
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1.1.2 Biocatalysts to synthesize FAEE 

Esterification of organic acid with alcohol is a well-developed process for industrial 

production. This reaction relies on high temperature and acidic condition to overcome the 

thermodynamically favored hydrolysis of esters under ambient temperature (12). 

Ongoing trends in process improvements, such as cost reduction, increasing quality and 

safety requirements, and increasing environmental conscientiousness and regulation of 

industrial chemical production have increased the interest in the biocatalysis research. 

Enzymatic catalysis can address many of the above mentioned concerns as it works under 

milder conditions and with appreciable selectivity (13).  

In nature, there are several classes of biocatalysts responsible for the ester synthesis, 

such as carboxylesterase (carboxyl ester hydrolase), alcohol dehydrogenase (Adh; EC 

1.1.1.1) and alcohol-O-acetyl/acyltransferase (AATase; EC 2.3.1.84) (Figure 1.3). Non-

specific esterase (EC 3.1.1.1) and lipase (EC 3.1.1.3), belonging to carboxylesterase, are 

differentiated on the basis of their substrate specificity (14). A common problem for 

transesterification reaction catalyzed by hydrolase is the low product yield since the 

concentration of water in aqueous solution is high. In addition, most of the esters have 

poor solubility in water, and therefore reactions must be carried out in diluted aqueous 

solution, which further reduces their value (15). Another pathway for ester synthesis 

proceeds via hemiacetal dehydrogenation (HADH) reaction, catalyzed by Adh. Its 

physiological role is not well understood yet, and a possible role could be to remove the 

toxic aldehydes formed under low reductant (NADH) condition (16). The other 
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distinctive class of enzyme is AATase, which catalyze the condensation of alcohols and 

acetyl- or acyl-CoA to synthesize ester (17).  

During yeast fermentation and fruit ripening short chain linear and branched alcohols 

are converted to corresponding acetate esters. AATase genes from yeast and fungi have 

been cloned and sequenced, and the differences between them are considerable with 

respect to activity and substrate specificity (16). AATase broad specificity towards 

extensive substrates (18) enable it to play significant roles in metabolic engineering and 

industrial fermentations to produce esters, especially short and medium chain fatty acid 

esters. Another property of interest is the intracellular localization of AATases (Table 

1.1). Most of them are membrane associated, such as cell membrane, lipid droplets (LDs) 

and endoplasmic reticulum (ER).  

 

1.1.3 AATases of S. cerevisiae 

FAEEs are secondary metabolites in S. cerevisiae, their natural physiological role is 

not well understood and the details about the metabolic pathway of FAEE biosynthesis 

are not well elucidated. Short and medium chain length (C2-C12) FAEEs contribute to 

the flavor of fruits and industrial fermented beverages; for example ethyl hexanoate 

smells like apple, ethyl octanoate like citrus and ethyl decanoate like floral aromas. In S. 

cerevisiae, short and medium chain FAEEs are synthesized by AATases, Atf1p/Atf2p 

and Eht1p/Eeb1p. Atf1p is responsible for majority of short chain acetate esters, while 

Atf2p palys a minor role. Deletion of ATF1 gene caused a reduction of 60 to 90% 

compared to the level in wild-type cells. Single deletion of ATF2 result in only 10 to 35% 
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decreases in the formation of most esters. Overexpression of ATF1 caused greater 

increases in ester formation than overexpression of ATF2. Double knockout strain of 

ATF1 and ATF2 eliminated isoamyl acetate synthesis, but still produced the same 

concentrations of medium-chain fatty acid ethyl esters as the wild-type cells (19). This 

indicates that other enzymes, such as Eht1p and Eeb1p instead of Atf1p or Atf2p, are 

involved in synthesis of these esters in yeast under fermentation condition (20).  

 

1.1.4 Physiological role of short and medium-chain FAEEs biosynthesis 

Previous studies suggest that AATases might play important roles in cellular lipid 

metabolism and detoxification processes. AATases are involved in the esterification and 

detoxification of endogenous produced fatty acids, which are toxic compounds for yeast 

similarly to that observed for exogenously added fatty acids. Upon release from the fatty 

acid synthase complex, fatty acids rapidly dissociate and thus are unable to cross cellular 

membranes. Esterification allows diffusion of the fatty acid residues and could thus serve 

as a strategy to remove toxic substrates, AATases localization on the lipid droplets 

further supports this hypothesis by condensing the ethanol and fatty acids derived acyl-

CoAs. Atf1p and Atf2p found to be associated with ER, and subsequently localized to 

LDs in S. cerevisiae (21).  

 

1.1.5 Lipid droplets of yeast 

The ability to synthesize neutral lipids and store them as cytoplasmic LDs is a 

property of eukaryotes (22-24) and even of some prokaryotes (25). LDs of yeast are 
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composed of a hydrophobic core of neutral lipids, nearly equal amounts of steryl ester 

(STE) and triacylglyceride (TAG), that is surrounded by a phospholipid monolayer (26) 

(Figure 1.4). This unique structure provides separation of aqueous and organic phases in 

the cell, requiring proteins to have specific features for targeting and localizing to LDs.  

There is a distinctive set of proteins decorating LDs. However, it is not well 

understood how proteins target LDs and how this localization is regulated. Most of these 

proteins are required for lipid metabolism (27), while some lipolytic enzymes are also 

found to be associated with LDs (28). This suggests that LDs is not only a storage 

organelle in yeast, but also involved in lipid metabolism. LDs might also contribute to 

intracellular signaling, protein storage and degradation, and the exchange of lipids 

between organelles (29-33). LDs dynamically interact with other cellular organelles (34), 

including ER (35), endosomes (36), peroxisomes (37), and the plasma membrane (38) 

(Figure 1.5). 

The mechanisms of how neutral lipids accumulate and form LDs are currently under 

study, and several models have been proposed. These models share a common hypothesis 

that LDs are derived from the ER, where most of the enzymes involved in the neutral 

lipids formation localize. The canonical model, called the ER-budding model, proposes 

that neutral lipids form a lens of oil in the ER bilayer and subsequently buds from the 

membrane, taking with them phospholipids from the ER cytosolic leaflet (Figure 1.6). 

Alternative models have also been posited, like the Bicelle model and the vesicular-

budding model (39). There is substantial evidence to support the canonical model; 

however, it has not yet been directly observed. 
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Due to the unique monolayer structure of LDs, proteins that associate with LDs likely 

have critic structure proteins. The study of LD protein composition of LDs is commonly 

facilitated by well-established cell fraction methods via sucrose-gradient 

ultracentrifugation, as well as advanced proteomic technologies and mass spectrometry. 

Hundreds of coating proteins have been identified and some of them have been further 

verified by biochemical, microscopic, and functional assays. Among attempts for LD 

proteome studies of different cell types and organisms, several functional groups of 

proteins are present consistently and reproducibly, including lipid synthetic enzymes, 

membrane trafficking proteins, signaling proteins and proteins involved in protein 

degradation (26,31,40). In addition, some proteins are found in the hydrophobic core of 

LDs, such as perilipin family proteins (41,42). However, the mechanism of proteins 

localization to LDs remains to be determined. 

Based on the localization origin, proteins targeting to LDs can be sorted in two 

different classes. Class I proteins can access LDs from the ER either during LD formation 

or after formation via ER-LD contact sites with an internal hydrophobic hairpin motif or 

N-terminal hydrophobic sequences. Class II can access to LDs surface from cytosol and 

bind through amphipathic helices or multiple amphipathic and hydrophobic helices (43). 

Some proteins that clearly target LDs have been difficult to classify. For example, in 

yeast, two alcohol acetyl/acyltransferases (AATases), Atf1 and Atf2, localize to the ER 

and subsequently are sorted to LDs. Segments of the N- and C-terminal amphipathic 

helices are required for both ER and LDs association (21). The targeting mechanism of 

AATases is unknown, as is whether AATases target via Class I or Class II pathway. 
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LD proteomes are adjusted to match metabolic requirements depending on nutrient 

availability and cell proliferation. In principle, the proteins are removed via relocalization 

or degradation when LDs shrink during. Class I proteins are thought to degrade either 

after relocalization of the protein to ER through ER-associated degradation (ERAD) (44) 

or are directly degraded at the LDs. Removal of Class II proteins may be related to the 

surface dependent displacement to relieve the surface pressure of LD surface monolayer, 

or chaperone-mediated autophagy (45,46). Again, the removal of proteins from LDs is 

poorly understood and remains to be elucidated.  

 

1.2 Dissertation Organization 

The general goal of this thesis is to understand and engineer AATases for short and 

medium chain FAEEs production. To achieve this goal we asked the following questions 

and developed new engineering technologies. For fundamental study, we want to 

understand the protein targeting and trafficking mechanism for LD-localized AATase. 

For industrial application and engineering, we want to answer this question first, which 

microbial cell factories is a better choice to engineer for FAEE production?  Additionally, 

we want to develop a rapid and high throughput screening method for AATase activity. 

With the suitable microbial cell factory and highly active AATase, can we develop some 

biosynthetic strategies to improve FAEE production rate and yield? 

In Chapter 1, background of this thesis is presented. At first, the importance of the 

renewable production of chemicals and fuels in microbial cell factories is addressed. To 

produce and medium chain FAEEs biologically, we seek to engineer new strains of S. 



 9 

cerevisiae. Even though there are different enzymes that can synthesize esters in nature, 

AATase was selected for its high activity, broad substrate specificity and native 

expression in S. cerevisiae. Beyond engineering AATase, biochemical studies could help 

to understand the native physiological role of FAEE synthesis and LDs formation 

mechanism in S. cerevisiae.  

In Chapter 2, we use two common microbial cell factories, E. coli and S. cerevisiae, to 

produce the short chain FAEE, ethyl acetate by overexpressing various AATases from 

yeast and fruit tomato. All studied AATases formed intracellular aggregates with low 

enzymatic activity when expressed in E. coli, and any membrane association observed in 

S. cerevisiae was lost in E. coli. The expression level of Atf1 and Atf (from Solanum 

lycopersicum) in E. coli was up to 100-fold higher than in S. cerevisiae. Fermentation and 

whole cell lysate activity assays demonstrated that the aggregates in E. coli were active, 

but with highly reduced specific activity compared to the activity in S. cerevisiae. 

Activity was partially recovered with lower expression levels, coinciding with smaller 

aggregate size. These results provide important information on the biochemistry of 

AATases under homologous and heterologous expression; furthermore, we make the 

decision to utilize S. cerevisiae as the microbial host to produce short and medium chain 

FAEEs.  

There have been previous successes in engineering ester biosynthesis in microbial cell 

factories; however, protein engineering and enzyme screening have been limited due to a  

lack of suitable assays for high throughput screening. Traditional headspace gas 

chromatography (GC) analysis of volatile short chain esters or thin layer chromatography 
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(TLC) and GC-MS analysis of long chain esters are time consuming and having low 

throughput. In Chapter 3, we developed a coupled-enzyme assay to quantify ester 

production spectrophotometrically. Importantly, the assay is suitable for whole cell lysate 

reactions in 96-well plate. The assay was used to screen a library of AATases for short 

and medium chain FAEEs synthesis, including AATases from Saccharomyces yeast, and 

two AATases from fruits. In addition, the substrate specificity of Atf1-S.l was 

characterized towards short and medium chain acyl-CoAs and various alcohols. This 

coupled enzyme assay will accelerate the protein engineering and new enzyme discovery 

of AATase, further to improve the production rate of FAEEs in S. cerevisiae. 

In Chapter 4, the concept of substrate channeling concept via enzyme co-localization 

strategy was explored with the goal of improving ester production and yield. Substrate 

channeling is the transfer of a pathway intermediate to transfer from one active site to 

another without diffusing to the bulk environment (47-49). We engineered an enzyme co-

localization protein scaffold to assemble the ethyl ester biosynthesis pathway on 

intracellular LDs. The rate of ethyl acetate production was increased ~ 2-fold by re-

organizing pathway enzymes, controlling architecture of co-localization, and optimizing 

protein expression levels. This is a possible strategy for engineering synthetic metabolic 

pathways with controlled intracellular localization.  

In Chapter 5, we reveal that the medium chain fatty acid ester synthase, Eht1 is 

membrane-associated protein, and is localized to ER and LDs. However, it has no clear 

transmembrane domains and there is no evidence of amphipathic helices or other known 

LD targeting domains. Structure-function analysis suggests that both N- and C-termini 
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are important for its membrane association. Fluorescent microscopy analysis suggests 

that ER translocons may be related to the translocation process of Eht1. Furthermore, we 

conducted immunoprecipitation experiments and identified associated proteins by mass 

spectrometry to understand how the interaction between Eht1 and other proteins 

contribute to the trafficking. In addition, we explored the genetic interactions between the 

MS-identified proteins and Eht1 with the knockout library. These fundamental studies of 

Eht1 have also enabled the control trafficking of a close homolog, Eeb1. We demonstrate 

that control enzyme localization can enhance expression and function.  

In the final chapter we summarize the main conclusions of each of previous chapters 

and discuss possible extensions of this thesis. Our work on microbial host selection, high 

throughput assay development, and pathway co-localization with protein scaffold 

contributes to the improvement of FAEEs production rate and yield. This work also raises 

new questions and investigates novel ways to better understand protein localization on 

the unique organelle, LDs. Finally, we discuss potential application of the high 

throughput assay and pathway co-localization on LDs, and highlight future work that will 

expand on the studies presented here.  
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1.4 Figures and Tables 

 

Figure 1.1. Production of renewable biofuels or chemicals by microbial cell factories 
from biomass feedstock. E. coli or S. cerevisiae are feed with five- or six- carbon 
backbone sugars from pretreated biomass and convert to desirable product via designed 
metabolic and synthetic biological pathways.  
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Figure 1.2. Biosynthetic pathways of fatty acid esters production in E. coli  and S. 
cerevisiae under fermentation condition.  
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Figure 1.3. Biocatalysts to synthesize FAEEs. A) Carboxylesterase catalyzes the 
reaction of alcohol and carboxylic acid to produce carboxylic ester and water. B) Alcohol 
dehydrogenase catalyzes the production of carboxylate ester via hemiacetal 
dehydrogenation. C) Alcohol-O-acetyl/acyltransferase catalyzes the condensation of 
alcohol and acetyl/acyl-CoA to synthesize esters.  
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Figure 1.4. Lipid droplet structure. LD is composed of a neutral lipids core, containing 
triacylglyceride (TAG) and steryl esters (SE), surrounded by a phospholipid monolayer.   
 
 
 

 
Figure 1.5. Crosstalk between lipid droplet and organelles.  
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Figure 1.6. Proposed ER-budding mechanisms to form LDs. Neutral lipids are 
synthesized by neutral lipid-synthesizing enzymes (NLSE) localized on ER membrane 
and bluge from the outer leaflet of the ER membrane. The nascent droplet may be coated 
by proteins that facilitate the budding process (39).  
 
 
 
Table 1.1. Intracellular localizations of AATases. ER: endoplasmic reticulum; LD: 
lipid droplet; Mem.: cell membrane.  
 

Enzyme Species Localization 

WS/DGAT A. balylyi LD/Mem. 

WS2 M. hydrocarbonoclasticus n. d. 

Atf1 P. opacus Mem. 

WS P. arcticulus n. d.  

Eht1 S. cerevisiae LD/Mem. 

Eeb1 S. cerevisiae n. d.  
Atf1 S. cerevisiae LD/ER 

Atf2 S. cerevisiae LD/ER 

lg-Atf1 S. pastorianus LD 

Atf K. lactis cytosol 
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Chapter 2. Microbial Host Selection Affects Intracellular 

Localization and Activity of Alcohol-O-acetyltransferase 

 
2.1 Abstract 

Background: A key pathway for ester biosynthesis in yeast is the condensation of 

an alcohol with acetyl-CoA by alcohol-O-acetyltransferase (AATase). This pathway 

is also prevalent in fruit, producing short and medium chain volatile esters during 

ripening. In this work, a series of six AATases from Saccharomyces and non-

Saccharomyces yeasts as well as tomato fruit were evaluated with respect to their 

activity, intracellular localization, and expression in Saccharomyces cerevisiae and 

Escherichia coli cell hosts. The series of AATases includes Atf1 and Atf2 from S. 

cerevisiae, as well as AATases from S. pastorianus, Kluyveromyces lactis, Pichia 

anomala, and Solanum lycopersicum (tomato).  

Results: When expressed in S. cerevisiae, Atf1, Atf2, and an AATase from S. 

pastorianus localized to lipid droplets, while AATases from non-Saccharomyces 

yeasts and tomato fruit did not localize to intracellular membranes and were localized 

to the cytoplasm. All AATases studied here formed intracellular aggregates when 

expressed in E. coli, and western blot analysis revealed that expression levels in E. 

coli were upwards of 100-fold higher than in S. cerevisiae. Fermentation and whole 

cell lysate activity assays of the two most active AATases, Atf1 from S. cerevisiae 

and an AATase from tomato fruit, demonstrated that the aggregates were 

enzymatically activity, but with highly reduced specific activity in comparison to 

activity in S. cerevisiae. Activity was partially recovered at lower expression levels, 

coinciding with smaller intracellular aggregates.  In vivo and in vitro activity assays 
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from heterologously expressed Atf1 from S. cerevisiae, which localizes to lipid 

droplets under homologous expression, demonstrates that its activity is not membrane 

dependent.  

Conclusions: The results of these studies provide important information on the 

biochemistry of AATases under homologous and heterologous expression with two 

common microbial hosts for biochemical processes, S. cerevisiae and E. coli. All 

studied AATases formed aggregates with low enzymatic activity when expressed in 

E. coli and any membrane localization observed in S. cerevisiae was lost in E. coli. In 

addition, AATases that were found to localize to lipid droplet membranes in S. 

cerevisiae were found to not be membrane dependent with respect to activity. 

 

2.2 Introduction 

During yeast fermentation and fruit ripening short chain linear and branched 

alcohols are converted to their corresponding acetate esters by alcohol-O-

acetyltransferase (AATase; E.C. 2.3.1.84; Figure 2.1). These volatile esters produce 

sweet and fruity fragrances: phenyl ethyl acetate smells of flowers, isoamyl acetate 

(isopentyl acetate) smells of bananas, and ethyl acetate smells of sweet pears. In 

plants, these and other esters function as attractors to pollinating species and as a 

defense mechanism, attracting predators to animals feeding on their leaves and fruit 

(1,2). The function of microbial ester biosynthesis is not as well understood. AATase 

activity in Saccharomcyes cerevisiae is repressed by oxygen and unsaturated fatty 

acids (3-5) and it has been suggested that this activity functions as a means of CoA 

recycling with the co-production of organic acids (6,7), possibly as a response to 

stress conditions (8).   
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While there is uncertainty in the biological function of AATase activity in yeast, 

there are clear roles in metabolic engineering and industrial fermentations. The ester 

products have value as natural food additives, as aroma and flavor compounds in 

fermented beverages, and as industrial solvents (7,9). The effects of AATase activity 

on aroma and flavor profiles in wine, beer, and sake fermentations are well 

understood (5,10-12). The most well-studied AATases, Atf1 and Atf2 from S. 

cerevisiae, have been used to engineer whole cell E. coli catalysts for the conversion 

of ethanol and isoamyl alcohol to ethyl and isoamyl acetate (13-15) and for the 

biosynthesis of C4 to C11 volatile esters in E. coli (16). An AATase from strawberry 

fruit (Fragaria species) has also been heterologously expressed in E. coli for the 

biosynthesis of butyl acetate and a range of butyrate esters (15,17). Titers from these 

processes range from 0.04 – 0.23 g/L (13,15,17) to upwards of 17.5 g/L (16) and are, 

in part, limited by low AATase activity. In addition, the hydrophobic nature of these 

enzymes and varied intracellular localization of orthologs in their native hosts present 

complicating factors for heterologous expression in engineered hosts (8,18,19). 

We have previously shown that Atf1 and -2 from S. cerevisiae localize to lipid 

droplets (LDs) via N- and C-terminal amphipathic helices (19). The AATase ortholog 

from S. pastorianus also localizes to LDs by a similar mechanism, while AATases 

from non-Saccharomyces yeasts and fruit species, including Cucumis melo (melon), 

and Solanum lycopersicum (tomato) that do not have the conserved terminal helices 

from S. cerevisiae and do not localize to LDs. Early biochemical studies of Atf1 and -

2 suggest that enzyme activity is membrane dependent. Purification in the presence of 

non-ionic detergents (e.g., hepthyl thioglucoside, octyl thioglucoside, and Triton-

X100) resulted in measurable enzyme activity, while purification in the absence of 
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such detergents resulted in inactive samples (6,20-22). Due in part to this apparent 

membrane dependency as well as the hydrophobic nature of the AATase family, the 

standard activity assay has evolved to include Triton-X100 above the critical micelle 

concentration (23). 

The apparent membrane dependency of Atf1 and -2 activity is interesting in the 

context of heterologous expression in E. coli or other microbial hosts for ester 

biosynthesis. Reported activities of homologously expressed Atf1 and -2 are 

moderate, ranging from 0.01 to 10 nmol min-1 per mg of protein of whole cell lysate 

(18,21,22,24), while the activity of orthologs from Pichia anomla and Klyuveromyces 

lactis are low (< 1 nmol min-1 per mg of protein) (25). Reported activities of 

strawberry AATases range from 8 – 75 nmol min-1 mg of enzyme (26,27). The 

activities of Atf1 and -2 were measured in whole cell lysates that contain native LDs 

to which the enzymes can associate or in the presence of suitable membrane 

substitutes during purification. The successful metabolic engineering of E. coli to 

produce esters via an AATase pathway indicates that Atf1 and -2 maintain some 

activity in heterologous environments. In the absence of LDs Atf1 and -2 may 

associate with the plasma membrane, but the intracellular localization of Atf1 and -2 

and other AATases heterologously expressed in E. coli and the effects of this 

localization on activity are not known. 

In this work, a series of six AATases from Saccharomyces and non-

Saccharomyces yeasts as well as tomato fruit (S. lycopersicum) were overexpressed in 

S. cerevisiae and E. coli and compared in terms of their intracellular localization, 

enzymatic activity, and expression level. The studies revealed that some AATases 

localize to LDs in S. cerevisiae and all studied AATases form enzymatically active 
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aggregates in E. coli. Aggregate formation resulted in significantly reduced activities 

in comparison to activities measured in S. cerevisiae. The most active AATases, Atf1 

from S. cerevisiae and Atf from S. lycopersicum, were used to demonstrate an 

expression strategy to partially recover the lost activity; reduced expression resulted 

in smaller aggregate size and higher specific activity. 

 

2.3 Material and Methods 

Strains, plasmids, and culture conditions 

Strains and plasmids used in this work are shown in Table 2.1. Primers used to 

amplify genes are listed in Table 2.2. E. Coli strains were grown in LB medium 

containing 30 Pg/mL kanamycin. S.cerevisiae strains were prepared as previously 

described (19), and were grown in synthetic minimal (SD) medium containing 0.67% 

yeast nitrogen base (Becton-Dickinson), amino acid supplements (Sunrise), and 2% 

glucose.  Expression in E. coli was induced by adding IPTG at OD600 of 0.4.  

Preparation of whole cell lysate 

Cells were harvested by centrifugation at 3,500 rpm for 5 min at 4 °C and washed 

twice with 100 mM potassium phosphate buffer (pH 7.4) containing 2 mM 

magnesium chloride. Equal volumes of wet cell pellets and 425-600 μm acid-washed 

glass beads (Sigma-Aldrich, G8772) were added to a 15 mL tube and resuspended in 

1 mL ice-cold lysis buffer (100mM potassium phosphate buffer, 2mM magnesium 

chloride, 2mM DTT, and protease inhibitor). The cells were disrupted by vortexing 

10 times for 30 s. After each vortexing the suspension was kept on ice for 30 s. The 

beads were removed by centrifugation at 500g for 5 min at 4 °C, and the supernatant 
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was decanted to a cold 2 mL tube. The protein concentrations of whole cell lysates 

were determined by Thermo Scientific Pierce 660 nm Protein Assay. 

Enzyme activity assays 

AATase activity was measured using ethanol and acetyl-CoA as substrates. A 

reaction mixture contains 100 mM potassium phosphate (pH 7.4), 500 mM ethanol 

and 0.5 mM acetyl-CoA and 100 Pg lysate was used. After incubated at 30 °C  for 0.5 

hours, the reaction was stopped by the addition 60 Pmol H2SO4. 100 Pg of 1-pentanol 

was added as an internal standard and 1 g NaCl was added to reduce the solubility of 

ethyl acetate. The concentration of ethyl acetate produced was measured by 

headspace gas chromatography. To determine the activity of soluble and insoluble 

cell fractions, whole cell lysates were centrifuged at 15,000 rpm for 20 min at 4 °C. 

