
 

 

ABSTRACT 

EBY, JOSEPH MERRITT. Yeast Surface Display-Based Scaffolds for Enzyme Screening 
and Biocatalysis. (Under the direction of Steven W. Peretti). 

The economics of catalytic enzyme production are a major obstacle to their wider 

implementation in industrial processes. Despite advantages in stereoselectivity, energy 

intensity, waste reduction, and environmental impact, processes with narrow profit margins 

simply cannot afford biocatalysts because the cost-effective formulations—solutions or 

soluble powders—cannot be easily reused, while reusable forms—enzyme immobilized on 

solid supports—are too expensive. Therefore, in order to compete with traditional 

heterogeneous catalysts, the cost of biocatalyst production must be dramatically lowered.  

The majority of supported enzyme cost comes from purification and immobilization of 

the enzyme.  These steps can be combined with protein production in an organism that 

secretes the enzyme as a fusion that attaches or adheres to the cell surface. Surface display 

(SD) of various proteins has been demonstrated on phage, gram-negative and gram-positive 

bacteria, and fungi. Yeast surface display (YSD) is demonstrated here as a scaffold for 

enzyme immobilization. Yeasts are fast-growing, eukaryotic hosts with rigid, solvent-tolerant 

cell walls. The enzyme is synthesized under the control of an inducible episomal vector as a 

fusion that, upon secretion, covalently attaches or non-covalently adheres to the cell surface. 

The yeast cells, now in effect immobilized enzyme, can easily be removed from the culture 

media. Two lipases have been displayed: lipase B from Candida antarctica (CalB) and lipase 

from Photobacterium lipolyticum sp. M37 (M37L). 

Lipases are common in industrial applications because of their ability to catalyze a wide 

variety of reactions in organic and aqueous environments. CalB is well-characterized in an 



 

 

immobilized form that is available commercially as Novozym 435, although it is somewhat 

limited by its susceptibility to methanol deactivation. M37L has much better methanol 

tolerance and a lower temperature for its peak activity. Immobilized on yeast, the YSD 

biocatalysts have been characterized and employed in hydrolytic and synthetic reactions. 

Conditions that maximized the fraction of the population expressing the SD fusion, as 

determined by flow cytometry, were optimized from growth to lyophilization. 

Lipases are, in nature, hydrolytic enzymes. The activities of YSD CalB and ycM37L 

(M37 optimized for expression in yeast with yeast codons) were determined with 

colorimetric assays of p-nitrophenyl ester hydrolysis in aqueous buffer. The assays were 

carried out at different temperatures, and the YSD biocatalysts demonstrated activity and 

temperature stability that is similar to Novozym 435.  Neither the YSD biocatalyst nor 

Novozym 435 lost activity after 5 repeated batches of the assay.  

Though naturally hydrolytic enzymes, lipases can catalyze synthetic reactions in the 

absence of water. The YSD biocatalysts (CalB and ycM37) produced butyl esters of saturated 

C8, C10, C12, C14, and C16 fatty acids in heptane. The acyl donor chain length selectivity of 

each lipase was determined. CalB and ycM37 saw decreased activity with longer fatty acid 

chains, with a steeper decline in activity above C12. The optimum temperature for C8 and 

C12 butyl esters was 40 °C for ycM37L and 60 °C for CalB. Both YSD biocatalysts 

maintained some activity through 10 batches of butyl decanoate reactions, with increases and 

decreases that could be explained by changes in the reactions’ water content. An analysis of 

the structures of the two lipases and other, similar lipases revealed the structural basis for the 

specificity and differences in water activation between CalB and ycM37L. 



 

 

To promote discovery of new lipases (and other hydrolases), a method for SD-based 

screening of serine hydrolase libraries is described. Enzyme variants can be expressed on the 

surface of yeast and selected by fluorescently activated cell sorting. The method relies on a 

probe that irreversibly binds to the catalytic serine of active lipases and is subsequently 

attached to a fluorophore by a “click” reaction. 
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INTRODUCTION 

Motivation 

Dwindling petroleum reserves and looming climate change have driven research in 

search of replacements for fossil fuels and other products derived from petrochemicals. Both 

pragmatic and “green” process development demands more efficient methods, less toxic and 

corrosive chemistry, less waste, and renewable feedstocks. Biotechnology answers these 

demands with as-yet-unconventional means: biocatalysts—catalytic enzymes. Enzymatic 

processes offer several potential advantages: more benign and less intense process conditions 

(lower temperatures and pressures); high yields that lower costs for downstream clean-up and 

recycle. Many enzymes cannot tolerate harsh or toxic solvents, which translates into 

inherently safer processes. Furthermore, protein is both renewable and biodegradable, 

making enzymes the epitomic green catalysts. While a few enzymes have found large-scale 

use in food processing and detergents, the cost of transition to enzymatic production in other 

key industries is a significant obstacle.  

The majority of an enzyme’s cost comes from steps after production in a (typically) 

recombinant host organism. Purification of the enzyme from the culture media and further 

preparation by immobilization, crystallization, cross-linking, etc. account for as much as 80% 

of the final cost.1 Therefore, efforts to reduce enzyme cost and thereby facilitate their 

widespread use in industry are wisely focused in these areas.  

Scope 

The work here demonstrates a method for screening, producing, and purifying enzymes 

in a cost-effective manner. Lipase, a popular and versatile industrial biocatalyst, is produced 
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recombinantly in yeast and displayed on the cell surface. This combines the production, 

purification, and immobilization of the enzyme into and onto one scaffold: the yeast cell. The 

cell is an inexpensive and robust support that is easily removed from the growth medium. 

Freeze-drying of the yeast surface display (YSD) catalyst increases the robustness of the 

catalytic pellet without triggering proteolytic or other stress responses that would degrade the 

enzyme or the cell wall. The resulting powder is a purified and immobilized catalyst ready 

for use. 

In Chapter 1, construction of YSD biocatalysts with two methods of attachment is 

described. An approach employing a high-copy vector and non-covalent attachment to the 

cell surface did not yield promising results. An alternate approach, a single-copy vector with 

covalent cell wall attachment, proved effective and was characterized further. Lipase B from 

Candida antarctica (CalB) and lipase from Photobacterium lipolyticum sp. M37 (ycM37L) 

were integrated into surface display vectors and produced separately in Saccharomyces 

cerevisiae. The population expressing a lipase could be determined by flow cytometry and 

growth conditions were tailored to maximize that fraction. Flow cytometry was also used to 

evaluate the effects of lyophilization on the biocatalyst.  The activity of the YSD biocatalysts 

was measured in colorimetric hydrolysis assays. Under the conditions studied, the YSD 

biocatalysts (displaying either lipase) had activities similar to a commercial, immobilized 

lipase (Novozym 435).  The thermal stability and reusability of the YSD catalyst in the 

hydrolysis assay were also similar to the commercial enzyme. An analysis of the cost of 

producing the YSD biocatalyst was performed based on equipment and materials used in the 
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study. YSD lipases are comparable to commercial immobilized lipase in activity, thermal 

stability, and longevity, but are potentially far less expensive to produce.  

Chapter 2 examines the use of the YSD biocatalysts, again displaying CalB and ycM37L, 

in synthesis reactions in organic media rather than hydrolysis reactions in aqueous media. 

Esters of butanol and aliphatic fatty acids were synthesized in heptane. The YSD biocatalysts 

could synthesize butyl esters over a wide range of temperatures and acyl chain length. The 

specificity of the lipases for fatty acids between C8 and C16 was determined at 30 °C. 

Temperature optima for syntheses of butyl octanoate (caprylate) and butyl tetradecanoate 

(laurate) were determined. The results were similar for either fatty acid; ycM37L has a lower 

optimum temperature than CalB, and there is little difference in peak activity at their 

respective optima. The biocatalysts were subjected to ten batches of butyl decanoate 

(caprate) synthesis reactions, and maintained their activity through the majority. A lag in the 

activity of ycM37L and a gradual decrease in the activity of both lipases were attributable to 

variation in the concentration of water in the reaction. The activity of dry catalyst could be 

predictably modified by adding water to the reaction. In all reactions, the activity of the YSD 

biocatalysts was lower than the standard, Novozym 435. The activity of the resin-

immobilized standard was high enough that trends in specificity and temperature optima 

were not apparent, nor were changes in activity observed after ten repeated uses.  

Chapter 3 outlines and tests a method for screening of lipases and other enzymes within 

their catalytic family (serine hydrolases). The method presents a potential improvement in 

screening throughput several orders of magnitude over those reported in the scientific and 

patent literature. It takes advantage of an irreversible labeling step that requires enzyme 
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activity, thus selecting only active variants of the protein from a diverse population. The 

probe is detected by means of a copper-catalyzed “click” reaction. Co-labeling of the SD 

construct’s C-terminal epitope tag allows the cells expressing active enzyme on the surface to 

be selected with fluorescently activated cell sorting (FACS). A population of CalB mutants 

with predicted activity (or lack thereof) was doped with wild-type CalB, sorted, and 

analyzed. The wild-type could be recovered, but background of inactive mutants was still 

present after two rounds of sorting. The method can be tailored to select for a wide variety of 

substrate ester moieties. The copper “click” reaction is the current bottleneck, and the method 

would benefit from an exchange for “click” chemistry that does not adversely impact the 

cells. 

Chapter 4 reviews the experimental data from Chapters 1 and 2 and explains the relative 

specificity of CalB and ycM37L in terms of the enzymes’ tertiary structures. The structure-

function relationship of these two lipases is contextualized with hydrolysis and esterification 

data from literature. A database search for structurally similar proteins revealed that CalB 

and ycM37L fall into two divergent classes of hydrolases. Analysis of specificity data and 

crystal structures for CalB, ycM37, and their related enzymes reveals a structural explanation 

for the acyl donor specificity reported in Chapter 2. 

 

References 
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1. CONSTRUCTION, HYDROLYTIC ACTIVITY, AND COST ESTIMATES OF A 

YEAST SURFACE DISPLAY-BASED BIOCATALYST1 

Introduction 

The cost of purified enzyme is a primary obstacle to its commercial implementation. 

Despite the variety of ways that enzymes can be prepared for industrial use,1 up to 80% of 

the final cost is associated with purification and immobilization.2,3 Display of the enzyme on 

the surface of the production organism offers the potential for dramatic decreases in cost and 

catalyst preparation time. While yeast surface display (YSD) was developed to succeed 

phage and bacterial display as a tool for protein engineering,4 parallel applications in 

biocatalysis were quickly identified.5 Enzymes displayed on the yeast cell surface take 

advantage of the yeasts’ production efficiency and selective protein display.  Using the yeast 

as the production host and as the final catalytic support circumvents the most costly steps in 

enzyme preparation. An additional benefit comes from the fungal cell wall, a rigid structure 

composed of glucans, mannoproteins, and chitin,6 which offers physically and chemically 

robust support. The two most prevalent and flexible methods for displaying proteins on the 

yeast surface employ either an α-agglutinin fusion (covalent cell wall attachment4) or fusion 

to a truncated yeast flocculin protein (non-covalent adhesion7). Proteins ranging in size from 

a DNA binding motif (7 kDa8) to β-glucosidase (136 kDa9) have been displayed on the yeast 

surface and retained their function, demonstrating the capacity and flexibility of the system.  

                                                
1 This chapter has been submitted to Biotechnology Bioengineering as “Performance and Applications of a 
Yeast Surface Display-Based Biocatalyst,” J. Eby and S.W. Peretti 
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Lipases are of particular utility in surface display systems for several reasons: they 

catalyze many synthetic reactions; they are relatively thermostable and promiscuous; they 

require no cofactors or regeneration; they are stable and active in some organic solvents; and 

they are active extracellularly without modification10,11 Lipase B from Candida antarctica 

(CalB) is a widely-studied industrial enzyme whose crystal structure has been solved 12, but 

whose application to esterification is somewhat limited by its susceptibility to methanol 

deactivation.13 Recently, a lipase, M37L, from a psychrophilic bacterium (P. lipolyticum sp. 

M37) with better tolerance of high methanol concentrations,14 has been applied to a biodiesel 

reaction.15 Most recently, directed evolution was used to dramatically enhance methanol 

tolerance and thermal stability for a lipase from Proteus mirabilis.16 

Investigators have had success immobilizing lipases using surface display. Systems have 

been developed in bacteria,17 filamentous fungi,18 and yeast.19-21 The use of yeast, especially 

Saccharomyces sp., is appealing because of the genus’ rapid growth, mapped genome and 

proteome, and facile genetic manipulation. Many fungal lipases have been displayed on 

yeast, including lipases from Rhizomuco miehei,22 Rhizopus oryzae,20,23 and Candida 

antarctica.24,25   

 The activity of surface-displayed M37L is reported here for the first time. The previous 

attempt at immobilization used enzyme cross-linking, and the aggregate produced methyl 

esters from olive oil at 70% conversion.26 Since immobilization can often result in an 

increase in stability and activity,21 M37L and wild-type CalB have been incorporated into a 

YSD fusion for comparison.  
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Activity is reported here in terms of conversion, normalized by catalyst dry mass, which 

facilitates comparisons with existing technologies. Activity for YSD-based biocatalysts is 

typically reported as a bulk property, in arbitrary units that neglect catalyst loading, making 

replication of the results difficult. These characterizations ignore the dynamics of the 

production organism and rely on commonly-cited assumptions about the amount of catalytic 

protein being produced.21,27  Here, analysis of the population by flow cytometry has been 

applied to optimize the production of the biocatalyst towards uniformly high surface display 

of the lipase.  

