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Abstract

Yeast surface display, a well-established technology for protein analysis and engineering, involves 

expressing a protein of interest as a genetic fusion to either the N- or C-terminus of the yeast 

Aga2p mating protein. Historically, yeast-displayed protein variants are flanked by peptide epitope 

tags that enable flow cytometric measurement of construct expression using fluorescent primary or 

secondary antibodies. Here, we built upon this technology to develop a new yeast display strategy 

that comprises fusion of two different proteins to Aga2p, one to the N-terminus and one to the C-

terminus. This approach allows an antibody fragment, ligand, or receptor to be directly coupled to 

expression of a fluorescent protein readout, eliminating the need for antibody-staining of epitope 

tags to quantify yeast protein expression levels. We show that this system simplifies quantification 

of protein-protein binding interactions measured on the yeast cell surface. Moreover, we show that 

this system facilitates co-expression of a bioconjugation enzyme and its corresponding peptide 

substrate on the same Aga2p construct, enabling enzyme expression and catalytic activity to be 

measured on the surface of yeast.
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1 Introduction

Recombinant proteins are expressed and tethered on the surface of cells to enable 

measurement of biophysical and biochemical properties in a paralleled, high-throughput 

manner [1, 2]. Since the first surface expression system was introduced on bacteriophage in 

mid-1980s [3], a variety of techniques have been developed to display proteins on the 

surface of bacteria [4], yeast [5], insect [6], or mammalian cells [7, 8]. In these platforms, 

each individual cell harbors a genetically-encoded protein variant of interest fused to a cell 

surface anchor protein. The protein of interest becomes accessible to the extracellular space 

after the fusion construct, directed via signal sequence, is transported to the cell wall or outer 

membrane. These methods can be used in conjunction with a library of plasmids encoding 

diverse protein variants to display multiple copies of a unique protein variant on the surface 

of each individual cell. The libraries are screened to isolate cells that express proteins with a 

desired phenotype, and selected protein variants are identified by sequencing the 

corresponding genetic material recovered from the cells. This genotype-to-phenotype 

linkage is central to the application of the surface display techniques in combinatorial 

protein engineering [9].

Over the past two decades, yeast surface display has been extensively used to analyze and 

engineer protein variants that possess increased binding affinity to a target of interest [5, 10, 

11], higher thermal stability [12, 13], or altered catalytic properties [14–16]. Compared to 

the other cell surface display platforms, yeast surface display has collective advantages such 

as eukaryotic post-translational modifications, the ease of cell culture and genetic 

modification, and the compatibility with flow cytometric analysis [17]. Among various yeast 

surface display techniques using different anchor proteins [18, 19], a display platform 

pioneered by Boder and Wittrup in 1997 uses yeast cells transformed with a plasmid 

encoding a protein of interest genetically fused to the a-agglutinin mating protein Aga2p 

subunit [5]. After translation, the Aga2p subunit is covalently bound to an integrated Aga1p 

subunit via two disulfide bonds, processed through the yeast secretory machinery, and 

transported to the exterior of the yeast cell surface, where Aga1p is covalently anchored to 

the cell wall [20, 21] (Fig. 1A). The surface-displayed protein of interest is flanked by 

peptide epitope tags (i.e. c-Myc and hemagglutinin antigen (HA) tags) which enable 

quantification of fusion protein expression levels on each cell using fluorescent antibodies 

and analysis by flow cytometry. This feature allows for discrimination of protein variants 

with only a 2-fold difference in affinity by normalizing binding signal with expression levels 

on the yeast cell surface [22].

Conventional yeast surface display vectors are designed to display a protein of interest fused 

to either the N- or C-terminus of a cell wall-anchored protein [18, 19] (Fig. 1A). 