The supernant was isolated and taken as the soluble fraction. The pellet was washed 

twice with lysis buffer before re-suspending in lysis buffer. The activity of the re-

suspended pellet and soluble fraction were measured as described above. 

Fermentations 

E. coli strains were grown in Terrific Broth containing 2% glucose and 30 Pg/mL 

kanamycin with IPTG induction at OD600 of 0.4.  Cells were cultured anaerobically in 

125-mL screwed cap flask at 30 °C  for 24 hours on a rotary shaker. The shake flask 

headspace was purged with nitrogen prior to incubation.  

Ethyl acetate detection 

Produced ethyl acetate was quantified by a headspace gas chromatography with a 

flame ionization detector (Agilent Technologies 7890A GC with CTC-PAL 

headspace mode injector). The separation of volatile compounds was carried out by 

Rtx®-1 column (30 m, 0.32 mmID, 5 Pm film thickness; RESTEK) with helium as 
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carrier gas. GC oven temperature was initially at 75 °C for 7 min and increased with a 

gradient of 30 °C/min until 175 °C, followed by a gradient of 50 °C/min until 275 °C. 

The injector and detector were held at 275 °C. 1 mL headspace gas was injected to the 

GC and 1-pentanol was used as internal standard.  

Fluorescent microscopy and image analysis 

Cells were observed as described in (19). Briefly, an Olympus BX51 microscope 

(UPlanFL 100X 1.30 oil-immersion objective lense, mercury lamp) with Q-Imaging 

Retiga Exi CCD camera was used to capture images. CellSens Dimension 1.7 

software (Olympus) was used to process images. Image J software was used to 

measure protein aggregate size. Quantitative values of aggregates size and number are 

from a minimum of 100 cells.  

Western blot analysis and quantification of protein expression 

Western blots were performed using standard procedure. Protein extracts were 

loaded on Any kD™ Mini-PROTEAN® TGX™ Gel (Bio-Rad) and run at 150 V for 

1 hour. Samples were electrophoretically transferred to a PVDF membrane at 25 V 

overnight. Membranes were blocked with 5% non-fat milk in TBST buffer for 1 hour 

at room temperature and incubated with GFP Rabbit Serum Polyclonal Antibody 

(Life Technologies) diluted to 1: 20000 in TBST buffer with 1% non-fat milk. Goat 

Anti-Rabbit IgG-HRP (Life Technologies) diluted to 1: 10000 was added as 

secondary antibody and incubated at room temperature for 0.5 hours. After washing 

with TBST, HRP substrate (Bio-Rad) was used for signal detection. Image-J software 

was used to quantify band intensity.  
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2.4 Results 

The genes include encoded AATases from Saccharomyces yeasts (Atf1-S.c, Atf2-

S.c, and Atf1-S.p), and the non-Saccharomyces yeasts P. anomala (Atf-P.a), and K. 

lactis (Atf-K.l), as well as tomato fruit, S. lycopersicum (Atf-S.l). Preliminary activity 

screening from S. cerevisiae whole cell lysates with overexpressed AATases revealed 

that Atf1-S.c has the highest activity towards C2 to C5 alcohols with acetyl-CoA 

(Table S2.1). As such, initial experiments focused on determining the intracellular 

localization and the enzymatic activity of Atf1-S.c towards ethyl acetate when 

overexpressed in S. cerevisiae and E. coli. Importantly, E. coli BL-21 without 

chloramphinicol acetyltransferase (CAT) activity was used, as CAT has been shown 

to exhibit AATase activity toward ethyl acetate synthesis (Figure S2.1 and (16)). 

In S. cerevisiae Atf1-S.c is known to localize to ER in early exponential phase and 

sort to LDs as cells progress in to stationary phase (19). Atf1-S.c with a C-terminally 

fused GFP reporter co-localized with a fluorescently tagged LD marker, Erg6-DsRed, 

indicating LD localization in S. cerevisiae (Figure 2.2A, left). An overexpressed GFP 

control localized to the cytosol and fluorescent imaging did not indicate LD 

localization (Figure 2.2A, right). When overexpressed in E. coli, fluorescence 

microscopy revealed that GFP is cytosolically expressed and did not form visible 

aggregates or puncate structures (Figure 2.2B, right). In contrast, Atf1-S.c. formed 

aggregates when overexpressed in E. coli (Figure 2.2B, left). Nine percent of 

observed E. coli cells expressing Atf1-S.c. had one aggregate, 75% had two 

aggregates, and 16% had three aggregates, while no cells were observed with zero 

aggregates or four or more aggregates (Figure 2.2B, bottom). No E. coli cells 

expressing Atf1-S.c were observed to have an expression pattern similar to the GFP 
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control, which showed fluorescence throughout the cell. Western blot analysis of 

protein expression in S. cerevisiae and E. coli showed that Atf1-S.c with a C-

terminally fused GFP reporter expressed upwards of 100-fold more in E. coli than in 

S. cerevisiae (Figure 2.2C). Whole cell lysate activity assays of Atf1-S.c expressed in 

S. cerevisiae reached 58±8 nmol min-1 mg-1 of protein. Despite the difference in 

expression levels, E. coli whole cell lysate activity assays where limited to 11.6±0.1 

nmol min-1 mg-1 of protein (Figure 2.2D). 

Similar intracellular localization results were observed with other studied AATases 

(Figure 2.3A, B). Atf2-S.c and Atf-S.p localized to LD in S. cerevisiae and formed 

aggregates when overexpressed in E. coli. Fluorescent microscopy imaging revealed 

that Atf-K.l with C-terminally fused GFP was soluble in S. cerevisiae, but formed 

aggregates in E. coli. Punctate structures were observed with Atf-P.a in S. cerevisiae 

and, similar to the other yeast AATases, formed aggregates in E. coli. Finally, Atf-S.l 

from tomato fruit appeared to localize homogenously throughout the cytosol of S. 

cerevisiae, but formed aggregates in E. coli. In each case, the majority of E. coli cells 

contained one or two aggregates of a given AATase with less than 8% of cells 

containing three aggregates (Figure 2.3B, bottom). All observed E. coli cells 

contained at least one aggregate and no cells were observed to contain more than 

three aggregates.  

Whole cell lysate assays revealed that all AATases exhibited measurable activity 

when expressed in S. cerevisiae and E. coli (Figure 2.3C). Atf2-S.c activity in S. 

cerevisiae lysate was 1.2±0.6 nmol min-1 mg-1, lower than the 3.1±0.9 nmol min-1 mg-

1 observed in E. coli lysate.  Atf-S.p had activities of 0.3±0.3 and 0.4±0.1 nmol min-1 

mg-1 in S. cerevisiae and E. coli, respectively. The activities of Atf-K.l and Atf-P.a 
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reached 0.3±0.2 and 0.4±0.3 nmol min-1 mg-1 in S.cerevisiae, but only reached 

0.02±0.02 and 0.001±0.001 nmol min-1 mg-1 in E. coli, respectively. Atf-S.l activity in 

E. coli lysate was limited at 0.5±0.2 nmol min-1 mg-1; however, in S. cerevisiae lysate 

Atf-S.l exhibited activity of 21±3 nmol min-1 mg-1, second only to the activity of 

Atf1-S.c. Western blot analysis revealed that in all cases AATase expression in E. coli 

was at least 100-fold greater than expression in S. cerevisiae (Figure 2.3D). In this 

context, normalization of activity to S. cerevisiae expression levels revealed that 

AATase activity in E. coli whole cell lysates for all AATases studied here is less than 

or equal to 0.08 nmol min-1 mg-1 of protein. 

The ethyl acetate activities of Atf1-S.c and Atf-S.l when expressed in S. cerevisiae 

were significantly greater than the activities of all other studied orthologs. As such, 

subsequent experiments focused on these two enzymes. To determine if the AATase 

aggregates formed in E. coli were insoluble and active, we measured the activity of 

soluble and insoluble protein fractions after fractionation by centrifugation. Figure 4A 

shows that soluble lysate fractions maintained high activity for both Atf1-S.c and Atf-

S.l in both hosts (Aft1-S.c: 45±18 and 10±3 nmol min-1 in S. cerevisiae and E. coli, 

respectively; Atf-S.l: 14±4 and 2.2±0.6 nmol min-1 in S. cerevisiae and E. coli, 

respectively). Atf1-S.c showed higher activity in the insoluble fractions of both S. 

cerevisiae and E. coli (50±17 and 42±6 nmol min-1, respectively). In contrast, the 

insoluble fractions containing overexpressed Atf-S.l showed measurable, but minimal 

activity (0.25±0.12 and 1.3±0.6 nmol min-1 mg-1 in S. cerevisiae and E. coli, 

respectively). The comparison of activity from S. cerevisiae and E. coli lysates is not 

complete without a similar comparison of expression levels in each host (Figure 

2.4B). Western blots of S. cerevisiae lysates showed that Atf1-S.c separated equally 
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between the soluble and insoluble fractions, but Atf-S.l separated strongly to the 

insoluble fraction. When expressed in E. coli, both Atf1-S.c and Atf-S.l were largely 

insoluble. A 100-fold dilution of the insoluble fraction of E. coli overexpressing Atf1-

S.c and Atf-S.l resulted in western blot bands of near equal intensity to the soluble 

fractions with no dilution. 

To further investigate the relationship between AATase overexpression in E. coli 

and enzymatic activity we modulated expression levels using a standard inducible T7 

promoter system. Analysis of fluorescence microscopy images of E. coli expressing 

Atf1-S.c with C-terminal GFP tag revealed that intracellular aggregate size increased 

from 0.11±0.05 μm2 when induced with 1 PM IPTG to 0.19±0.08 μm2 with 10 PM 

IPTG (Figure 2.5A and S2.2). Aggregate size further increased to 0.44±0.20 μm2 with 

100 PM IPTG. Coincident with increased induction and aggregate size were Atf1-S.c. 

expression levels (Figure 2.5B and S2.3). Induction with 10 and 100 PM IPTG 

resulted in 13.5±5.1 and 28.5±5.1 fold increases in protein expression over levels 

observed with 1 PM IPTG induction. Similar aggregate size and protein expression 

levels were observed with Atf-S.l. Under low induction conditions aggregates of Atf-

S.l with a C-terminal GFP tag were found to be 0.11±0.04 μm2. Aggregate size 

increased to 0.20±0.07 and 0.41±0.15 Pm2 when induced with 10 and 100 PM IPTG, 

respectively. Quantification of western blots showed that protein expression increased 

by 7.8±1.6 and 16.5±6.6 fold with increased induction levels of 10 and 100 PM IPTG, 

respectively (Figure 2.5C).  

The result of reduced expression level and aggregate size was an increase in 

specific AATase activity during fermentation. Figures 2.5D shows Atf1-S.c activity 

in terms ethyl acetate produced during a 24-hour fermentation normalized to the 



 33 

activity at the lowest protein expression level (i.e., induction with 1 PM IPTG). For 

Atf1-S.c the amount of ethyl acetate produced in 24-hour of fermentation increased 

from 1.35±0.10 to 4.78±0.28 and 6.74±0.24 mg/L with induction from 1 to 10 and 

100 PM IPTG, respectively, while the amounts of ethanol produce under the same 

conditions were 0.87±0.07, 0.89±0.04, and 0.94±0.01 g/L, respectively. It is 

important to note that culture density measured by OD600 was unchanged with varied 

induction levels when expressing Atf1-S.c and a small but statistically significant 

reduction in OD600 was observed between the lowest and highest induction levels 

when expressing Atf-S.l (OD600 of 3.64±0.44 and 2.48±0.36, respectively; Figure 

S2.4). As shown in Figure 2.5B, Atf1-S.c expression increased by upwards of 28-fold 

under the same conditions, considerably more than the fold increase in ethyl acetate 

production, indicating that increasing enzyme expression did not result in a 

proportional increase in ester synthesis. Normalization to the lowest protein 

expression level provided an estimate of the reduction in specific AATase activity of 

Atf1-S.c at higher expression levels, specifically a 72.6±13.1% reduction with 10 PM 

IPTG and an 84.2±2.7% reduction with 100 PM IPTG (Figure 2.5D). Importantly, the 

increase in ethyl acetate production with increased expression of Atf1-S.c suggested 

that AATase activity is rate limiting for the conversion of ethanol to ethyl acetate and 

that the observed loss in activity is due to the enzyme and not an upstream pathway 

bottleneck. The low conversions of ethanol to ethyl acetate are also supportive of 

Atf1-S.c activity as rate limiting.  

During 24 hours of E. coli fermentation with low expression of Atf-S.l, 0.30±0.09 

mg/L of ethyl acetate and 0.95±0.20 g/L of ethanol were produced; there was no 

statistically significant different in the production of either compound with increased 
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induction (Figure S2.5). The low levels of ethyl acetate production in comparison to 

fermentation with Atf1-S.c expressing E. coli were expected due to lower activity in 

comparison to Atf1-S.c; however, varying expression levels of Atf-S.l produced a 

similar trend in normalized specific activity to that observed with Atf1-S.c. At higher 

expression levels specific activity was reduced by 85.6±2% and 90.3±4% with 

inductions of 10 and 100 PM IPTG, respectively. To confirm the effects of varying 

expression on activity, whole cell lysate assays and corresponding western blots were 

performed. For both Atf1-S.c and Atf-S.l the relative protein levels in whole cell 

lysates increased with increased induction (Figure 2.6A,B). Similar to the 

fermentation studies, the increased protein levels did not result in a proportional 

increase in ethyl acetate synthesis and normalized specific activity decreased 

significantly with induction levels of 10 and 100 PM IPTG. For Atf1-S.c the highest 

protein levels resulted in less of a reduction in activity then with intermediate protein 

levels (residual activities of 12.4±2.0% and 43.3±6.9% for 10 and 100 PM IPTG, 

respectively). For Atf-S.l increased protein levels due to induction with 10 and 100 

PM IPTG measured specific activities were less than 5% of the specific activity from 

1 PM IPTG induction. 

 

2.5 Discussion 

A major challenge in engineering metabolic pathways, including ester 

biosynthesis, is pathway optimization including the alleviation of kinetics bottlenecks 

and balancing the kinetic capacity of pathway steps. One approach to maximizing 

flux is pathway engineering to alter the expression levels of each step (28,29). 

Enzyme engineering to improve the kinetics of key steps is also critical (30). The 
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difficulty of these approaches is compounded when native intracellular localization, 

activity, and expression of key enzymes are affected by heterologous expression. Flux 

analysis and pathway modeling are also negatively affected because experimentally 

determined kinetic parameters used in modeling do not accurately translate to those 

exhibited in vivo. The AATases studied here are prime examples of these problems as 

heterologous expression in E. coli resulted in losses in specific activity and in some 

cases a loss of intracellular localization. 

Homologous expression of Atf1-S.c in S. cerevisiae revealed high activity in 

whole cell lysates and native localization to LDs. Heterologous expression in E. coli 

was approximately 100-fold higher than in S. cerevisiae, but whole cell lysate assays 

revealed significantly reduced specific activity and in vivo fluorescence imaging 

revealed a loss of membrane localization (Figure 2.2). These results were consistent 

with Atf2-S.c from S. cerevisiae and Atf-S.p from S. pastorianus. Enzymes localized 

to LD in S. cerevisiae, but membrane localization was not observed in E. coli (Figure 

2.2A, B). Despite high expression in E. coli, specific activities of Atf2-S.c and Atf-

S.p in E. coli cell lysates were significantly less that observed in S. cerevisiae lysates. 

AATases from K. lactis, S. lycopersicum, and P. anomala did not localized to LD or 

other membranes when expressed in S. cerevisiae and did not localized to membranes 

in E. coli. Again, expression in E. coli was high and specific activities measured in 

whole cell lysates were significantly reduced in comparison with activities measure in 

S. cerevisiae lysates.   

A contributing factor to the loss of activity was AATase aggregation in E. coli. 

Fluorescence imaging of E. coli cells revealed that in all cases expressed AATase 

formed one or more cytosolic aggregates (Figure 2.2B, 2.3B). Importantly, the 
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aggregates were functional. We expected that loss of tertiary structure in inclusion 

bodies would destroy protein function, but in all cases C-terminally fused GFP 

maintained fluorescence and whole cell lysates exhibited AATase activity suggesting 

that AATases expressed in E. coli were not misfolded (31). Moreover, analysis of 

fractionated E. coli lysates containing Atf1-S.c or Atf-S.1 demonstrated measurable 

activity in both the soluble and insoluble fractions (Figure 2.4). Common to the 

AATase family are short stretches of hydrophobic amino acids that are a possible 

source of protein aggregation (8,18). Specific to AATases from S. cerevisiae and S. 

pastorianus, the N- and C-terminal amphipathic helices that function as ER and LD 

membrane anchors may also be a source of aggregation (19). Regardless of 

mechanism(s), the results of heterologous expression in E. coli were clear, the 

formation of AATase active aggregates. In this context, the loss of activity was most 

likely due to a combination of diffusion limitations and blocked active sites. The 

results demonstrating increased specific activity at reduced expression levels supports 

these conclusions (Figure 2.5 and 2.6). Reduced expression of Atf1-S.c and Atf-S.l in 

E. coli produced smaller aggregates and increased measures of specific activity in 

both whole cell lysate assays and under fermentation conditions.  Reduction in 

aggregate size increases the ratio of surface to interior proteins thus minimizing 

blocked active sites. It is also possible that activity in aggregates was due to the 

disruption of active protein conformation, an effect that is also likely decreased with 

aggregate size. An alternative explanation is that AATase solubility was increased at 

lower induction levels, an effect that has previously been demonstrated with single 

chain antibodies expressed in an E. coli host (32). 
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Biochemical studies of Atf1 from S. cerevisiae (Atf1-S.c) have suggested that 

activity is membrane-dependent (6,20-22). The studies presented here confirm that 

Atf1-S.c, Atf2-S.c and Atf-S.p localize to LDs in S. cerevisiae, but do not localize to 

membranes in E. coli. The loss of membrane localization did not eliminate activity 

towards ethyl acetate suggesting that these AATases are not strictly membrane 

dependent with respect to activity (Figures 2.2 and 2.3). Published purification 

protocols for Atf1-S.c use surfactants or non-ionic detergents and in their absence 

activity is significantly reduced. In our hands, nickel-affinity chromatography 

purification of Atf1-S.c resulted in AATase active samples (Figure S2.6), thus 

supporting the claim that membrane localization is not necessary for enzymatic 

activity. This lack of strict membrane dependency provides an explanation as to why 

metabolic engineering of E. coli to synthesize short chain volatile esters has been 

successful, and our analysis of AATase expression and activity in S. cerevisiae and E. 

coli hosts provides important information for future metabolic engineering of ester 

biosynthesis. 

 

2.6 Conclusions 

Ester biosynthesis is a promising new target for metabolic engineering. The market 

price of ethyl and butyl acetates are upwards of $1500 per tonne 

(http://www.icis.com/), and the total market value for flavor and fragrance 

compounds is greater than $16 billions (http://www.ialconsultants.com/). The high 

volatility of shorter chain esters such as ethyl acetate is also attractive from a 

separation perspective, as high volatility facilitates separation from fermentation 

broths (33). The results presented here demonstrate that microbial host selection is 
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critical to ethyl acetate biosynthesis through AATase activity. Heterologous AATase 

expression in E. coli resulted in significantly decreased specific activity in 

comparison to activity measure in S. cerevisiae. All studied AATases formed 

aggregates when expressed in E. coli and any membrane localization in S. cerevisiae 

was lost in E. coli.  One solution to minimizing the loss of activity is reduced 

expression levels in E. coli, which resulted in smaller aggregate size and increased 

specific activity in comparison to high overexpression. The effects of host selection 

on AATase expression and activity described here are interesting in that they provide 

evidence that the AATases studied here are not strictly membrane dependent with 

respect to activity and are important when considering metabolic engineering 

strategies for ester biosynthesis.  
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2.9 Figures and Tables 

Figure 2.1. Schematic of AATase pathway for ester biosynthesis. 

 

 

Figure 2.2. Expression, intracellular localization, and activity of Atf1 from S. 
cerevisiae (Atf1-S.c). A) Fluorescence microscopy images of S. cerevisiae co-
expressing Atf1-GFP, GFP, and the LD marker Erg6-DsRed. Fluorescence from 
Erg6-DsRed is shown in red and fluorescence from Atf1-GFP is shown in green. 
Overlapping Erg6-DsRed and Atf1-GFP signals, indicating co-localization, are shown 
in yellow. GFP controls show cytosolic localization. Scale bar (1 μm) applies to A) 
and B). B) Fluorescent microscopy images of E. Coli expressing Atf1-GFP and GFP. 
CellMask™ Orange plasma membrane staining is shown in red and fluorescence from 
Atf1-GFP and GFP is shown in green. Graphs below the fluorescence images indicate 
the number of aggregates observed in E. coli cells. A minimum of 100 cells were 
counted from three independent experiments. C) Western blot analysis of Atf1-GFP 
expression in S. cerevisiae (S.c) and E. Coli. D) In vitro ethyl acetate production from 
total cell lysates of Atf1-GFP expressed in S. cerevisiae and E. Coli. Error bars 
represent standard deviation (n=3).  
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Figure 2.3. Expression, intracellular localization, and activity of AATases. A) 
Fluorescence microscopy images of S. cerevisiae co-expressing AATase-GFP and the 
LD marker Erg6-DsRed. Expressed AATases include Atf2 from S. cerevisiae (Atf2-
S.c), and AATases from S. pastorianus (Atf-S.p), K. lactis (Atf-K.l), P. anomala 
(Atf-P.a), and S. lycopersicum (Atf-S.l). Fluorescence from Erg6-DsRed is shown in 
red and fluorescence from AATase-GFP is shown in green. Overlapping Erg6-DsRed 
and GFP signals, indicating co-localization, are shown in yellow. Scale bar (1 μm) 
applies to A) and B). B) Fluorescent microscopy images of E. Coli expressing 
AATases. CellMask™ Orange plasma membrane staining is shown in red and 
fluorescence from AATase-GFP is shown in green. Graphs below the fluorescence 
images indicate the number of aggregates observed in E. coli cells. A minimum of 
100 cells were counted from three independent experiments. C) In vitro ethyl acetate 
production from total cell lysates of AATase-GFP expressed in S. cerevisiae (S.c) and 
E. Coli. Error bars represent standard deviation (n=3). D) Western blot analysis of 
AATase-GFP expression in S. cerevisiae and E. Coli. 
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Figure 2.4. Atf1-S.c and Atf-S.l activity in soluble and insoluble cell fractions. A) 
Comparison of AATase activity in soluble and insoluble fractions from S. cerevisiae 
(S.c) and E. coli, Atf1-S.c (left) and Atf-S.l (right). Error bars represent standard 
deviation (n=3). B) Western blot analysis of soluble and insoluble fractions of Atf1-
S.c and Atf-S.l from S. cerevisiae and E. coli expression. 
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Figure 2.5. Reduced AATase expression decreases aggregates size in E. coli 
fermentations. A) Fluorescence microscopy images and aggregate size measurement 
of Atf1-S.c and Atf-S.l in E. coli. Scale bar is 1 μm. Error bars represent standard 
deviation (n=100), * p<0.05. B, C) Relative expression levels of Atf1-S.c (B) and 
Atf-S.l (C) in E. coli as judged by western blot analysis. Expression levels are 
normalized to the intensity of anti-GFP signal from E. coli induced with 1 μM IPTG. 
D, E) Normalized AATase activity from Atf1-S.c (D) and Atf-S.l (E) during 24 hour 
E. coli fermentations at 30 °C. Activities are normalized to the lowest expression 
level, IPTG induction of 1 mM. Error bars represent standard deviation (n=3). 

Figure 2.6. Reduced AATase expression increases specific activity in whole cell 
lysate assays. A, B) Atf1-S.c (A) and Atf-S.l (B) activity in E. coli whole cell lysates 
normalized to the expression level from induction with 1 mM IPTG. Error bars 
represent standard deviation (n=3). C, D) Western blot analysis of Atf1-S.c (C) and 
Atf-S.l expression levels in E. coli with inductions of 1, 10, and 100 mM IPTG.  
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Table 2.1. Strains and plasmids used in Chapter 2.  
 