Materials and Methods 

Strains and Media 
Plasmid DNA was screened and stored in Escherichia coli DH5. The untransformed 

strain was cultivated in LB media (10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium 

chloride, 1 mL 1 N sodium hydroxide) at 37 °C and made electrocompetent in-house and 

transformed as described in Molecular Cloning.28 After electroporation, cells were recovered 

in SOC media (20 g/L tryptone, 5 g/L yeast extract, 10 mM magnesium sulfate, 0.5 g/L 

sodium chloride, 250 mM potassium chloride, 10 mM magnesium chloride, 20 mM glucose, 

1 mL 1 N sodium hydroxide) and plated with appropriate antibiotics (LB with 15 g/L agar 

and 50 mg/L ampicillin). Cultures for plasmid preparation were grown on or in LB, with 

antibiotics.  Saccharomyces strain EBY1004 was propagated in 2X YAPD (20 g/L yeast 

extract, 100 mg/L adenine hemisulfate, 40 g/L peptone, 40 g/L glucose.29  Two strains of 

Saccharomyces cerevisiae, S288C (MATα sta1 sta2 sta3 STA10) and MT8-1 (MATa ade 

his3 leu2 trp1 ura3), were purchased from the American Type Culture Collection (ATCC) 
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and propagated in/on YAPD at 30 °C.  Yeasts were made electrocompetent in-house,30 with 

modified wash and recovery buffers.31 After electroporation, cells were recovered in 1:1 2X 

YAPD:1 M sorbitol and plated on minimal media or used to inoculate liquid media. Selection 

is maintained through the strain’s tryptophan (EBY100) or uracil (MT8-1) auxotrophy. 

Yeasts are grown in selective (i.e., lacking tryptophan/uracil) synthetic complete (SC, 28) 

media with 2% glucose for a carbon source and penicillin-streptomycin (100 U/mL and 100 

µg/mL, respectively) through two passes at 30 °C before being transferred to selective SC 

media with 2% galactose as a carbon source for induction at 20 °C. 

Cloning and Transformation 
All T4 ligase, phosphatase, and polymerase were obtained from New England Biolabs, 

Ipswich, MA The bacterial protein sequence for M37L (NCBI accession # AAS78630) was 

optimized for expression in yeast by GENEWIZ (Research Triangle Park, NC) and provided 

in a bacterial stock containing the plasmid pUC57-ycM37L.  DNA for the CalB mature 

peptide was provided in pET22-mCalB in bacterial stocks. Genomic DNA from S.c. S288C 

was purified using a modified protocol for a blood and tissue kit (QIAGEN, Valencia, CA).32 

The gene for FLO1S was amplified from genomic DNA using high-fidelity Phusion 

polymerase and previously reported primers (Matsumoto et al. 2002). The PCR (polymerase 

chain reaction) product was digested with BamHI/XhoI and ligated into BamHI/XhoI-

digested pYES with T4 ligase. The construct was transformed into E. coli for storage. The 

insert was confirmed by restriction digest and sequencing.  The flo1S gene was purified from 

an agarose gel after digesting the plasmid with BamHI/XhoI, using a spin kit (Thermo Fisher 
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Scientific, Pittsburgh, PA). Plasmid DNA was purified from bacterial cultures with a spin kit. 

The lipase sequences were amplified from their plasmid templates with high-fidelity PCR.  

Plasmid backbones (pCT-EGFP33 and p426 GALL, ATCC 87341) were purified from 

bacterial stocks, digested with BamHI/NheI (pCT plasmids) or BamHI/EcoRI (p426 

plasmids), and treated with phosphatase. For pCT-based plasmids, the PCR products of the 

lipases were digested with BamHI/NheI, combined individually with the plasmid backbones 

in 3:1 ratios, and ligated with T4 ligase.  For p426-based plasmids, the PCR products of the 

lipases were digested with XhoI/EcoRI and combined with gel-purified flo1S (BamHI/XhoI) 

and the digested plasmid backbone in 3:3:1 molar ratios (lipase:flo1S:p426). The components 

were ligated with T4 ligase overnight at 16 °C. Ligation products were transformed into E. 

coli by electroporation.  Putative transformants were screened for the insert by PCR (OneTaq 

Quick-Load Master Mix, New England Biolabs, Ipswich, MA). After the insert was detected 

using PCR, the identified colonies were picked for plasmid purification, restriction digest 

screening, and sequencing. The c-myc epitope was added to flo1S-lipase fusions and the 

p426 GALL backbone via PCR. The insert and backbone were recombined with one-step 

ISO assembly,34 transformed into E. coli, and screened as before. 

Production of the Yeast Surface-Display Biocatalyst 
Yeasts carrying the putative construct for the lipase-alpha-agglutinin fusion protein under 

GAL promoter control were propagated in SC/Dex (SC with 2% glucose) without 

tryptophan. Yeasts carrying the putative construct for the Flo1S-lipase fusion under GALL 

control were propagated in SC/Dex without uracil. Batches were passaged by inoculating 3 

mL cultures 1:500 with cell slurry from previous generations and grown at 30 °C, 250 rpm in 
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a 15 mL Falcon tube to an OD600 of 2-3.  A 200 mL culture was inoculated 1:200 from this 

culture and grown under the same conditions in baffled shaker flasks to a final OD600 of 6-8 

(5x 107 cells/mL). Media was removed by centrifugation (3,000 g for 15 min. at 4 °C) and 

the cell pellet was re-suspended in induction media. The suspension was used to inoculate a 2 

L bioreactor (Sartorius AG, Goettingen, Germany) and operated at 20 °C, 250 rpm with 4 

L/min sparged air during induction.  Samples were removed at regular intervals (4-6 hours), 

and the sample volume (typically 10 mL) was replaced with galactose (20% weight/volume 

in DI water, sterilized by filtration).  Induction ended after 18-20 hours, with a final cell 

count of 1-3 x 107 cells/mL.  

Following induction, the bioreactor was chilled to 6 °C and the culture siphoned into 

chilled centrifuge bottles. Cells were harvested by centrifugation (4,000 g for 30 min. at 4 

°C) and washed once with 1 L sterile, cold water. Cells were re-suspended in a dense slurry 

in DI water (3-5 x 109 cells/mL), distributed into 2 mL microcentrifuge tubes, frozen, 

lyophilized in a SpeedVac (Thermo SPD-111V) for > 8 hours, and stored desiccated at 4 °C.  

Assays for Esterase Activity 
Lipase from C. antarctica immobilized on acrylic resin was purchased from Sigma 

Aldrich (St. Louis, MO) and used as a positive control. Lyophilized YSD biocatalyst or resin 

was weighed into clean 2 mL microcentrifuge tubes. Two substrates were used for the 

assays: p-nitrophenyl butyrate (pNPB) and p-nitrophenyl palmitate (pNPP) (Sigma Aldrich, 

St. Louis, MO).  An emulsion of substrate (1-4 mM in 50 mM potassium phosphate buffer, 

pH 6.5, with 0.5 % Triton-X 100) was added to a final catalyst loading of 20 mg dw/mL. Iso-

propanol was added to p-nitrophenyl palmitate assays at 5% by volume. Samples were gently 
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agitated in a temperature-controlled water bath during the assay. The bath was maintained at 

30 °C for assays using pNPB and at 45 °C for assays using pNPP (see Scheme 1), unless 

otherwise indicated. Aliquots of at least 20 µL were removed periodically and spun down at 

>10,000 g for > 1 minute and the absorbance of the supernatant at 400 nm was measured on a 

NanoDrop 1000 (Thermo Scientific, Wilmington, DE). The maximum observed absorbance 

within 10 minutes was recorded, since the acrylic resin was observed to absorb some of the 

hydrolysis product at higher conversions, leading to underreporting of the activity of the 

resin-immobilized lipase. The concentration of p-nitrophenol was calculated based on the 

absorbance and standard curves prepared in appropriate buffer. 

Flow Cytometry 
Yeast cells (8x106 to 5x107) were suspended in 1 mL phosphate buffered saline 

supplemented with bovine serum albumin (PBS-BSA, 137 mM sodium chloride, 2.7 mM 

potassium chloride, 10 mM dibasic sodium phosphate, 2 mM monobasic potassium 

phosphate, 1 g/L BSA in water). The suspension was centrifuged at 10,000 g for 30 s 

(subsequent centrifugations used the same conditions) and re-suspended in 250 µL PBS-

BSA. Primary antibody (chicken anti-c-myc, Invitrogen) was added at a 1:250 dilution and 

mixed by vortexing. After >15 minutes at room temperature, the cells were diluted with 1 mL 

PBS-BSA, centrifuged, and the supernatant was aspirated. The cells were washed with 1 mL 

PBS-BSA, centrifuged, and aspirated again. Secondary antibody (goat anti-chicken Alexa 

633, Invitrogen) was added at a 1:250 dilution in 250 µL PBS-BSA. After >15 minutes at 

room temperature in the dark, the cells were diluted and washed with PBS-BSA in the same 

way. Cells were re-suspended in 1 mL PBS-BSA and vortexed immediately before data 
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collection.  Data were collected on an Accuri C6 cytometer with at least 30,000 events per 

run and slow fluidics. The manufacturer’s software was used for analysis. Normal, healthy 

cells were gated in the forward vs. side scatter plots based on an unlyophilized, untreated, 

untransformed control (Figure 1.2). This gate was applied to histograms of Alexa 633 

fluorescence (Figure 1.3, Figure 1.4, Figure 1.5), which were used to determine the fraction 

of the population expressing the surface display (SD) construct. The baseline for expression 

was determined by experimental samples incubated without the primary antibody (Figs.  3-

5). 

 Results 

 Flow Cytometry 
In a forward scatter vs. side scatter plot, 80% of the total population is typically gated for 

analysis (P2 in Figure 1.2). The gated population in P2 decreases approximately 10% after 

lyophilization, indicating a partial loss of cell integrity during the process.  After 

lyophilization, a new population appears in the lower left of the FSvSS plots, indicating an 

increase in cell debris.  The lyophilized cells are permeable to propidium iodide, which 

further supports the theory that losses are due to physical degradation. For single-copy 

plasmids (pCT-CalB and pCT-ycM37L), the construct is detected in > 70% of the gated 

population under the culture and lyophilization conditions described above (Figure 1.4).  

After lyophilization, the expressing population is typically ≥ 90% of that before 

lyophilization, or > 63% of the gated population (Figure 1.3). Storage of the cells in buffer or 

in culture medium at 4 °C for more than 24 hours also results in a loss of the surface 

construct (Figure 1.3D), which suggests that lyophilization is preferable for long-term 
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storage. Codon optimization of M37L increased the population expressing detectable protein 

on the surface from <1% (Appendix A) to the same range as that of CalB (Figure 1.3). 

However, the average fluorescent intensity in the ycM37-expressing population is routinely 

2- to 4-fold lower than that of the CalB-expressing population.  

For the high-copy plasmid, no greater than 1% of the population was observed to express 

the SD fusion (Flo1S-lipase-c-myc) after two rounds of cell sorting (Figure 1.5). The likely 

cause is over-saturation of the cellular translation and secretion machinery. Because little-to-

no fusion protein was detected on the cell surface, the high-copy cells were not tested for 

lipase activity.  

Esterase Activity Assays  
The yeast biocatalyst successfully produces the indicator (p-nitrophenol) from both small 

(butyrate, pNPB) and large (palmitate, pNPP) nitrophenol esters, as demonstrated in Figure 

1.6. When used at the same mass loading as a commercial lipase immobilized on a 

macroporous resin, the performance of the YSD biocatalyst is comparable to or better than 

the commercial catalyst under the conditions studied. The conversion with lipase-displaying 

yeast cells is significantly higher than untransformed cells and is higher than that of cells 

expressing a non-catalytic protein in the construct (EGFP, Appendix A). 

The temperature dependence of the yeast biocatalyst’s performance is similar to lipase 

immobilized on other supports. Cells displaying CalB have an optimum temperature around 

40 °C, which aligns with literature reports of a Topt for the enzyme between 40 and 50 ° C21. 