Alternatively, homodimeric and heterodimeric proteins have been displayed on yeast using a 

single vector containing two GAL1 promoters or a bidirectional GAL1–10 promoter. Using 

these strategies, the heavy and light chains of an anti-streptavidin Fab [23] or class II MHC 

α and β chains [10] have been displayed as fusions on yeast surface. As another example, 

homooligomeric streptavidin was functionally expressed and assembled using two yeast 

display vectors [24]. Such multi-protein display can also aid in enzyme engineering, where 

substrate channeling imparts significant kinetic advantages [25, 26].
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Here, we introduce a simplified yeast display strategy that utilizes both the N- and C-termini 

of Aga2p to display two heterologous proteins as part of one fusion protein (Fig. 1B). We 

show that a number of different proteins can be anchored in this manner and retain their 

functional activity. In one demonstration, dual expression of a fluorescent protein along with 

a ligand, receptor, or antibody fragment simplifies quantification of protein expression by 

eliminating the need for antibody staining of epitope tags. This approach saves time and 

cost, allowing streamlined determination of equilibrium binding constants compared to 

conventional yeast surface display. In a second demonstration, we show that the dual 

expression of the bioconjugation enzyme Staphylococcus aureus sortase A and its 

corresponding peptide substrate as part of the same Aga2p construct enables measurement 

of catalytic activity on a non-natural substrate. This approach is simple and more 

generalizable compared to a previously reported method [15].

2 Materials and methods

2.1 Strains and reagents

Chemical competent TOP10 E. coli cells were used to clone, propagate, and store plasmids 

through culturing in LB media containing 100 µg/ml ampicillin for selection. 

Saccharomyces cerevisiae strain EBY100 was used for yeast surface display throughout this 

study [11]. Plasmids were transformed into yeast by homologous recombination using a 

Gene Pulser Xcell electroporation system (Bio-Rad) [11]. Transformed yeast were grown in 

SD-CAA media (20 g dextrose; 6.7 g Difco yeast nitrogen base; 5 g Bacto casamino acids; 

5.4 g Na2HPO4; 8.56 g NaH2PO4•H2O; dissolved in deionized H2O to a volume of 1L) [11] 

and induced to express Aga2p fusion proteins on their surface through a galactose-inducible 

promoter by culturing in SG-CAA media (prepared as SD-CAA except using 20 g galactose 

substituted for dextrose). For the sortase bioconjugation reaction, a 10 M stock of 3-azido-1-

propanamine (Azp) (Sigma, 762016) was diluted to 1 M in 1 M acetic acid immediately 

before use. Sulfo-dibenzocyclooctyne-biotin conjugate (Sigma, 760706) was stored as a 50 

mM stock solution in dimethylformamide at −20 °C.

2.2 Construction of plasmids

The pCL vector was generally designed as shown in Figure 1C and was created by 

rebuilding the pTMY vector which displays the protein-of-interest, HA, and c-Myc epitope 

tags as a fusion to the N-terminus of Aga2p [27]. The recombinant yeast-codon-optimized 

enhanced GFP with mutations S65G and S72A (termed yEGFP throughout this study) was 

kindly provided by Prof. Eric Shusta at University of Wisconsin-Madison [28–30]. The 

upstream region of pTMY (N-terminal to the Aga2p mature protein) was preserved (Fig. 1C) 

and includes a GAL1 promoter [31], followed by a synthetic α-factor prepro signal peptide 

[32], a KR (Lys-Arg) KEX2 cleavage sequence [33] and an EA (Glu-Ala) peptide spacer 

[34]. In addition to a flexible (Gly4Ser)3 linker incorporated into pTMY upstream of the 

Aga2p protein, another (Gly4Ser)3 linker was introduced downstream of Aga2p to provide 

spatial degrees of freedom for proteins tethered at the N- and C-termini of Aga2p. To 

prevent homologous recombination within the plasmid DNA, nucleotide sequences were 

varied in the new (Gly4Ser)3 linker. The downstream region of this new linker was modified 

in each pCL vector and the epitope tags such as HA, c-Myc, or FLAG tags were inserted, 
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removed, or relocated according to the design of each recombinant pCL vector as described 

in Supporting Information.