Name Description Source 
Strains   
E. coli BL21(DE3) F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-

T7 gene 1 ind1 sam7 nin5]) 
New England 
Biolabs 

E. coli BL21(DE3)-
RIL plus 

F– ompT hsdS(rB– mB–) dcm+ Tetr gal λ(DE3) endA Hte 
[argU ileY leuW Camr] 

Agilent 
Technologies 

S. cerevisiae BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 GE Healthcare 

Plasmids   
pGFP pET-28b(+) derivative with gfp insertion this study 
pATF1G pET-28b(+) derivative with atf1(S.c)-gfp insertion this study 
pATF2G pET-28b(+) derivative with atf2(S.c)-gfp insertion this study 
pSPG pET-28b(+) derivative with atf(S.p)-gfp insertion this study 
pKLG pET-28b(+) derivative with atf(K.l)-gfp insertion this study 
pPAG pET-28b(+) derivative with atf(P.a)-gfp insertion this study 
pSLG pET-28b(+) derivative with atf(S.l)-gfp insertion this study 
pYPGK pRS426 derivative; PGK1p-PGK1t Lin, Wheeldon 

(2014) 
pYATF1G pYPGK derivative with atf1(S.c)-gfp insertion Lin, Wheeldon 

(2014) 
pYATF2G pYPGK derivative with atf2(S.c)-gfp insertion Lin, Wheeldon 

(2014) 
pYSPG pYPGK derivative with atf(S.p)-gfp insertion Lin, Wheeldon 

(2014) 
pYKLG pYPGK derivative with atf(K.l)-gfp insertion Lin, Wheeldon 

(2014) 
pYPAG pYPGK derivative with atf(P.a)-gfp insertion Lin, Wheeldon 

(2014) 
pYSLG pYPGK derivative with atf(S.l)-gfp insertion Lin, Wheeldon 

(2014) 
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Table 2.2 Primers used in Chapter 2.  

Primers   
gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG

ATATACCATGGCTAGCATGACTGGTG3' 
this study 

 5'CCGCTCGAGTTATTTGTATAGTTCATCCATGCCATG3
' 

this study 

atf1-S.c-gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGAATGAAATCGATGAGAAAAATCAG3' 

this study 

 5'CCGCTCGAGTTATTTGTATAGTTCATCCATGCCATG3
' 

this study 

atf2-S.c-gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGAAGATATAGAAGGATACGAACCACA
TATCACTC3' 

this study 

 5'ACGCGTCGACTTATTTGTATAGTTCATCCATGCCAT
G3' 

this study 

atf-S.p-gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGAAACAGAAGAAAGCCAATTTAGCAG
TATAAC3' 

this study 

 5'CCGCTCGAGTTATTTGTATAGTTCATCCATGCCATG3
' 

this study 

atf-K.l-gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGGTTCGGTGTGTTTATCATCAAAAAAG
TTAG3' 

this study 

 5'CCGCTCGAGTTATTTGTATAGTTCATCCATGCCATG3
' 

this study 

atf-P.a-gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGTTGTTAAATTCAAAAGCAAAATCAAT
AACAAAGG3' 

this study 

 5'CCGCTCGAGTTATTTGTATAGTTCATCCATGCCATG3
' 

this study 

atf-S.l-gfp 5'GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGCTAATATTTTGCCAATTTC3' 

this study 

 5'CCGCTCGAGTTATTTGTATAGTTCATCCATGCCATG3
' 

this study 
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2.10 Supporting Information 

Table S2.1. AATases activity towards different alcohols and acetyl-CoA. Data 
shown is mean (n=3). Not detected (n.d.). 

 

 

 

Figure S2.1.  Background ethyl acetate synthesis from E. coli strains BL21(DE3)-
RIP plus and BL21(DE3). The RIL strain expresses chloramphinicol 
acetyltransferase, which exhibits AATase activity towards ethanol and acetyl-CoA.  

 

 

 

Figure S2.2. Image J analysis of protein aggregate size in E. coli. 
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Figure S2.3. Western blots of Atf1-S.c and Atf-S.l expressed in E. coli with 
increasing IPTG concentration. 
 

 

Figure S2.4. Ethyl acetate (EA) and ethanol (EtOH) production of E. coli harboring 
plasmids pET28-Atf1-S.c and pET28-Atf-S.l induced with different IPTG 
concentration under fermentation condition. 
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Figure S2.5. A600 values of E. coli harboring plasmids pET28-Atf1-S.c and pET28-
Atf-S.l induced with different IPTG concentration under fermentation condition. 

 

 

 

 

Figure S2.6. Fluorescent microscopy imaging of E. coli expressing Atf1-S.c at 
culture temperatures (temp.) of 20, 30, and 37 °C. 
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Figure S2.7. A) Specific activity of purified Atf1-S.c with C-terminal his tag. B) 
SDS-PAGE gel of purified Atf1-S.c. The red arrow points to Atf1. 
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Chapter 3. Rapid Ester Biosynthesis Screening Reveals a High 

Activity Alcohol-O-acyltransferase from Tomato Fruit 

 

3.1 Abstract 

Alcohol-O-acetyl/acyltransferase (AATase) is the last-step enzyme to condense the 

alcohols and acetyl- or acyl-CoAs to synthesize a broad spectrum of fatty acid esters 

in yeast. There is no suitable assay for high throughput screening to protein engineer 

AATase. Here, we have developed a spectrophotometric assay to quantify AATase 

activity in real time from whole cell lysate. This coupled enzyme assay has been 

demonstrated to be robust by measuring enzyme activity with a range of whole cell 

lysate concentrations. It is also feasible for high throughput screening on 96-well 

plates via Z’-factor analysis. This assay was used to screen a library of AATases for 

fatty acid ethyl esters synthesis, including AATases from Saccharomyces yeast (Atf1, 

Atf2, Eht1, and Eeb1), an AATase from melon (C. melo; Atf-C.m), and an AATase 

from tomato fruit (S. lycopersicum; Atf1-S.l). An uncharacterized Atf1-S.l was 

identified to be active towards short and medium chain acyl-CoAs and different 

alcohols. This coupled enzyme assay will help accelerate AATase protein engineering 

and the discovery of new AATase enzymes.  
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3.2  Introduction 

Recently, it has been a focus of metabolic engineering to produce short- or 

medium-chain fatty acid esters. Volatile short- or medium-chain esters have distinct 

odors and flavors that are valuable as natural food additives (e.g., isoamyl acetate and 

phenyl ethyl acetate) and industrial solvents (e.g., ethyl acetate). They have been 

produced in native yeast strains (1,2) and engineered E. coli (3-6). The pathways to 

produce these compounds share a common terminal reaction by condensing an 

alcohol and acetyl- or acyl-CoAs by alchohol-O-acetyl/acyltransferase (AATase, E.C. 

2.3.1.84 and 2.3.1.75, respectively). Some of AATases from yeast and fruit species 

have been identified to be active towards short and medium chain esters during 

fermentation and fruit ripening (7-13). Orthologs to these AATases, called wax ester 

synthases, can produce waxy esters with long chain acyl-CoAs and fatty alcohols 

(14,15).  

There have been successes in engineering biosynthesis of esters in microbial cell 

factories; however, protein engineering and enzyme screening have been limited. 

Rational design is challenging because of lacking known crystal structures of 

AATases and high similarity templates results in low confidence homology models 

(16,17). Directed evolution and enzyme screening are limited by a lack of suitable 

high throughput assays. Part of the challenge is that many AATases are membrane 

associated, localizing to the endoplasmic reticulum (ER) and lipid droplets (18-20). 

Loss of localization during heterologous expression in E. coli results in aggregation 

and low enzymatic activity (21). Purification is also challenging requiring non-ionic 

detergents or protein solubility tags to maintain activity (16,22,23). Therefore, 

headspace gas chromatography (GC) analysis of whole cell lysate reactions is the 
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most common activity assay for volatile esters (21), while thin layer chromatography 

and GC-MS are applied for measuring long chain esters (24). These assay are not 

ideal and effective for identifying high activity enzymes or protein engineering to 

alter substrate specificity and improve turnover.  

Here, we developed a coupled enzyme assay to quantify ester production 

spectrophotometrically. It is developed for whole cell lysate reactions of AATase 

activity and it enables high throughput screening of AATase libraries and directed 

evolution. The yeast S. cerevisiae was used as the host to allow for native localization 

of homologous enzymes and membrane association of heterologous enzymes. A 

library of six AATases, two homologs from S. cerevisiae, Atf1 and Atf2, with 

specificity towards acetate esters; Eht1 and Eeb1 from S.cerevisiae with specificity 

towards medium chain ethyl esters; a medium chain acetate ester specific AATase 

from Cucumis melo (melon); and an uncharacterized AATase from Solanum 

lycopersicum (tomato fruit), was screened to validate and apply this assay.  

 

3.3 Material and Methods 

Strains, plasmids, enzymes, and cell culture  

The strains and plasmids used in this work are shown in Table 3.1. The plasmid 

pRS426-pPGK1 containing a phosphoglycerate kinase I (PGK) expression cassette 

was used for enzyme overexpression in S. cerevisiae (18). Six AATase genes, 

including ATF1, ATF2, EHT1, and EEB1 from S. cerevisiae, an AATase from S. 

lycopersicum (Atf-s.l), and an AATase from C. melo (Atf-c.m), with encoded C-

terminal myc tags were cloned into the SacII and NotI sites of pRS426-pPGK1. 

Genes from S. cerevisiae were amplified by PCR from genomic DNA, whereas genes 
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from S. lycopericum and C. melo were created by gene assembly as previously 

described (18). Primers used to amplify genes are provided in Table S3.1. Molecular 

cloning was accomplished in E. coli cells, while S. cerevisiae was used for 

overexpression. Cells harvesting expression plasmids were grown in synthetic 

minimal (SD) medium containing 0.67% yeast nitrogen base (Becton-Dickinson), 

amino acid supplement without uracil, and 2% glucose.  

Preparation of whole cell lysate 

Yeast cells harboring expression plasmids were cultured to early stationary phase 

in 50 ml SD media without uracil in 250 ml baffled flasks. Cells were harvested by 

centrifugation at 3,500 rpm for 5 min at 4 °C and washed twice with 100 mM 

potassium phosphate buffer (pH 7.4) containing 2 mM magnesium chloride. Equal 

volumes of wet cell pellets and 425-600 μm diameter acid-washed glass beads 

(Sigma-Aldrich) were added to a 15 mL tube and resuspended in 1 mL ice-cold lysis 

buffer (100mM potassium phosphate buffer, 2mM magnesium chloride, 2mM DTT, 

and protease inhibitor cocktail (Roche), pH7.4). Cells were disrupted by vortexing 10 

times for 30 s. After each vortexing the suspension was kept on ice for 30 s. The 

beads were removed by centrifugation at 500g for 5 min at 4 °C and the supernatant 

was transferred to a pre-cooled 1.5 mL tube. Whole cell lysate protein concentrations 

were determined by a commercially available assay (Pierce 660 nm Protein Assay, 

Thermo Fisher). 

AATase activity assay and screening 

Alcohol-O-acetyl/acyltransferase activity was determined by monitoring NADH 

production from a coupled reaction with D-ketoglutarate dehydrogenase (D-KGDH). 

The reaction was performed at room temperature in 100 mM potassium phosphate 
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buffer, pH 7.4. The assay solution contained final concentrations of 2 mM α-

ketoglutarate (D-KG), 10 mM cystein, 2 mM NAD+, 10 mM MgCl2, and 0.03 U D-

KGDH (Sigma-Aldrich). Whole cell lysate samples, pyrazole (15 mM final 

concentration), and alcohol (20 mM final concentration) were added to the assay 

solution. It has previously been reported that the order of substrate addition affects 

long chain AATase activity (25). The coupled enzyme reaction was initiated by 

adding 0.5 mM acetyl/acyl-CoA to the reaction solution. The assay was monitored by 

measuring the absorbance of NADH at 340 nm (H340 = 6.22 mM-1cm-1) for 4 minutes. 

Screening experiments were performed in 96-well microtiter plates with a final 

volume of 100 PL and the rate of NADH production was monitored with a BioTek 

Synergy H4 hybrid multi-mode microplate reader.  

The library of six AATases (Atf1, Atf2, Eht1, Eeb1, Atf-C.m, and Atf-S.l) was 

screened for ethyl ester synthesis with acetyl-, butyryl-, hexanoyl, octanoyl, decanoyl, 

and lauroyl-CoA. Atf-S.l was also screened for acetate ester synthesis with methanol, 

ethanol, 1-propanol, 1-butanol, 2-butanol, isobutanol, 1-pentanol, and 3-methyl-1-

butanol.  

Western blot analysis 

Whole cell lysates were prepared from cells grown to early stationary phase and 1 

µg total protein was used for western blot analysis. Mouse anti-myc (Invitrogen), 

mouse anti-GAPDH (Thermo Fisher Scientific), goat anti-mouse IgG-HRP (Thermo 

Fisher Scientific) and chemiluminescent HRP substrate (Immobilon Western, 

Millipore) were used for protein analysis and signal detection.  
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3.4  Results and Discussion 

The strains, plasmids, and AATase genes used in this study are listed in Table 3.1. 

The genes encode AATases from Saccharomyces yeast (Atf1, Atf2, Eht1, and Eeb1), 

an AATase from melon (C. melo; Atf-C.m), and an AATase from tomato fruit (S. 

lycopersicum; Atf1-S.l). Each gene was overexpressed in S. cerevisiae from a 2P 

plasmid under the constitutive PGK promoter.  

Alcohol and acetyl- or acyl-CoA are condensed to produce corresponding esters 

through AATases activity. Free CoA-SH is generated by breaking of the thioester 

bond of acetyl- or acyl-CoA and is quantified through a coupled D-KGDH reaction 

with NAD+ as co-factor (Figure 1). With CoA-SH, D-KG, cystein, and NAD+, D-

KGDH produces succinyl-CoA, CO2 and reduced co-factor, NADH, which can be 

followed by absorbance at 340 nm. The free thiol group of CoA-SH can also be 

quantified by Ellman’s reagent (15,25) and an D-KGDH-based assay has previously 

been used to quantity acetyltransferase activity (26,27); however, these assays require 

purified enzyme samples to minimize background and non-specific activity. Whole 

cell lysates from cells harboring empty vectors showed rapid NAD+ reduction in 

presences of ethanol and acetyl-CoA and D-KGDH and its substrates (D-KG, cystein, 

and NAD+). In S. cerevisiae, there are up to seven native NAD+-dependent alcohol 

dehydrogenases (ADHs) contributing to the high NADH background (28). Pyrazole, 

an inhibitor of ADH, was added to the reaction to suppress the background with 

concentration as 15 mM (Figure S3.1). The feasibility of this coupled enzyme assay 

was tested with different whole cell lysate concentrations. The measured activities of 

Atf1 and Eht1 increased linearly with whole cell lysate concentrations from 0.25 to 

1.0 Pg (Figure S3.2), thus providing evidence of a robust assay. The assay also 
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proved to be suitable for high throughput screening through Z’-factor analysis (Z’ 

values greater than 0.5 are acceptable) (29). Atf1 was used as the positive control for 

short chain ethyl ester synthesis and Eht1 for medium chain ethyl ester synthesis. In 

both cases, Z’ factors are greater than 0.5 (Figure S3.3), indicating that the coupled 

enzyme assay was suitable for high throughput screening.  

A library of AATase including Atf1, Atf2, Eth1, and Eeb1 from S. cerevisiae, Atf-

C.m from melon, and Atf-S.l from tomato fruit was tested to validate that this assay is 

suitable for rapid and high throughput screening of whole cell lysates. This library 

was screened for fatty acid ethyl esters synthsis with corresponding acyl-CoA 

substrates, ranging from C2 to C12. Eht1 and Eeb1 have been well studied with 

substrate specificity to be used as internal standard to validate the assay. Eht1 and 

Eeb1 are found to be active towards butyryl-, hexanoyl-, and octanoyl-CoA (C4, C6, 

and C8 acyl chain lengths, respectively) with the highest activity towards octanoyl-

CoA (9,26). Furthermore, the screen was used to generate new data for the acyl-CoA 

specificity of Atf1, Atf2, Atf-C.m. and Atf-S.l, as well as the alcohol substrate 

specificity of Atf-S.l. 

In Figure 3.2A, the screening results are showed as heat map of enzymatic activity 

(it is also provided as numbers in Table S3.2) in terms of nmol of ethyl ester produced 

per min. Western blot analysis of protein expression level (Figure 3.2B) is 

accompanied with the screening results. It shows that the expression levels of native 

S. cerevisiae enzymes Atf1, Atf2, Eht1, and Eeb1, were significantly higher than the 

expression levels of the heterologous AATases from tomato (Atf-S.l) and melon (Atf-

C.m). Atf1, Atf2, Eht1, and Eeb1 showed measurable activity towards the set of 

screened acyl-CoAs. Also, Eht1 exhibited the highest activity towards ethyl ester 



 60 

synthesis and Atf1 exhibited the highest acetylation activity. Considering the protein 

expression levels, the normalized activities of Atf-C.m and Atf-S.l are comparable 

with both Atf1 and Atf2. Also, both of Atf-C.m and Atf-S.l were active with acyl-

CoA with acyl length up to C10.  

Eht1 and Eeb1 as internal standards have been characterized as medium chain fatty 

acid ethyl ester synthases with activity towards butyryl-, hexanoyl-, and octanoly-

CoA (9). Eht1 is further characterized that it has activity with acyl-CoAs with acyl 

chain length up to C12 and shows a preference towards octanoly-CoA (26). Our assay 

results are consistent with the previous studies: Eht1 was active with acyl-CoAs with 

acyl length between C2 and C12 and the highest activity was observed towards 

octanoyl-CoA (2.22±0.19 nmol min-1); Eeb1 had highest activity with octanoyl-CoA 

(1.48±0.14 nmol min-1) and showed broad acyl-CoA specificity. For Eht1 and Eeb1, 

they are poorly active for acetylation, with relatively low activity towards acetyl-CoA 

(0.044±0.014 and 0.037±0.004 nmol min-1, respectively). 

The screening results showed in Figure 3.2 and Table S3.2 revealed the broad 

specificity towards acyl-CoA for Atf1. Atf1 exhibited measurable activity towards 

ethyl esters from acyl-CoA ranging from C2 to C12 acyl chain lengths, and the 

highest activity is towards acetyl-CoA. This screen was also used to evaluate acyl-

CoA specificity for ethyl ester production; the alcohol substrate specificity has been 

characterized with the highest activity reported for isobutyl alcohol (3) and isopentyl 

alcohol (4,22,30). 

Atf1 is known to localize to lipid droplets in S. cervisiae (18) and shows specificity 

towards sterol acetylation (31,32). It has been used to produce ethyl, butyl, isobutyl, 

and isoamyl acetates by whole cell catalysis and fermentation (4,21,30). Atf2 showed 
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similar substrate specificity as Atf1 with preference to octanoly-CoA. It can produce 

0.23±0.03 nmol min-1 of ethyl octanote, 10-fold higher than the rate of ethyl acetate 

synthesis (0.020±0.002 nmol min-1), which suggests that Atf2 may have biological 

function beyond acetylation of sterols.  

Atf-C.m has been characterized in cell-free extracts from ripe melon fruit and it 

exhibited acetylation activity towards several alcohols, including 1-butanol, 1-

hexanol, isopentyl alcohol, and phenylethyl alcohol (33). Recombinant expression of 

AATases from melon have also been studied and showed broad alcohol substrate 

specificity with acetyl-CoA (17). The screening of Atf-C.m from this work confirmed 

acetylation activity with ethanol as a co-substrate. It also exhibited activity towards 

longer chain acyl-CoAs with the highest activity toeards decanoyl-CoA (1.46±0.15 

nmol min-1). Atf-C.m may have higher specific activity than the native S. cerevisiae 

enzymes after normalized with the relative low expression level. This result suggests 

that Atf-C.m could be a useful enzyme for metabolic engineering of medium chain 

esters including butyrates if its expression level could be further improved (5).  

Atf-S.l corresponds to an AATase gene from S. lycopersicum, which was 

previously identified with the NCBI protein data bank under the accession number 

NP_001234496.1 (34). This gene encodes for an enzyme with 442 amino acids, 

which has the putative AATase active site, H-X-X-X-D, beginning at residue 221 

(18). Our group has demonstrated that Atf-S.l is dispersed in the cytosol (18) and has 

activity towards ethyl acetate synthesis (21). AATase activity has also been identified 

in the tomato fruit extracts (35), but the activity and substrate specificity has not been 

studied. The screening results conducted in this work showed that it is active towards 

acyl-CoAs with acyl chain length up to C10 and the highest activity is with hexanoyl-
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CoA (0.326±0.042 nmol min-1). Similar to Atf-C.m, the expression level of Atf-S.l is 

relatively lower than the native S. cerevisiae enzymes, which suggests that it may 

have the highest specific activity in this screened library.  

The substrate specificities for alcohols of Atf1, Atf2, Eht1, Eeb1, and Atf-C.m 

have previously been characterized, but a similar characterization of Atf-S.l has not 

been accomplished yet. Therefore, this coupled enzyme assay was applied to screen 

the acetate ester synthesis activity of Atf-S.l with different primary and secondary 

alcohols with carbon chain lengths up to C5 (Figure 3.3). The screen showed no 

activity for methanol and the secondary alcohol, 2-butanol. Ethanol, 1-propanol, and 

1-butanol were acceptable substrates with activities of 0.11±0.04, 0.12±0.04, and 

0.13±0.04 nmol min-1. Atf-S.l showed higher activity with 0.29±0.03 and 0.15±0.02 

nmol min-1, respectively. It exhibited the highest activity (0.55±0.05 nmol min-1) 

towards 1-pentanol to synthesize pentyl acetate.  

 

3.5  Conclusions 

AATase discovery and protein engineering has been limited because of lacking a 

suitable high throughput screening method. Typically, the activity towards short and 

medium chain volatile ester is measured by headspace GC, while the longer chain 

ester synthesis activity is by GC-MS. In this work, we developed a spectrophotometer 

based coupled enzyme assay which could be used for high throughput screening of 

ester synthesis activity by AATases. The produced CoA-SH by AATase is converted 

to succinyl-CoA by D-KGDH with other saturated substrates. The rate of reducing 

NAD+ to NADH was measured by following the absorbance at 340nm, which enables 

the spectrophotometric measurement of AATase activity. Pyrazole is added to 
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suppress the whole cell lysate background from ADHs. The assay developed in this 

work was used to rapidly screen a library of six AATases with acyl-CoAs ranging 

from C2 to C12 and ethanol as co-substrate. AATase from tomato fruit, Atf-S.l of this 

library, was further characterized for its substrate specificity. It was found to be 

highly active towards ethyl ester synthesis with acyl-CoAs up to decanoyl-CoA and 

be specific to 1-pentanol as a co-substrate. This high throughput assay was used to 

screen short and medium chain ethyl ester synthesis as well as short and medium 

chain acetate ester synthesis. We anticipate that it is also suitable for discovering long 

chain ester synthase and protein engineering.  
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3.8  Figures and Tables 

 

 
Figure 3.1. A coupled-enzyme reaction for determing alcohol-O-
acetyl/acyltransferase (AATase) activity. D-ketoglutarate (D-KG), cystein (Cys), 
and NAD+ are substrates required for D-ketoglutarate dehydrogenase (D-KGDH). 
Pyrazole is a chemical inhibitor of alcohol dehydrogenase (ADH) and is included in 
the assay to suppress background NAD+ reduction activity from S. cerevisiae whole 
cell lysate samples. The rate of ester synthesis by AATase was measured the 
generation of NADH (HNADH,340nm = 6.22 mM-1cm-1).  
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Figure 3.2.  AATase library screening. (A) Heat map of ethyl ester synthesis rates 
from Eht1 (S. cerevisiae), Eeb1 (S. cerevisiae), Atf1 (S. cerevisiae), Atf2 (S. 
cerevisiae), Atf-C.m (C. melo), and Atf-S.l (S. lycopersicum).  All assays were 
performed with the following reaction conditions: 20 mM ethanol, 0.5 mM 
acetyl/acyl-CoA, 2 mM D-KG, 10 mM cystein, 2 mM NAD+, 10 mM MgCl2, and 
0.03 U D-KGDH. Reactions were buffered with 100 mM phosphate, pH 7.4 and  1 Pg 
of whole cell lysate protein was used in each assay. All reactions were performed in 
triplicate. (B) Western blot analysis of protein expression. Anti-myc antibody was 
used to against AATases while anti-GAPDH was used as the loading control.  
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Figure 3.3. Alcohol-O-acyltransferase from tomato fruit (Atf-S.l) has high 
activity towards 1-pentanol as a co-substrate during acetate ester synthesis. All 
reactions were performed in triplicate.  