Cells displaying M37L have a similar temperature profile, conflicting with reports in the 

literature of a Topt near 25 °C for free enzyme,35 which suggests that immobilization has a 
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stabilizing effect.1  The lower activity at 30° is due to a twofold increase in micelle diameter, 

which results in a much lower accessible surface area for the reaction. This was confirmed by 

dynamic light scattering experiments with the assay emulsion (Appendix A). At 40°C and 

higher, the emulsion is unordered, rendering micelle size irrelevant. Adding iso-propanol to 

the assay at 5% by volume stabilizes the micelles, and a steady increase in activity is 

observed between 20 and 30 degrees (Figure 1.7, insert). Above 40 °C, with and without 

isopropanol, a combination of heat and detergent begin to disrupt the yeast cell and denature 

the enzyme. This effect leads to the steady rise in activity from the untransformed cells, as 

well as the decrease in activity from both the experimental and control samples (Figure 1.7).  

The yeast biocatalyst can be re-used in the pNPB assay. Cells were washed with 

potassium phosphate buffer between assays and recovered by centrifugation. While loss of 

the biocatalyst mass was observed in the wash and recovery steps, little decrease in 

conversion over multiple runs was observed (Figure 1.8).  The conversion is shown 

normalized by catalyst loading in Figure 1.9.    

Discussion 

Flow cytometry 
Under the culture conditions routinely used to produce the biocatalyst, the majority 

(>60%) of cells carrying the single-copy vectors are carrying the SD construct. Sub-optimal 

lyophilization conditions (inadequate vacuum, solids loading too high or too low, or 

temperature too high), reduce the SD-carrying population fraction by approximately 10%. 

However, reductions of the same magnitude are observed after storage of the live cells at 4°C 

after only three days, suggesting that lyophilization leads to better long-term stability. A 
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similar decrease is observed in the number of cells that fall into the “normal, healthy” gate 

(P2 in Figure 1.2). It is assumed that the reduction is due to cell lysis or physical 

deformation, and that the impact is the same for lipase-displaying and non-displaying cells. 

Optimized lyophilization reduces the SD-carrying population fraction less than 5% 

(Appendix A). However, all lyophilized cells are permeable to propidium iodide, which 

suggests partial disruption of the cell membrane and cell wall. Lyophilization’s impact on the 

activity of the biocatalyst as a bulk material is not clear, but it is assumed that less damage to 

the cells corresponds to less damage to the surface-displayed protein. Lyophilization with a 

cryoprotectant may improve cell integrity, but additives would likely complicate downstream 

applications.  

SD expression  
The multi-copy vectors, under the control of a strong promoter, appear to have over-

burdened the cells’ synthesis and secretion pathways (Figure 1.5). Weaker promoters or 

smaller fusion constructs may improve expression; however, others reported success with a 

YSD biocatalyst using Flo1S in a high-copy vector under the control of an isocitrate lyase 

promoter,7 a promoter of comparable strength to Gal7.36 With no quantitative surface 

coverage or population data, comparisons with these results are without merit.  

Esterase Activity Assays 
The YSD biocatalyst performs as well as commercial lipase immobilized on a 

macroporous resin in the assays under the conditions tested. The activity of CalB and 

ycM37L are comparable, as previously reported for free enzyme.15 The activity has been 

normalized with the mass of the catalyst so that comparisons with other lipase-based 

catalysts may be made on an equal basis (catalyst mass loading). However, there are 
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significant differences between the resin and the yeast cell surface in terms of surface 

environment and protein concentration. The exact concentration is difficult to determine 

because of the proprietary formulation of the resin and the specificity of available cell-

surface probes. This vagueness had led to a reliance on the assumption of 10-50 x 105 copies 

per cell. A method for assaying the concentration of active lipase on the surface of yeast is 

under development. Regardless of the activity in units of protein mass, the performance on a 

bulk mass basis reflects a significant improvement in terms of cost.  

Since the protein is immobilized on an insoluble particle, recovery of the catalyst is a 

matter of simple centrifugation or filtration, both of which are routinely scaled to industrial 

applications. The catalyst’s reusability was demonstrated here. The robustness of the yeast 

cell as a support is underpinned by the durability of the polysaccharide and mannoprotein cell 

wall, which is tolerant to solvents as well as relevant temperature and pH ranges. However, 

there will be some threshold where the cell support begins to break down, where the activity 

of the control cells approaches that of the lipase-displaying cells. Presumably, the cells are 

lysing and releasing endogenous hydrolases and other lytic proteins into the local 

environment. Judging by the performance of the untransformed cells here, that threshold is 

above the upper limit of the proteins’ thermal stability, and will not significantly affect the 

performance of the yeast biocatalyst in most applications.  

Cost Comparison  
Since the YSD biocatalyst is as active as commercialized formulations of immobilized 

lipase, the production cost can be compared to the commercial purchase price to inform the 

sourcing decision. A plasmid-based production strain is unlikely since chromosomal 
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integration is typical, so the strains used in this work provide a useful base-case.  Excluding 

the costs associated with cloning and screening, the estimated cost of production from seed 

culture to lyophilized final product are indicated in Table 1.1. This analysis assumes that 

galactose is the limiting nutrient; the bulk price for the grade used in these studies is $15-

$30/kg, which was used in the cost analysis.  The costs of the other media components are 

assumed equal to or less than the largest lab-scale quantities available. The energy and 

projected maintenance costs for lyophilization are included, based on the equipment used in 

this study. Additional costs for waste treatment and peripheral utilities (plant air and DI 

water) are also included. Assuming a carbon efficiency of 30% (kg dry cells/kg galactose), 

the cost of one kilogram of the YSD biocatalyst is $590 to $640 for the galactose prices 

mentioned previously. The theoretical production reflects potential cost savings from 

complex nutrient sources. Compared to $11,250/kg, the bulk price for the lipase resin used in 

this study, the YSD biocatalyst represents significant cost savings without changing the 

catalyst loading or batch productivity. Comparisons with other commercial lipase sources 

(Table 1.2) are less favorable, but the conservative theoretical production cost of the YSD 

biocatalyst is still less than that of other readily available commercial lipases. 

Conclusions 

In terms of hydrolytic activity, the YSD catalyst is comparable to commercial 

immobilized lipase catalysts at equal mass loadings. The biocatalyst can be re-used in the 

same manner as a bead-based catalyst, with the additional benefit of a greater surface-to-

volume ratio, but at a size that can easily be removed from suspension by centrifugation or 

routine filtration. The yeast cell appears to confer significant thermal stability upon M37L, 
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and the thermal stability of YSD CalB was similar to that of a commercial acrylic bead-based 

system.  

Figures and Tables

 

Scheme 1 
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Figure 1.1: Vector maps for the plasmids used in this study. A and B: YSD vectors containing ycM37L and CalB, 
respectively; includes bacterial origin and ampicillin resistance marker for propagation in E. coli., single-copy yeast 
replication origin (CEN6/ARSH4) and selection marker (TRP10). Transcription is induced by the GAL promoter. Secretion 
and surface attachment are accomplished via the fusion to Aga2. Immuno-labeling detects the C-terminal c-myc epitope 
tag. C and D: YSD vectors containing ycM37L and CalB, respectively; includes bacterial origin and selection marker, 
multi-copy yeast replication origin (2µ) and selection marker (URA3). Transcription is induced by the GAL promoter. 
Secretion and surface attachment are accomplished via the fusion to Flo1S. Immuno-labeling detects the C-terminal c-
myc epitope tag. 
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Figure 1.2: SS v FS Plots for the ycM37 yeast biocatalyst. Intact cells are gated based on their characteristic size and 
granularity (P2), based on the unlabeled sample (A), and the gate is applied to the histograms in Figure 5. Small changes 
in the population’s physical characteristics upon lyophilization (B) are discussed in the text.  Immuno-labeling of the 
surface construct had no significant effect on either the live (C) or the lyophilized cells (D).    
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Figure 1.3: Histograms for the ycM37 yeast biocatalyst, with the percentage of the population above the vertical gate 
shown. The population gated in Figure 2 is labeled with antibodies specific to the C-terminal epitope in the surface 
construct. From histograms of fluorescence intensity, the background is determined by setting a gate such that less than 
1% of the unlabeled control (A) lies to the right. The population with higher fluorescence (to the right of the gate) than 
the control (B and C) is expressing the SD construct, including the lipase. Background from labeling with only the 
secondary antibody is low in both live (B) and lyophilized (C) cells. A majority of the population is expressing the 
construct before (D) and after lyophilization (E). The percentage reflects a proportion of the population gated in Figure 
2, which is smaller for the lyophilized cells (2D vs 2C), resulting in a larger percentage in plot (E) here. Further losses in 
(D) compared to (E) are likely the result of storage for the duration of the lyophilization process.  
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Figure 1.4: Histograms for the CalB yeast biocatalyst, with the percentage of the population above the vertical gate 
shown. The population gated in Figure 2 is labeled with antibodies specific to the surface construct. From histograms of 
fluorescence intensity, the background is determined by setting a gate such that less than 1% of the unlabeled control 
(A) lies to the right. The population with higher fluorescence than the control (to the right of the gate) is expressing the 
SD construct, including the lipase. Background from labeling with only the secondary antibody is low (B). The majority of 
the population is expressing the surface construct (C).  
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Figure 1.5: Histograms for the YSD CalB biocatalyst expressed in high-copy vectors. The fraction of the population 
expressing the construct after one round (C) or two rounds of sorting (D) is not appreciably higher than untransformed 
MT8-1 cells (A) or cells labeled without the primary antibody (B). The same trend is observed in cells displaying ycM37. 
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Figure 1.6: Assay data for hydrolysis of p-nitrophenyl butyrate at 30 °C (A) and p-nitrophenyl palmitate at 45 °C (B).  
Values are average of three samples; error bars are standard deviations for the same samples. The values for ycM37 and 
CalB represent the respective lipases immobilized via YSD. EBY100 is untransformed, induced yeast. 
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Figure 1.7: Hydrolysis of p-nitrophenylbutyrate at different temperatures. Inset: assay with 5% v/v iso-propanol added. 
CalB: diamonds, ycM37: triangles, untransformed EBY100: squares, macroporous resin-immobilized lipase control: 
circles. 
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Figure 1.8: Use of yeast biocatalyst in multiple assays at 30 °C. Cells and resin were washed twice with 1 mL potassium 
phosphate buffer between rounds. Pelleted cells and resin were stored at 4 °C overnight after rounds 2 and 4. 
Conversion (bars) is the average of three experiments. The dry masses of the resin and YSD catalysts (squares and 
triangles, respectively) were measured before and after the experiment.  

 
 

 
Figure 1.9: Use of yeast biocatalyst in multiple assays at 30 °C. Conversions (Figure 8) were normalized with estimated 
catalyst dry mass.  
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Table 1.1: Cost estimates for production of the YSD biocatalyst. aAssumes yield of 30 g dry cells per 100 g of galactose, 
scaled up for 1 kg dry cells. bAssumes single 3‐day cycle for 1 kg of dry cells, dried to 5% moisture. cAssumed cell slurry is 
5% solids, removed 95% of moisture. dAssumed 300 working days/year. *Bulk prices quoted from vendors for 100 kg, 
current as of April 2014. 

Nutrient 

Requirement
Current Price Bulk Cost

a Bulk Cost Nutrient source

Galactose 40 g/batch $15/kg $50 $8.33 Beet sugar, $2.50/kg

Ammonium sulfate 10 g/batch $50/kg $42

Nitrogen/vitamin base 3.4 g/batch $1/g $283 Fish meal, $0.8/kg

Amino acids 4 g/batch $310/kg $103

Water (sterile + disposal) 4 L/batch < $2/MT $0.19 $0.19

Media $478

Lyophilization
b

$108 $108

Coolant, ‐50 °C
c

$13.11/GJ $4.60

Plant air 140 L chamber $0.35/std m
3

≈ 0

Electricity (3/4 hp Vacuum) 70% efficiency $0.06/kWh $3.45

Maintenance
d

$10,000/yr $100

Total

$1.61

Theoretical ProductionCurrent (Lab‐Scale) Production

$118$586  

 
 
 
Table 1.2: Cost comparison for the YSD biocatalyst and commercial lipase sources. Pricing sources: a Current work. 
bQuote from Sigma‐Aldrich , Feb. 2014. c Glycerin Carbonate Market Research and Analysis, Piedmont Biofuels, 2010. 
dhttp://www.transbiodiesel.com/faq1, accessed March 9, 2014. 

    Price per kg 
YSD Biocatalyst (lab-scale)a   $586  
YSD Biocatalyst (theoretical)a   $118  
Novozym 435 (bulk, from Sigma Aldrich) b $11,250  
Novozym 435 (bulk, commercial) c $1,200  
TransBiodiesel d   $150-300 
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2. ESTER SYNTHESIS WITH YEAST SURFACE DISPLAYED LIPASE 

Introduction 

Esters are valuable commodities with applications in the fragrance, personal care, fine 

chemical, and energy industries. They are most often produced from crude alcohols and 

organic acids or esters using an acidic or basic inorganic catalyst. Production of vinyl acetate, 

for example, involves reaction temperatures in excess of 100 °C and corrosive materials.1 

Downstream cleanup is required to remove the acid/base and their byproducts, making 

purification a major cost driver.2,3 Aggressive removal of water and excess reagents is 

required to achieve commercially relevant conversions, further increasing production costs. 