2.3 Binding assays

For binding assays, yeast cells were transformed with the GFP-co-expressing pCL plasmids 

(pCL-nGFP-Aga2p-D1.3, pCL-nGFP-Aga2p-Axl, and pCL-NK1-Aga2p-cGFP) and the 

corresponding pCT or pTMY plasmids (pCT-D1.3, pCT-Axl, and pTMY-NK1). After 

growth in SD-CAA media at 30 °C to an OD600 = 3–6, yeast cells were centrifuged and 

resuspended to a final OD600 of 1 in SG-CAA media followed by 24 h incubation at 20 °C 

for induction of protein expression. Binding affinities of each model protein on the pCL or 

pCT/pTMY plasmids were measured by incubating induced yeast cells with varying 

concentrations of target protein in PBSA (phosphate-buffered saline + 1 mg/ml BSA) for 6–

17 h at room temperature. Reaction volumes and time were empirically determined to 

minimize ligand depletion and to ensure equilibrium was reached. After incubation, yeast 

cells expressing proteins using the pCL-GFP plasmids were stained with a fluorescently-

labeled secondary antibody against the target protein to measure binding signals. For yeast 

harboring pCT or pTMY plasmids, cells were first stained with a primary antibody that 

binds to an epitope tag (to quantify protein expression levels) and then labeled with 

secondary antibodies against anti-epitope tag antibodies and the target protein. Detailed 

antibody-staining strategies for each model protein are described in the Supporting 

Information. Fluorescence values representing expression and target binding of the labeled 

yeast cells were measured using an Accuri C6 flow cytometer (BD Biosciences). Data were 

collected from 10,000 cells and analyzed using FlowJo software (Treestar Inc.). Full binding 

titrations were fit as a four-parameter sigmoidal curve using KaleidaGraph (Synergy 

Software) to calculate equilibrium dissociation constants (KD) from three technical 

replicates of each fit point.

2.4 Sortase bioconjugation reaction

To measure sortase bioconjugation activity and expression on yeast, the plasmids co-

expressing sortase A 7M [15] and the LPETGG substrate sequence with various linkers 

(pCL-Srt-SS, pCL-Srt-LS, and pCL-Srt-cGFP-LS (Fig. 3B)) were transformed into EBY100 

yeast cells. Single colonies were grown overnight in SD-CAA at 30 °C. Cultures were 

centrifuged for 2 min at 12,000 × g and resuspended to a final OD600 = 10 in fresh SD-CAA. 

30 µl of this suspension was used to inoculate 270 µl of the appropriate media containing 

SD-CAA or SG-CAA with or without 25 mM Azp. Cells were then cultured overnight at 

20 °C in 5-ml round-bottom tubes (Corning, 14-959-2). 15 µl of each of these cultures was 

used for analysis. Samples were washed three times in PBSA and resuspended in PBSA 

containing 500 µM Sulfo-dibenzocyclooctyne-biotin conjugate followed by incubation for 3 

h at room temperature with agitation. These samples were washed three more times with 

PBSA and resuspended in a 1:500 dilution of both Avidin-PE (Thermo Fisher Scientific, 

A2660) and chicken anti-c-Myc (Thermo Fisher Scientific, A21281) in PBSA for 30 min at 

room temperature. Samples were washed three more times and used directly for analysis, or 

resuspended in a 1:250 dilution of AlexaFluor 488 goat anti-chicken IgY (Thermo Fisher 

Scientific, A11039) and incubated on ice for 20 min. Cells were then washed twice and 

analyzed. To detect expression and sortase activity, samples were resuspended in 200 µl 
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PBSA and analyzed on a Guava flow cytometer (Millipore). Data were collected from 5,000 

cells and analyzed using FlowJo software.

3 Results

3.1 Dual protein expression vector design

Conventional yeast surface display strategies express a protein of interest as a fusion to the 

Aga2p subunit at either at the C-terminus (e.g. pCT [5, 11] and pYD1 (Invitrogen) vectors) 

or N-terminus (e.g. pTMY [27], pYD5 [34] and pCHA [35, 36] vectors) (Fig. 1A). Our dual 

protein yeast surface display vector (termed pCL) extends this system, displaying Aga2p 

flanked by two full-length proteins, one at the N-terminus and one at the C-terminus (Fig. 

1B). In the pCL system, the first displayed protein is inserted between a synthetic α-factor 

prepro signal peptide [32] and the mature Aga2p (without its original signal peptide), fused 

to the N-terminus of Aga2p (Fig. 1C). The second displayed protein is inserted downstream 

of Aga2p and fused at the C-terminus of the mature protein. The dual protein expression 

cassette is led to the yeast secretory pathway by the prepro signal peptide and exported to the 

cell surface after being processed by the KEX2 endopeptidase that cleaves the C-terminus of 

Lys-Arg (KR) sequence attached at the end of the signal peptide [32, 33]. The inclusion of 

an EA (Glu-Ala) peptide spacer helps with efficient KEX2 cleavage of the fusion protein 

[34]. For the proof-of-concept studies described here, epitope tags were included both N- 

and C-terminal to Aga2p, as in the traditional pCT-based protein expression system, to 

validate expression of the fusion construct on the yeast cell surface.

