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Abstract
Yeast surface display has become an increasingly popular tool for protein engineering and library
screening applications. Recent advances have greatly expanded the capability of yeast surface
display, and are highlighted by cell-based selections, epitope mapping, cDNA library screening, and
cell adhesion engineering. In this review, we discuss the state-of-the-art yeast display methodologies
and the rapidly expanding set of applications afforded by this technology.
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Introduction
The expression of recombinant proteins incorporated into the cell wall of Saccharomyces
cerevisiae, termed yeast surface display (YSD), has now been practiced for over a decade with
noteworthy success. YSD offers selected advantages relative to other display technologies,
most notably eukaryotic expression of the heterologous target protein, making it an outstanding
tool for display and engineering of many proteins that are difficult to produce in other display
formats. In the past several years, YSD has expanded beyond its original applications of
immobilizing recombinant enzymes and affinity maturating single-chain Fv antibody
fragments (scFvs). Below we discuss the attributes of YSD technology with a particular focus
on novel YSD techniques and their application to new protein targets.

Yeast surface display systems
In the first section, we describe the various technological aspects that need to be considered
when selecting a YSD platform, including the various anchors and yeast that can be used for
surface display, effects of protein display orientation, and methods for library generation.
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Anchors for display on Saccharomyces cerevisiae
Yeast surface display was first demonstrated as a method to immobilize enzymes and pathogen-
derived proteins for vaccine development. The α-galactosidase gene from Cyamopsis
tetragonoloba was fused to the C terminal half of α-agglutinin, a cell wall anchored mating
protein in S. cerevisiae1 (Table 1). Increased stability was seen for the enzyme when linked to
the cell wall, compared with direct secretion of the full α-galactosidase enzyme into the media.
Early work also used the flocculin Flo1p as an anchor to attach α-galactosidase to the cell wall,
with similar results2. Both α-agglutinin and flocculin, along with cell wall proteins such as
Cwp1p, Cwp2p, Tip1p, and others, belong to the glycosylphosphatidylinositol (GPI) family
of cell wall proteins that can be used directly for display3. These proteins are directed to the
plasma membrane via GPI anchors and subsequently are linked directly to the cell wall through
a β-1,6-glucan bridge for incorporation into the mannoprotein layer3. These large intact
proteins as well as their C-terminal fragments have been demonstrated to mediate display of a
range of heterologous proteins upon protein fusion. If instead, noncovalent display is desired,
a Flo1p fragment has been used as the anchor protein. The protein of interest can be fused C-
terminal to the flocculation functional domain of Flo1p, which is thought to interact with cell
wall mannan chains to form a noncovalent adhesion3. Display of proteins on S. cerevisiae via
these anchors has been reviewed recently by Ueda and colleagues3.

The a-agglutinin system developed by Wittrup et al 4,5 uses Aga2p as the display fusion
partner. A disulfide linkage between Aga1p, a GPI/β-1,6-glucan-anchored protein, and Aga2p
anchors the protein to the cell wall. Thus, coexpression of Aga1p with an Aga2p fusion leads
to cell wall-anchored protein on the surface of yeast via disulfide bonding (Figure 1). The
majority of applications of YSD discussed here utilize the Aga2p anchor system, and in the
following discussion it is therefore assumed that the Aga2p system was used unless otherwise
stated.

The Pir (proteins with internal repeats) family of cell wall proteins from S. cerevisiae has more
recently been exploited as a fusion protein for display because of its alternate linkage
capabilities. Unlike the GPI-cell wall anchored proteins, the Pir family of proteins (Pir1-4) are
attached to the cell wall through a previously unknown linkage6. Recent work suggests that
the modification of a glutamic acid residue, originally encoded as a glutamine residue, with a
pentahexose chain results in a novel linkage with β-1,3-glucan in the cell wall through an ester
bond7. The Pir family has been used to display several enzymes, such as a-1,2-
glycosyltransferase6, xylanase A8, and others9,10.

Yeast cells can also be used to engineer membrane-targeted proteins such as mammalian G
protein-coupled receptors (GPCRs) without using anchors for surface localization. Because
yeast pheromone receptors are GPCRs, the native GPCR pathway can be engineered to respond
to the mammalian GPCR ligand through the yeast signaling pathway11. This system was used
to create a novel chemical sensing yeast strain expressing an engineered human UDP-glucose
receptor, a GPCR, with distinct but overlapping specificities12 (Table 1).