Methods utilizing supercritical solvents and ionic liquids4,5 are still many years away from 

being commercially viable.  

Enzymatic esterification is an alternative to traditional catalysis with lower energy 

requirements (lower temperatures and pressures), which generates less waste (no excess 

reagents or byproducts), and represent “greener” catalysis (biodegradable, non-toxic). 

Lipases can catalyze a wide range of hydrolytic and synthetic reactions, and are widely used 

in industry.6 They evolved as esterases, and readily cleave the ester bonds in triglycerides, 

often the first step in biodiesel production, for example.2 Lipases are chiral catalysts and can 

catalyze the hydrolytic resolution of racemic mixtures.7,8 In addition, absent water, they can 

catalyze the formation of ester bonds through esterification of a carboxylic acid or trans-

esterification of a donor ester.9,10  

These reactions can take place only if the enzyme is active, which requires a certain 

amount of structural flexibility. In nature, lipases are activated by interfacial contact,11 which 
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causes a small conformational change in the enzyme’s tertiary structure.12,13  Many enzymes 

are functional in organic solvents if they are in an active configuration when water is 

removed;14 lipases are similar.6,15 A small amount of water may be required to hydrate the 

enzyme,16 but the amount is small enough to have little or no effect on the equilibrium of the 

reaction.17  

Lipases have demonstrated activity in solution and while immobilized.15,18,19 

Immobilization facilitates recycling of the catalyst, and many immobilization methods have 

demonstrated positive impacts on thermal and physical stability.20 Moreover, the cost of 

purified enzyme is a barrier to industrial implementation of biocatalysis. Purification and 

immobilization account for as much as 80% of the cost of the enzyme,21 so reduction of these 

costs significantly lowers the barrier for wider industrial application.   Yeast surface display 

(YSD) combines the production, purification, and immobilization of recombinant protein in a 

single step.22,23  

Surface display (including YSD) has been applied to several different chemistries, 

including chiral resolution by hydrolysis,24 cellulose degradation,25 and synthesis of 

esters,23,26,27  However, reports of surface display-catalyzed syntheses are few, and many 

require reaction times on the order of days27 or relatively polar reactants.28 

Here, we demonstrate the ability of two lipases—lipase B from Candida antarctica 

(CalB) and lipase from Photobacterium lipolyticum M37 (optimized for yeast expression, 

ycM37L)—in surface display systems to synthesize fatty acid esters from fatty acids and 

alcohols. A systematic characterization of YSD esterification dependence on water content, 

fatty acid chain length, and temperature was performed using Novozym 435 as a reference 
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standard, with an additional focus on the stability of YSD activity to repeated usage. Despite 

surface protein loading levels that are approximately three orders of magnitude below that of 

Novozym 435, these YSD-catalyzed reactions reach significant conversion levels in a matter 

of hours. 

Results 

Specificity for the fatty acid 
Acyl donor chain length was evaluated by quantifying the specific conversion of the 

butanol/fatty acid esterification reactions utilizing saturated fatty acids of chain length C6, 

C8, C10, C12 C14 and C16. The YSD biocatalysts displaying CalB and ycM37L exhibited 

similar preference for acyl donor chain length (Figure 2.1), with the highest conversion to the 

butyl ester from the shortest fatty acid (caprylic/octanoic acid, C8). The conversion decreased 

slightly with increasing chain length up to C12 (lauric/dodecanoic acid). The conversion of 

longer than C12 fatty acids to butyl esters was much lower for the two tested 

(myristic/tetradecanoic acid and palmitic/hexadecanoic acid). Commercial Candida 

antarctica on acrylic resin (Novozym 435; N435) indicated no preference, reaching 

equilibrium with the butyl ester of all of the fatty acids tested in six-hour reactions. This is an 

interesting result because the YSD CalB and N435 are both CalB-centric systems. It is 

unclear whether the difference is one of specific protein modifications introduced to N435, 

the relative protein loadings, or the surface chemistry of the acrylic bead versus the yeast 

cell. Further questions arise given the similarity of the preferences indicated by the two YSD 

lipases despite their dramatically different structure. The control, untransformed yeast cells 

(EBY100), did not produce butyl esters.  
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Figure 2.1: Conversion of fatty acids of varying length to butyl esters. Solutions of butanol and each fatty acid (to 100 
mM in heptane) were combined with 0.5% water (v/v) and dry YSD biocatalyst (0.4% w/v). The reactions were stirred in 
a temperature-controlled water bath for six hours. The values represent the average of three experiments, with 
standard deviations (vertical bars). Lines drawn to highlight trends. 

 
 
Temperature dependence of the synthesis reaction 

The temperature optima for YSD biocatalyzed synthesis of butyl laurate (Figure 2.2) and 

butyl caprylate (Figure 2.3) were determined. Equimolar solutions of butanol and either 

lauric or caprylic acid were stirred at 30, 40, 60, or 80 °C for six hours. Conversion of the 

fatty acid to its butyl ester was determined at the end point.  

The optimum temperature for the CalB YSD biocatalyst was near 60 °C for both fatty 

acids. The conversion at 60 °C was more than twice that at 30 °C for caprylic acid, and 
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nearly double for lauric acid. A slight decrease in conversion at 80 ° suggests thermal 

deactivation. 

The optimum temperature for the ycM37L YSD biocatalyst was near 40 °C, above which 

temperature a steady decrease in activity was observed. At 80 °C, essentially no product was 

formed, which suggests lower thermal stability than that of CalB. This result is unsurprising 

given the psychrophilic nature of the M37L source organism. 

The N435 resin reached equilibrium within six hours at every temperature tested, and no 

thermal deactivation was observed in the single batches used here. While changes in the fatty 

acid concentration were observed in some of the untransformed EBY100 samples, no product 

was detected in any of the samples. 

 
 

 

Figure 2.2: Synthesis of butyl laurate with the YSD biocatalyst. Solutions of butanol and lauric acid (both 100 mM in 
heptane) were combined with dry yeast biocatalyst (0.4% w/v). The reactions were stirred in a temperature-controlled 
water bath for six hours. The values represent the average of three experiments, with standard deviations (vertical 
bars). 
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Figure 2.3: Synthesis of butyl caprylate with the YSD biocatalyst. Solutions of butanol and caprylic (octanoic) acid (both 
100 mM in heptane) were combined with dry yeast biocatalyst (0.4% w/v). The reactions were stirred in a temperature-
controlled water bath for six hours. The values represent the average of three experiments, with standard deviations 
(vertical bars). 

 
 
Re-use of the YSD Biocatalyst 

A significant aspect of the commercial application of enzyme catalysts is robustness. To 

demonstrate this, the YSD biocatalysts were subjected to ten butyl caprate (decanoate) 

synthesis batch reactions at 40 °C. The catalysts were separated from the reactor medium by 

centrifugation and used in subsequent batches without further processing. Both YSD 

catalysts produced the ester product in all batches (Figure 2.4). The ycM37L biocatalyst went 

through an initial 2-batch activation period, after which it maintained fairly steady activity 

through the end of the trial. The CalB biocatalyst held at or above the activity of its first 

batch through 8 batches, after which a gradual decrease to 60% of the peak activity was 

observed. A similar gradual decline was observed in the final two batches for ycM37L (to 

80% of maximum). N435 retained its activity with little variation through ten batches. Some 
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small decrease in the fatty acid concentration in EBY100 trials was observed, but no product 

ester was formed.  

Dispersion of the CalB and ycM37L yeast catalysts in the reaction began changing 

visibly at the fifth batch. In the initial batches, the cells had been well-suspended, resulting in 

a turbid reaction medium with few visible particles. After five batches, the cells began to 

aggregate and fall out of suspension without vigorous mixing. This phenomenon is examined 

in more detail in the Discussion. Most of the aggregates could be re-dispersed in fresh 

reagent solution, but this became more difficult as the number of batches increased. A similar 

effect was observed in experiments with water added, so the changes in dispersion were 

hypothesized to be the result of water produced by the reaction, and the source of the changes 

in activity observed in ycM37L and CalB. No changes in dispersion or activity were 

observed in yeast without displayed lipase.  

A small amount of water is often necessary for enzymatic activation in organic solvents,29 

but the trials were initiated with dry catalyst (at equilibrium with the ambient humidity). The 

water content and its impact on the esterification activity needed to be titrated, so the butyl 

caprate reaction was run again with dry catalyst (freshly prepared, not equilibrated with 

ambient humidity) and water was added to match the theoretical production at batches 2, 6, 

and 8 (Figure 2.5). The specific conversion does not match the theoretical water content 

exactly, but a clear trend is visible. It can be concluded that the lag in activity for ycM37L is 

due to a lack of water necessary for enzyme flexibility. Similarly, the decrease in activity for 

ycM37L and CalB is the result of accumulated water—produced by the reaction—

partitioning to the hydrophilic cell surface and dramatically reducing catalyst dispersion. In 
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other experiments with 0.5% water added directly to the YSD catalyst, little (if any) 

dispersion was observed, and the activity was uniformly low (data not shown).  
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Figure 2.4: Synthesis of butyl caprate (Scheme 1) with the YSD biocatalyst in multiple batch reactions at 40 °C. Solutions 
of butanol and capric acid were combined (to 100 mM in heptane) with dry catalyst at 0.5% w/v. After stirring at 200 
rpm for six hours, the catalyst was removed from the reaction by centrifugation and sampled. The catalyst was used in 
the subsequent batch without further treatment. 
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Figure 2.5: Changes in apparent activity of the YSD biocatalyst at different water concentrations. The activity of the 
biocatalyst in the synthesis of butyl caprate (Scheme 3) was measured with water added in concentrations that matched 
the theoretical water production of selected batches from the multi-batch synthesis experiments (Figure 2.4). 

 

Discussion 

Comparison of catalyst protein loading 
The YSD catalysts and Novozym 435 control were used in the esterification reactions 

with equal mass loadings to facilitate comparisons with existing technologies. However, 

apparent differences in activity, stability, and specificity may be due, to a degree, to 

disparities in enzyme loading on the respective supports. Protein loading for Novozym 435 is 

not available from the manufacturer or vendors, but a published estimate30 of 30 mg enzyme 

per gram of catalyst will be considered for comparison. The number of enzyme copies on the 

surface of the yeast cell is assumed to be on the order of 50,000.31 Given the molecular 

weights CalB and ycM37L (33 and 38 kDa, respectively), and assuming 20 billion cells per 
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gram of dry weight,32 70% of which are expressing the lipases,33 the protein loading for the 

YSD system was estimated. The estimate is 38 µg g-1 (dry weight) for CalB, and 44 µg g-1 

(dry weight) for ycM37L. The difference between the estimated YSD protein loading and 

Novozym 435 could be as much as three orders of magnitude. 

Specificity for the fatty acid 
Both ycM37L and CalB appear to convert fatty acids C12 and shorter to their respective 

butyl esters with equal ease (Figure 2.1). The preference persists at higher temperatures, until 

thermal deactivation occurs. With acyl donor chains longer than lauric acid, the activity 

drops significantly. Analysis of the binding pocket of CalB reveals a channel that is the 

length of a 12-carbon chain.34 A similar analysis has not been performed on the structure of 

M37L, and no study of its acyl donor size specificity in esterifications could be found in the 

literature. However, the profile for hydrolysis of p-nitrophenyl esters in an aqueous 

environment has been reported35 and follows a similar trend, though the drop-off is more 

pronounced between C8 and C12. Studies of the specificity of Novozym 435 suggest weak or 

no preference for fatty acids shorter than C12,36-38 although there are some reports of 

preference for shorter acyl donors in more polar solvents.39 While it is often referred to as C. 

antarctica lipase, its behavior appears to differ from that of the wild-type CalB used in this 

study. The difference may be attributable to protein loading or surface charge of the support.  

Temperature optima for ester synthesis 
The lipase-catalyzed esterification of caprylic (Figure 2.3) and lauric acid (Figure 2.2) to 

their respective butyl esters was carried out at temperatures from 30 to 80 °C. For either fatty 

acid, the optimum temperature for synthesis (i.e., that at which the highest conversion was 

reached in six hours) was 60 °C for the CalB biocatalyst and 40 °C for ycM37L. A relatively 
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low Topt is expected for ycM37L because it comes from a psychrophile; however, the 

esterification optimum is 15 degrees higher than that previously reported for hydrolysis.35,40 

The ycM37L biocatalyst also experiences a sharp decline in activity at higher temperatures, 

losing 50% of its activity at 60° and producing no product at 80°. The support (yeast cell) is 

expected to confer some thermal stability, likely resulting in the observed Topt, but the 

enzyme is still sensitive to thermal denaturation.  