3.2 A fluorescent protein fusion enables measurement of protein expression levels on the 
yeast cell surface

The original yeast display system uses antibody-labeling of N- or C-terminal epitope tags to 

quantify yeast surface expression levels by flow cytometry. In the pCL system, a fluorescent 

protein is fused to the N- or C-terminus of the Aga2p protein as a handle to measure 

expression of the entire fusion construct on yeast surface. The fluorescent protein utilized in 

our construct is a yeast-codon-optimized enhanced GFP (yEGFP) [28–30], although the 

modularity of the system theoretically allows for the use of any yeast-optimized fluorescent 

protein [37] to suit the characteristics (brightness, wavelength) desired by the user. A 

previous study showed that yEGFP is well-expressed as a C-terminal fusion to Aga2p on the 

widely used pCT vector [28]. To allow for a more flexible design, we confirmed that yEGFP 

is also functionally expressed at the N-terminus of Aga2p when it is inserted between the 

signal peptide and the mature protein (Supplementary Fig. 1).

Two versions of the dual protein expression vector were constructed: pCL-nGFP (yEGFP 

fused to the N-terminus of Aga2p) and pCL-cGFP (yEGFP fused to the C-terminus of 

Aga2p) (Supplementary Fig. 2). When analyzed using two-parameter flow cytometry scatter 

plots, both the N-terminal and the C-terminal yEGFP fusions showed distinct separation 

between expression-positive and expression-negative yeast cell populations (Supplementary 

Fig. 1). For both pCL-nGFP and pCL-cGFP, induction of fusion protein expression at 20 °C 

showed higher levels of GFP-positive cells compared to the 30 °C induction conditions. 

Therefore, all of the analyses this study were performed with yeast cells induced at 20 °C. 
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The N-terminal yEGFP fusion exhibited lower levels of expression compared to the C-

terminal yEGFP fusion, which was also confirmed by measurement of c-Myc expression 

levels.

3.3 Dual protein expression enables quantification of binding interactions on the yeast cell 
surface

We next evaluated the reliability of the pCL-based strategy for measuring protein-protein 

binding interactions by testing three model proteins: 1) scFv D1.3, a murine antibody 

fragment that binds hen egg lysozyme [22, 38], 2) Axl Ig1, a wild-type receptor domain that 

binds its cognate ligand growth arrest specific 6 (Gas6) [39], and 3) NK1, a natural fragment 

of the N-terminal and first kringle domain of human hepatocyte growth factor ligand that 

binds Met receptor [27]. The scFv D1.3 and Axl Ig1 proteins were tethered through their N-

terminus to the C-terminus of Aga2p, which in turn has yEGFP as an N-terminal fusion (Fig. 

2A, left and middle panels, Supplementary Fig. 2A and 3). These constructs are termed 

pCL-nGFP-Aga2p-D1.3 (abbreviated pCL-D1.3) and pCL-nGFP-Aga2p-Axl (abbreviated 

pCL-Axl). The optimal construct orientation was determined by comparing expression of N-

terminal and C-terminal Aga2p fusions of the protein-of-interest; for scFv D1.3, a C-

terminal Aga2p fusion under induction at 20 °C was deemed the most optimal condition 

(Supplementary Fig. 3). To showcase the breadth of the system, NK1 was tethered through 

its C-terminus to the N-terminus of Aga2p, which has a C-terminal yEGFP fusion (Fig. 2A, 

right panel; Supplementary Fig. 2B). This construct is termed pCL-NK1-Aga2p-cGFP 

(abbreviated pCL-NK1). A liberated N-terminus of NK1 has been shown to be a preferable 

orientation for this protein [27].