 
Table 3.1. Strains, plasmids, and AATase genes used in Chapter 3.  
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3.9 Supporting Information 

 
 
Figure S3.1. Pyrazole reduces NADH background activity in whole cell lysates of 
S. cerevisiae. (A) Alcohol dehydrogenase activity (ADH) reduces NAD+ to NADH in 
the presence of ethanol. (B) The addition of 15 mM pyrazole to whole cell lysate 
samples suppresses the background activity (Reaction conditions: 20 mM ethanol, 0.5 
mM acetyl-CoA, 2 mM D-KG, 10 mM cystein, 2 mM NAD+, 10 mM MgCl2, and 
0.03 U D-KGDH, and 100 mM phosphate, pH 7.4). 
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Figure S3.2. Coupled enzyme assay for quantifying short and medium chain 
ethyl ester biosynthesis. (A) Atf1 synthesis of ethyl acetate produced NADH from 
the coupled D-KGDH reaction at a higher rate than the empty vector control. (B) 
Ester biosynthesis assay of Eht1 with ethanol and butyryl-CoA. (C,D) Atf1 and Eht1 
ethyl ester synthesis rates measured by the D-KGDH coupled reaction increased 
linearly with total whole cell lsyate. All assays were performed with the following 
reaction conditions: 20 mM ethanol, 0.5 mM acetyl/acyl-CoA, 2 mM D-KG, 10 mM 
cystein, 2 mM NAD+, 10 mM MgCl2, and 0.03 U D-KGDH, and 100 mM phosphate, 
pH 7.4. One-Pg of whole cell lysate protein was used in the A and B. 
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Figure S3.3. Z' factor analysis of the D-KGDH coupled enzyme assay for AATase 
activity screening. Aft1 synthesis of ethyl acetate from ethanol and acetyl-CoA (solid 
squares), Eht1 synthesis of ethyl butyrate from ethanol and butyryl-CoA (solid 
triangles), and empty vector controls (open circles).  
 

Table S3.1 Primers used to amplify genes. 
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Table S3.2. AATase library screening. Reaction rates of ethyl ester synthesis from 
Eht1 (S. cerevisiae), Eeb1 (S. cerevisiae), Atf1 (S. cerevisiae), Atf2 (S. cerevisiae), 
Atf-C.m (C. melo), and Atf-Sl (S. lycopersicum). Assays contained 1 mg of whole cell 
lysate protein. 
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Chapter 4. Synthetic Protein Scaffolds for Biosynthetic Pathway Co-

Localization on Lipid Droplet Membranes 

 

4.1 Abstract 

Eukaryotes, containing organelles as a distinctive feature from prokaryotes, are able to 

organize metabolic pathways throughout the cell. This organization is often lost when 

engineering pathways, resulting in flux imbalance and loss of kinetic advantages of 

substrate channeling. Here, we develop a protein-based scaffold for co-localizing 

multiple enzymes on the membrane of intracellular lipid droplets (LDs). LD targeting 

protein oleosin and cohesin-dockerin interaction pairs recruited upstream enzymes for 

ester biosynthesis in S. cerevisiae to the native localization of the terminal reaction 

enzyme, alcohol-O-acetyltransferase (Atf1). The effect of colocalization and substrate 

channeling was demonstrated by fluorescence microscopy and Förster Resonance Energy 

Transfer (FRET) studies. With further optimized scaffolds and pathway expression 

levels, the production rate of ethyl acetate in vivo was increased nearly two-fold. This 

strategy can be applied for biocatalysts of which activity are membrane-dependent by co-

localizing and spatially organizing pathway enzymes on LDs.  
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4.2 Introduction 

A defining feature of eukaryotic biochemistry is the spatial organization of metabolic 

pathways in and on membrane-bound organelles. This organization provides potentially 

viable targets for improving the rates of microbial biosynthesis. Key steps in yeast long 

chain fatty acid synthesis and lipid storage are localized to the endoplasmic reticulum 

(ER),(1,2) many plant secondary metabolite pathways that produce valuable 

pharmaceuticals are often organized on vacuole and ER membranes,(3) and the focus of 

this study, yeast ester biosynthesis, localizes to lipid droplets (LDs).(4,5) The 

intracellular organization of these and other membrane-bound pathways is catalytically 

useful. Native multienzyme structures with controlled interenzyme distances and ratios of 

active sites can concentrate metabolites and drive reactions counter to unfavorable 

thermodynamics, isolate toxic intermediates from the rest of the cell, and prevent the loss 

of substrates to alternative pathways.(6,7) When engineering synthetic pathways, the 

benefits of spatial organization are often lost, as differences in eukaryote physiologies 

can disrupt localization and translating pathways to the common bacterial host E. coli or 

other prokaryotes results in a loss of native organelles.  

Metabolic engineering and synthetic biology use genome engineering and pathway 

refactoring tools to optimize flux along targeted biosynthetic pathways by disrupting non-

essential competing pathways, increasing the activity of native and heterologous enzymes 

to alleviate kinetic bottlenecks, and modifying transcription to control pathway 

expression.(8) Enzyme co-localization has emerged as an additional strategy to re-create 

some of the effects of natural spatial organization and introduce substrate (or metabolite) 
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channeling in synthetic pathways.(9,10) Molecular scaffolds with domains that 

selectively bind pathway enzymes can create multienzyme aggregates with high enzyme 

concentrations, minimal distance between active sites, controlled ratios of enzymes, and 

optimized spatial organization.(11) Using intracellular scaffolds of protein-protein 

interaction domains, this strategy has been used to co-localize pathways for mevalonate, 

glucaric acid, and butyrate biosynthesis in E. coli, resulting in 77-, 5-, and 3-fold 

improvements in product titers, respectively.(12-14) Resveratrol and 1,2 propanediol 

titers have also been improved (5 and 4.5-fold, respectively) with plasmid-based DNA 

scaffolds that recruit and co-localize zinc-finger modified multienzyme pathways in E. 

coli.(15) Controlled intracellular assembly of multistep pathways has also been achieved 

with RNA scaffolds. Modified enzymes that bind to aptamers within the scaffold were 

used to created two-, three-, and four-step pathways that enhanced product titers and in 

some cases overall production rates.(16,17) These examples of multienzyme co-

localization are evidence that pathway structure can improve metabolite titers, but the 

scaffolding technologies have been limited to cytosolic organization and are not 

accessible to membrane-bound pathways. The lack of membrane-based scaffolding 

technologies is beginning to be addressed with engineered synthetic lipid-containing 

scaffolds. Lipid/protein particles based on the proteins of lipid-encapsulated 

bacteriophage I6 have recently been used to assemble a two-step biosynthetic pathway in 

E. coli.(18) 

Enhanced product titers from engineered microbes with spatially organized pathways 

are not necessarily the result of equivalent increases in biosynthetic rates. Analysis of in 
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vivo scaffolded pathways points to a range of effects that can produce higher titers. Co-

localization and controlled clustering of enzymes in engineered pathways can benefit 

microbial growth by limiting the concentrations of toxic pathway intermediates,(12,19) 

improve the underlying kinetics of bottleneck enzymes,(13) and minimize metabolic 

burden by enabling low pathway expression-levels.(10,12) Overall reaction rates can also 

be increased: controlled spatial organization can limit parasitic side reactions, enhancing 

flux along the desired pathway;(17) molecular scaffolds can increase local substrate 

concentrations driving higher rates at low substrate concentrations;(20,21) and, enzyme 

proximity can enhance pre-steady state kinetics.(21) The limits of rate acceleration have 

recently been modeled, suggesting that with optimized multienzyme cluster size, 

architecture, and number per cell, up to ~6-fold enhancements in the rate of two-step 

pathways are possible.(22)  

To take advantage of the benefits of spatial organization with membrane-bound 

pathways we engineered a protein scaffold in yeast to co-localize the ester biosynthesis 

pathway on the outer membrane surface of intracellular LDs. In yeast fermentations, low 

concentrations of short and medium chain volatile esters are synthesized through the 

condensation of an alcohol and acetyl-CoA by alcohol-O-acetyltransferase (AATase; 

Figure 4.1a). The produced esters (e.g., ethyl and isoamyl acetate, among others) are 

responsible for the distinctive smells of yeast fermentations and are industrially useful as 

solvents and flavor and fragrance compounds. The predominant AATase for short chain 

ester synthesis in S. cerevisiae is Atf1, with contributions from Atf2.(23) Atf1 and -2 are 

membrane-associated proteins that localize to the ER and traffic to LDs during the 
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stationary phase.(4) Heterologous expression of Atf1 and -2 as well as AATases from 

other yeasts and fruit results in a loss of membrane localization and the formation of low 

activity aggregates in the cytosol.(24) Overexpression in S. cerevisiae does not disrupt 

native localization and maintains high Atf activity. Upstream enzymes in the acetyl-CoA 

branch of yeast ester biosynthesis, aldehyde dehydrogenase (Ald6) and acetyl-CoA 

synthetase (Acs1), are naturally segregated from Atf1, localizing to the cytosol (Ald6 and 

Acs1) and mitochondria (Acs1).(25-27) We reasoned that the spatial organization of 

upstream enzymes around the native intracellular localization of the terminal reaction 

step, Atf1, would produce high local enzyme concentrations and limit crosstalk with 

other metabolic pathways, thus increasing pathway flux and the conversion of 

intracellular acetyl-CoA to ethyl acetate under ethanol producing fermentation 

conditions. 

The re-localization of enzymes from their native targets to LDs requires a localization 

tag that can be fused to target proteins. Oleosin was identified to localize to yeast LDs 

under fermentation conditions (Figure S4.1). The oleosin domain formed the basis of a 

synthetic protein scaffold of cohesin and dockerin protein-protein interaction domains 

that was able to co-localize native S. cereisiae Ald6 and Acs1 with Atf1 on LDs (Figure 

4.1b). Fluorescence microscopy and Förster Resonance Energy Transfer (FRET) studies 

showed that the enzymes are tightly clustered on LDs and in vitro kinetic analysis 

revealed increased rates of ethyl acetate synthesis due to co-localization. To rapidly 

optimize scaffold and pathway expression and structure, we used a colorimetric assay for 

ethyl acetate biosynthesis and screened a combinatorial library of scaffolds with a series 
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of different strength promoters to drive enzyme and scaffold expression. This approach 

enabled us to re-localize upstream pathway enzymes around the native LD-localization of 

Atf1 and demonstrate the effects of co-localization on pathway flux and ethyl acetate 

fermentation titers. 

 

4.3 Methods 

Strains and culture conditions 

All E. coil and S. cerevisiae strains used in this work are summarized in Table 4.1. All 

modified yeast strains were derived from BY4742. E. coli DH5D and BL21(DE3) used 

for molecular cloning and protein expression, respectively. E. coli was grown in Luria 

Broth (LB) (Sigma) medium containing 50 Pg mL-1 ampicillin (Fisher) for cloning 

experiment and 50 Pg mL-1 kanamycin (Fisher) for HA-myc-GFP-(His)6 expression. All 

S. cerevisiae BY4742 strains were grown in synthetic complete medium (SC) containing 

0.67% yeast nitrogen base (Bacton-Dickinson), amino acid supplements (Sunrise and 

Sigma), and 2% glucose (Sigma).  

Plasmid and yeast strain construction  

The plasmids used in this study are listed in Table 4.2. All heterologous genes were 

codon optimized for expression in S. cerevisiae by IDT codon optimization tool and 

synthesized by a gene assembly method.(28) DNA sequences of heterologous genes are 

provided in Table 4.3. Yeast genes, promoters, and terminators were amplified from 

genomic DNA. The peptide tags used for western blot were incorporated into proteins by 

including the DNA sequence in the appropriate PCR amplification primers.  
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Synthetic scaffolds, Ole-C1-C2 and its variants, were assembled from oleosin,(29) X82 

(C1),(30) and cohesin (C2).(31) Enzyme-dockerin and enzyme-fluorescent protein-

dockerin fusions were assembled via OE-PCR. The resulting fragments were cloned into 

either pRS426-PPGK1-TPGK1 at SacII and SpeI sites or p413-PGPD at SpeI and XhoI sites. 

pRS426-PPGK1-Oleosin-Cohesin (C2)-YFP-TPGK1 was constructed with an insertion of 

YFP at NotI and SpeI sites and Oleosin-Cohesin (C2) at SacII and NotI sites. pRS426-

PPGK1-ATF1-DsRed-TPGK1 was constructed with an insertion of ATF1 at SacII and NotI 

sites and DsRed at NotI and SpeI sites of pRS426-PPGK1-TPGK1. Plasmids for 

overexpression of the pathways were assembled in either pRS316 or pRS426 by 

transforming promoters, genes, and terminators to S. cerevisiae through DNA 

assembler.(32)  

The combinatorial library for pathway optimization included synthetic scaffolds with 

2- and 3-cohesin (C2) domains and a second copy of Acs1. Both the scaffold and Acs1 

were combined with a series of differed promoters. Oleosin-X82 (C1)-cohesin (C2) was 

extended with 1- or 2-copies of cohesin (C2) at 3’ end by Gibson assembly. Casettes that 

included the additional copy of Acs1 and the scaffolds were also assembled by Gibson 

assembly. The resulting genetic components were transformed into S. cerevisiae for 

assembly by the DNA assembler moethod.(32) Pathway vectors constructed by yeast 

homologous recombination were isolated by ZymoprepTM Yeast Plasmid Miniprep I kit. 

Isolated plasmids were transformed into E. coli, amplified, and sequenced. A second 

chromosomal copy of ATF1 was integrated at the yprc'15 locus of chromosome 16 by 

homologous recombination. The cassette included the LEU2 marker amplified from 
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pRS315, PTDH3, ATF1, and TTEF2, which were assembled into pRS316. Finally, epitope-

tagged GFP was constructed with a forward primer containing HA and myc tags and a 

reverse primer containing His tag. The resulted fragment was cloned into pET29 between 

XbaI and XhoI sites. 

Fluorescence microscopy and FRET analysis 

Cells were imaged using an Olympus BX51 microscope (UPlanFL 100X 1.30 oil-

immersion objective lens, mercury lamp) and fluorescence micrographs were captured by 

a Q-Imaging Retiga Exi CCD camera. Images were processed using CellSens Dimension 

1.7 software (Olympus). In all cases, at least three cell populations were analyzed and 

images representative of the cell populations are shown. FRET analysis was 

accomplished using confocal laser microscopy (Leica SP5; Bannockburn, IL) on cells 

that had reached stationary phase by the quantitative acceptor photobleaching method. 

Pre- and post-bleaching images were captured with CFP excitation at 458 nm and YFP 

excitation at 514 nm using an argon laser and appropriate emission bands. The acceptor 

was bleached with high intensity at 514 nm and donor intensity in the region of interest 

was compared before and after acceptor bleaching. FRET efficiency (EFRET) was 

calculated on a pixel-by-pixel basis as EFRET = 1-(Dpre/Dpost). Positive FRET occurred if 

acceptor bleaching resulted in increased donor fluorescence. 

Preparation of cell lysates  

Yeast cells harboring expression plasmids were cultured to early stationary phase in 

50 mL SC-Ura in 250 ml baffled flasks. Cells were harvested by centrifugation at 3,500 

rpm for 5 min at 4 °C, and washed twice with 100 mM potassium phosphate buffer (pH 
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7.4) containing 2 mM MgCl2. Equal volumes of wet cell pellets and 425-600 μm 

diameter acid-washed glass beads (Sigma-Aldrich) were added to a 15 mL tube and 

resuspended in 1 mL ice-cold lysis buffer (100mM potassium phosphate buffer, 2 mM 

MgCl2, 2 mM dithiothreitol (DTT), and protease inhibitor cocktail (Roche), pH7.4). Cells 

were disrupted by vortexing 10 times for 30 s. After each vortexing, the suspension was 

kept on ice for 30 s. Beads were removed by centrifugation at 500g for 5 min at 4 °C and 

the supernatant was transferred to a pre-cooled 1.5 mL tube. Cell lysate protein 

concentrations were determined by a commercially available assay (Pierce 660 nm 

Protein Assay, Thermo Fisher) and quantified with Nanodrop 2000c. 

Enzyme and pathway activity assays 

Aldehyde dehydrogenase (Ald6) and acetyl-CoA synthetase (Acs1) activity assays 

were conducted as previously described.(33) Aldehyde dehydrogenase activity reaction 

mixtures containing 0.4 mM DTT, 10 mM MgCl2, 0.4 mM NADP+, 15 mM pyrazole, and 

100 mM potassium phosaphate buffer (pH 8.0) were used with 1-5 Pg cell lysate protein. 

Reactions were initiated with 0.1 mM acetaldehyde. To determine the activity of acetyl-

CoA synthetase, reactions consisting of 10 mM malate, 8 mM ATP, 1 mM NAD+, 10 

mM MgCl2, 3 U malate dehydrogenase (Sigma), 0.4 U citrate synthase (Sigma), and 100 

mM potassium phosphate (pH 7.4) were used with 1-5 Pg cell lysate protein. Reactions 

were initiated with 0.2 mM CoA-SH and 10 mM potassium acetate.  

To evaluate pathway efficiency from acetyl-CoA synthetase (Acs1) to alcohol 

acetyltransferase (Atf1), reaction mixtures containing 10 mM MgCl2, 500 mM ethanol, 8 

mM ATP, 1 mM CoA, and 100 mM potassium phosphate (pH 7.4) were used with 5 Pg 
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cell lysate protein. Reactions were initiated with 100 mM potassium acetate and were 

allowed to continue for 5 min. 1 g NaCl was used to stop the reaction and produced ethyl 

acetate was quantified by headspace gas chromatography (GC). To evaluate pathway 

efficiency from aldehyde dehydrogenase (Ald6) to acetyl-CoA synthetase (Acs1), 

reaction mixtures containing 10 mM MgCl2, 0.4 mM DTT, 0.4 mM NADP+, 8 mM ATP, 

15 mM pyrazole, 0.5 mM CoA and 100 mM potassium phosphate (pH 7.4) were used 

with 5 Pg cell lysate protein. Reactions were initiated by adding 0.1 mM acetaldehyde 

and stopped by adding perchloric acid to a final concentration of 1 M. Samples were 

neutralized with KOH and the resulting solutions were analyzed by the acetyl-CoA Assay 

Kit (Sigma-Aldrich). All reaction assays were completed with a minimum of three 

replicates. In all cases the mean and standard deviation are presented. 

Protein expression analysis 

Western blots were performed using standard procedure. Briefly, 5 Pg cell lysate 

protein were loaded on Any kDTM or 7.5% Mini-PROTEAN® TGXTM Gel (Bio-Rad) and 

run at 150 V for 30 to 60 min. Samples were electrophoretically transferred overnight to a 

PVDF membrane at 25 V. Membranes were blocked with 5% non-fat milk in Tris buffer 

saline with TWEEN-20 (TBST) buffer for 1 h at room temperature, washed, and 

incubated with primary antibody in TBST with 1% non-fat milk for 1 h. Secondary 

antibody in TBST with 1% non-fat milk was applied, and incubated at room temperature 

for 0.5 h. After washing with TBST, Immobilon Western HRP Substrate (Millipore) was 

used for signal detection and UN-SCAN-IT gel 6.1 software was used to quantify band 

intensity. The following antibodies were used: rabbit anti-HA (71-5500; Invitrogen), 



 85 

mouse anti-His (A00186-100; Genescript), rabbit anti-V5 (V8137, Sigma), rabbit anti-

myc (C3956; Sigma), mouse anti-GAPDH (MA5-15738; Thermo Fisher Scientific), goat 

anti-rabbit IgG-HRP (65-6120; Invitrogen), goat anti-mouse IgG-HRP (31430; Thermo 

Fisher Scientific).  

UV-Vis ester detection assay and library screening  

A colorimetric assay based on the stoichiometric conversion of esters to a ferric 

chelate complex was developed for rapid library screening.44 Briefly, hexane extracted 

ethyl acetate was first reacted with alkaline hydroxylamine to produce hydroxamic acid 

and ethanol. The hydroxamic acid product was subsequently reacted with ferric ions to 

form a ferric chelate complex with strong absorbance at 520 nm. Alkaline hydroxylamine 

solutions were prepared by combining equal volumes of 2.5% (w/v) solutions 

hydroxylaminexHCl and sodium hydroxide in 95% ethanol. Ferric perchlorate stock 

solutions (0.8% v/v) were prepared by combining ferric chloride dissolved in 75% 

perchloric acid and deionized water. Ferric perchlorate working solutions were prepared 

from stock solutions by diluting 20 times in absolute ethanol. The colorimetric assay was 

performed by mixing 150 PL of hexane-extracted ethyl acetate and with 50 Pl of alkaline 

hydroxylamine solution and allowing the reaction to proceed for 10 mins at room 

temperature. The produced hydroxamic acid was reacted with ferric perchlorate working 

solutions for 5 min to form ferric chelate complex. Ethyl acetate quantification was 

accomplished by measuring the absorbance of the ferric chelate complex at 520 nm and 

comparing to a standardized calibration curve.  
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Single colonies were cultured overnight at 250 rpm and 30 qC in 2 mL of SC -Ura 

with 2% glucose in 14 mL culture tubes. Overnight cultures were transferred to 3 mL SC 

-Ura with 10% glucose in 15 mL conical tubes with a starting OD600 of 0.05. 

Fermentations continued for 24 h at 250 rpm and 30 qC. Post fermentation, 50 PL of 

culture was withdrawn for OD600 measurement and ethyl acetate was extracted with 3 mL 

hexane. Extraction was conducted with a rotary shaker (MAXQ 2508) for 10 min with 

vigorous mixing. 1.4 mL of the mixtures was transferred to microcentrifuge tubes and 

13,000 rpm was used to separate the hexane and aqueous phases. Ethyl acetate extracted 

in the top layer was withdrawn and quantified using the developed colorimetric assay in 

96-well microplates.  

Ethyl acetate fermentations 

Single colonies were inoculated into 2 mL SC -Ura and with 2% glucose in 14 mL 

culture tubes and grown overnight at 250 rpm and 30 qC. Overnight cultures were 

transferred to 20 mL SC -Ura with 2% glucose in 50 mL conical tubes. The cultures were 

initiated with OD600 of 0.05 cells, and fermented for 24 h at 250 rpm and 30 qC. 1.4 mL 

fermentation culture was transferred to a microcentrifuge tube, centrifuged at 13,000 rpm, 

and 1 mL fermented broth was harvested and transferred to a 10 mL glass vial (Fisher) 

for GC analysis. 1 g NaCl was added to the sample and 50 mg L-1 pentanol was used as 

the internal standard.    

Gas chromatography analysis 

Ethyl acetate was quantified by a headspace gas chromatography (GC) with a flame 

ionization detector (FID) (Agilent Technologies 7890A GC with CTC-PAL headspace 
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mode injector). The separation of volatile compounds was carried out by Rtx®-WAX 

column (30 m, 0.32 mmID, 5 mm film thickness; RESTEK) with helium as carrier gas. 

The GC oven temperature was initially held at 30 °C for 7 min and increased with a 

gradient of 50 °C/min until 200 °C, and the held for 4 min. The FID was held at 250 °C. 

1 ml headspace gas was injected to the GC with 10:1 split ratio, and 1-pentanol was used 

as internal standard. 

 

4.4 Results  

Spatial organization of a multi-enzyme pathway co-localized to LDs 

Theoretical and experimental analysis of substrate channeling in coupled enzyme 

reactions suggests that the distance between enzyme anchor points should be less than ~5 

nm to produce significant enhancements in catalysis.(34) The flexibility of the cohesion-

based protein scaffold prevents accurate calculation of the distance between immobilized 

Ald6-D1, Acs1-D2, and LD-localized Atf1, as such we quantified pathway organization 

by FRET microscopy (Figure 4.2). Acceptor photobleaching experiments showed that 

scaffold-bound Ald6-YFP-D1 and Acs1-CFP-D2 maintained a FRET efficiency of 

13±4%, while a CFP-tagged scaffold and YFP-tagged Atf1 had an efficiency of 15±2% 

(< 4.5 nm average interenzyme distance).(35,36) Control experiments with cytosolic YFP 

and CFP tagged scaffold did not produce a positive FRET signal. The interenzyme 

distances achieved with the LD scaffold are sufficient to produce an effect of metabolic 

channeling and are comparable to a LD-localized CFP-YFP fusion, which produced a 

FRET efficiency of 37±4% (< 3 nm average interenzyme distance). 
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Enzyme co-localization accelerates acetyl-CoA and ethyl acetate biosynthesis rates 

The scaffold Ole-C1-C2, Acs1-D2, and Ald6-D1 were co-expressed from a single copy 

number expression vector, while ATF1 was integrated in the genome at the yprc'15 locus 

on Chr XVI, a previously characterized high expression integration site.(37) PTEF1, PTDH2, 

PTDH3, and PADH1 constitutive promoters were used to transcribe ACS1-D2, ALD6-D1, 

ATF1, and OLE-C1-C2, respectively. Preliminary experiments testing the effect of 

episomal pathway expression showed reduced Atf1 expression when Ole-C1-C2 was co-

expressed (Figure S4.2). Variable enzyme expression levels in the presence and absence 

of the scaffold would complicate analysis of the co-localization effect, thus ATF1 was 

integrated in the genome resulting in normalized pathway expression levels. 