The YSD CalB biocatalyst also exhibits some loss of activity at the highest temperature, 

but half as much as ycM37L (25% vs. 50%). This agrees with previous reports of the thermal 

stability of CalB in non-aqueous environments.10,19 The ability of the enzyme (CalB) to 

operate at higher temperatures makes it advantageous in systems where the reactants are 

solid or are insoluble at lower temperatures (for example, palmitic acid in heptane). 

However, in the two systems studied here, ycM37L reaches an equal conversion at a lower 

temperature. 

Intriguingly, the resin catalyst did not exhibit the same temperature dependence. At 

temperatures that do not deactivate the enzyme, the rate is such that the reaction reaches 

equilibrium within six hours.  At higher temperatures, though, a dip in activity is expected. 

However, if the resin enzyme (purportedly CalB) only loses 25% of its activity at 80 degrees, 

it could conceivably reach equilibrium during the six-hour reaction time.   

Re-use of the YSD biocatalyst 
The lipase catalysts were applied to ten batches of the butyl caprate synthesis reaction 

(Figure 2.4). The reaction temperature was chosen to maximize conversion without 

denaturing ycM37L. Both catalysts maintained activity through all batches, but the ycM37L 
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biocatalyst took two batches to reach a stable activity level. This effect can be ascribed to an 

initial lack of water necessary for enzyme flexibility, water that was produced by the reaction 

in sufficient quantities to fully activate the enzyme in two batches. The activity increase 

could be reproduced by adding water to identical reactions starting with dry catalyst (Figure 

2.5).  

While a small amount of water is necessary for peak activity, repeated use of the catalysts 

without drying resulted in accumulation of water in and around the hydrophilic yeast cells. 

Wetted cells do not disperse evenly in the solvent (heptane); aggregation and precipitation of 

the cells was observed to gradually worsen, starting around batch 5. Eventually, the catalyst 

clumps to a degree that it cannot be dispersed by mechanical stirring, and the cells cling to 

the walls of the reaction vessel (glass vials). A concomitant decrease in apparent activity is 

the result. The negative control, which did not produce any product (or water), did not 

experience the same problems with dispersion (Figure 2.6). The activity of the acrylic resin-

supported lipase did not vary in the course of the ten batches. Because the resin is 

hydrophobic, it would not accumulate water in the same way as the yeast, so none of the 

water-related problems with mixing and activity were expected. 
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for acyl donors of C12 and shorter. The optimum temperature for synthesis with ycM37L is 

40 °C; with CalB, 60 °C. Both biocatalysts demonstrated long-term, multi-batch stability in 

the synthesis of butyl caprate (butyl decanoate), and the need for control of water 

concentration in the reaction was evident. This system represents an inexpensive, green 

alternative to conventional synthesis methods. 

Experimental 

Strains and media 
The host for the recombinant production and display of CalB is S. cerevisiae EBY10041. 

Yeast are propagated in 2X YAPD media (20 g L-1 yeast extract, 100 mg L-1 adenine 

hemisulfate, 40 g L-1 peptone, 40 g L-1 glucose42) at 30 °C. Yeasts carrying the surface 

display construct are propagated in synthetic complete (SC) media lacking tryptophan, 

containing glucose (20 g L-1) for outgrowth and galactose (20 g L-1) for induction. Plasmid 

DNA is screened and stored in a lab strain of Escherichia coli DH5α. Bacteria are grown in 

LB43 containing ampicillin at 37 °C.  

Cloning 
Cloning materials were purchased from New England Biolabs. Construction of the yeast 

surface display vectors has been described elsewhere.33,41 Briefly, the gene for wild-type 

CalB was amplified by PCR from a pET vector. The gene for ycM37L was optimized for 

yeast expression and synthesized by GENEWIZ, and amplified by PCR from their pUC 

vector. The PCR products were digested with BamHI and NheI and ligated into similarly 

digested vectors.  
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Production of the biocatalyst 
Yeast cells are made electrocompetent in-house,44 transformed by electroporation, and 

recovered in YAPD containing 0.5M sorbitol.  Putative transformants are screened and 

selected with fluorescently activated cell sorting by means of a C-terminal c-myc epitope in 

the fusion protein.  Cultures of the sorted cells are grown in SC (glucose) to an optical 

density of ~ 5 in baffled flasks at 30 °C. The cells are harvested by centrifugation (4,500 g, 

4°C, 30 minutes) and re-suspended in SC (galactose with 0.1% glucose) in a 2 L fermenter at 

20 °C. The fermenter is stirred at 250 rpm with 4 L min-1 sparged air.  After 18 hours, the 

cells are harvested by centrifugation (3,000 g, 4 °C, 60 minutes) and washed with cold, 

distilled water.  

Chemicals 
Media components are biology grade and were purchased from Fisher (sugars and yeast 

nitrogen base) or Sigma-Aldrich (amino acids). Heptane, lauric acid, pentanol, and hexanol 

were purchased from VWR. The other fatty acids, propanol, and butanol were purchased 

from Fisher. Butanol and octanol were purchased from Sigma-Aldrich. Lipase from C. 

antarctica immobilized on acrylic resin was purchased from Sigma-Aldrich. 

Esterification reactions 
Dry catalyst was weighed into clean 1.5 dram glass vials. Solutions of one fatty acid and 

one alcohol (1 mL of each, both 200 mM in heptane) were added to the vials. Palmitic acid 

solutions were warmed to 30 °C to dissolve the fatty acid. For the fatty acid specificity trials, 

water was added to the reaction at 0.5% vol/vol. To reduce pipetting errors and deviation due 

to evaporation, the reactant solutions were dispensed at room temperature. The vials were 

sealed and moved to a magnetically stirred heat block with digital temperature control. The 
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reactions were stirred at 200 rpm for six hours, beginning when the reaction was first heated. 

Samples of 50 µL were added to 1 mL of heptane and analyzed by GC-FID. If the reaction 

took place at elevated temperature, the vials were briefly cooled in an aluminum bead bath 

before sampling. For repeated-use experiments, the liquid was aspirated with a pipette and 

any suspended catalyst was removed by centrifugation (17,000 g for 15-30s). The 

supernatant was decanted and fresh reactant solution was used to re-suspend the cells. 

The samples were analyzed on a Shimadzu GC2010 equipped with an autosampler and a 

DB-5 capillary column (30m x 0.25 µm x 0.25 µm). One µL of each sample was injected at a 

30:1 split ratio with helium as the carrier gas. The injector and detector were held at 300 °C. 

The oven temperature was held at 90 °C for 2 minutes, ramped to 160 °C at 20 ° min-1, to 

250 °C at ° min-1, and to 300 °C at 25 ° min-1. The concentration of the fatty acid was 

determined by comparing the FID peak area to standard curves prepared in heptane.  
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3. HIGH-THROUGHPUT SCREENING OF CATALYTIC ENZYME LIBRARIES 

WITH FLOW CYTOMETRY 

Theory 

Immunolabeling with fluorescently tagged antibodies is well-established in the practice 

of detecting precise features on or within a cell. With flow cytometry, thousands of labeled 

cells can be analyzed and sorted in seconds. While methods for identifying and fluorescently 

labeling catalytic proteins are many, the throughput for these methods is limited by physical 

space for plates1,2 or robots3 and steps that require manual input.4 The literature on lipase 

screening and protein engineering by these methods has been reviewed5,6, and the highest 

throughput reported in previous methods is on the order of 105 variants. More recently, a 

method for engineering horseradish peroxidase by yeast surface display (YSD) was 

described7 with a library of 106. A newer YSD engineering method displayed large, complex 

proteins (IgG),8 which is promising for production of more complex enzymes, but does not 

screen catalytically. A method for esterase display on E. coli can sort cells based on the 

displayed enzymes’ enantioselectivity with a capacity9,10 around 108, but the weakness of this 

system is the difficulty of expressing many eukaryotic proteins in E. coli.  The method 

described here easily handles libraries of 108 at bench scale, and can be scaled further by two 

orders of magnitude before running into practical limitations in the cell sorter. Past that point, 

time is the limiting factor, and this method could potentially compress a screening regimen 

from many months into a matter of weeks. 

This method combines the efficiency of in vivo labeling with the potential throughput of 

flow cytometry. For demonstration, lipases were expressed on the surface of yeast. A probe 
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with an alkyne tail and a phospho-diester bond is incubated with the cells during the final 

stage of induction. The enzyme cleaves the ester bond and is irreversibly bound to the probe, 

exposing the alkyne group to the environment around the cell. A fluorescent reporter is 

attached to the probes on the cell surface with a copper-catalyzed “click” reaction.11,12 The 

surface construct is then labeled with antibodies by means of a C-terminal epitope tag and a 

complementary fluorophore. Two-color sorting by FACS is implemented to select for the 

population that expresses active enzyme on the cell surface. The method can be tailored to a 

specific application through the functional group attached to the probe.13  

To demonstrate the efficacy of the method, a small library (N=5) was created with 

defined variations in the protein sequence of Candida antarctica lipase B (CalB). Four 

mutants were combined with the wild-type and sorted with the described method. Three of 

the mutants were unable to cleave the probe’s phosphodiester bond, and were therefore 

unlabeled by the “click” reaction. One mutant was hydrolytically active and recovered with 

the wild-type. The individual mutations and their respective functions are described in detail 

in the method. The recovery rate for the wild-type was lower than expected, so steps to 

determine possible blockages in the method are described. 

Equipment 

2-L baffled flasks or fermenter 
Electroporation apparatus 
Flow cytometer with 480 and 630 nm lasers 
Materials 
Electrocompetent E. coli (DH5α, or another ampicillin-sensitive strain) 
Yeast extract 
Tryptone 
Sodium chloride 
Sodium hydroxide 
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Electrocompetent Saccharomyces cerevisiae EBY100 
Peptone 
Glucose 
Yeast nitrogen base without ammonium sulfate or amino acids (YNB–AS/AA) 
Ammonium sulfate 
Drop-out amino acid mix 
Galactose 
Pluronic F-68  
Chicken anti-c-myc antibody 
Goat anti-chicken antibody, AlexaFluor 633 
Click probe (hex-5-ynyl 4-nitrophenyl hexylphosphonate, HNPP) 
Alexa 488 azide 
Copper sulfate 
TCEP, DTT, Sodium ascorbate, or other reducing agent 
Phosphate buffered saline (PBS) 
PBS with 1 g/L BSA (PBS-BSA) 

Protocol 

1. Transformation of yeasts 

1.1. Overview 

The screening capacity of this method is limited only by the transformation step, 

which is the main bottleneck in terms of protein diversity. For a single plasmid2 or 

small library (diversity <108), transformation, induction and sorting are relatively 

straightforward and can use standard lab equipment. For a larger library (>109), 

larger-volume equipment or several batches in parallel would be required. The 

subsequent sorting and analysis steps are limited only by personnel and time.  

1.2. Method 

                                                
2 For transformation of a single gene, this method may seem like overkill. However, the traditional method of 
plating transformants, screening, and growing the monoculture from a single colony is time consuming and 
labor intensive. If the FACS equipment is available, it is more efficient both in terms of time and resources to 
use a streamlined version of the labeling protocol and sort with FACS. We transformed three different cultures 
and used FACS as the sole screening method. We found that sorting shortened the screening process by several 
days and improved the catalytic performance of the culture. After purifying plasmid DNA from the yeast and 
transforming E. coli, sequencing of 10 independent colonies revealed no differences in the plasmid sequences. 
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Incubate yeasts with plasmid DNA on ice for 30-60s on ice. Electroporate and allow to 

recover in YAPD:sorbitol, shaking at 200 rpm and 30 °C14. 

1.2.1. Transformation should include cells electroporated without DNA for selection and 

viability controls. The viability control may be propagated in the same manner as 

experimental samples in SC/Dex and SC/Gal supplemented with tryptophan. Growth and 

induction should take place as described, ending after step 3.2.3.  

1.2.2. Remove recovery media (centrifuge 15 seconds at 10,000 g and aspirate) and 

transfer cells to SC/Dex supplemented with pen-strep. For a library, transfer 10 fold over 

the theoretical library diversity. The new culture should have no more than 105 cells/mL. 

With this strain, the OD600 at this concentration is effectively zero.  

1.2.3. Plate serial dilutions of the electroporated cell suspension to selective agar plates 

(SC/Dex) and grow at 30 °C until colonies appear to calculate library diversity. 

2. Growth and Induction of Yeast 

2.1. Overview 

Once the target DNA has been introduced into competent yeasts, two passes of 

selective growth are sufficient to fully dilute out untransformed cells. Outgrowth 

takes place in defined media (SC/Dex). Steps marked with a ‡ indicate that a small 

aliquot should be reserved for controls before the indicated treatment.  

2.2. Method 

2.2.1. Grow in well-ventilated, baffled shaker flasks or slant tubes at 30 °C and 250 rpm 

until cultures are turbid. Once the cultures have reached 107 cells/mL (an OD600 ~ 1), 

transfer 10 fold over the library diversity to fresh media, diluting 500:1 or more. 
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2.2.2. Continue to grow until the culture reaches late log phase (OD between 3 and 3.5)3. 