Binding assays carried out with the dual protein display system are streamlined due to the 

constitutive fluorescence of yEGFP as a yeast surface expression read-out. After incubation 

with a soluble target protein, the induced yeast cells only require a single staining step with 

fluorophore-labeled secondary antibody against the binding target. This can be further 

reduced to a single-step binding assay when a soluble target is covalently labeled with a 

fluorescent dye. In contrast, assays involving conventional yeast display vectors require 

additional primary (and often secondary or sometimes tertiary), antibody staining steps for 

measuring protein expression levels through an N- or C-terminal epitope tag, resulting in 

multiple incubation and cell washing steps.

Using the simplified workflow described above, pCL-based yEGFP expression vectors were 

used to measure binding affinities of the three model proteins to their respective targets. The 

constructs pCL-D1.3, pCL-Axl and pCL-NK1 were expressed on the yeast surface and 

incubated with a corresponding binding partner in solution: biotinylated lysozyme (for scFv 

D1.3), Gas6 (for Axl Ig1), or Met-Fc (for NK1). Secondary antibodies labeled with 

fluorescent dyes were used to measure target-binding signals by flow cytometry (Fig. 2A). 

All the induced yeast cells showed a distinct GFP-positive population in scatter plots, 

enabling clear gating of the expressing population from which to quantify binding. 

Representative flow cytometry scatter plots for pCL-Axl at various Gas6 target 

concentrations are shown in Supplementary Figure 4.
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Binding affinity measurements generated with the pCL system were compared with the 

results obtained from the epitope-tag-expressing conventional yeast display vectors, pCT (c-

Myc expression) or pTMY (HA expression). Binding assays carried out with pCL-D1.3 (to 

lysozyme) and pCL-Axl (to Gas6) recapitulated equilibrium binding curves and respective 

affinities obtained with pCT-D1.3 and pCT-Axl (Fig. 2B, left and middle panels, and Fig. 

2C). In contrast, binding of NK1 to Met-Fc was only measurable with protein expressed 

using the pCL-NK1 vector, and not the pTMY-NK1 construct (Fig. 2B, right panel, and Fig. 

2C). NK1 protein displayed using the pTMY vector showed weak cell surface expression 

and negligible binding to Met-Fc (Supplementary Fig. 5), in agreement with our previous 

study [27].

To further validate the platform, we showed that a fusion construct displayed using the pCL 

vector (pCL-Axl) exhibited a linear correlation (R2 = 0.75) between the yEGFP signal and 

the c-Myc epitope tag expression signal on the same yeast cell (Supplementary Fig. 6A). As 

a final demonstration, we showed that the pCL system can qualitatively differentiate yeast-

displayed wild-type proteins and previously engineered Axl or NK1 variants as measured by 

flow cytometry scatter plots (Fig. 2D) [27, 39]. These results demonstrate the applicability 

of the vectors for library construction and screening required for combinatorial protein 

engineering.

3.4 Additional considerations of the pCL display system

In addition to the time and cost benefit of not having to use anti-epitope antibodies to 

measure expression levels, the pCL-based yeast display strategy avoids a decrease in 

fluorescence signals which is derived from antibody or target dissociation due to multiple 

wash steps used in the traditional pCT system. As shown in Supplementary Figure 6B, each 

additional cell washing step significantly decreased c-Myc expression signals in the pCT 

group, demonstrating dissociation of the anti-c-Myc primary antibody from the cell yeast 

surface. In contrast, GFP expression signals remained constant in the pCL group, regardless 

of additional washing steps. Eliminating one or two washing steps for sample preparation 

may be especially beneficial for studying a protein with low expression or weak target 

binding on the yeast cell surface. Moreover, the fluorescent signal from yEGFP expression 

was stable at room temperature when analyzed over a 72 h period (Supplementary Fig. 6C), 

which spans the time window generally used for measuring kinetic dissociation rates or 

screening a yeast-displayed library based on kinetic off-rate parameters [40, 41].