Display in methylotrophic strains
In previous work13–15, the yeast surface display platform has been extended to strains that
can utilize methanol as their sole carbon and energy sources. Compared to the widely used
yeast S. cerevisiae, these methylotrophic strains, including Pichia pastoris and Hansenula
polymorpha, have superior fermentation characteristics such as growth on an economical
carbon source and very high cell density culture. Methylotrophic strains are therefore well
suited to applications that require large-scale fermentations, such as the generation of whole-
cell biocatalysts16. The concept of whole-cell biocatalysts has been demonstrated by surface
display of Rhizopus oryzae lipase in P. pastoris15 using the Flo1p anchor (Table 1) and by the
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display of the C-terminus of carboxymethylcellulase in H. polymorpha13 using the Cwp1p
anchor. In the surface display of Rhizopus oryzae lipase in P. pastoris, it was found that the
enzyme shows higher thermal stability than the soluble form15. A similar increase in thermal
stability was also observed in lipase displayed on S. cerevisiae but to a lower extent15. It was
reasoned that high levels of glycosylation, especially an increased degree of O-glycosylation
in P. pastoris compared to S. cerevisiae, yielded the increased stability of the enzyme15.
Therefore, it appears that the higher glycosylation level of P. pastoris could be leveraged to
improve enzyme-based fermentations through stabilization.

Protein display orientation
For some proteins, the ability to control whether the N- or C-terminus is linked to the anchor
protein can improve display or functional properties (Figure 1). For example, the flexibility of
the Aga2p protein allows one to fuse proteins to either end, and this ability has proven important
for successful display of some proteins. Two anti-CD3ε scFvs exhibited 30–100-fold reduced
affinity for the target protein when expressed as a fusion to the C-terminus of Aga2p17 (Table
1, Figure 1A). However, when expressed as a fusion to the N-terminus of Aga2p, the scFvs'
binding affinities were restored (Figure 1B). Class II major histocompatibility complex (MHC),
discussed below, can be expressed as a non-covalent heterodimer or as a single-chain species.
When the C-terminal Aga2p β chain fusion was co-expressed with soluble MHC α chain, little
reactivity was seen with conformationally specific antibodies recognizing either the α or β
chains18. Therefore, to achieve display as a C-terminal fusion, directed evolution was
required19,20. However, efficient display of class II MHC was observed when the β chain was
expressed as a fusion to the N-terminus of Aga2p, similar to its native topography as a type I
transmembrane protein18. Thus, the fusion topography appears in some cases to be critical to
the ability to successfully express and display functional proteins.

Recent work has also shown that in addition to monomeric proteins, yeast can be used to display
homo and heterodimeric proteins. In these cases, the eukaryotic yeast secretory machinery
allows oligomeric mammalian proteins to assemble and export to the surface in a native-like
conformation. A single vector encoding the heavy (HC) and light chains (LC) of an anti-
steptavidin Fab was created with a HC-C-terminal Aga2p fusion and soluble LC under separate
but identical GAL1 promoters21 (Table 1). HC and LC chains assemble and are stabilized
through the native covalent interchain disulfide bond, and hence display as a full Fab fragment.
Subsequently, affinity maturation was performed on the anti-SA Fab through error-prone PCR
and successive rounds of fluorescence-activated cell sorting (FACS). Similarly, a catalytic Fab
was displayed on the yeast surface and was shown to fully assemble and catalyze the formation
of chloramphenicol from a chloramphenicol monoester derivative22. As the first example of
noncovalent heterodimer expression, properly folded class II MHC was displayed using a
system that coexpresses MHC α chain and MHC β chain-Aga2p fusion from a dicistronic
plasmid employing the bidirectional GAL1-10 promoter18. As another example,
homooligomeric streptavidin was expressed using two vectors, one encoding soluble
streptavidin and the other encoding streptavidin fused to the C-terminus of Flo1p. While yeast
expressing the anchored-streptavidin subunit alone showed low binding affinity to biotinylated
fluorescein isothiocyanate (FITC), the construct expressing both soluble and Flo1p anchored
streptavidin showed significant biotin-FITC binding23. These studies demonstrate the utility
of yeast display for expression of a range of complex, oligomeric proteins.