Remove cells from the media and dilute 10 fold in SC/Gal supplemented with 0.1% 

glucose. Shake at 250 rpm, 20 °C until the OD reaches ~ 1, about 18 hours. Induction in 

a fermenter works well with 2 vol/min air sparged and an impeller speed of 250 rpm or 

greater.4 

2.2.3. If labeling lipase, add the probe ‡ (HHPNP) to a final concentration of 50 µM at 

least 2 hours before harvest. A longer incubation will result in more complete labeling 

but will increase the background from endogenous, intracellular lipases. 

2.2.4. Chill the culture to 4 °C or on ice. Harvest at 4 °C; subsequent steps should be at 4 

°C or colder unless specified. The yeast do not appear to be adversely affected by 

centrifugation speeds up to 4,000 g.  

3. Labeling and Sorting  

3.1. Overview 

Cells expressing active extracellular lipase are labeled via a copper-catalyzed “click” 

reaction with an azide-functionalized fluorophore. The resulting imidazole-linked 

fluorophore is stable enough to withstand subsequent immunlabeling of the SD 

construct, but the complex is light sensitive after the second step. Steps marked with 

                                                
3 Starting with at least a 500-fold dilution and media as described, the concentration at this optical density is 5-8 
x 107 cells/mL. At 20 °C, the doubling time is 6-8 hours. While higher cell densities may be used to increase 
throughput, the number of cells that express the induced protein is strongly affected by the effective galactose 
concentration experienced by each cell. For cell densities above 5 x 107 cells/mL, the sugar concentration will 
need to be raised above 2% to achieve optimum expression.  At higher cell densities, the availability of nitrogen 
and dissolved oxygen also become limiting factors. 
4 Inducing at 20 °C has produced the best results for the proteins in our lab and in others’ (#ref).  The induction 
temperature may be application-specific. 
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a ‡ indicate that a small aliquot should be reserved for controls before the indicated 

treatment. 

3.2. Method 

3.2.1. Wash freshly harvested cells linked to the lipase probe with ice-cold PBS-BSA, 

using a buffer volume greater than or equal to that of the induced culture. Harvest the 

cells by briefly (15-30 s) spinning at 10,000 g and 4 °C. Aspirate the supernatant 

carefully.  

3.2.2. Re-suspend the cells in ice-cold click labeling solution ‡ (1 mM CuSO4, 100 µM 

TBTA, 150 µM sodium ascorbate, 10 µM AlexaFluor 488 Azide in PBS). A volume 

equal to the wash in step 3.2.1 is recommended, but the cells may be concentrated up to 

4 times without a marked decrease in efficiency. Incubate on ice for 5 minutes. 

3.2.3. Dilute with ice-cold PBS. Harvest the cells by centrifugation at 4 °C. Wash and spin 

the cells, using a volume of buffer at least equal to that in step 3.2.1.  

3.2.4. Re-suspend the cells in an equal volume of PBS-BSA. Spin down again, and re-

suspend in PBS-BSA to a concentration of 4-5 x 107 cells/mL.  

3.2.5. Label with chicken anti-c-myc antibody at 4 µg/mL (a 1:250 dilution) for 20 

minutes at room temperature, in the dark. ‡ 

3.2.6. Dilute with 3 or 4 volumes PBS-BSA and centrifuge. Wash once with 4 volumes 

PBS-BSA and centrifuge. 

3.2.7. Re-suspend cells to 4-5 x 107 cells/mL in PBS-BSA. Label with goat anti-chicken 

Alexa Fluor 633 at 8 µg/mL (a 1:250 dilution) for 20 minutes at room temperature, in 

the dark. 
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3.2.8. Dilute with 3 or 4 volumes PBS-BSA and centrifuge. Wash once with 4 volumes 

PBS-BSA and centrifuge. Store pellets on ice, protected from light. Re-suspend to 107 

cells/mL immediately before analysis (higher if the cell sorting apparatus can manage it). 

Cells should be passed through a 40 µm filter before analysis.  

3.2.9. Use an untransformed, induced, and unlabeled sample (1.2.1) to gate intact cell 

singlets based on their forward vs. side scatter profile. This gate should capture at least 

80% of the total population and should be applied to the subsequent steps. 

3.2.10. Sorting is based on scatter plots of Alexa Fluor 488 (active lipase) vs Alexa Fluor 

633 (surface protein) intensity. The desired population is double-positive; gate the 

population for sorting based on controls that lack the enzyme probe (2.2.3) and primary 

anti-c-myc antibody (3.2.5). Background in the channel used to detect surface protein 

should be near zero. If using the 488 channel to detect lipase, the background will be 

higher than is normally seen from autofluorescence, so proper gating is crucial.  High 

expressing strains will present two distinct populations; for strains with lower 

expression, multiple rounds of sorting are suggested.  

3.2.11. Sort cells into SC/Dex lacking tryptophan and supplemented with pen-strep. Grow 

at 30 °C, shaking at 250 rpm in baffled flasks or slanted tubes with ample headspace.  

4. Additional sorting 

Several rounds of sorting may be necessary to produce a differentiable population of 

mutants. If additional sorting is necessary, the sorted culture from step 3.2.11 can 

repeat sections 2 and 3.  Shorter incubation times with the enzyme probe (2.2.3) and 

more stringent sorting gates (3.2.10) should be implemented for successive sorts.  
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5. Isolation and Characterization of Mutants 

5.1. Overview 

The first round of sorting should reduce the library diversity by several orders of 

magnitude. What remains is isolation of individual variants, screening for further 

catalytic activity, and gene sequencing. The CEN/ARSH replicon is single-copy in 

yeast, so the plasmid must be moved to a more suitable host (e.g., E. coli) to obtain 

enough DNA for sequencing. This protocol uses a Zymoprep Yeast Plasmid kit, but 

other plasmid prep methods would work, as well.  

5.2. Method 

5.2.1. Grow the sorted culture until turbid. Aliquots may be frozen at -80 °C in 30% 

glycerol.  

5.2.2. Dilute an aliquot to 103 cells/mL and plate 100 µL on SC/Dex plates (without 

tryptophan), using as many plates as necessary to cover the new library diversity after 

sorting. Colonies should appear within 24 hours at 30 °C. If additional screening is 

desirable, spread cells on SC/Gal plates lacking tryptophan and covered with a thin layer 

of tributyrin emulsified with molten agar (1 wt% tributryin or other triglyceride, 20 wt% 

agar, 0.1 wt% Tween-80 or gum agar). Colonies expressing active lipase will have clear 

halos after 36-48 hours.  

5.2.3. Use single colonies to inoculate 2 mL of SC/Dex without tryptophan, and shake at 

30 °C, 250 rpm. Cultures should reach 107 cells/mL in less than 24 hours and should be 

harvested at that point or before. Small batches (10-30) of variants may be sufficient to 

cover the diversity of the sorted library. 
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5.2.4. Remove small aliquots of each putative mutant culture and store at 4 °C or freeze.  

Harvest the remaining cells by centrifugation at 3,000 g, 3 minutes and remove the 

media.  

5.2.5. Re-suspend the cells in 150 µL Zymolase solution and incubate at 37 °C for 1 hour.  

5.2.6. Add 150 µL lysis solution and mix by inverting and flicking the tube. The solution 

should clarify significantly. 

5.2.7. Add 150 µL neutralization solution and mix. Spin at maximum speed in a benchtop 

centrifuge for at least 2 minutes.  

5.2.8. Move the supernatant to a fresh tube and purify the plasmid DNA with alcohol 

precipitation or a spin kit.5  

Transform competent E. coli with the purified plasmid DNA. The method described by 

Sambrook for preparing and transforming electrocompetent E. coli works well and is easily 

scalable.15  

5.2.9. When colonies appear (after 16 hours), pick 5 individual colonies from each 

putative mutant and streak duplicate master plates or inoculate 96-well plates. Whole-

colony sequencing is convenient, but plasmid DNA may be prepared from the bacterial 

cultures using one of many commercially available kits (e.g., from QIAGEN).  

5.2.10. Once mutants have been confirmed with sequencing, use the respective aliquots 

from step 5.2.4 to grow and induce larger cultures. Activity should be confirmed with 

additional assays suitable for the intended application (see section 10). 

                                                
5 Zymo Research’s spin kit version of the yeast plasmid prep protocol uses a smaller volume of yeast but is less 
cost efficient.  
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Results 

6. Sorting	and	Characterization	of	a	Small	CalB	Library	

6.1. Overview 

Four mutations of CalB were chosen from the literature to demonstrate the strengths 

and limitations of this method. Rather than sort a naïve library, where un-selected 

mutants are unknown, the choices of mutants demonstrate selection for a specific 

activity (here, hydrolysis).  

6.2. Method 

 

6.2.1. Table 3.1 outlines four mutants, the genes for which were synthesized and cloned 

into a pCT-CalB backbone by GENEWIZ. The plasmids were transformed into 

electrocompetent EBY100 and sorted according to the protocol in sections 3-5.  

 

Table 3.1: Variants of CalB and the details of their mutations’ respective changes in the enzyme’s activity (predicted). 
The residues and surfaces are presented visually in Figure 3.1. 

Mutation  Expected result  Ref. 

WT    This work 

Ser105Ala  Aldol addition, lose 
hydrolysis 

16                  

Trp104Ala  Secondary alcohol 
selectivity higher 

17             

Thr40Ala  Loss of activity w/o 
hydroxy substrate 

18              

T138/I189/V190/Q157  Sterically hindered active 
site; no activity 

19               
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Figure 3.1: Active site and binding pocket of WT CalB. Active site pocket, gray wireframe. Residues targeted for 
mutation: serine 105, silver; tryptophan 104 and threonine 40, yellow; hydrophobic binding pocket 
(T138/I189/V190/Q157), red wireframe. Visualized with VMD20        

  

6.2.2. Seed cultures for the wild-type and four mutants seed cultures were grown and 

induced separately. The cell density was gauged by OD600 measurements, and 2x107 

cells from each mutant culture were combined. Cells from the WT were added so that 

they made up 5% or 1% of the population.   

6.2.3. The combined populations were incubated with the probe (HHPNPP) for 60 

minutes in PBS-BSA at room temperature on a rotating shaker at 120 rpm. The cells 

were centrifuged and washed with PBS-BSA. The “click” labeling step took place in 10 
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minutes on ice with reagents as described in section 3.2.2. Labeling with the primary 

(1.5 µg/mL chicken anti-c-myc) and secondary (8 µg/mL goat anti-chicken AlexaFluor 

633) antibody took place at room temperature, protected from light.  Cells were washed 

with PBS-BSA between labeling steps.  

6.3. Results 

6.3.1. Analysis and cell sorting by FACS were performed on a Beckman Coulter MoFLo. 

A healthy population was conservatively gated on forward vs. side scatter, and this gate 

was applied to plots of Alexa 488 vs. Alexa 633 fluorescence for sorting. A quadrant 

gate was created based on controls labeled without the click probe and without primary 

antibody (Figure 3.2).  

6.3.2. Cells were sorted into fresh media and one additional round of sorting took place 

with a more conservative quadrant gate (Figure 3.2). Cells from the second sort were 

plated on selective media and five colonies from each group (1% or 5% WT) were 

chosen at random for sequencing as described in Section 5. The plasmids were 

sequenced from E. coli colonies and aligned with the predicted sequence for the wild-

type and mutants. The results of that alignment are presented in Table 3.2. The wild-type 

was not fully recovered in either group, although 2/5 of the 5% group were active 

variants (M2) or WT. No active variants were identified in the 1% group. 
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Table 3.2: Identification of selected colonies after two rounds of sorting. The wild-type is represented by WT; mutants 
are represented by M #, where # is their order in Table 3.1. 

Group Colony # ID 
5% WT 1 M 2 

 2 M 3 

 3 M 3 

 4 M 1 

 5 WT 
1% WT 1 M 1 

 2 M 3 

 3 M 3 

 4 M 3 

 5 M 3 
 

 

 

Figure 3.2: Two rounds of sorting. Gates based on a negative control (A) were used to sort double-positive cells (R3, top 
right quadrant) from populations containing 1% WT (B) or 5% WT (C). The first round of sorting (left column) used a less 
conservative gate in both channels than the second round (right column). 
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Discussion 

If the five colonies chosen from each group (5% or 1% WT) are assumed to be a 

representative sample, the group that began with 5% was enriched to 20%, with an active 

mutant (M2) also being recovered. If the enrichment is uniformly fourfold after two sorts, we 

might not expect to see the WT in the 1% group without a larger sample size. However, the 

rate of recovery of hydrolytically active variants was lower than expected. 

Steps were taken to identify the source of the inefficiency. The antibody labeling was 

consistently high, and the copper-catalyzed “click” reaction has been reported effective even 

at low temperatures. Labeling of the lipase, therefore, was targeted for optimization.  