3.5 Dual protein expression enables quantification of enzyme-substrate bioconjugation 
reactions on the yeast cell surface

We next investigated whether the pCL system could be applied to quantify the reaction 

between a bioconjugation enzyme and its substrates. In this case we developed a pCL-based 

enzyme-substrate system to measure sortase activity on the yeast cell surface, a simplified 

design from the elegant display technology previously developed by the Liu lab [15]. Sortase 

is a transpeptidase enzyme that has widespread use in bioconjugation reactions. The sortase 

enzyme from Staphylococcus aureus and its engineered derivatives 5M and 7M [15] 

recognize a LPXTG sequence and exchange the terminal glycine for a variety of 

nucleophiles, such as glycine-terminal peptides [42], hydrazides [43], and various primary 
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amines [44, 45]. We previously showed that by using non-natural amine nucleophiles, we 

could label proteins in living E. coli cells [46].

We introduced the calcium-independent version of sortase, 7M, into the pCL vector and 

tested its ability to incorporate the non-biological amine 3-azido-1-propanamine (Azp) into 

LPETGG sequences on the surface of yeast. Sortase 7M was fused to N-terminus of Aga2p, 

followed by: 1) a short linker, 2) a long linker, or 3) yEGFP plus a long linker C-terminal to 

Aga2p (Fig. 3A and B). Each of these constructs contained a C-terminal LPETGG substrate 

sequence so that the sortase variant could carry out its enzymatic modification. The linkers 

were intended to test accessibility of sortase to LPETGG with different flexibilities and 

distances between the enzyme and the substrate.

The constructs were transformed into yeast and induced at 20 °C in the presence of Azp in 

the induction media. In each case, the sortase 7M variant and the linker-LPETGG were 

successfully expressed on yeast as shown by c-Myc staining or yEGFP fluorescence 

(Supplementary Fig. 7). Moreover, each enzyme-substrate construct was able to facilitate 

conjugation with Azp, followed by a Copper-free Click reaction between the incorporated 

Azp and sulfo-biotin DBCO. Biotin-conjugated 7M fusions were detected by staining with 

PE-labeled avidin (Fig. 3C, left). Negative controls lacking Azp or reactions carried out with 

yeast cultured in non-inducing media suggested that the Click reaction was specific to Azp 

and the LPETGG substrate sequence (Fig. 3C, right). Both the long linker variant (pCL-Srt-

LS) and the short linker variant (pCL-Srt-SS) showed substantial bioconjugation, indicating 

that they allow sufficient proximity of the C-terminal substrate to the N-terminal enzyme 

(Fig. 3C, left).

Finally, a bioconjugation reaction specific to sulfo-biotin DBCO was also observed when 

yEGFP was included in the construct (pCL-Srt-cGFP-LS; Fig. 3B and D). 7M-expressing 

cells were readily distinguished by yEGFP fluorescence, and active sortase was again 

detected by avidin-PE using flow cytometry. Based on the close proximity of N-terminus 

and C-terminus of GFP, this construct does not interfere with LPETGG substrate access to 

the sortase active site. Similar to the binding assays described above, the GFP fusion 

construct has the advantage of not requiring a second antibody stain for expression, 

facilitating rapid analysis of cell surface chemistry.

4 Discussion

In this study, we showed that the pCL yeast display system enables co-expression of two 

proteins: a protein of interest and a fluorescent protein, or an enzyme and substrate pair, to 

facilitate protein binding assays or catalytic reactions, respectively. Considering the 

relatively high price of antibodies against epitope tags (such as c-Myc, FLAG, and HA), the 

pCL vectors containing yEGFP provide a cost-effective and simple means for measuring 

protein expression on the yeast cell surface. Moreover, we showed that the yEGFP signals 

generated from the pCL system are stable and correlate with expression levels of co-

expressed proteins of interest, thus providing an alternative analysis method for yeast surface 

display. While direct fusion of a yEGFP to the N- or C-terminus of the displayed protein in 

Figure 1A is possible, the pCL system uses Aga2p as a spacer to minimize the effects of a 
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bulky fluorescent protein on sterics and folding. Although the current vectors used in this 

study utilize yEGFP to quantify a protein expression, which shows optimal induction of 

yeast expression at 20 °C, other fluorescent proteins [37] with improved expression and 

stability could be used in future studies. Two pCL vectors with N-terminal or C-terminal 

Aga2p co-expression strategies provide flexibility for yeast surface display, and optimal 

expression conditions should be determined empirically for each protein-of-interest 

(Supplementary Fig. 3). We have also created a modified pCL vector (termed pCL2) 

containing codon-optimized linkers and additional restriction sites, suitable for facile and 

modular cloning and library construction (Supplementary Fig. 8). pCL2 comprises the C-

terminal Aga2p fusion of yEGFP, which will minimize selection of false-positive fluorescent 

clones with frameshift mutations arising in error-prone PCR libraries.