Methods for library generation
A major application of YSD is expression and screening of combinatorial libraries. Beyond
standard PCR-based methods for generating diversity, a number of other methods have been
used to create diverse protein libraries that can be screened by surface display. As one example,
scFvs against a number of different small molecule and protein targets were isolated from a

Pepper et al. Page 3

Comb Chem High Throughput Screen. Author manuscript; available in PMC 2009 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



109 member nonimmune scFv library comprised of assembled heavy and light chain genes
mimicking the natural germline diversity found in human B-lymphocytes24 (Table 1). If
instead, it is desired to bias a library toward a particular antigen, pseudo-immune and immune
libraries of scFv can be created. Cloned cDNA from healthy donors showing higher than normal
antibody titer against the death receptor 5 (DR5) antigen were used to create a pseudo-immune
library25. Screening both the smaller pseudo-immune library of 2 × 106 diversity and the
aforementioned nonimmune library against DR5 showed that it was possible to isolate specific
high-affinity clones from the pseudo-immune library, despite the significantly reduced size of
the library. Library diversity can also be enhanced by taking advantage of the ability of haploid
yeast to efficiently mate leading to the formation of a diploid organism26. Mutagenized
subunits of dimeric proteins can therefore be cloned into yeast shuttle vectors with different
selectable markers, transformed separately into stable a and α mating type haploid strains, and
these strains can be mated to combine the two genetic sublibraries. Hufton and colleagues first
demonstrated this approach by mating a and α yeast separately expressing heavy and light
chains of Fab fragments to create a combined Fab library of over 109 clones. Screening this
library led to isolation of Fab with high affinity (Kd = 6 nM) toward the target streptavidin
antigen26. Similarly, by using peripheral blood lymphocyte RNA from a human patient
immunized with pentavalent botulinum toxoid, separate immune libraries of 3 × 106 VH and
5 × 105 VK genes, both biased toward the target antigen, were created27. Subsequent mating
of these libraries led to the creation of a combined VH/Vκ library consisting of 3 × 109 unique
members enabling the isolation of sub-nanomolar Fabs against botulinum toxins27. In addition,
antibody genes cloned from a patient with high HIV-1 neutralizing Ab titers were used to create
a library of 107 scFv clones28, and many novel anti-HIV antibodies were isolated from this
library. Importantly, this study provided a direct comparison between phage and yeast display
library selection efficiencies, by cloning the same HIV-1 immune scFv library into both phage
and yeast display formats28. Here, yeast display sampled the immune antibody repertoire
considerably more fully than phage display, shown by the selection of twice as many novel
antibodies, including all the scFv identified by phage display28.

The ability of yeast to efficiently recombine homologous DNA sequences can also be exploited
to increase the diversity of a library. When two scFv genes that share 89.8% homology were
mutated by PCR and co-transformed into yeast, a chimeric antibody library of 107 diversity
was created through in vivo homologous recombination, showing evenly distributed crossover
points throughout the two genes29.

A recent trend in library generation is to not only rely on random mutations, but also focus the
library diversity to specific residues that are expected to dictate protein functions, thereby
increasing the ability to probe more of the sequence space at functionally important positions.
For example, it was noted in engineered mutants of epidermal growth factor (EGF),
interleukin-2, and the EGF receptor ectodomain that isolated high affinity mutants were biased
toward orthologous substitutions, or in other words, substitutions found in homologous
proteins from other species30 (Table 1). Motivated by this observation, a library generation
strategy to create artificial orthologous mutants, termed shotgun ortholog scanning
mutagenesis (SOSM) was developed30. This method was used to isolate an epidermal growth
factor (EGF) mutant with 30-fold increase in affinity for the receptor30.

Antibody fragments represent another target for focused libraries, since the antigen-antibody
interaction is largely determined by residues in the complementarity determining region
(CDR). Rajpal et al. generated a library of anti-TNF-α antibody D2E7 by replacing each residue
of the six CDRs with one of nine amino acids that were expected to have representative
chemical functionalities based on the side-chain functional groups31 These mutations were
then combined to create a library with single mutations in one to three CDRs. Using this
approach, mutants with 870-fold higher affinity were isolated from a relatively small library
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of 1.4 × 106 diversity31. It is anticipated that protein sequence analysis and modeling tools
will continue to be leveraged for the generation of designer libraries, helping to reduce the
sequence space to an experimentally amenable size.