To demonstrate the effects of pathway co-localization we first evaluated acetyl-CoA 

and ethyl acetate biosynthesis from two-step pathways (Ald6/Acs1 and Acs1/Atf1, 

respectively). Cell lysates prepared from stationary phase cultures were equilibrated with 

pathway substrates and cofactors (ATP, CoA-SH, and NADP+ for Ald6/Acs1; ethanol, 

ATP, and CoA-SH for Acs1/Atf1) and reactions were initiated by the addition of 

acetaldehyde (Ald6/Acs1) and acetate (Acs1/Atf1). To confirm that LDs remained intact, 

cell lysates containing Ole-CFP were prepared in parallel and LD morphology was 

confirmed by fluorescence microscopy (Figure S4.3). S. cerevisiae with integrated ATF1 

produced 85±20 nmol min-1mg-1of acetyl-CoA from natively expressed Ald6 and Acs1 

(Figure 4.3b). The rate of acetyl-CoA synthesis was 93±15 nmol min-1mg-1 when Ald6-

D1 and Acs1-D2 were overexpressed. Co-localization of the pathway enzymes on LDs 

with the co-expression of the Ole-C1-C2 scaffold increased the rate of acetyl-CoA 
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production to 159±8 nmol min-1mg-1, 1.8-fold enhancement over the control strain and 

unassembled pathway. Similarly, the rate of the last two reaction steps of ethyl acetate 

biosynthesis, Acs1/Atf1, increased 2.9 and 1.9-fold over the control strain and 

unassembled pathway, respectively (Figure 4.3c; ATF1 integrated control, 14±1 nmol 

min-1mg-1; unassembled control, 21±0.4 nmol min-1mg-1; and, co-localized pathway, 

40±2 nmol min-1mg-1). Western blot analysis of the expressed pathway and scaffold 

revealed that enzyme levels were consistent across the tested strains (Figure S4.4).  

A traditional test for substrate channeling is the competition for pathway intermediates 

by an orthogonal reaction.(6,7) Competing side reactions reduce the overall pathway 

reaction rate by consuming pathway intermediates that diffuse to the bulk solution. The 

effect of substrate channeling is protection against competing reactions and an increase in 

the rate of the co-localized pathway. The cell lysate assays shown in Figure 4.3 inherently 

create a test for channeling because natively expressed enzymes (e.g., pyruvate 

dehydrogenase, citrate synthase, and acetyl-CoA synthetase-2, among others) compete 

for the acetate, CoA-SH, and acetyl-CoA intermediates of the Ald6/Acs1 and Acs1/Atf1 

coupled reactions. The rates of the Ald6/Acs1 and Acs1/Atf1 reactions increased when 

co-localized on the LD-membrane while enzyme levels remained constant in comparison 

to the unassembled pathways, thus providing evidence of substrate channeling along the 

structured ethyl acetate biosynthesis pathway.  

Optimizing pathway architecture and expression enhances ester biosynthesis 

The in vitro kinetic analysis of the assembled and un-assembled pathways provided 

evidence that co-localization of Ald6-D1, Acs1-D2, and Atf1 enhanced the rate of ethyl 
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acetate biosynthesis. To optimize pathway flux, we created a combinatorial library of the 

pathway by varying scaffold design and promoter strength. Kinetic analysis of Acs1-D2 

and Ald6-D1 suggested that Acs1 activity was limiting (Figure 4.3). Western blot analysis 

of the expressed pathway supports this conclusion. Comparison of Ald6-D1, Acs1-D2, 

and Atf1 expression levels relative to a GFP standard revealed low Acs1-D1 expression 

(Figure S4.5). In light of these results, our optimization strategy focused on increasing 

Acs1-D2 expression and varying the ratio of Acs1-D2 to Ald6-D1 on the LD-localization 

scaffold. A library of 60 pathway variants was created by homologous recombination in 

S. cerevisiae as previously described.(32) The design of the genetic constructs and 

pathway variants are shown in Figure 4.4a. A second copy of Acs1-D2 with different 

strength promoters (PPGK1, PCCW12, PHXT7, and PADH1) was included to increase 

expression. LD-localized pathway stoichiometry was varied by expressing scaffolds with 

one, two, and three copies of C2 (cohesin from Clostridium thermocellum that 

corresponds to the D2 dockerin fused to Acs1), while scaffold expression was altered with 

a second promoter series (PRNR1, PPGI1, PRPL188, PREV1, and PADH1). Pathway naming 

followed the convention of PxPySz where Px refers to the promoter of Acs1-D2, Py refers 

to the scaffold promoter, and Sz refers to scaffold design. 

The genetic constructs of each library member were transformed into S. cerevisiae 

with the previously integrated copy of Atf1 and five randomly selected colonies of each 

pathway variant were independently screened (Tables S4.1). Screening was accomplished 

with a UV-Vis based ester quantification assay (Figure S4.6).(38) Analysis of the 

screened library supports our hypothesis that Acs1 activity was likely limiting. Colonies 
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that produced ethyl acetate three or more standard deviations above the library average of 

46.6 mg L-1 had scaffolds with two or three C2 domains (Figure 4.4b). This subset 

included P2P5S3, P4P3S2, P4P5S3, P1P3S3, P2P4S3, and two colonies of P4P4S3. The highest 

producing colony, P2P5S3, expressed Ole-C1-3C2 from the strong Adh1 promoter and 

Acs1-D2 from a CCW12 promoter, and generated 84.5 mg L-1 of ethyl acetate over a 24 

hour period. The control pathway, P0P5S1 (the construct evaluated in vitro; Figure 4.3) 

produced 33.6 mg L-1 of ethyl acetate, two standard deviations below the library average. 

To better evaluate the optimized pathway, the high producing P2P5S3 construct was 

isolated, amplified, and re-transformed to the ATF1 integrated strain of S. cerevisiae. 

Sequencing of the isolated plasmid confirmed that the pathway was assembled as 

designed and western blot analysis confirmed expression of all parts of the pathways 

(Figure S4.7). The re-transformed P2P5S3 pathway produced 14.8 mg L-1 OD-1 of ethyl 

acetate, productivity significantly greater than the control pathways with and without the 

expression of the scaffold (Figure 4.4c). Expression of an oleosin-only scaffold (P2P5Sole) 

that did not bind Ald6-D1 and Acs1-D2 produced 8.5±0.8 mg L-1 OD-1 of ethyl acetate. 

Similar ethyl acetate productivity was observed in the absence of the scaffold (P2P5S0; 

8.5±0.9 mg L-1 OD-1) and with the un-optimized scaffold (P0P5S1; 8.3±0.1 mg L-1 OD-1). 

Importantly, enzyme expression levels remained consistent across the tested pathway 

variants (Figure S4.7). It is interesting to note that the co-localization effect was 

significantly enhanced with the optimized scaffold architecture. A comparison of the 

scaffold-less controls and their corresponding scaffold samples (i.e., P2P5S0 vs. P2P5S3 

and P0P5S0 vs. P0P5S1) revealed that the optimized scaffold increased ethyl acetate 
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productivity by 1.7-fold, while the effect was limited a >5% increase in the un-optimized 

case. Combined, the library screening results, GC analysis of the optimized and control 

pathways, along with the results of the in vitro analysis of the pathway in the presence 

and absence of the scaffold support the conclusion that the re-localization of upstream 

enzymes to the native localization of Atf1 increased the rate of ester biosynthesis. 

 

4.5 Discussion 

Enzyme co-localization is proving to be an effective tool for metabolic engineering. 

By mimicking substrate channeling effects that occur in natural multienzyme complexes 

and bifunctional enzymes (e.g., malate dehydrogenase-citrate synthase, key steps in the 

TCA cycle that electrostatically channel pathway intermediates between active sites(39)) 

engineered intracellular scaffolding can enhance the rates and titers of microbial 

biosynthesis.(12-17,19,22) In this work, we open this concept to pathway spatial 

organization on LD membranes by enhancing the productivity and rate of ethyl acetate 

biosynthesis in S. cerevisiae. Re-localizing upstream enzymes that naturally localize to 

the cytosol (Ald6 and Acs1) and mitochrondria (Acs1) to the outer surface of LDs —the 

natural localization of the terminal ester biosynthesis step, Atf1— produced a clustered 

three-step pathway that channels key intermediates. We targeted ester biosynthesis as the 

LD-localization of Atf1 is necessary for high alcohol acetyltransferase activity,(24) but 

we anticipate that this and similar technologies may be applicable to other biosynthetic 

and signaling pathways with essential steps localized to intracellular membranes and 

compartmentalized in organelles.  



 93 

FRET microscopy and in vitro kinetic analysis of the LD-assembled pathway revealed 

that the nanometer spacing between co-localized enzymes (Figure 4.2) increased pathway 

rate (Figure 4.3). When measure in vitro, the rates of both the up- and downstream 

coupled enzyme reactions (Ald6/Acs1 and Acs1/Atf1) increased nearly 2-fold when 

assembled on LDs. Due to the presence of natively expressed enzymes competing for 

pathway intermediates (CoA-SH, acetyl-CoA, and acetate), the cell lysate assays are 

evidence of substrate channeling: pathway rates increased when co-localized in the 

presence of competing reaction.(6,7) The rate advantage was partially maintained during 

fermentation once the scaffold was optimized. With optimized scaffold architecture and 

pathway expression levels the rate of ethyl acetate production on a per cell basis was 1.7-

fold above the unassembled control (Figure 4.4), an enhancement comparable to those 

achieved by cytosolic scaffolding. For example, protein scaffolding of a three-step 

glucaric acid pathway in E. coli increased rate by 5-fold, in part due to pathway co-

localization and in part due to activation of the bottleneck enzyme (myo-inostiol 

oxygenase; MIOX).(13) Cytosolic scaffolding of a threonine pathway in E. coli enhanced 

the production rate by ~50% while improving growth kinetics.(19) With respect to rate 

enhancement, the example of mevalonate production in E. coli stands out.13 Co-

localization of acetoacetyl-CoA thiolase (AtoB), hydroxy-methylglutaryl-CoA synthase 

(HMGS), and hydroxymethylglutaryl-CoA reductase (HMGR) produced a 77-fold 

increase in mevalonate titer over a 96-hour period in comparison to an unassembled 

control. This increase in titer resulted from a combination of effects including improved 

growth kinetics and improved rate. As a point of comparison, a 50-fold increase in 
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reaction rate of a typical enzyme catalyzed reaction (Ea ~50 kJ mol-1) requires a 

temperature input of ~75 qC equivalent to fermentations above 100 qC, suggesting that in 

this case rate enhancement is only part of the overall co-localization effect. In our ester 

biosynthesis example, localizing ethyl acetate production to LDs did not affect cell 

growth (Table S4.1) but by controlling the flux of central metabolites (acetate, acetyl-

CoA and CoA-SH) along an artificially structured pathway we were able to increase the 

rate of production on a per cell basis by ~2-fold.  

Yeast fermentation naturally produces small quantities of esters including ethyl acetate 

as well as isoamyl and phenylethyl acetate.(23) Translating Atf1-based pathways from 

yeast to E. coli has enabled the biosynthesis of a range of short and medium chain 

volatile esters including isobutyl acetate, isoamyl acetate, and butyrate esters.(40-42) 

Ethyl acetate has also been produced, but rates and specific productivities have been 

limited.(24,40) Fermentation for 24-hours with overexpressed Atf1 in E. coli produced 

1.8 mg L-1OD-1.23 Chromosomal overexpression of ATF1 in S. cerevisiae produced only 

~0.2 mg L-1OD-1 over the same time period (Figure 4.4c). Optimization of pathway 

expression levels and localization to LDs in yeast increased productivity to nearly 15 mg 

L-1OD-1. 

By using cell localization and protein-protein interactions domains we engineered an 

enzyme co-localization scaffold that assembles the final three reactions steps of yeast 

ester biosynthesis on intracellular LDs. Re-organizing pathway enzymes and controlling 

the architecture of co-localization and optimizing expression level increased the rate of 

ethyl acetate fermentation. This is a possible strategy for engineering the flux of 
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metabolites down natural and synthetic metabolic pathways with controlled intracellular 

localizations and targeting lipid modifying enzymes to the intracellular location of lipid 

storage, LDs. 
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4.8 Figures and Tables 

 
 

 
Figure 4.1. Pathway co-localization on intracellular LD membranes in S. cerevisiae. 
(a) Ethyl acetate biosynthesis in S. cerevisiae and the subcelluar localization of aldehyde 
dehydrogenase (Ald6), acetyl-coA synthetase (Acs1), and alcohol-O-acetyltransferase 
(Atf1). Abbreviations: Cyt, cytosol; Mt, mitochondria; ER, endoplasmic reticulum; and, 
LD, lipid droplet. (b) A schematic diagram of the scaffolding strategy, co-localizing Ald6 
and Acs1 with Atf1 on LDs via a membrane bound protein scaffold.  
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Figure 4.2. FRET microscopy and quantitative analysis of multienzyme co-
localization. Stationary phase cells expressing scaffold-bound Ald6-YFP-D1 and Acs1-
CFP-D2, Ole-C1-C2-CFP and Atf1-YFP, Ole-C1-C2 with C-terminally fused CFP-YFP, 
and Ole-C1-C2-CFP with cytosolically expressed YFP were imaged and analyzed. Phase 
contrast micrographs and fluorescence images of the CFP donor, YFP acceptor, and raw 
FRET signal are shown. CFP signal is shown in green (Ex/Em: 426-450nm/502-538nm), 
YFP signal is shown in yellow (Ex/Em: 488-512nm532-554nm), and the FRET signal is 
shown in blue (Ex/Em:426-450nm/532-554nm). FRET efficiency was quantified using 
the Leica SP5 FRAP (fluorescence recovery after photobleaching) protocol with acceptor 
fluorescence photobleached to ~10% of its initial value. Presented data represents the 
mean and standard deviation of five samples. The scale bar represents 1 μm. 
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Figure 4.3. In vitro evaluation of pathway activity from Ald6 to Acs1 and Acs1 to 
Atf1. (a) Genetic constructs used to overexpress pathway genes. (b) Catalytic reactions of 
Ald6 and Acs1, and the overall pathway activity converting acetaldehyde to acetyl-CoA. 
(c) Catalytic reactions of Acs1 and Atf1, and the overall pathway activity converting 
acetate to ethyl acetate. The mean and standard deviation are shown (n=3).  
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Figure 4.4. Optimizing ester biosynthesis pathway structure. (a) Genetic constructs 
and nomenclature of the combinatorial library used for pathway expression. (b) 
Histogram of ethyl acetate titers from the pathway library. The titers were quantified by 
the colorimetric assay described in the Method section. (c) Specific productivity of ethyl 
acetate from 24 hr fermentations with strains expressing the pathway without a scaffold 
(P0P5S0), with scaffold (P0P5S1), with optimized scaffold (P2P5S3), without the optimized 
scaffold (P2P5S0), and with an oleosin-only scaffold (P0P5Sole). The titers were quantified 
by GC-FID. The mean and standard deviation are shown (n=3).  
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Table 4.1. Strains used in Chapter 4. 

Strains Genotype Source 

E. coli DH5α 
F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 
endA1 hsdR17 (rK–, mK+) 

Life 
technologies 

  phoA supE44 λ– thi-1 gyrA96 relA1  
   
S. cerevisiae 
BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 

GE 
Healthcare  

YS419 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yprcΔ15::LEU2-PTDH3-ATF1-myc-TTEF2 this study 

YS724 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yprcΔ15::LEU2-PPGK1-YFP-TTEF2 this study 

YS750 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yprcΔ15::LEU2-PPGK1-ATF1-YFP-TTEF2 this study 
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Table 4.2. Plasmids used in Chapter 4.   

Plasmid Description Source 

pIW7 pRS426  GE Healthcare 

pIW147 pRS426-PPGK1-Oleosin (1-186)-CFP-TPGK1 this study 

pIW617 
pRS316-Ald6-YFP-Doc (Cp)-Acs1-CFP-Doc (Ct)-
Oleosin-Coh (Cp)-Coh (Ct) this study 

pIW618 pRS316-Oleosin-Coh (Cp)-Coh (Ct)-CFP this study 

pIW619 pRS316-Oleosin-Coh (Cp)-Coh (Ct)-CFP-YFP this study 

pIW310 
pRS316-PTEF1-ACS1-HA-Doc (Ct)-TPRM9-PTDH2-
ALD6-(His)6-Doc (Cp)-THXT7- this study 

 PADH1-Oleosin-X82 (Cp)-Coh (Ct)-V5-TTPI1  

pIW313 
pRS316-PTEF1-ACS1-HA-Doc (Ct)-TPRM9-PTDH2-
ALD6-(His)6-Doc (Cp)-THXT7 

this study 

pIW395 
pRS316-PCCW12-ACS1-HA-Doc (Ct)-TTPI1-PTEF1-
ACS1-HA-Doc (Ct)-TPRM9- this study 

 
PTDH2-ALD6-(His)6-Doc (Cp)-THXT7-PADH1-Oleosin-
Coh (Cp)-Coh (Ct)-Coh (Ct)-Coh (Ct)-TCYC1  

pIW203 pRS426-PPGK1-Atf1-myc-TTEF2  

pIW254 
pRS426-PTEF1-Oleosin-X82 (Cp)-Coh (Ct)-TTPI1-
PPGK1-Atf1-myc-TTEF2- this study 

 
PTPI1-ACS1-HA-Doc (Ct)-TCYC1-PTDH2-ALD6-(His)6-
Doc (Cp)-THXT7  

pIW255 
pRS426-PPGK1-Atf1-myc-TTEF2-PTPI1-ACS1-HA-Doc 
(Ct)-TCYC1-PTDH2-ALD6-(His)6-Doc (Cp)-THXT7 

this study 

pIW147 pRS426-PPGK1-Oleosin (1-186)-CFP-TPGK1 this study 

pIW185 pET29-HA-myc-GFP-(His)6 this study 

pIW306 pRS316-LEU2-PTDH3-ATF1-myc-TTEF2 this study 
pIW615 pRS316-LEU2-PGK1p-YFP-TEF2t this study 
pIW616 pRS316-LEU2-PGK1p-ATF1-YFP-TEF2t this study 

pIW800 pRS316-PCCW12-ACS1-HA-Doc (Ct)-TTPI1-PTEF1-
ACS1-HA-Doc (Ct)-TPRM9- this study 

 PTDH2-ALD6-(His)6-Doc (Cp)-THXT7  

pIW801 pRS316-PCCW12-ACS1-HA-Doc (Ct)-TTPI1-PTEF1-
ACS1-HA-Doc (Ct)-TPRM9- this study 

  PTDH2-ALD6-(His)6-Doc (Cp)-THXT7-PADH1-Oleosin-
TCYC1   
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Table 4.3. DNA sequences of protein parts including oleosin, cohesin, and dockerin 
used in Chapter 4. Numbers indicated in parentheses are amino acid sequences used 
from given proteins. 

 
Oleosin (1-186) ACG49220.1 
ATGGCTGATA GAGATAGGTC TGGTATTTAT GGGGGTGCTC ACGCGACTTA TGGTCAACAA 
CAGCAACAAG GTGGAGGTGG TAGGCCAATG GGTGAACAAG TTAAAGGTAT GTTGCATGAT 
AAAGGTCCAA CTGCTTCTCA AGCTTTGACT GTGGCTACTT TGTTTCCATT GGGTGGGCTT 
TTGTTGGTTT TGTCTGGTTT GGCCTTGACT GCGTCTGTGG TCGGTTTAGC TGTTGCTACA 
CCTGTTTTCT TGATTTTTTC TCCGGTTTTG GTTCCAGCTG CACTATTGAT TGGTACTGCT 
GTTATGGGTT TTTTGACTAG TGGTGCTTTG GGTTTGGGCG GTTTGTCTAG TTTGACATGT 
TTGGCTAATA CTGCTCGTCA AGCCTTTCAA AGAACTCCAG ATTATGTTGA AGAAGCACAT 
AGAAGAATGG CCGAGGCTGC TGCTCATGCT GGGCATAAAA CTGCCCAAGC TGGTCAAGCT 
ATTCAAGGTA GAGCTCAAGA AGCTGGGGCA GGGGGTGGTG CAGGTGCGGG TGCTGGTGGC 
GGTGGAAGAG CCTCTAGC 
 
Cohesin (C. thermocellum) 1OHZ:A 
ATGGCCTCTG ATGGGGTGGT TGTGGAAATT GGAAAAGTTA CTGGGAGCGT GGGTACCACT 
GTTGAAATCC CGGTCTATTT CAGGGGAGTT CCATCTAAAG GTATCGCAAA CTGTGACTTT 
GTCTTTAGAT ACGACCCTAA CGTTCTTGAG ATAATCGGTA TAGATCCAGG CGATATCATT 
GTGGATCCTA ATCCTACTAA GAGCTTCGAC ACGGCTATAT ATCCAGATAG AAAAATTATT 
GTATTTTTGT TTGCAGAAGA CTCAGGGACT GGGGCATATG CTATCACTAA GGATGGTGTG 
TTTGCTAAAA TACGTGCTAC CGTTAAGTCC TCAGCACCTG GTTATATCAC TTTCGACGAA 
GTTGGTGGCT TTGCCGACAA TGATCTAGTG GAACAAAAGG TATCATTCAT TGATGGTGGT 
GTAAATGTCG GTAATGCAAC ACCGACCAAA GGAGCCACTC CCACTAACAC AGCAACTCCA 
ACCAAA 
 
Dockerin (C. thermocellum) 1OHZ:B 
GGTGGTGGTG GTTCTATGGG TGATGTTAAT GGTGATGGCA CGATAAACTC CACGGATCTT 
ACTATGTTAA AAAGATCTGT TTTACGTGCG ATCACATTAA CAGACGATGC TAAGGCAAGG 
GCTGATGTAG ATAAAAATGG TTCAATCAAT AGCACAGATG TCTTACTATT ATCCAGATAC 
CTTTTGAGAG TGATT 
 
X82 (C. perfringens) 2OZN:A 
ATGTCCAGCG GACTTGTCCC AAGAGGAAGT CATATGGCCA GTAAATTAAA 
AGAAAATGCA GAGGTGACTG GATCTGTCAG TCTAGAAGCT TTGGAAGAAG 
TACAAGTTGG AGAAAATCTA GAGGTGGGTG TAGGAATAGA TGAATTGGTC 
AACGCGGAAG CATTTGCTTA TGACTTTACT TTGAATTATG ATGAAAATGC 
TTTCGAGTAT GTGGAAGCTA TCTCTGATGA TGGTGTGTTC GTTAATGCGA 
AAAAGATTGA GGATGGCAAG GTGAGAGTCT TAGTTTCTTC ACTTACTGGT 
GAACCCTTAC CTGCTAAGGA GGTACTGGCC AAAGTCGTCT TAAGAGCTGA  
AGCCAAAGCA GAAGGATCCA ACCTTTCAGT GACTAATTCT TCCGTCGGTG 
ACGGCGAAGG GTTGGTTCAC GAGATCGCTG GGACTGAGAA AACCGTCAAC 
ATCATCGAAG GAACATCT 
 
Dockerin (C. perfringens) 2OZN:B 
GGAGATTTCA ATGGTAATGG AAAAATAGAT ATCGGCGATT TGGCTATGGT TTCTAAGAAT 
ATTGGGAGCA CCACAAACAC TTCATTAGAT TTGAATAAGG ACGGGTCTAT TGATGAATAT 
GAAATTTCAT TCATAAACCA CCGTATTTTA AATTTAGAA 
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4.9 Supporting Information 

 

Figure S4.1. Fluorescent images of Oleosin-CFP in S. cerevisiae at 24 hours and 
under fermentation condition 72 hours. Scale bar, 1 Pm.  
 
 
 

 
Figure S4.2. Western blot analysis of myc-tagged Atf1 in S. cerevisiae strains 
harboring different pathway expression vectors, including overexpression of Atf1-
myc, Ald6-(His)6-D1/Acs1-HA-D2/Aft1-myc, and Ald6-(His)6-D1/Acs1-HA-D2/Atf1-
myc/Ole-C1-C2-V5. Genes were overexpressed with high copy number plasmids 
(pRS426). anti-myc antibody was used to detect Atf1-myc and GAPDH was used as the 
loading control. Three unique colonies were tested for expression. 5 Pg whole cell lysate 
was used for the analysis. Peptide tags used for western blot analysis for proteins are not 
shown in the figure. 
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Figure S4.3. Fluorescence microscopy analysis of lipid droplet morphology after 
mechanical disruption of cell lysis. To monitor the morphology of lipid droplets, cells 
overexpressing oleosin-CFP was disrupted with glass beads, and the resulted lysate was 
analyzed for fluorescence. 
 