Induced cells displaying WT CalB were washed with sterile water to remove the 

induction media and re-suspended in PBS-BSA (the buffer used for labeling in Section 6.2), 

potassium phosphate buffer (50 mM, pH 6.515), or fresh induction media. The click probe 

was added from DMSO stock to 50 µM or 500 µM (1X or 10X). The cells were incubated 

with the probe, gently agitated at room temperature for two hours, at which point half of each 

sample was removed and refrigerated. The remainder was agitated overnight (16 hours total). 

All samples were diluted in PBS-BSA and washed once. The cells were incubated with the 

“click” reagents in PBS-BSA for five minutes on ice, washed, and analyzed on a BD Accuri 

C6. The results are presented in Figure 3.3.  
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Figure 3.3: Comparison of different buffers for lipase labeling with the “click” probe, HHPNPP. Buffers are phosphate 
buffered saline with 1 g/L BSA (PBS), 50 mM potassium phosphate buffer pH 6.5 (PPB), and SC/Gal (Media).  

 

It seems likely that the poor recovery of the wild-type described in Section 6.3 is due 

largely to the use of PBS-BSA as a labeling buffer. If the majority of the lipase detected by 

the immuno-labels on the surface is active, the efficiency of attachment to the HHPNPP 

probe is roughly 25% that of the antibodies. However, the use of potassium phosphate buffer 

and more concentrated HHPNPP would offer a tenfold increase in labeling. Additional 

optimization of surfactant and probe concentration would improve labeling further, and 

would be necessary before sorting libraries where the target is present at very low 

concentrations. 
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4. STRUCTURAL ANALYSIS OF LIPASE SPECIFICITY 

Introduction 

A discussion of the behavior of enzyme catalysts must consider the structure-function 

relationship because, more than any other factor, the structure of the enzyme is the function. 

In the production organism, long strings of peptide-joined amino acids are twisted, bent, and 

folded to align residues from disparate regions in an organized structure that is far more than 

a simple sum of its parts. Once collected, teams of similar residues hold the enzyme together, 

form surfaces and pockets that guide substrates, and facilitate the cleavage or creation of 

chemical bonds. This tertiary structure, though strictly confined, is not rigid. Rather, it is the 

framework for subtle, rigidly defined changes in conformation that usher substrates in, escort 

products out, and—in the case of many lipases—leverage a tightrope walk along an oil-water 

interface to trigger catalytic activation. Of particular interest here are two lipases, both of 

which have published crystal structures: lipase B from Candida antarctica (CalB)1,2 and 

lipase from Photobacterium lipolyticum sp. M37 (M37L).3 These two lipases appear to have 

similar activity and stability in hydrolytic assays (Chapter 1), similar preference for acyl 

chain donors in esterification (Chapter 2), but different temperature optima and thermal 

stability in organic solvents (Chapter 2).  

Mapping these activity differences onto specific structural aspects of these lipases first 

requires a brief summary of the current understanding of the structural determinants of lipase 

activity. Lipase acyl donor specificity is controlled by several means. Access to the active 

site is controlled by a lid (if present) and by the hydrophobicity of the environment around it.  

The size and polarity of the channel leading into the active site (the catalytic groove) are the 
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other factors. Pleiss and colleagues treated the topic thoroughly;4 what remains is to 

categorize the more recent additions to the literature and explain the esterification specificity 

mentioned above.  An analysis of the structural and activity data for these two lipases is 

presented here.  

Methods 

The crystal structures of CalB and M37L have been published and are available in the 

Protein Data Bank5. The accession numbers 1TCA (CalB) and 2ORY (M37L) were used in 

the analysis, both of which were crystallized without bound substrates. Structures for CalB 

have been published with a bound detergent (Tween-80) and a phosphonate inhibitor (n-

hexylphosphonate ethyl ester),1 but these were excluded to maintain uniformity with M37L. 

The PDB entries for CalB and M37L were used as templates for FATCAT (Flexible 

structure AlignmenT by Chaining Aligned fragment pairs allowing Twists)6 searches against 

the non-redundant Protein Data Bank. Since lipases represent a large fraction of the 

published protein structures, only rigid alignments were allowed in order to narrow the scope 

of the analysis to more precisely similar structures.  

Results of structure similarity searches 

Nearly 1000 statistically similar (P < 0.05) structures were found for M37L and CalB. 

The top 9-10 from each search were similar with P-values less than 10-5. One result from the 

search against CalB does not have an attendant peer-reviewed publication and was omitted in 

favor of the next-most similar. The results of the searches are presented in Table 4.1 and 

Table 4.2. 
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Table 4.1: Enzymes structurally similar to M37L. Similarity determined by FATCAT database search against the 14 May 
2014 PDB. Proteins shown have P < 1x10‐5.  

Enzyme 
Source 

Genus (Kingdom) 
PDB 

Length 
(Aligned) 

Ref 

M37L Photobacterium (Bacteria) 2ORY 335 DOI
Feruloyl esterase Aspergillus (Fungi) 1UWC 216 DOI

Lip2 (lipase) Yarrowia (Fungi) 3o0D 240 DOI
Lip1 (lipase) Malassezia (Fungi) 3UUE 225 DOI

Lipase Penicillium (Fungi) 3G7N 216 DOI
Lipase II Rhizopus (Fungi) 1LGY 232 DOI
Lipase Penicillium (Fungi) 1TIA 234 DOI
Lipase Rhizomucor (Fungi) 1TGL 235 DOI
Lipase Thermomyces (Fungi) 1DT3 232 DOI
Lipase Gibberella (Fungi) 3NGM 227 DOI

 
 

Table 4.2: Enzymes structurally similar to CalB (1TCA). Similarity determined by FATCAT database search against the 21 
May 2014 PDB. Proteins shown have P < 1x10‐5.  

Enzyme 
Source 

Genus (Kingdom) 
PDB 

Length 
(Aligned)

Ref 

CalB Candida (Fungi) 1TCA 317 DOI
Lipase A Bacillus (Bacteria) 1I6W 166 DOI

Palmitoyl protein thioesterase-2 Human 1PJA 197 DOI
Monoacylglycerol lipase Bacillus (Bacteria) 3RLI 197 DOI

Putative hydrolase Thermus (Bacteria) 1UFO 192 DOI
Putative hydrolase Xanthomonas (Bacteria) 2QJW 169 DOI
Cinnamoyl esterase Lactobacillus (Bacteria) 3PF8 199 DOI

Feruloyl esterase Butyrivibrio (Bacteria) 2WTM 202 DOI
Mocoacylglycerol lipase Human 3HJU 207 DOI

Putative hydrolase Bacillus (Bacteria) 1UXO 179 DOI
 

 

Specificity of M37L and similar lipases 

The specificity of M37L for acyl donor chain length in butyl fatty acid ester synthesis 

was investigated and reported (Chapter 2). The result is reproduced here, with the scale 

changed for detail (Figure 4.1). The activity of M37L decreased with increasing fatty acid 



 

72 

chain length. There are no known reports in the literature of comparable esterifications using 

M37L, but hydrolysis data involving p-nitrophenyl esters suggests a parallel preference7 

(Appendix D).  

 

 
Figure 4.1: Fatty acid chain length specificity in conversion to butyl esters with YSD biocatalysts displaying CalB or 
ycM37L.  

 

The acyl donor specificity for Aspergillus feruloyl esterase and Malassezia lipase could 

not be determined from the available literature. Other lipases from Table 4.1, however, do 

have discernible acyl donor specificities. For example, lipase from P. expansum was shown 

to trans-esterify C8 and C12 vinyl esters preferentially over longer and shorter acyl donors.8 

Hydrolysis data for Yarrowia lip2 indicates a stronger preference for C16 p-nitrophenyl 



 

73 

esters and triglycerides.9 Ethyl ester activity suggests R. miehei lipase (RML) prefers C8 over 

longer fatty acids, but with less vehemence.10 Hydrolysis data from p-nitrophenyl esters 

suggests a stronger preference for C12, but the same general trend.11,12 The results are 

summarized in Table 4.3. 

Specificity of CalB and similar lipases 

The hydrolytic specificity of Novozym 435 is well-documented, although the data are 

conflicting. Hydrolysis assays suggest preference for either C1411 or C1012 p-nitrophenyl 

esters, for example. Useful esterification data is rare due to the popularity of fats and oils as 

substrates, with components that are not fully characterized. In esterification of glucoside and 

flavonoid esters, CalB exhibits a weak preference for C12 fatty acids over longer and shorter 

acyl donors.13,14 

Few of the close structural matches to CalB have published specificity data. Human 

palmitoyl protein thioesterase-2 (PPT-2) preferentially hydrolyzes fatty acyl CoA esters with 

chain lengths C12-C14.15 Lipase from Bacillus subtilis has the same profile for p-nitrophenyl 

esters (Appendix D).16 The results are summarized in Table 4.3. 
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Table 4.3: Summary of collected specificity data for structurally similar lipases. References in the text. 

Source organism Enzyme Specificity Reaction type 

Photobacterium M37L 
C8 > C10 + Esterification 
C10 > C12 + 
C10 > C4 - 

Hydrolysis 

Penicillium Lipase C10 > C12 + 
C8 > C4 - 

Esterification 

Yarrowia Lip2 C16 > C18 
C16 > C12 - 

Hydrolysis 

Rhizomucor RML 
C8 > C10 + Esterification 
C12 > C14 + 
C12 > C10 - 

Hydrolysis 

   

Candida CalB 

C12 > C14 + 
C12 > C10 - 

Esterification 

C10 > C12 + 
C10 > C8 - 

Hydrolysis 

C14 > C16 
C14 > C12 - 

Hydrolysis 

Human PPT-2 C14 > C16 
C12 > C10 - 

Hydrolysis 

Bacillus Lipase A 
C14 > C16 + 
C14 > C12 – 

C8 ≈ C12 
Hydrolysis 

 

 

 Structural basis for lipase specificity 

One interesting result of the database searches is the clear grouping—M37L (bacterial) 

with fungal lipases, and CalB (fungal) with bacterial and mammalian lipases. The two are not 

statistically significantly related (according to a FATCAT pairwise alignment), so the two 

groups are expected to have distinct features. One such feature of the M37L/fungal lipases 

group is an irregular oxyanion hole, which M37L shares with Yarrowia’s lipase and RML. It 
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is irregular in that the side chains involved undergo a conformational rearrangement upon lid 

opening, rather than being fixed in place (“always on”)(Appendix D).17,18  

The fungal lipase group that includes M37L is also distinguished by a relatively broad 

binding pocket, access to which is mediated by a flexible lid helix. The action of the lid 

requires interfacial contact, which explains the strong dependence of ycM37L activity on 

water content reported in Chapter 2. The breadth of the RML binding pocket is larger than 

that of M37L,3 but similar in size to Yarrowia lip2.19 This difference accounts for the broader 

range of large fatty acid substrates that RML and lip2 can accommodate. The width of the 

acyl binding pockets is uniform in these three proteins. A slightly enlarged oxyanion hole in 

M37L has been proposed as the structural basis for its cold tolerance, as it would lower the 

energy barrier for alignment of the hydroxy intermediate.3 Another cold adaptation is the 

enzyme’s apparent lack of disulfide bridges, which would explain its rapid decline in activity 

at elevated temperatures. 
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the specificity for esterification of fatty acids among CalB, PPT-2, and Bacillus Lipase A 

(Table 4.3). The binding cleft for CalB is 13.5Å,4 roughly the size of a C12 fatty acid. The 

pocket in PPT-2 is roughly the size of a C16 fatty acid, with multiple polar side groups to 

stabilize interfacial contact. This would make association with larger fatty acids weak, if not 

for the influence of the hydrophobic underside of the cap domain,15 The binding pocket of 

the Bacillus lipase is much smaller; it can be fully occupied by a bound hexylphosphonate 

inhibitor (Figure 4.5). The lack of encumbrance by a lid or cap domain could account for its 

facility with p-nitrophenyl esters, and this promiscuity with relatively small acyl and alcohol 

groups is noteworthy for its potential application in esterification. Also potentially significant 

is the inability of the lipase to hydrolyze larger triglycerides.16 While it may be beneficial to 

have a stripped-down tertiary structure, the value of cap and lid domains may be in their 

interactions with larger triglycerides and lipids. This advantage should be noted when 

searching for potential industrial enzymes to catalyze reactions with more complex 

substrates. 
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Figure 4.4: Alignment of CalB, PPT-2, Bacillus Lipase A.  Top and bottom views of pairwise alignments from FATCAT 
showing conserved (overlapping) core α/β hydrolase domain. Gray, CalB; magenta, PPT-2; green, lipase A. Catalytic triad 
in red.  