The pCL dual protein display system also enables measurement of enzyme-mediated 

bioconjugation on the surface of yeast. The co-expression of sortase and the substrate 

sequence as a single fusion protein imparts a distinct advantage for incorporation of non-

natural nucleophiles in yeast over a previously developed yeast display system for 

bioconjugation [15]. First, the pCL-based approach does not require solid-phase peptide 

synthesis of substrate sequences, and has no need for a secondary enzyme (in the previous 

study, phosphopantotheinyl transferase) to attach sortase substrates to the surface. Second, 

the pCL vector can be used with widely available EBY100 yeast, rather than the modified 

strain required in the previous system. Third, the platform is flexible, and a library of 

enzyme variants or peptide substrates could be created and screened using the pCL system. 

Thus, yeast display using the pCL dual protein display system provides simplicity and 

generalizability in the interrogation of enzymatic activity as well as protein–protein binding 

interactions. In addition, the pCL system has potential applications to studies where display 

of multiple proteins on the same yeast cell is desired, including split fluorescent protein 

engineering or sequential assembly of multi-enzyme cascades.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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yEGFP yeast-codon-optimized GFP

SrtA Sortase A
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Azp 3-azido-1-propanamine

DBCO dibenzocyclooctyne

PE R-Phycoerythrin
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Figure 1. 
Schematic of yeast surface display strategies. (A) Conventional vectors, pTMY (N-terminal 

Aga2p fusion) and pCT (C-terminal Aga2p fusion). (B) pCL, a vector that enables co-

expression of two proteins on the N- and C-terminus of the Aga2p subunit. (C) The 

expression cassette of pCL in which one protein is inserted between the synthetic prepro 

signal peptide and Aga2p and the other protein is inserted downstream of Aga2p. Various 

epitope tags (HA, c-Myc and FLAG) are included to validate and compare protein 

expression across formats.
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Figure 2. 
Quantification of protein-protein interactions on yeast using pCL vectors. (A) Schematic of 

protein display and antibody-staining strategies for the pCL vectors co-expressing a protein-

of-interest and yEGFP on the same surface. (B) Binding curves comparing pCL and pCT/

pTMY vectors for a lysozyme-binding scFv antibody fragment (left), a Gas6-binding Axl 

Ig1 receptor domain (middle), and the Met-binding NK1 ligand (right). Error bars 

correspond to the standard deviation of three independent measurements. (C) Equilibrium 

binding constants, KD, of yeast-displayed proteins expressed with the pCL or pCT/pTMY 

vectors. N.D.: Binding was not measurable for pTMY-NK1. (D) Wild-type proteins (Axl and 
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NK1) and engineered variants (MYD1 [39] and M2.2 [27]), expressed using pCL vectors, 

can be differentiated at low target concentrations (0.1 nM Gas6 and 0.5 nM Met-Fc) on flow 

cytometry scatter plots.
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Figure 3. 
Evaluation of bioconjugation enzyme activity on yeast using pCL vectors. (A, B) Schematic 

of protein expression and bioconjugation reactions on the yeast surface for pCL vectors co-

expressing sortase A (SrtA) 7M, and its peptide substrate, LPETGG. (C) Detection of SrtA 

bioconjugation activity on yeast using pCL-Srt-LS (long linker) and pCL-Srt-SS (short 

linker) under various conditions. Samples were stained with avidin-PE to detect Azp 

conjugation followed by biotin Click chemistry, and also stained with AlexaFluor 488-

conjugated antibodies to measure yeast expression levels. Histograms of PE signal (enzyme 

activity) as a percentage of the maximum cell number shows readily apparent sortase-active 

populations in each sample. (D) Detection of SrtA bioconjugation activity on yeast by using 

pCL-Srt-cGFP-LS (yEGFP plus long linker) with and without biotin-DBCO. Co-expression 
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of yEGFP and SrtA eliminates the need for antibody-staining of epitope tags to quantify 

yeast surface expression levels.
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