 
Figure S4.4. Western blot analysis of protein expression levels of Ald6, Acs1, Atf1, 
and the scaffold. To maintain similar protein level of Atf1 among strains, an additional 
copy of Atf1-myc was integrated to the genomic locus, yprc'15, for overexpression. An 
empty vector, vectors containing Ald6-(His)6-D1/Acs1-HA-D2 and Ald6-(His)6-D1/Acs1-
HA-D2/Oleo-C1-C2-V5 were transformed into the Atf1-myc integrated strain. A low copy 
number plasmid (pRS316) was used to carry these expression cassettes. Anti-myc, anti-
HA, and anti-V5 antibodies were used to against Atf1, Acs1, and Oleo-C1-C2, 
respectively. GAPDH was used as the loading control. Three unique colonies were tested 
for expression. 5 Pg whole cell lysate was used for the analysis. Peptide tags used for 
western blot analysis for proteins are not shown in the figure. 

Phase CFP

lysate
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Figure S4.5. Western blot analysis of the relative expression of Ald6, Acs1, and Atf1. 
Atf1-myc was overexpressed by chromosomal integration of an additional copy while 
Ald6-(His)7-D1, Acs1-HA-D2, and the scaffold Ole-C1-C2–V5 were expressed with low 
copy number plasmids (pRS316). GFP with terminal HA, myc, and His tags was used as 
the standard (expression in BL21(DE3) harboring pET28-HA-myc-GFP-(His)6). 10 PL of 
E. coli lysate with 103- or 104-fold dilution was loaded for analysis. anti-(His)6, anti-HA, 
and anti-myc antibody were used to against Ald6, Acs1, and Atf1, respectively. A 
comparison of the relative expression levels of each enzyme to the GFP control shows 
that HA tagged Acs1 has low expression. To simplify the labels, peptide tags and protein 
parts (cohesin, dockerin, and oleosin) used are not shown in the figure. 
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Figure S4.6. A colorimetric assay for ethyl acetate quantification. (a) Demonstration 
of the assay responding to different ethyl acetate concentrations. 0 to 5000 mg/L ethyl 
acetate dissolved in ethanol was tested with the assay. A linear relationship between 
absorbance and ethyl acetate concentration is shown in the inset. Reported data are the 
mean and standard deviation of three unique samples. (b) Z’ factor analysis for the assay. 
Yeast strains BY4742 yprcΔ15::PTDH3-ATF1-myc-TTEF2 and BY4742 transformed with 
pRS316 were used as the positive and negative control, respectively. Ethyl acetate 
extracted with hexane from the fermented cultures was quantified with the assay. 
Experimental details are provided in Methods. 
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Figure S4.7. Western blot analysis of protein expression level for Ald6, Acs1, Atf1, 
and the scaffold. S0, S1, and S3 represent no scaffold, oleosin-C1-C2, and oleosin-C1-3C2, 
respectively. Sole is the oleosin-only control scaffold. anti-(His)6, anti-HA, anti-myc, and 
anti-V5 antibodies were used for detection of Ald6-D1, Acs1-D2, Atf1, and scaffold. anti-
GAPDH was used for loading control. 5 Pg whole cell lysate was used for the analysis. 
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Table S4.2. Optical density of strains in the combinatorial library for flux 
optimization (Figure 4.4b of the text).  
 

                      

 



 113 

Chapter 5. Understanding Eht1 Endoplasmic Reticulum and Lipid 

Droplet Localization and Trafficking in Saccharomyces cerevisiae 

 

5.1 Abstract 

Lipid droplets (LDs) are ubiquitous organelles that play central roles in energy and 

lipid metabolism. They have a unique structure: a core of neutral lipids, composed of 

triacylglyceride (TAG) and sterol esters (SEs), surrounded by a phospholipid monolayer. 

LDs are also decorated with proteins that mediate important metabolic functions and 

inter-organelle communications. However, the mechanism of proteins targeting to LDs 

and the regulation of protein composition are not well understood and are still under 

investigation. Our protein of interest is Eht1, a medium chain fatty acid ester synthase 

from Saccharomyces cerevisiae. Our data shows that Eht1 localizes to the ER and 

subsequently to LDs; however, it lacks hydrophobic hairpin motifs, has no clear 

transmembrane domains (TMD), and there is no evidence of amphipathic terminal helices 

or other known LD targeting domains. The aim of this work is to understand the 

trafficking mechanism of Eht1 from endoplasmic reticulum (ER) to LDs in S. cerevisiae. 

Structure-function analysis suggests that both N- and C-termini are crucial for its 

membrane association. In addition, it suggests that the ER translocon may be related to 

the translocation process of Eht1 by gene knockdown and silencing analysis. 

Furthermore, to understand how Eht1 interactions with other proteins contribute to the 

trafficking, we conducted a series of immunoprecipitation experiments and identified 
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associated proteins by mass spectrometry. These studies begin to decipher the mechanism 

of translocation and protein trafficking to LDs.  

 

5.2 Introduction 

5.2.1 Lipid droplet structure and functions 

Lipid droplets (LDs) have been the focus of many studies for they are closely related 

to obesity, type II diabetes, and cancer (1). They exist in eukaryotes (2-4) and even some 

of prokaryotes (5), functioning as the organelle for storage of neutral lipids. LDs are 

composed of a hydrophobic core of neutral lipids, sterol ester (STE) and triacylglyceride 

(TAG), and are surrounded by a phospholipid monolayer (6). There is a distinctive set of 

proteins decorating LDs, most of which are involved in lipid metabolism (6-8). Besides 

the lipid-related function, LDs contributes to some other functions, such as signaling 

(9,10), protein storage and degradation (11) and exchange of lipids between organelles 

(12).  

5.2.2 LDs dynamic 

LDs are being increasingly recognized as dynamic organelles that represent a frontier 

for cell biology (13). With respect to size, they range from 20 nm to 100 mm in diameter 

depending on cell types. Specifically for budding yeast, LDs are smaller than a micron, 

and the control of size requires the collaboration of Seipin-Ldb16 complex (14). In 

addition, the number, distribution, protein and lipid composition of LDs differ from cell 

types and physiological states (15,16).  
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LDs are often found in close juxtaposition to other organelles, such as peroxisomes 

(17), mitochondria (18), endosomes (19) and endoplasmic reticulum (20), which suggest 

that LDs might dynamically interact with these cellular organelles. Both microscopy and 

biochemical studies suggest that ER and LDs are connected tightly, and this is further 

supported by functional studies. The seipin-Ldb16 complex, as the key regulator of LDs 

morphogenesis in yeast, is found at ER-LD contact sites, which probably links neutral 

lipid synthesis with LD assembly (14).  

5.2.3 Biogenesis of LDs 

ER has been believed to have a guiding role in LD biogenesis and most of the 

enzymes involved in neutral lipids formation are localized on ER. However, the 

mechanism to explain how the neutral lipids accumulate and form LD remains to be 

elucidated. Several models have been proposed, including the “ER-budding model”, the 

“Bicelle model” (21) and the “vesicular-budding” model (22). In the ER-budding model, 

it is proposed that the neutral lipids form a lens of oil in the ER bilayer and subsequently 

buds from the membrane, taking with phospholipids from the ER cytosolic leaflet (15). 

There is substantial evidence to support this model, but it has not been proved or 

observed directly (23,24).  

5.2.4 Lipid droplet proteome 

Proteins, as another important component of LDs, might require particular structure to 

bind LDs, for it has a monolayer membrane that is unique among all known cytoplasmic 

organelle. The study of protein composition of LDs is propelled by the well-established 

isolation methods via sucrose-gradient ultracentrifugation and advanced proteomic 
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technology analyzed by mass spectrometry. Hundreds of coating proteins have been 

identified and some of them have been further verified by biochemical, microscopic and 

functional methods. Among attempts for LD proteome studies of different cell types and 

organisms, several functional groups of proteins are present consistently and 

reproducibly, including lipid synthetic enzymes, membrane trafficking proteins, signaling 

proteins and proteins involved in protein degradation (6,8,11). Additionally, a variety of 

proteins are found in the hydrophobic core of LDs, such as the perilipin family proteins 

(25,26). However, the mechanism for proteins specifically localize to LDs remains to be 

determined. 

5.2.5 Mechanisms for proteins targeting to LDs 

Proteins targeting to LDs are sorted in two different classes. Class I proteins can 

access LDs from the ER either during LD formation or after formation via ER-LD 

contact site with an internal hydrophobic hairpin motif or N-terminal hydrophobic 

sequences. Class II can access to LDs surface from cytosol and bind through amphipathic 

helices or multiple amphipathic and hydrophobic helices (27). Some proteins that clearly 

target LDs are so far difficult to classify. For example, in yeast, two alcohol 

acetyl/acyltransferases (AATases), Atf1 and Atf2, localize to the ER and subsequently 

are sorted to LDs. Segments of the N- and C-terminal amphipathic helices are required 

for both ER and LDs association (28). The targeting mechanism of AATases is unknown, 

as is whether AATases target via Class I or Class II pathway.  
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5.2.6 AATase 

AATase is responsible for producing short and medium chain (C2-C12) fatty acid 

ethyl esters (FAEEs) in yeast and fruits. These short and medium chain FAEEs contribute 

to the flavors of fruits and industrial fermented beverages. The natural physiological role 

of FAEEs as the secondary metabolites in S. cerevisiae is not well understood. And, the 

details about the metabolic pathway of FAEE biosynthesis remain to be elucidated. In S. 

cerevisiae, Atf1p and Atf2p are responsible for majority of short chain esters synthesis, 

while Eht1p and Eeb1p play a major role in medium chain esters. AATase activity in S. 

cerevisiae is repressed by oxygen and unsaturated acids and it has been suggested that it 

functions as a response to stress conditions (29). Previous studies suggest that AATase 

might be involved in cellular lipid metabolism and detoxification process (30-32). 

Understanding the localization and trafficking mechanism of this class of enzyme will 

enable, 1) engineered yeast that produces renewable biofuels and fine chemicals, 2) 

improved the flavor characteristic of fruits and wines by genetic modification, and 3) 

investigation in the LD biogenesis and trafficking.  

Although evolutionally distinct from mammals, yeast Saccharomyces cerevisiae is an 

extensively studied model organism and has proven very valuable in understanding how 

proteins localize to lipid droplets. To address these questions, we focused on the protein 

localization and trafficking mechanism of acyl-coenzymeA:ethanol O-acyltransferase, 

particularly Eht1 and Eeb1, in S. cerevisiae. Eht1 and Eeb1 are responsible for medium-

chain fatty acid ethyl ester biosynthesis and might be involved in the detoxification of 

fatty acids and ethanol during fermentation. Eht1 and Eeb1 are closely related and the 
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pair of paralogue arose from gene duplication(32). Fluorescence microscopy and 

fractionation study show that Eht1 and Eeb1 are membrane-associated proteins. Time 

course study shows that Eht1 and Eeb1 are initially localized to ER and subsequently 

sorted to LDs and mitochondria, respectively. A series of N- and C-terminal deletions 

and alanine-stretch scanning mutations was used to analyze the amino acid sequences of 

Eht1 necessary for LD localization. We demonstrate that both N- and C-terminal 

sequences are required, with N-terminal playing a major role. Through hydropathy-based 

analysis and transmembrane domain prediction of Eht1 and Eeb1, there is no 

transmembrane sequence internally or amphipathic helices on N- and C-termini. Without 

these two main known structures targeting proteins to LDs, it suggests that Eht1 might 

undergo an unknown translocation process from ER to LDs. This work begins to describe 

Eht1 trafficking and localization in yeast.  

 

5.3 Material and Methods 

Strains and culture conditions 

All E. coil and S. cerevisiae strains used in this work are summarized in Table S1. All 

modified yeast strains were derived from BY4741 or BY4742 (33). E. coli DH5D used 

for molecular cloning. E. coli was grown in Luria Broth (LB) (Sigma) medium 

containing 50 Pg mL-1 ampicillin (Fisher) for cloning experiment. S. cerevisiae strains 

without plasmids were grown in YPD complex medium containing 10 g/L yeast extract, 

20 g/L peptone, and 20 g/L glucose. S. cerevisiae strains harboring plasmids were grown 

in the defined SC-URA medium containing 6.7 g/L yeast nitrogen (Bacton-Dickinson), 2 
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g/L synthetic dropout mix without uracil (Sigma), and 20 g/L glucose (Sigma). 

Manipulations were performed using a standard PEG/LiAC protocol (34). Solid media 

were prepared as above with 20 g/L agar.  

Deletion strains were taken from the yeast deletion (35) or the DAmP (Decresed 

Abundance by mRNA Perturbation) (36) libraries, respectively. All deletion strains were 

verified using primers from within the endogenous open reading frame (ORF). The 

strains were cultured with 200 Pg mL-1 G418 (Sigma). 

Plasmids construction  

The plasmids used in this study are listed in Table S2. Yeast genes, promoters, and 

terminators were amplified from genomic DNA. An overexpression cassette with C-

terminal GFP tag driven by the constitutive yeast promoter phosphoglycerate kinase 1 

(PGK1p) and terminated by PGK1t was constructed. The promoter and terminator were 

amplified from genomic DNA of BY4742 and cloned into pRS426. PGK1p was inserted 

using SacI and SacII sites. PGK1t was inserted using SpeI and KpnI sites, while GFP was 

inserted at NotI and SpeI sites. EHT1, EEB1 and mutants to EHT1 were amplified from 

BY4742 genomic DNA and cloned into PGK1 overexpressing cassette using SacII and 

NotI sites.  

DsRed, amplified from pERGmDsRed (gift from J. Goodman, University of Texas 

Southwestern Medical School), was first inserted into pRS426 containing PGK1p-PGK1t 

at NotI and SpeI sites. LEU2, amplified from pRS315, was subsequently inserted 

between KpnI and EcoRV sites. This cassette was used to fuse DsRed to the 3’ end of the 
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LD marker Erg6 and the mitochondria marker OM45 by PCR-based homologous 

recombination as previously described (28). 

Fluorescence microscopy analysis 

Cells were imaged using an Olympus BX51 microscope (UPlanFL 100X 1.30 oil-

immersion objective lens, mercury lamp) and fluorescence micrographs were captured by 

a Q-Imaging Retiga Exi CCD camera. Images were processed using CellSens Dimension 

1.7 software (Olympus). In all cases, at least three cell populations were analyzed and 

images representative of the cell populations are shown.  

Subcellular fractionation and membrane topology assay 

Fractionation on an Accudenz density gradient was performed essentially as described 

by Cowles et al. (37). One hundred optical density (OD) units of early log phase cells 

were harvested and transformed into spheroplasts by zymolyase 20 T (Seikagaku 

Corporation, Japan). Spheroplasts were resuspended in lysis buffer (0.25 M sorbitol-10 

mM MES-Tris [pH=6.9]-0.2 mM EDTA) supplemented with a protease inhibitor cocktail 

(Roche), and lysed with a Dounce homogenizer by 40 strokes. The homogenates was 

precleared by centrigufation at 300 × g for 10 min, then separated into pellet and 

supernatant fractions by centrifugation at 13,000 × g for 20 min. All centrifugation steps 

were perfomed at 4 qC.  

To determine the membrane association and topology (38), detergent and salt 

extractions of microsomal membranes were performed by incubating 50 Pg of the 

microsomal fraction with 1% SDS, 1 M NaCl, or 0.1 M Na2CO3 in lysis buffer A for 30 

min on ice. Samples were then centrifuged at 13,000 × g for 10 min, and proteins from 
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the pellet and supernatant fractions were precipitated by 10% TCA and analyzed by 

Western blotting. For the proteinase K protection experiment, 50 Pg microsomal fractions 

were incubated with 0, 9, 14 or 28 Pg/mL of proteinase K for 30 min on ice. The reaction 

was stopped by adding 5 mM PMSF, and proteins were precipitated by 10% TCA. The 

pellet was resuspended in sample buffer, boiled for 10 min, and subjected to SDS-

polyacrylamide gel electrophoresis and Western blot analysis. Protein concentrations 

were determined by a commercially available assay (Pierce 660 nm Protein Assay, 

Thermo Fisher) and quantified with Nanodrop 2000c.  

Western blot analysis 

Western blots were performed using standard procedure. Briefly, proteins were loaded 

on Any kDTM Mini-PROTEAN® TGXTM Gel (Bio-Rad) and run at 200 V for 30 min. 

Samples were electrophoretically transferred to a PVDF membrane at 25 V overnight. 

Membranes were blocked with 5% non-fat milk in Tris buffer saline with TWEEN-20 

(TBST) buffer for 1 h at room temperature, washed, and incubated with primary antibody 

in TBST with 1% non-fat milk for 1 h. Secondary antibody in TBST with 1% non-fat 

milk was applied, and incubated at room temperature for 0.5 h. After washing with 

TBST, Immobilon Western HRP Substrate (Millipore) was used for signal detection and 

UN-SCAN-IT gel 6.1 software was used to quantify band intensity. The following 

antibodies were used: rabbit anti-GFP (NB600-303; Novusbio), mouse anti-Myc (SC-40; 

Santa Cruz Biotech), rabbit anti-Kar2 (SC-33630, Santa Cruz Biotech), goat anti-rabbit 

IgG-HRP (65-6120; Invitrogen), goat anti-mouse IgG-HRP (31430; Thermo Fisher 

Scientific).  
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Immunoprecipitation and mass spectrometry 

The spheroplasts were prepared and lysed with the Dounce homogenizer as described 

above. Detergent Triton X-100 or digitonin were added to final concentration 1% and 

incubate for 1h. The precleared lysates were incubated with equilibrated beads carrying 

GFP-binding protein (GFP-Trap_A; ChromoTek, Planegg-Martinsried, Germany) or 

Myc-binding protein (Myc-Trap_A; ChromoTek, Planegg-Martinsried, Germany; as 

negative control) for 1h at 4qC with mixing. After sedimentation, supernatant were 

removed and beads were washed 4 times with lysis buffer. The proteins on the beads 

were digested with trypsin overnight and analyzed by mass spectrometry.  

qPCR 

RNA was extracted from cells grown to stationary phase using the Yeastar RNA 

Isolation kit (Zymo Research), and residual DNA removed via DNase I digestion (NEB). 

The total RNA was converted to cDNA using the iScript Reverse Transcription Supermix 

(Biorad). Two μL of cDNA was subjected to qPCR using the SsoAdvanced Universal 

SYBR Green Supermix (Biorad) on a CFX Connect thermocycler (Biorad). Primers were 

designed using Primer3 according to manufacturer’s specifications (39). Relative 

expression levels were determined using the Pfaffl method as previously described (40) 

and normalized to expression of TAF10. 

Preparation of whole cell lysate 

Yeast cells harboring expression plasmids were cultured to early stationary phase in 

50 ml SD media without uracil in 250 ml baffled flasks. Cells were harvested by 

centrifugation at 3,500 rpm for 5 min at 4 °C and washed twice with 100 mM potassium 
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phosphate buffer (pH 7.4) containing 2 mM magnesium chloride. Equal volumes of wet 

cell pellets and 425-600 μm diameter acid-washed glass beads (Sigma-Aldrich) were 

added to a 15 mL tube and resuspended in 1 mL ice-cold lysis buffer (100mM potassium 

phosphate buffer, 2mM magnesium chloride, 2mM DTT, and protease inhibitor cocktail 

(Roche), pH7.4). Cells were disrupted by vortexing 10 times for 30 s. After each 

vortexing the suspension was kept on ice for 30 s. The beads were removed by 

centrifugation at 500g for 5 min at 4 °C and the supernatant was transferred to a pre-

cooled 1.5 mL tube. Whole cell lysate protein concentrations were determined by a 

commercially available assay (Pierce 660 nm Protein Assay, Thermo Fisher). 

AATase activity assay and screening 

Alcohol-O-acetyl/acyltransferase activity was determined by monitoring NADH 

production from a coupled reaction with D-ketoglutarate dehydrogenase (D-KGDH). The 

reaction was performed at room temperature in 100 mM potassium phosphate buffer, pH 

7.4. The assay solution contained final concentrations of 2 mM α-ketoglutarate (D-KG), 

10 mM cystein, 2 mM NAD+, 10 mM MgCl2, and 0.03 U D-KGDH (Sigma-Aldrich). 

Whole cell lysate samples, pyrazole (15 mM final concentration), and alcohol (20 mM 

final concentration) were added to the assay solution. It has previously been reported that 

the order of substrate addition affects long chain AATase activity (25). The coupled 

enzyme reaction was initiated by adding 0.5 mM acetyl/acyl-CoA to the reaction 

solution. The assay was monitored by measuring the absorbance of NADH at 340 nm 

(H340 = 6.22 mM-1cm-1) for 4 minutes. Screening experiments were performed in 96-well 
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microtiter plates with a final volume of 100 PL and the rate of NADH production was 

monitored with a BioTek Synergy H4 hybrid multi-mode microplate reader.  

 

5.4 Results 

5.4.1 Eht1 and Eeb1 are membrane-associated proteins 

Eht1 and Eeb1 were tagged with C-terminal GFP to investigate their intracellular 

localization. They were overexpressed by the constitutive PGK1 promoter from a high 

copy number plasmid. Erg6 and OM45, as the lipid droplet and mitochondria marker 

proteins respectively, were chromosomally tagged with DsRed. Fluorescent microscopy 

images of cells expressing Eht1-GFP and Erg6-DsRed cultured in glucose medium 

revealed co-localization of GFP and DsRed fluorescence, indicating that Eht1 localized to 

LDs (Figure 1A). The co-localization of fluorescent signal from Eeb1-GFP and OM45-

DsRed indicates that Eeb1 is localized to mitochondira. A time course study of the 

intracellular localization of Eht1 and Eeb1 at time points of 4, 10, 18 and 24 hours 

(Figure 1B) were performed to study their trafficking in cells. In lag and early log phase 

(4 and 10 hours respectively), C-terminally tagged Eht1 and Eeb1 showed clear ER 

structure. Subsequently, Eht1 and Eeb1 shift from ER to LDs (Eht1) or mitochondria 

(Eeb1) as cell progressed from late log phase (18h) to stationary phase (24h), suggesting 

that the translocation is growth dependent. To determine whether Eht1 and Eeb1 are 

indeed membrane associated at early log phase, as observed from fluorescent 

microscopy, their fractionation properties were examined by differential centrifugation 

(Figure 1C). Both of them were enriched in the 13,000 × g membrane pellet, Eht1 was 
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not detectable in cytosol and Eeb1 slightly showed in the cytosol, consistent with the 

membrane association of them.  

5.4.2 N- and C-terminal amino acid sequences are required for membrane 

association of Eht1 

To examine the possible mechanism of Eht1 LD association, we analyzed the 

intracellular localization of N- and C-terminal truncations of Eht1 during stationary phase 

(Figure 5.2). Wild type Eht1, ∆2-13, ∆2-21 and ∆429-451 truncates tagged with GFP 

were overexpressed by the constitutive PGK1 promoter from a high copy number 

plasmid. LD marker Erg6 was chromosomally tagged with DsRed and constantly 

expressed. Fluorescent microscopy analysis of cells co-expressing truncations tagged 

with C-terminal GFP and Erg6-DsRed cultured in glucose medium showed that the LD 

localization was not detected for truncations. ∆429-451 was unevenly distributed in the 

cytoplasm; ∆2-13 was partially localized to LDs and probably cell membrane while ∆2-

21 was dispersed in the cytoplasm. These results suggested that the N- and C-terminal 

regions, consisting of amino acid residues 2-21 and 429-451 of Eht1, harbored a targeting 

determinant for Eht1.  