Figure 4.5: Alignment of bound phosphonate inhibitor with the binding channel in Bacillus subtilis lipase A. Inhibitor in 
element-colored tube. Catalytic serine in yellow. Image created from published structure.21 
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Conclusion 

CalB and M37L fall into separate groups of homologous structures, and trends in fatty 

acid specificity from the literature were used to describe the groups further. A comparison of 

the lipases with similar structures leads to analysis of the size of the fatty acid binding 

pocket, the behavior of the lid domains, and the impact of these factors on the specificity of 

the lipases. Most importantly in the current context, the specificity of butyl fatty acid ester 

synthesis observed in this work for CalB and M37L can be associated with structural motifs 

present in each enzyme, completely apart from the immobilization scaffold (yeast cells). 

CalB preferentially esterifies C12 acyl donors because the fatty acid chains at that size fit 

into the binding pocket, maximizing the contact between the side chain and hydrophobic 

residues. Longer side chains are stabilized somewhat by hydrophobic surfaces outside the 

binding cleft and on the lid helix, but exposure to the solvent pulls against alignment within 

the active site. Smaller side chains have too much flexibility, which destabilizes the active 

site alignment. The lid structure of M37L initiates a conformational change and mediates 

interfacial activation, requiring some water in organic solvents, which conforms to 

experimental observations. The size of its binding pocket has not been reported, but 

specificity data and comparisons to structurally similar lipases suggest it is the size of a C10 

or smaller fatty acid. The cold tolerance of M37L may come from an enlarged and more 

adaptable oxyanion hole. The lack of disulfide bridges probably contributes to thermal 

deactivation. While the support will have an impact on the overall activity (Chapter 2) and 

the racemic selectivity22 of the catalyst, the structure-function relationship remains the most 

important factor in understanding the behavior of lipase biocatalysts. 
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CONCLUSION 

Summary 

A yeast surface display-based scaffold for biocatalysis was constructed and characterized. 

Two lipases (CalB and ycM37L) were chosen for demonstration and displayed on the surface 

of yeast cells. The recombinant yeasts were lyophilized and the resulting biocatalysts were 

tested as drop-in replacements for commercially available immobilized lipase. In aqueous 

hydrolytic assays, the activity, thermal stability, and durability of the YSD biocatalysts were 

comparable to Novozym 435 with equal catalyst loading. This is the first report of surface-

displayed ycM37L and the first reported use of flow cytometry to understand population 

dynamics during production of a surface display biocatalyst. Based on our cost estimates for 

the production of the YSD biocatalyst, the potential savings with YSD are 90% compared to 

Novozym 435 and up to 50% against other commercial immobilized lipases. 

The same lipase YSD catalysts were applied to non-aqueous syntheses of butyl esters of 

fatty acids. In an organic environment, the yeast catalysts produced butyl esters from fatty 

acids C8 to C16. The fatty acid specificity, temperature optima, and water dependence were 

determined. This was the first systematic study of these factors for ycM37L, and CalB 

provided a useful benchmark. While CalB has been examined quite thoroughly (as Novozym 

435), this was the first report of its syntheses of these esters on a cellular scaffold.  A multi-

batch trial illustrated the durability of the YSD biocatalyst and the necessity of controlling 

the water content. The biocatalysts’ reusability and sensitivity to water are corroborated by 

similar reports for other lipases and Novozym 435 in the literature. Comparisons to Novozym 

435 were made, including discussion of the uncertainty in the relative protein loading and 
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sequence of Novozym 435. The commercial lipase, which is either CalB or a variant, has 

higher esterification activity by virtue of higher protein loading, more advantageous surface 

chemistry, or a combination of these factors. The structures of the lipases were analyzed to 

provide insight on the specificity, water activity, and thermal stability of the enzymes. The 

YSD biocatalyst is a demonstrably effective catalyst for ester synthesis, with added economic 

and “green” chemistry advantages.  

A method for screening lipases and other esterases by FACS was developed and tested. 

Active variants can be selected from a diverse population by means of an irreversibly bound 

probe that is labeled via a “click” reaction. Immuno-labeling the surface-displayed 

construct’s epitope tag enables discernment of extracellular protein from the background 

(endogenous lipase) with two-color sorting.  Previous methods for “high throughput” 

screening of enzymes rely on individual measurements of absorbance in multi-well plates, 

halos on agar plates, and other means of colony-scale evaluation than require monumental 

amounts of manual input in order to screen large libraries. Even a fully automated process 

reaches a practical limit at 105 variants. While this FACS-based method is practically limited 

by the lack of commercially available reagents and the efficiency of the “click” probe/label 

step, the first is a small hurdle for a competent synthetic chemist and there are far more 

efficient (and less cytotoxic) “click” systems in the literature. The theoretical limit of this 

system, then, is the transformation efficiency of a yeast library (on the order of 108 or 109) 

and the throughput of a cell sorting facility. The technology represents an increase in 

throughput of at least three orders of magnitude and a potential breadth of scope that 

encompasses most of lipase-catalyzed chemistry. 
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Future Work 

Improvement of the biocatalyst (protein loading) Steps should be taken to improve the 

performance of the YSD biocatalysts in organic media. Protein loading was identified as an 

area where commercial lipases hold considerable advantage.1 The α-agglutinin/single-copy 

vector system was chosen in large part because it was well-characterized,2-5 which removes a 

great deal of uncertainty about the yeast cell as a scaffold. It is not, however, optimized for 

production of the surface fusion protein as a product in and of itself. Our efforts at increasing 

the amount of surface protein with a high-copy vector and strong promoter had the opposite 

effect, presumably clogging the cells’ secretion machinery. Similar effects have been 

observed in yeast secreting human glycoproteins, antitrypsin, and pro-urokinase.6-8 The use 

of weaker inducible promoters, constitutive promoters of all strengths, 9 and less bulky fusion 

proteins10 would all be avenues of productive research. The constructs should include epitope 

tags for analysis by flow cytometry as described here. Protease sites should also be included 

for excision from the cell surface, since reductive decoupling of the agglutinin subunit was 

unsatisfactory for this purpose.  

Improvement of the biocatalyst (surface environment) The yeast cell is particularly well-

suited to an aqueous environment and polar solvents.11 This is an advantage in hydrolysis, 

but a distinct disadvantage in non-aqueous synthesis. Preliminary experiments with phase 

transfer materials (e.g., CTAB, cetyl trimethylammonium bromide) and surface 

modifications (chitosan12 and perfluorobutyl chloride13) demonstrated the possibility of 

rendering the cell surface more hydrophobic but did not yield substantial gains in activity. 

Further steps in this direction might include bulkier hydrophobic functional groups 
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(perfluoroheptyl chloride). Chitosan is inexpensive relative to the other treatments, so further 

investigation with this additive immediately prior to lyophilization should be undertaken. In 

the same vein, further efforts to display fusions to the shortened flocculin Flo1S would be 

interesting. The system has been described with lipase in a high-copy vector under the 

control of a glucose starvation promoter14,15. The flocculin domain increases the flocculation 

ability of the cells, which indicates increased hydrophobicity.16 Detailed studies of surface 

coverage, expressing population, and activity in organic media have not been reported. The 

genetic construct for the flo1s-lipase-cmyc fusions was reported in Chapter 1 and can be 

easily transferred into other vectors with suitable restriction sites.  

Expansion of SD systems Yeast are convenient hosts for SD systems, and large scale 

screening efforts a la Chapter 3 will likely remain there for some time. Other hosts for 

surface display might be more advantageous, though. Filamentous fungi are not as well 

understood as yeast, and fewer systems of genetic manipulation are readily available. 

However, filamentous fungi possess many of the characteristics—eukaryotic folding and 

posttranslational modification, inexpensive growth media, physically and chemically robust 

cell walls—that allow YSD biocatalysts to function in aqueous and organic environments. A 

few species are well-characterized, with fully sequenced genomes and long histories as 

fermentative organisms. Filamentous species are already widely in use in industry as protein 

factories, since they readily overexpress and secrete large amounts of protein,17 including 

CalB (produced by Aspergillus oryzae and A. niger). Few systems of surface display in 

filamentous sp. have been reported,18,19 and more work in this area would reap great benefits 

for those with experience in their biology, production, and manipulation.  
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Mutation of M37 lipase Efforts to develop an industrial enzyme from Proteus mirabilis 

lipase mutants resulted in a more thermo- and methanol-tolerant enzyme.20 The amount of 

effort required would be a useful comparison for application of the FACS-based screening 

method to develop a more heat-stable variant of ycM37L, which is already methanol tolerant. 
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Appendix A 

Chapter 1 Supplemental Data 

 
Figure A1: Histogram for M37L (B) and CalB (C) YSD biocatalyst before codon optimization of M37L. Fractions of 
population in P2 are 4% in B and 48% in C. For comparison, fraction in P2 for A (untransformed EBY100) is 3%. Cells were 
labeled as described in text, but with an Alexa 488-conjugated secondary antibody. Cells were analyzed on a BD FACS-
Aria cytometer and data were collected with manufacturer’s software. 
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Figure A2: Performance of biocatalyst in hydrolysis assay at 30 °C. Control is Novozym 435 immobilized on macroporous 
acrylic resin. No Vector control is untransformed EBY100. No Lipase control is EGFP.   Due to limited amounts of sample, 
values represent single measurements. 

 

 
Figure A3: Size distribution intensity plots from dynamic light scattering experiments showing the micelle size changes 
and disruption in the pNPB assay with increasing temperature. Data were collected in triplicate on a Malvern 
Instruments Zetasizer Nano.  
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Figure A4: Comparison of live and lyophilized YSD biocatalyst displaying ycM37L, SSvFS plots. Plots correspond to 
histograms in Figure S5. 

 

 
Figure A5: Histograms comparing live and lyophilized YSD biocatalyst displaying ycM37L. Note that the total fraction of 
the population expressing the fusion is the product of the corresponding percentage in a plot from Figure S4 and S5, and 
that the lyophilized total is slightly higher. The difference is probably due to a combination of favorable lyophilization 
conditions and losses in the live cells, which were in storage at 4 °C during the lyophilization cycle.  
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Appendix B 

Validation of YSD Biocatalyst Production Method 
 

 
Figure B 1: Forward vs. side scatter plots and histograms from flow cytometry analysis of five batches of lyophilized YSD 
ycM37L. Analysis was performed as described in Chapter 1. 
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Figure B 2:  Forward vs. side scatter plots and histograms from flow cytometry analysis of five batches of lyophilized YSD 
CalB. Analysis was performed as described in Chapter 1. 
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Table B 1: Activity of lyophilized YSD ycM37L batches in pNPB assays. Methods described in Chapter 1. 

Sample ID mcat A400 A600 Conversion Conversion 
  (mg) (mol/mol) (mol/mol/g) 

Control 9.8 0.718 0.008 54% 55 
CalB WT 9.7 0.522 0.003 39% 40 
ycM37L batch 1 9.9 0.37 0.007 27% 27 
ycM37L batch 2 9.6 0.399 0.007 29% 30 
ycM37L batch 3 10.8 0.411 0.005 30% 28 
ycM37L batch 4 10.4 0.384 0.002 28% 27 
ycM37L batch 5 10.9 0.411 0.002 30% 28 
ycM37L (old batch) 10.5 0.429 0.004 32% 30 
NO CELL 0 0.018 0.003 0% 0 

 
 
 
Table B 2: Activity of lyophilized YSD CalB batches in pNPB assays. Methods described in Chapter 1. 

Sample ID mcat A400 Conversion Conversion 
  (mg) (mol/mol) (mol/mol/g) 

CalB (old batch) 10.9 0.487 33% 30 
ycM37 combined 10.6 0.435 29% 27 
Control 9.6 0.723 49% 51 
EBY100 9.5 0.17 11% 11 
CALB batch 1 10.9 0.548 37% 34 
CALB batch 2 10.2 0.485 33% 32 
CALB batch 3 9.8 0.459 31% 31 
CALB batch 4 10.5 0.463 31% 30 
CALB batch 5 10.6 0.406 27% 26 
no cell 0.02 0% 
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Appendix C 

Chapter 2 Supplemental 

 
Figure C. 1: Longer reactions demonstrate the YSD-catalyzed esterification is approaching equilibrium. Data at 20 hours 

is in duplicate. 

 
 

 
Figure C. 2: Longer reactions demonstrate the YSD-catalyzed esterification is approaching equilibrium. Data at 20 hours 

is a single measurement. 
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Appendix D 

Chapter 4 Supplemental 

 
Figure D 1: Hydrolytic specificity of M37L, extracted from (Ryu, et al. 2005) 

 

 

 
Figure D 2: Competitive factor for RML in ethyl esters of fatty acids, extracted from (Rangheard, et al. 1989). 
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Figure D 3: Specificity of PPT-2, extracted from (Calero, et al. 2003) 

 
 

 
Figure D 4: Specificity of lipases from B. subtilis, extracted from (Eggert, et al. 2000) 
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Figure D 5: Catalytic and oxyanion hole residues in M37L/fungal lipase group. Yarrowia lip2 in blue, Thermus lipase in 
cyan, Rhizopus lipase in magenta, RML in orange. Extracted from (Bordes, et al. 2007) 