Fluorescent images of Eht1 1-40 and 161-451 amino acid sequences fused with C 

terminal GFP at 4h and 24h (Figure S5.1A) showed that they were dispersed in cytosol or 

formed aggregates, suggesting that N- or C terminal region of Eht1 is not sufficient for 

targeting to ER or LDs. Internal truncations of Eht1, ∆81-160 and ∆41-160, are 

mislocated with LDs (Figure S5.1B), suggesting that the internal region from 40-160 

amino acids of Eht1 might be involved in the membrane association.  
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5.4.3 N-terminus of Eht1 plays a major role in targeting to LDs 

To examine the possible molecular mechanism of Eht1 LD localization, the N-

terminal amino acid sequence of Eht1 and Eeb1 was aligned (Figure 5.3A). The result 

showed that 2-13 amino acids are different with identity for only two Prolines, 14-21 

amino acids are exactly the same for Eht1 and Eeb1. To investigate the importance of N-

terminal sequence of Eht1 for localization to LDs, we generated a mutant of Eeb1, named 

as Eeb1Eht1 2-13 by replacing its N-terminal 2-13 amino acid sequence with Eht1’s (Figure 

5.3A). Fluorescent microscopy analysis of stationary cells co-expressing Eeb1Eht1 2-13-

GFP and Erg6-DsRed revealed that the mutant is localized to LDs (Figure 5.3B). Time 

course study of Eeb1Eht1 2-13-GFP at different time points showed that Eeb1Eht1 2-13-GFP 

origins from ER and then targets to LDs (Figure 5.3C). Another mutant of Eeb1, Eeb1Eht1 

429-451, is generated by replacing Eeb1 C-terminal 434-456 amino acid sequence with Eht1 

C-terminal 429-451 amino acid sequence (Figure S5.2A). Fluorescent images of 

stationary cells co-expressing Eeb1Eht1 429-451-GFP and Erg6-DsRed showed that the 

mutant is not localized to LDs and possibly targeted to mitochondria (Figure S5.2B). 

Time course study of Eeb1Eht1 429-451-GFP at different time points revealed that Eeb1Eht1 

429-451-GFP origins from ER and then localizes to mitochondria (Figure S5.2C).  

We next focused on this stretch of 21 amino acids on N-terminal of Eht1. 

Accordingly, we generated six substitution mutants of Eht1 by successive substitution of 

every four amino acid residues within this region. The intracellular localization of tetra-

alanine scanning mutants of Eht1 was then examined by overexpressing in S. cerevisiae 

co-expressing Erg6-DsRed (Figure 5.3D). Remarkably, two of the tetra-alanine scanning 
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mutants, 14-17/A mutant (amino acid residues H14WGY17 substituted with A14AAA17) 

and 18-21/A mutant (amino acid residues N18GTV21 substituted with A18AAA21), showed 

cytosol-dispersed pattern at stationary phase. Other mutants showed significant co-

localization with Erg6-DsRed analyzed by fluorescent microscopy images. Mutants 14-

17/A and 18-21/A are dispersed in cytosol and lose the ER association as showed in 

Figure S5.3. These results strongly suggested that the N-terminal sequence of Eht1 has an 

important role on LD localization. 

5.4.4 Hydropathy plot and membrane topology of Eht1 

A hydropathy plot of Eht1 and Eeb1 was generated by the method of Kyte and 

Doolittle (Figure 4A). We chose to analyze the hydrophobicity of Eht1 and Eeb1 with a 

window size of 9 amino acids, as recent structural work on the signal peptide with SRP 

exhibited a binding interface within 8-20 hydrophobic residues (41). This plot suggested 

that Eht1 and Eeb1 do not have any possible transmembrane regions. Further analysis of 

the amino acid sequence of Eht1 and Eeb1 by algorithms used to predict membrane 

topology also suggested that either of them has any transmembrane domains (Figure 4B). 

Two of seven algorithms indicated that one or two transmembrane domains for Eht1 with 

low confidence, and one of the algorithms predicted a transmembrane domain for Eeb1 

with low confidence. We showed that Eht1 is membrane-associated; however, both the 

hydropathy plot and transmembrane domain prediction algorithm indicated that there is 

no possible transmembrane domain for Eht1. Taken together, it suggested that Eht1 is a 

peripheral membrane protein.  
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To support this hypothesis, 13,000 × g membrane fractions from early log phase cells 

overexpressing Eht1-GFP was isolated and treated with chemicals that extract or 

solubilize proteins from membranes (Figure 4C). In samples incubated with buffer alone 

(Mock), Eht1 was found exclusively in the pellet (P) fraction. In the presence of detergent 

(1% SDS), Eht1 was completely solubilized. In contrast, in the presence of 1 M sodium 

chloride or 0.1 M sodium carbonate, which solubilize peripheral membrane proteins, 

Eht1 is partially solubilized, demonstrating that it is a peripheral membrane protein.  

To determine the orientation of the N and C termini of Eht1 on ER, we performed 

protease protection assays. 13,000 × g membrane fractions from early log phase cells 

overexpressing Eht1 with N-terminal or C-terminal GFP tag were incubated with 

proteinase K and immunoblotted with anti-GFP, which recognizes the N- and C-termini 

of the expressed protein. In samples without treatment with proteinase K, Eht1 was 

detected by anti-GFP for both termini. In contrast, proteinase K treatment of membrane 

fractions destroyed both terminal epitopes, suggesting that the N and C termini are both 

exposed to the cytosol. To verify the integrity of the membrane fractions, samples were 

immunoblotted with an antibody against the ER luminal protein, Kar2. Kar2 was 

protected against proteolysis from proteinase K, indicating that the membrane fractions 

were intact. These results thus indicate that Eht1 is a peripheral membrane protein with 

N- and C-termini exposed to the cytosol on ER.  

To refine Eht1 topological characterization, the accessibility of internal region of Eht1 

to protease was examined. Therefore, Eht1 were tagged with GFP at their C terminus and 

myc tag between 13-14 amino acid or 160-161 amino acid (Figure S5.4A). Fluorescent 
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microscopy analysis at different time points (4h, 10h and 24h) revealed that 13-myc-14 

and 160-myc-161 were initially localized to ER and subsequently translocated to LDs 

(Figure S5.4B), which is similar to the wildtype Eht1, suggesting that the structures are 

not disrupted by inserting myc tag internally. Both internal and C-terminal epitopes are 

sensitive of 13-myc-14 and 160-myc-161 are sensitive to protease digestion (Figure 

S5.4C), indicating that the internal region of Eht1 is also exposed to cytosol.  

Also, the membrane association and topology of Eeb1 Eht1 2-13 were characterized 

(Figure S5.5). Similar to Eht1 wildtype, Eeb1 Eht1 2-13 is a membrane-associated protein 

with both termini exposed to the cytosol on ER.  

5.4.5 Eht1 targeting to ER is related to translocons on ER 

In S. cerevisiae, translocation occurs through two channels, the canonical translocon 

Sec61 and the alternative translocon Ssh1. The canonical Sec61 translocon mediates both 

co-and post-translational translocation by associated with different accessory factors. The 

nonessential SBH1 gene encodes for the beta subunit of Sec61p ER translocation 

complex, and the nonessential SEC72 gene encodes for an accessory factor required for 

the SRP-independent posttranslational translocation. The yeast genome contains a gene 

SSH1 (Sec61 homolog), encoding a protein ~30% identical to Sec61p that is ER localized 

and associated with a homolog of Sbh1p, termed Sbh2p. This alternative translocon Ssh1 

is active only in co-translational translocation. The strains were deleted for the non-

essential genes (SBH1, SEC72, SSH1, and SBH2) and knockdown for the essential gene 

(SEC61). By imaging the wild type and knockout or knockdown strains overexpressing 

Eht1-GFP, we could examine whether the translocons are involved in Eht1 targeting to 
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ER and trafficking to LDs (Figure 5.5). Knockout of accessory factors (SBH1, SEC72, 

and SBH2) did affect the ER or LDs localization of Eht1. Eht1-GFP slightly dissociates 

from LDs to cytosol but maintains ER association with knockdown of SEC61 or 

knockout of SSH1. In contrast, Eht1-GFP localization to ER is only affected by 

simultaneously knockdown of SEC61 and knockout of SSH1. These results suggest that 

both translocons on ER might be involved in Eht1-GFP targeting to ER.  

In addition, the gene knockout and silencing effect of common and alternative 

translocons were examined for Eeb1 and Eeb1Eht1 2-13 localization and trafficking (Figure 

S5.6). Similar to Eht1 and significantly different from Eeb1, Eeb1Eht1 2-13 localization and 

secretion is only affected by SEC61 knockdown and SSH1 knockout. It suggests that the 

N-terminal 2-21 amino acid sequence determines the interaction between Eht1 and 

translocons.  

5.4.6 Identification of physical protein-protein interactions of Eht1 on ER 

Immunoprecipitation combined with mass-spectrometry identified 48 proteins 

interacting with Eht1-GFP while it is localized on ER (Figure 5.6A). The proteins are 

classified based on their involvement and functions using the Saccharomyces Genome 

Database SGB (http://www.yeastgenome.org/) (Figure 5.6B, listed in Table S5.3). We 

identified proteins (14.6%) involved in metabolism, including lipid metabolism and 

amino acid/glyoxylate/carbohydrate metabolism. We also found numerous proteins 

(25.0%) related to protein trafficking and vesicle trafficking. We also identified 

ribosomal proteins and some translation factors (14.6%). Proteins involved in protein 

http://www.yeastgenome.org/
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posttranslational modification (10.4%) were also identified. Interestingly, four 

chaperones were identified. 

To examine if these proteins interacting with Eht1 are required for its localization and 

trafficking, we chose 8 single gene mutants and conducted the screening for genes whose 

deletion affected the LD localization and secretion of Eht1. In this screen, each gene 

mutants was cultured for 36 hours and the fluorescent images were analyzed at different 

time points (t=4, 10, 24 and 36 hrs) (Figure 5.7). Overall, only ERG5 knockout was 

found to retain the Eht1-GFP on ER membrane after 36 hrs culturing, indicating that it 

has defects in the translocation process.  

5.4.7 Eeb1Mut transcription, translation and function 

Eeb1Mut is generated by replacing Eeb1 N- and C-terminal amino acid sequences (2-13 

and 434-456) with Eht1 N- and C-terminal amino acid sequences (2-13 and 429-451). 

Both Eeb1wt and Eeb1Mut were expressed driven by different strength constitutive 

promoters, including REV1p, TPI1p, PGK1p and TEF1p 

(REV1p<TPI1p<PGK1p<TEF1p), and the same terminator PGK1t. The transcription 

level of Eeb1wt and Eeb1Mut were examined and compared by qPCR, relative to TAF10. 

The translational level of Eeb1wt and Eeb1Mut were measured and quantified by western 

blot, normalized to GAPDH. The function of Eeb1wt and Eeb1Mut were determined by 

AATase enzymatic activity assay. The three-dimensional relationship between 

transcription, translation, and function of Eeb1wt and Eeb1Mut were compared as shown in 

Figure 5.8A, with detailed two-dimensional relationships were in Figure 5.8B, C and D. 

Eeb1wt mRNA level is increased driven by stronger promoter; however, the protein 
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expression level and functional activity are consistently low under control four different 

promoters. Eeb1Mut mRNA level is also increased with stronger promoter, and the protein 

expression level and functional activity are improved. In addition, Erg6 (LD marker 

protein) and OM45 (mitochondria marker protein) were chromosomally tagged with C-

terminal DsRed to indicate the morphology of LDs and mitochondria. The fluorescent 

images of cells after 24 hrs culturing revealed normal morphology for both organelles.  

 

5.5 Discussion 

Our subcellular localization of GFP-tagged versions of Eht1 and Eeb1 indicates that 

Eht1 and Eeb1 are initially localized to ER and subsequently sorted to LDs and 

mitochondria, respectively. The biological function of these localizations remains 

unclear. Our possible explanation of this localization is its ability to detoxify fatty acids 

and ethanol by esterification. Free fatty acids and ethanol can inhibit cell growth and 

fermentation (42,43). It has previously been suggested that the primary metabolic role of 

AATases is to regenerate free CoAs from acetyl/acyl-CoAs that accumulate in yeast 

under anaerobic condition. Eht1 and Eeb1 have been reported as medium chain fatty acid 

ethyl ester synthases (44,45) and Eeb1 plays major role with Eht1 playing a minor role in 

S. cerevisiae (46). Eht1 is sorted to LDs to have accessibility to acyl-CoAs and ethanol in 

cytosol whereas Eeb1 is targeted to mitochondria to approach substrates in mitochondria. 

The products medium chain fatty acid ethyl esters can diffuse easily through membrane 

and be secreted to medium, further reducing the accumulation of toxic acid and shifting 

the equilibrium towards ester synthesis (47). LDs have been proposed to be sites for 
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protein sequestration functioning as chaperones to store proteins for later use (48). 

Histones H2A and H2B are unstable and would aggregate or be rapidly degraded without 

histone chaperones (49,50). However, they are rich on LDs without their normal binding 

partners (11), which suggests that LDs might function as an analogous chaperone 

function to store histones for possible largely demanding (48). Here, LDs might have the 

similar function to store Eht1 for immediately dealing with possible risk of toxic fatty 

acids or ethanol. However, the real physiological role of volatile ester synthesis is still not 

known. It is required to further improve our understanding of pathway of ester 

biosynthesis, regulation and biological functions.  

Deletions of the N- and C-terminal regions of Eht1 were made to investigate the 

possible role of each terminus in membrane association and LD targeting. Truncation of 

residues 2-13 and 429-451 amino acids disrupted LD targeting and resulted in dispersed 

localization in cytosol, indicating the importance of these two regions in membrane 

association. N- or C-terminal regions fused to GFP (Figure S5.1A) are not able to localize 

the fluorescent protein to ER or LDs. We proposed that the termini of Eht1 are necessary 

but not sufficient for ER and LDs targeting. In addition, internal truncations ∆81-160 and 

∆41-160 of Eht1 fused with GFP were mislocated (Figure S5.1B). But the 1-291 amino 

acid sequence of Eht1 is able to target the GFP to ER (Figure S5.1C), suggesting that the 

N-terminal and part of the internal region of Eht1 are required for ER association. 

Therefore in this case, it is possible that the internal regions within the protein may also 

be involved. It is similar to Atf1 and Atf2, which have been demonstrated that their N- 
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and C-terminal amphipathic helices are required but not sufficient for LD localization 

(28).  

High sequence similarity but different localization at stationary phase between Eht1 

and Eeb1 enable us to study the necessity of the N- or C-terminal of Eht1 for the 

targeting to ER and LDs. We have demonstrated that the mutant Eeb1Eht1 2-13 undergoes 

same trafficking pathway as wildtype Eht1, from ER to LDs. However, replacement of 

the C-terminal region of Eeb1 does not target Eeb1Eht1 429-451 to LDs instead of 

mitochondria. Taken together, it suggests that N-terminus of Eht1 plays a major role for 

localizing to LDs and ER. It is further demonstrated by alanine-stretch scanning of N-

terminal sequence of Eht1. 7 amino acids, H14WGYNGTV21, might comprise an 

important targeting determinant for Eht1 in S. cerevisiae.  

Our results thus far demonstrate the necessity of terminal regions for ER localization 

and LD targeting of Eht1, but they do not indicate a trafficking mechanism. We found 

that all the mutants of Eht1 targeting to LDs are always initially localized to ER, 

suggesting that the LD localization might be ER-dependent. Targeting to ER has been 

shown to occur co-translationally by the signal recognition particle (SRP) dependent (51-

53) or SRP-independent (SND) (54) or post-translationally by the guided entry of tail-

anchored proteins (GET) pathways (55,56). Three pathways work in parallel to facilitate 

proteins targeting to ER, where they undergo folding, processing, sorting and trafficking 

to subsequent endomembrane compartments. SND pathway acts as a backup targeting 

system and can compensate for the loss of both SRP and GET pathways. Three proteins, 

Snd1p, Snd2p and Snd3p, are involved in SND pathway; however, the mechanistic 
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details have yet been to be uncovered. Snd1p in cytosol is predicted to interact with 

ribosome to capture nascent substrate, Snd2p and Snd3p on ER membrane form a 

complex together with Sec61 translocon, might act as receptors in promoting substrate 

capture and handoff the translocon. By proximity-specific ribosome profiling analysis, 

the transcripts of Eht1 and Eeb1 was depleted on the ER membrane in cells from all three 

∆snd strains, indicating that the SND machinery might have a role in targeting them to 

the ER surface as they are being translated. Our finding that knockout out of accessory 

factors involved in SRP or GET pathways did not affect Eht1 localization suggests that 

Eht1 localization to ER is not related to SRP or GET pathway. In addition, our protein-

protein interaction analysis suggests that Snd2p might have physical interaction with 

Eht1, which further indicates that Eht1 might undergo co-translationally SND pathway to 

localize to ER. Furthermore, SND pathway can target diverse proteins with 

transmembrane domains dispersed throughout the entire protein range. However, the 

hydropathy plot and transmembrane domain prediction algorithms suggested that there is 

no transmembrane domain with high confidence for either Eht1 or Eeb1. It suggests that 

SND pathway could recognize the membrane proteins with TMD but also membrane-

associated proteins lacking TMD. We found that Eht1p translocation from ER to LDs is 

only significantly affected by knockdown of common translocon and knockout of 

alternative translocon on ER. Sec71p has been reported to translocate across ER 

membrane via both translocons with preference to the Ssh1p translocon in yeast (57). It 

suggests that Eht1p, similar to Sec71p, is able to utilize the canonical Sec61 channel and 

the alternative Ssh1 channel.  
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LDs are found to be functionally connected to the ER membrane (58) and only large 

LDs have ability to grow in size (59). Biochemical studies demonstrated that ER 

membrane tightly associate with LDs and are not easily dissociated using ionic strength 

(60). Electron microscopy of early stage of LDs biogenesis showed that the nascent LDs 

for lens-like structures in the ER membrane (61). This connection between ER and LDs 

allows the efficient partitioning of membrane proteins between the two compartments. In 

addition, it has been demonstrated that proteins are able to access LDs from ER either 

during LD formation or after formation via ER-LD membrane bridges by an energy- and 

temperature-independent mechanism (24). With respect to the structure of Eht1, it would 

be interesting to examine how proteins can be accommodated both in ER lipid bilayer 

and LD monolayer. It is possible that protein conformation could be changed during the 

translocation process. Erg1p, a key enzyme of sterol biosynthesis in yeast, is localized to 

ER and LDs and this dual localization reflects a relationship between ER and LDs. But its 

enzymatic activity of squalene epoxidase was only detectable in the ER but not on LDs, 

indicating that the conformation in ER is different from that on LDs (62). Without 

conformational changes, there are alternative mechanisms to explain the dual 

localization. “Integral” LD proteins might use long hydrophobic regions to enter and exit 

the membrane on the same side of the lipid monolayer, such as oleosins (63), caleosins 

(64), and caveolins (65). “Surface” LD proteins have no long hydrophobic domains and 

their targeting involves redundant, discontinuous sequences, such as perilipin (66,67), 

HCV core proteins (68,69), and Atf1/2 (28). Lin et al. showed that the N- and C-terminal 

amphipathic helices of Atf1 and Atf2 are necessary but not sufficient for their LD 
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localization (28). It has also been reported that Atf2 localizes to the ER during 

exponential growth with two transmembrane domains, and both N- and C-termini are in 

the ER lumen (70). Different from Atf2, Eht1 is a peripheral membrane protein on ER 

with both termini exposed to cytosol. Eht1 is demonstrated as peripheral membrane 

protein on ER and is proposed to be surface LD protein without long hydrophobic 

regions. This membrane topology of Eht1 on ER results in a relatively weak membrane 

association, which might facilitate its trafficking from ER to LDs.  

A conserved family of proteins, fat storage-inducing transmembrane (FIT) proteins, is 

required for proper budding of LDs from the ER (61). However, it is not clear that 

whether the protein trafficking from ER to LDs requires any proteins. Our 

immunoprecipitation and mass spectrometry analysis identified possible protein-protein 

interactions of Eht1. Of interest is that some of them are involved in protein trafficking 

and vesicle trafficking. The function of Atf1-COPI machinery in lipid droplet formation 

has been demonstrated and this function might be evolutionarily conserved in yeast and 

human cells (71). RET3, the subunit of COPI, was identified to have physical protein 

interaction with Eht1. It is possible that the COPI is also involved in the protein 

trafficking from ER to LDs. Two proteins related to protein traffic, SRP102 for SRP-

dependent protein targeting and Sec62 for post-translational translocation, might form an 

unidentified complex with Snd proteins and translocons, which is responsible for proteins 

lacking TMD to be initially targeted to ER, such as Eht1p.  

Metabolic engineering studies have focused on overexpressing enzymes by strong 

constitutive promoters to improve yield and productivity (72,73). The protein 
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transcription level is mainly determined by the promoter strength; however, post-

translational processing of enzymes is another important factor for their functions, such 

as RNA-based control and protein-based control. RNA-based control includes translation 

initiation and mRNA stability, whereas the protein-based control includes regulating 

protein half-lives (74).  

Fatty acid ethyl esters, are the secondary metabolites in yeast, do not participate in the 

central metabolic processes and their physiological roles remains to be elucidated. 

Secondary metabolite biosynthesis pathway always includes multiple enzymes encoded 

by secondary metabolism gene clusters, which are controlled by complex regulatory 

networking (75,76). By changing Eeb1’s N- and C-terminal amino acid sequences, it 

improves Eeb1Mut expression level and function (Figure 5.8). It might because the protein 

trafficking pathway is changed and Eeb1Mut expression level and stability are improved 

by escaping from the regulatory networks. It provides another possible strategy to 

improve secondary metabolites production by changing the biocatalyst trafficking 

pathway and escaping from regulations. 
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5.7 Figures  

 

 
Figure 5.1. Eht1 and Eeb1 are membrane-associated proteins. (A) Fluorescent 
microscopy images of selected stationary phase cells cultured in glucose media co-
expressing Eht1-GFP or Eeb1-GFP and LD marker Erg6-DsRed or mitochondria marker 
OM45-DsRed. Eht1-GFP and Eeb1-GFP signal is shown in green and Erg6-DsRed and 
OM45-DsRed is shown in red. The merged image shows the phase contrast image false 
colored in blue. Co-localization of green and red is indicated by yellow and demonstrates 
Eht1-GFP localization to LDs and Eeb1-GFP localization to mitochondria. (B) Time 
course study of intracellular localization of Eht1 and Eeb1. Cells were first grown to 
stationary phase followed by dilution in fresh media. Cells were harvested and analyzed 
at different time points (t=4, 10, 18, and 24 hrs). (C) Western blot analysis of subcellular 
fractions. Homogenates (Hom) from cells expressing the GFP-tagged were fractionated 
by differential centrifugation to yield 300 × g (P300), 13,000 × g (P13,000) membrane 
pellets and cytosolic supernatants (S13,000). Ten-microgram samples of proteins from each 
fraction were separated by electrophoresis, blotted, and probed with anti-GFP antibody. 
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Figure 5.2. Fluorescent microscopy images of stationary phase cells overexpressing 
Eht1-GFP and truncations with co-expression of the LD marker Erg6-DsRed. GFP 
signal is shown in green and Erg6-DsRed is shown in red. The merged image shows the 
phase contrast image false colored in blue. Truncation from N- or C-terminus eliminates 
LD localization. Scale bar, 1 Pm.  
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Figure 5.3. N-terminus of Eht1 plays a major role in targeting to LDs. (A) Amino 
acid sequence alignment of the N-terminus of Eht1 and Eeb1. Numbers above show the 
amino acid site and the stars below indicate the sequence identity. A mutant of Eeb1 
named as Eeb1Eht1 2-13 is generated by replacement of N-terminal 2-13 amino acids of 
Eeb1 with that of Eht1. The residues are indicated by dashed line box. (B) Fluorescent 
microscopy images of stationary phase cells overexpressing Eeb1Eht1 2-13-GFP (shown as 
green) and co-expressing LD marker Erg6-DsRed (shown as red). The merged image 
shows the phase contrast image false colored in blue. Eeb1Eht1 2-13-GFP is co-localized 
with Erg6, suggesting that it is targeted to LDs. Scale bar, 1 Pm. (C) Time course study 
of intracellular localization of Eeb1Eht1 2-13. Cells were first grown to stationary phase 
followed by dilution in fresh media. Cells were harvested and analyzed at different time 
points (t=4, 10, 18, and 24 hrs). Eeb1Eht1 2-13 is initially localized to ER and subsequently 
sorted to LDs. Scale bar, 1 Pm. (D) Fluorescent microscopy images of stationary phase 
cells overexpressing tetra-alanine scanning mutants-GFP (shown as green) and co-
expressing LD marker Erg6-DsRed (shown as red). The merged image shows the phase 
contrast image false colored in blue. Scale bar, 1 Pm. 
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Figure 5.4. Hydropathy plot and membrane topology of Eht1. (A) Hydrophobicity 
plot and Eht1 and Eeb1. A hydrophobicity plot of Eht1 and Eeb1 was generated by the 
method of Kyte and Doolittle using a window of 9 amino acids. (B) Predicted 
transmembrane domains (TMD) for Eht1 and Eeb1. (C) Eht1 is a peripheral membrane 
protein. Early log phase cells overexpressing Eht1-GFP was grown in SD-U medium, 
cells were broken with Dounce homogenizer, and membranes were pelleted by 
centrifugation at 13,000 × g. 50 Pg of protein from the membrane pellet was incubated 
for 30 min at 4qC with 1 M NaCl, 0.1 M Na2CO3, 1% SDS, or buffer alone (Mock) and 
then centrifuged at 13,000 × g for 30 min to yield soluble (S) and pellet (P) fractions. 
Proteins were precipitated by TCA, and 10 Pg was separated by electrophoresis and 
probed for the presence of GFP epitope with and anti-GFP antibody. (D) Protease 
sensitivity of the N- or C-terminal GFP on Eht1. 50 Pg of proteins from the 13,000 × g 
membrane pellet was incubated with the indicated proteinase K (PrK) concentrations for 
30 min on ice. Proteins were precipitated by TCA, and 10 Pg was separated by 
electrophoresis and probed for the presence of the GFP epitope or for Kar2, respectively.  
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Figure 5.5. Eht1 targeting to ER is related to translocons on ER. C-terminal 
fluorescently tagged GFP protein Eht1 was imaged with knockdown of essential gene 
SEC61 (encoding for canonical translocon) or knockout of nonessential gene SBH1 and 
SEC72 (encoding for canonical translocon) and SBH2 (encoding for alternative 
translocon), at different time points, 4, 10 and 24 hrs. Scale bar, 1 Pm. 
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Figure 5.6. Identification of proteins interacting with Eht1 on ER. (A) Flow diagram 
for analyzing the protein-protein interactions of Eht1-GFP by immunoprecipitation and 
mass spectrometry. (B) The 49 proteins interacting with Eht1-GFP on ER were classified 
into 6 main groups according to the Saccharomyces Genome Database SGB 
(http://www.yeastgenome.org/).  
 
 
 
 

http://www.yeastgenome.org/
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Figure 5.7. Effect of gene deletion on the localization and trafficking of Eht1. (A) 
Fluorescent images of Eht1-GFP on the background of gene knockouts at different time 
points (4h, 10h, 24h and 36h). Scale bar, 1 Pm. (B) Growth curve of gene knockout 
strains harboring plasmids to overexpress Eht1-GFP.  
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Figure 5.8. Eeb1wt and Eeb1mut transcription, translation and function relationship. 
(A) 3D plot of transcription (x axis), translation (y axis) and function (z axis) of Eeb1wt 
and Eeb1mut. (B), (C) and (D) showed 2D plot of transcription, translation and function 
relationship, respectively. (E) Fluorescent images of LD and mitochondira morphology. 
Erg6 (LD marker protein) and OM45 (mitochondria marker protein) are fused with 
DsRed, shown as red color. Blue color showed the phase contrast of cells. Scale bar, 1 
Pm. 
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5.8 Supporting Information 

 

Figure S5.1. Fluorescent microscopy images of Eht1 truncations intracellular 
localization. (A) Eht1 N- or C-terminal sequence, 1-40 amino acids and 161-451 amino 
acids; (B) Eht1 internal truncations, from 80-160 amino acids and 40-160 amino acids; 
(C) Eht1 N terminal sequence, from 1-291 amino acid, are fused with C terminal GFP to 
indicate their intracellular localization at time points (4h and 24h). Cells were first grown 
to stationary phase followed by dilution in fresh media. Scale bar, 1 Pm. 
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Figure S5.2. Intracellular localization and trafficking of Eeb1Eht1429-451-GFP. (A) 
Amino acid sequence alignment of the C-terminus of Eht1 and Eeb1. Numbers show the 
amino acid site and the stars below indicate the sequence identity. A mutant of Eeb1 
named as Eeb1Eht1 429-451 is generated by replacement of C-terminal 434-456 amino acids 
of Eeb1 with C-terminal 429-451 amino acids of Eht1. (B) Fluorescent microscopy 
images of stationary phase cells overexpressing Eeb1Eht1 429-451 -GFP (shown as green) 
and co-expressing LD marker Erg6-DsRed (shown as red). The merged image shows the 
phase contrast image false colored in blue. Eeb1Eht1 429-451 -GFP is not co-localized with 
Erg6, suggesting that it is not targeted to LDs. Scale bar, 1 Pm. (C) Time course study of 
intracellular localization of Eeb1Eht1 429-451. Cells were first grown to stationary phase 
followed by dilution in fresh media. Cells were harvested and analyzed at different time 
points (t=4, 10, 18, and 24 hrs). Eeb1Eht1 429-451 is initially localized to ER and possibly is 
targeted to mitochondira. Scale bar, 1 Pm.  
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Figure S5.3. Time course study of intracellular localization of Eht1 14-17/A and 18-
21/A. Cells were first grown to stationary phase followed by dilution in fresh media. 
Cells were harvested and analyzed at different time points (t=4, 10, 18, and 24 hrs). The 
ER and LD association is lost for both Eht1 14-17/A and 18-21/A. Scale bar, 1 Pm. 
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Figure S5.4. Intracellular trafficking and membrane topology assay of Eht1 13-myc-
14 and 160-myc-161. (A) A myc tag is added between Eht1 13 and 14 amino acids or 
Eht1 160-161 amino acids, and a GFP tag is fused on C terminus. (B) Time course study 
of intracellular localization of Eht1 13-myc-14 and 160-myc-161. Cells were first grown 
to stationary phase followed by dilution in fresh media. Cells were harvested and 
analyzed at different time points (t=4, 10, 18, and 24 hrs). Both 13-myc-14 and 160-myc-
161 remain the ER and LD association, similar to Eht1 wild type, suggesting that their 
structure is disrupted. Scale bar, 1 Pm. (C) Protease sensitivity of the epitopes on Eht1 
13-myc-14 and 160-myc-161. 50 Pg of proteins from the 13,000 × g membrane pellet 
was incubated with the indicated proteinase K (PrK) concentrations for 30 min on ice. 
Proteins were precipitated by TCA, and 10 Pg was separated by electrophoresis and 
probed for the presence of the myc and GFP epitope or for Kar2, respectively. 
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Figure S5.5. Membrane association and topology assay of Eeb1 Eht1 2-13. Eeb1 Eht1 2-13 
is a peripheral membrane protein. Early log phase cells overexpressing Eeb1 Eht1 2-13-GFP 
was grown in SD-U medium, cells were broken with Dounce homogenizer, and 
membranes were pelleted by centrifugation at 13,000 × g. 50 Pg of protein from the 
membrane pellet was incubated for 30 min at 4qC with 1 M NaCl, 0.1 M Na2CO3, 1% 
SDS, or buffer alone (Mock) and then centrifuged at 13,000 × g for 30 min to yield 
soluble (S) and pellet (P) fractions. Proteins were precipitated by TCA, and 10 Pg was 
separated by electrophoresis and probed for the presence of GFP epitope with and anti-
GFP antibody. Protease sensitivity of the N-myc or C-terminal GFP epitopes on Eeb1 Eht1 
2-13 was performed. 50 Pg of proteins from the 13,000 × g membrane pellet was incubated 
with the indicated proteinase K (PrK) concentrations for 30 min on ice. Proteins were 
precipitated by TCA, and 10 Pg was separated by electrophoresis and probed for the 
presence of the myc and GFP epitope or for Kar2, respectively. 
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Figure S5.6. Eeb1Eht1 2-13 targeting to ER is related to translocons on ER. C-terminal 
fluorescently tagged GFP proteins Eeb1 and Eeb1Eht1 2-13 were imaged with knockdown of 
essential gene SEC61 (encoding for canonical translocon) or knockout of nonessential 
gene SBH1 and SEC72 (encoding for canonical translocon) and SBH2 (encoding for 
alternative translocon), at different time points, 4, 10 and 24 hrs. Scale bar, 1 Pm. 
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Table S5.1. Strains used in this study. 

 
Strains Genotype Source 
E. coli    

DH5α 
F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 
endA1 hsdR17 (rK–, mK+)  

Life 
technologies 

 phoA supE44 λ– thi-1 gyrA96 relA1  
S. cerevisiae   

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
GE 
healthcare 

YS218 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ERG6::DsRed 
Lin and 
Wheeldon 

YS578 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
OM45::DsRed this study 

YS702 
MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sec61-
DAmP::KanR  

GE 
healthcare 

YS732 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ∆ssh1-
DAmP::KanR  

GE 
healthcare 

YS733 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ∆sbh1-
DAmP::KanR  

GE 
healthcare 

YS734 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ∆sbh2-
DAmP::KanR  

GE 
healthcare 

YS735 
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ∆sec72-
DAmP::KanR  

GE 
healthcare 

YS790 
MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sec61-
DAmP::KanR ∆ssh1::LEU2 this study 
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Table S5.2. Plasmids used in this study. 

 
Plasmid Description Source 
pEHT1 pRS426-PPGK1-EHT1-GFP-TPGK1 this study 
pEHT2 pRS426-PPGK1-EHT1 (13-451AA)-GFP-TPGK1 this study 
pEHT3 pRS426-PPGK1-EHT1 (22-451AA)-GFP-TPGK1 this study 
pEHT4 pRS426-PPGK1-EHT1 (1-428AA)-GFP-TPGK1 this study 
pEHT5 pRS426-PPGK1-EHT1 (2-5AA mutate into alanines)-GFP-TPGK1 this study 
pEHT6 pRS426-PPGK1-EHT1 (6-9AA mutate into alanines)-GFP-TPGK1 this study 
pEHT7 pRS426-PPGK1-EHT1 (10-13AA mutate into alanines)-GFP-TPGK1 this study 
pEHT8 pRS426-PPGK1-EHT1 (14-17AA mutate into alanines)-GFP-TPGK1 this study 
pEHT9 pRS426-PPGK1-EHT1 (18-21AA mutate into alanines)-GFP-TPGK1 this study 
pEHT10 pRS426-PPGK1-EHT1 (22-25AA mutate into alanines)-GFP-TPGK1 this study 
pEHT11 pRS426-PPGK1-GFP-EHT1-TPGK1 this study 
pEHT12 pRS426-PPGK1-Eht1 (1-13AA)-myc-Eht1 (14-451AA)-GFP-TPGK1 this study 
pEHT13 pRS426-PPGK1-Eht1 (1-160AA)-myc-Eht1 (161-451AA)-GFP-TPGK1 this study 
pEHT14 pRS426-PPGK1-Eht1 (1-40AA)-GFP-TPGK1 this study 
pEHT15 pRS426-PPGK1-Eht1 (1-80AA)-Eht1 (161-451AA)-GFP-TPGK1 this study 
pEHT16 pRS426-PPGK1-Eht1 (1-40AA)-Eht1 (161-451AA)-GFP-TPGK1 this study 
pEHT17 pRS426-PPGK1-Eht1 (161-451AA)-GFP-TPGK1 this study 
pEHT18 pRS426-PPGK1-Eht1 (1-291AA)-GFP-TPGK1 this study 
pEEB1 pRS426-PPGK1-EEB1-GFP-TPGK1 this study 
pEEB2 pRS426-PPGK1-EHT1 (1-13AA)-EEB1 (14-456AA)-GFP-TPGK1 this study 
pEEB3 pRS426-PPGK1-EEB1 (1-433AA)-EHT1 (429-451AA)-GFP-TPGK1 this study 

pEEB4 
pRS426-PPGK1-EHT1 (1-13AA)-EEB1 (14-433AA)-EHT1 (429-
451AA)-GFP-TPGK1 this study 

pEEB5 pRS316-PREV1-EEB1-GFP-TPGK1 this study 
pEEB6 pRS316-PTPI1-EEB1-GFP-TPGK1 this study 
pEEB7 pRS316-PPGK1-EEB1-GFP-TPGK1 this study 
pEEB8 pRS316-PTEF1-EEB1-GFP-TPGK1 this study 

pEEB9 
pRS316-PREV1-EHT1 (1-13AA)-EEB1 (14-433AA)-EHT1 (429-
451AA)-GFP-TPGK1 this study 

pEEB10 
pRS316-PTPI1-EHT1 (1-13AA)-EEB1 (14-433AA)-EHT1 (429-451AA)-
GFP-TPGK1 this study 

pEEB11 
pRS316-PPGK1-EHT1 (1-13AA)-EEB1 (14-433AA)-EHT1 (429-
451AA)-GFP-TPGK1 this study 

pEEB12 
pRS316-PTEF1-EHT1 (1-13AA)-EEB1 (14-433AA)-EHT1 (429-451AA)-
GFP-TPGK1 this study 
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Table S5.3. Proteins interact with Eht1-GFP on ER identified by 
immunoprecipitation and mass spectrometry. PTM: post-translational modification.  

 
Gene 
name 

Systematic 
name  

Essential 
gene 

Function Cellular 
component 

EHT1 YBR177C -   
SHE10 YGL228W - unclassified ER 
RET3 YPL010W - vesicle traffic Golgi; ER 
NAS2 YIL007C - PTM cytoplasm, 

nucleus 
ERG28 YER044C - lipid metabolism ER 
ERG5 YMR015C - lipid metabolism ER 
RUP1 YOR138C - PTM cytoplasm, 

nucleus 
HRD3 YLR207W - PTM ER membrane 
OSH6 YKR003W - lipid metabolism cortical ER 
LAC1 YKL008C - lipid metabolism ER 
CHZ1 YER030W - chaperone nucleus 
GOR1 YNL274C - glyoxylate metabolism cytoplasm, 

nucleus, 
mitochondrion 

MNN9 YPL050C - glyoxylate metabolism ER, cis-Golgi 
ARP4 YJL081C - transcription nucleus 
ERP4 YOR016C - vesicle traffic ER 
AVT3 YKL146W - amino acid metabolism fungal type 

vacuole 
membrane 

GGC1 YDL198C - unclassified mitochondrial 
inner 
memberane 

VPS24 YKL041W - protein traffic cytoplasm 
ORF 
unchara
cterized 

YDR090C - transcription/ 
translation 

membrane 

MAK5 YBR142W - translation nucleus 
LOA1 YPR139C - lipid metabolism ER, lipid 

droplet 
ATP17 YDR377W - unclassified mitochondrion 
RIX1 YHR197W + transcription cytosol, 

nucleus 
MOB1 YIL106W - PTM cytoplasm, 

nucleus 
LEO1 YOR123C - transcription nucleus 
SHR3 YDL212W - chaperone ER 
ENV10 YLR065C - protein traffic ER 
IPP1 YBR011C - unclassified cytoplasm, 
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nucleus 
SDH3 YKL141W - protein traffic mitochondrial 

inner 
memberane 

SRP102 YKL154W - protein traffic ER 
GPH1 YPR160W - carboxylate metabolism cytoplasm 
Sec62 YPL094C + protein traffic ER 
IRC24 YIR036C - unclassified cytoplasm 
YTM1 YOR272W - translation nucleus 
RFT1 YBL020W + lipid metabolism ER 
SEC9 YGR009C - vesicle traffic plasma 

membrane 
MOT2 YER068W - PTM cytoplasm 
ENV9 YOR246C - vesicle traffic LD 
YMR1 YJR110W - protein traffic cytoplasm 
MRPL8 YJL063C - translation mitochondrion 
PFA3 YNL326C - vesicle traffic fungal type 

vacuole 
membrane 

POM33 YLL023C - unclassified ER 
SUR2 YDR297W - lipid metabolism ER membrane 
MTC5 YDR128W - unclassified fungal type 

vacuole 
membrane 

VMA22 YHR060W - chaperone ER 
SSQ1 YLR369W - chaperone mitochonrial 

matrix 
VTC1 YER072W - vesicle traffic ER, vacuolar 

membrane 
DYN1 YKR054C - unclassified cytoplasm 
ERR2 YPL281C - amino acid metabolism unknown 
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Chapter 6 Summary 

 

Volatile esters have distinct aromas and flavors, and are produced during fruit ripening 

and beverage fermentation. Short and medium chain fatty acid esters are widely applied 

in food, dairy, cosmetic and pharmaceuticals industries. Industrial production of these 

chemicals has been an effort of metabolic engineering in the last decade. It has been 

successfully achieved in microbial cell factories, such as E. coli and yeast. However, the 

yield, titer and productivity are not high and remain to be improved. The physiological 

role and metabolic pathways of volatile esters production in yeast also are not well 

known. In yeast, alcohol-O-acetyl/acyltransferase is responsible for short and medium 

chain fatty acid ethyl ester production, catalyzing the condensation of ethanol and 

acetyl/acyl-CoAs. The overall goal of this thesis is to understand and engineer AATases 

in yeast. New fundamental understandings of AATases and new biotechnologies will 

help accelerate the progress of industrial production of FAEEs. With respect to this, 

several scientific questions and engineering strategies are addressed and developed in this 

thesis.  

Compared to the natural extraction and Fisher esterification synthesis, an attractive 

approach to produce short and medium chain FAEEs is by microbial cell factories. In 

chapter 2, six AATases from yeast and fruit tomato were evaluated with respect to 

activity, intracellular localization, and expression level in two most common microbial 

cell factories, S. cerevisiae and E. coli. The results provide important information on the 

biochemical properties of AATases under homologous and heterologous expressions. All 
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AATases formed aggregates with low specific enzymatic activity when expressed in E. 

coli. In addition, the membrane association observed in S. cerevisiae was lost in E. coli, 

which could partially explain the low function is E. coli. Therefore, we demonstrate that 

S. cerevisiae is a better microbial host to produce short and medium chain FAEEs 

compared to E. coli.  

To discover and protein engineer highly active AATases, an effective screening 

method is required. However, traditional measurement methods, such as gas 

chromatography (GC) and thin-layer chromatography (TLC), are low throughput and 

time consuming. To overcome this, we have developed a rapid and high throughput 

screening method for AATases activity and substrate specificity in Chapter 3. The 

produced CoA-SH by AATase is coverted to succinyl-CoA by a-KGDH with other 

saturated substrates. The rate of produced NADH from NAD+ is measured by following 

the absorbance at 340nm. This spectrophotometer based coupled enzyme assay is applied 

to screen a library of AATases for fatty acid ethyl ester synthesis. Atf from Solanum 

lycopersicum was discovered to be active towards short and medium chain acyl-CoAs 

and different alcohols, with preference to hexanoyl-CoA and 1-pentanol. Therefore, this 

assay will help accelerate the protein engineering and new enzyme discovery of AATase.  

In Chapter 4, the concepts of substrate channeling and enzyme-colocalization were 

applied to increase efficiency and yield of ethyl acetate synthesis pathway in S. 

cerevisiae. We design a protein scaffold based on the plant LD targeting protein oleosin, 

and cohesin/dockerin protein-protein interaction pairs (OCD). The upstream enzymes of 

ester biosynthesis pathway, Acs1 and Ald6 are naturally localized to 
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cytosol/mitochondria and cytosol, respectively. By this OCD scaffold, Acs1 and Ald6 

were recruited and relocalized to the outer surface of LDs, the localization of terminal 

step, Atf1. This produces a clustered three-step pathway on LDs membrane that channels 

key intermediates between enzymes. The multiple enzymes colocalization was 

demonstrated by Förster Resonance Energy Transfer (FRET) and the effect of substrate 

channeling wass demonstrated by in vitro kinetic analysis. We further optimized the 

scaffold and pathway expression levels and the production rate of ethyl acetate in vivo 

increased ~ 2-fold. Colocalization of multiple enzymes on LDs is a possible strategy for 

engineering synthetic metabolic pathways on membranes.  

In addition to engineering AATase, we find that AATases, Atf1, Atf2 and Eht1, are 

membrane-associated proteins and localized on LDs during stationary phase in S. 

cerevisiae. LDs have been the focus of many studies for they play crucial role in energy 

and lipid metabolism. They are composed of a core neutral lipids and a monolayer of 

phospholipids. Proteome studies identify a distinctive set of proteins decorating LDs. 

However, lots of questions about LDs remain to be elucidated. For example, what is the 

mechanism of LD biogenesis? How do proteins specifically target to LDs? And what is 

the physiological role of LDs besides lipid metabolism and storage? In this thesis, we 

focus on one class of enzymes, AATase, to understand the LDs localization and 

trafficking.  

In Chapter 5, structure-function analysis and a protein-protein interaction study were 

performed. Eht1 and Eeb1 are responsible for medium chain fatty acid esters production 

in S. cerevisiae, and the pair of paralogues arose from genome duplication. They are 
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closely related, with 58% sequence identity and 73% sequence similarity at amino acid 

sequence level. Eht1 and Eeb1 are initially localized to ER membrane and subsequently 

sorted to LDs and mitochondria, respectively. Truncations from either N- or C-termini 

disrupt the membrane association of Eht1, indicating that both terminal regions are 

important. However, N- and C-terminal amino acid sequences are not able to target GFP 

to ER or LDs, suggesting that the internal region might be also involved. As another 

function recovery study example, the N- or C-terminal region of Eeb1 was replaced with 

the amino acid sequences of Eht1. Eeb1Eht1 2-13 localized to LDs instead of mitochondria 

by N-terminal amino acid sequence replacement, whereas Eeb1Eht1 429-451 remains 

mitochondria localization. Furthermore, the alanine-stretch screening of N-terminal 

region of Eht1 suggests that the 14-21 amino acids are the most important region.  

Membrane-associated proteins always contain the hydrophobic transmembrane 

domains. However, our hydropathy analysis suggests that there are no transmembrane 

domains with high confidence for Eht1 and Eeb1. Membrane topology assay 

experimentally shows that they are peripheral membrane proteins on ER.  

An interesting finding is that the LD targeting Eht1 and its mutants are always initially 

targeted to ER. It suggests that the translocons might be involved in the Eht1 trafficking 

process from ER to LDs. To answer this question, the knockout and gene silencing 

experiments are performed for Eht1, Eeb1 and Eeb1Eht1 2-13. Knockdown of SEC61 

(encoding for common translocon) or knockout SSH1 (encoding for alternative 

translocon) does not affect the ER targeting and LD localization of Eht1 and Eeb1 Eht1 2-13. 

Also, the knockout of accessory factor genes does not have any effect for Eht1 2-13 ER 
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targeting and translocation to LDs. The significant effect is only observed when SEC61 is 

knockdown and SSH1 is knockout. These results suggest that both translocons might be 

related to Eht1 ER targeting and sorting process to LD.  

It has been reported that proteins are involved in the lipid trafficking from ER to LDs. 

We hypothesize that proteins might also be involved in the protein trafficking from ER to 

LDs. Therefore, immunoprecipitation and mass spectrometry were performed to study the 

physical protein-protein interaction of Eht1 on ER. 48 proteins of high confidence were 

identified to have interactions with Eht1. We found 12 proteins related to protein 

trafficking and vesicle trafficking. One of interest is Snd2p, which is a key component of 

SND (SRP-independent) pathway. From Aviram’s study, it is suggested that Eht1 and 

Eeb1 undergo SND pathway to be targeted to ER, a conclusion that supports our result. 

Some accessory factors related to the common translocon on ER were also identified in 

the screen. With these results, we choose some of the genes encoding for the Eht1 

interacting proteins and knock them out. The localization and trafficking of Eht1-GFP 

were examined with these gene knockout strains. We demonstrated that ERG5 knockout 

blocks the translocation of Eht1p from ER, suggesting that Erg5p might be related to the 

secretion of Eht1p. Knockout of ERG5 affects the morphology of LDs, the amount of 

LDs increases while size decreases. This opens to an interesting question, is Erg5p 

specific for Eht1p or is it general for AATase or even for a broad range of proteins 

lacking TMD but associated with LD? And also, is this effect directly resulted from 

Erg5p or it is because of the changed morphology of LD?  
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Returning to the respect of AATase activity in vivo, it has been demonstrated that the 

overexpression of Eht1 or Eeb1 does not increase FAEE synthesis. It could be explained 

by the limited accessibility of substrates, especially acyl-CoAs. However, from our study, 

we found that after changing the N- and C-terminal amino acid sequences, the protein 

expression level and enzymatic activity of Eeb1 increase while the transcription level 

decreases. This might because the changed trafficking pathway stabilizes Eeb1Mut and 

prevents it from degradation. The different protein loading capacity of mitochondria and 

LDs could be an alternative explanation.  

In this thesis, we have demonstrated that S. cerevisiae is a better microbial cell factory 

for short and medium chain FAEE production. We have developed a rapid and high 

throughput screening method for discovery and protein engineering of AATase. In 

addition, we developed and analyzed a protein scaffold to co-localize pathway enzymes 

on LDs to improve the pathway production rate and yield based on the concept of protein 

colocalization and substrate channeling. Furthermore, we open up to understand the 

AATase LD localization and protein trafficking mechanism. Taken together, this thesis 

spans from understanding of AATases biochemical properties and trafficking 

mechanisms to metabolic and pathway engineering of short and medium chain FAEEs 

production in S. cerevisiae.  

 
 
 