Recent Applications of Yeast Surface Display
Various YSD technologies discussed in the previous section have greatly expanded the
applications of YSD during the past few years. In this section, we summarize the recent
advances in conventional applications such as affinity maturation, protein engineering for
improved production and stability, as well as novel applications in cell-based selections,
epitope mapping, cDNA library screening, cell adhesion molecule engineering, and selections
against non-biological targets.

Affinity maturation
Protein affinity maturation has been one of the most successful applications of YSD. Initial
studies led by Wittrup et al. used an anti-fluorescein scFv to show the effectiveness of YSD
in protein affinity maturation4 (Table 1). Since each yeast cell is capable of displaying 104 –
105 scFv4, fluorescence from each cell can be readily detected and accurately quantified by
flow cytometry. This feature of YSD allows not only precise and highly reproducible affinity
measurement32, but also rapid enrichment of high-affinity populations within mutant
libraries4,33,34. Mutant libraries are often screened under conditions where the binding
interaction has reached equilibrium with a limiting concentration of soluble antigen to select
mutants having higher affinity. However, kinetic selection methods have also been successfully
applied to dramatically decrease the binding off-rate, and are desirable under conditions where
the binding interaction is characterized by a dissociation rate constant lower than 10 nM34. In
this way, an antibody with affinity among the highest reported so far (Kd = 48 fM)33 and
dissociation half-time of seven days at 37 °C has been evolved35. A detailed methodological
discussion on antibody affinity maturation and library selection using YSD can be found in
Chao et al.36.

To date, antibodies against streptavidin21, carcinoembryonic antigen35, TNF-α31, botulinum
neurotoxins37, lysozyme38, and CD3 diphtheria toxin39 have been engineered for higher
affinity, for the purposes of effective tumor targeting, increased antagonistic activity, and
sensitive toxin detection. A recent study showed that a single antibody can be engineered to
have high affinity against two different but related subtypes of botulinum neurotoxin type A,
that differ by seven amino acids in the structural epitope40. In this study, a highly targeted
mutagenesis strategy was used to increase the affinity against one subtype by 1,250-fold while
retaining the affinity against the other. This significant increase in cross-reactivity was
reasoned to be due to specific mutations in the antigen-binding loops that enhance binding to
one subtype while not affecting the binding of the second subtype. Therefore, this strategy
could be generally applied to broaden antibody reactivity or conversely to better understand
the determinants of antibody specificity.

Another major group of proteins that have been affinity engineered using YSD are T cell
receptors (TCRs). Analogous to the scFv antibody construct, single-chain TCRs have been
created, and directed evolution has resulted in more than 100-fold increases in affinity41,
serving an important role in elucidating the origins of peptide specificity of TCRs and the
biological interactions with antigen-presenting cells42–44 (Table 1). More recently, the Vβ
region of TCR has been engineered for high affinity against toxic shock syndrome toxin-145
and staphylococcal enterotoxin B (SEB)46. A high affinity mutant of Vβ8 (Kd = 48 pM) with
an approximately 3-million-fold increase in affinity against SEB inhibited SEB-mediated T-
cell activation and completely neutralized SEB toxicity in animal models46.
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Other examples of affinity maturation using YSD include integrin I domain47, epidermal
growth factor (EGF)30, natural killer cell receptor48 and interleukin-2 (IL-2)49–51. In the
affinity maturation of integrin I domain, the position of mutations that increase the affinity by
200,000-fold were located at key residues that transmit allosteric transitions, thereby providing
structural insights on conformation-dependent binding to its ligand47 (Table 1). In the case of
IL-2, high affinity binding of the IL-2 receptor complex was necessary since the therapeutic
effect of IL-2 was greatly challenged by the rapid clearance of IL-2 after administration. By
increasing the affinity of IL-2 by 15 to 30-fold, increased activity for T-cell proliferation was
detected, which could improve the potency of IL-2 therapeutics49.

Cell-based selections
It was previously found that yeast cells displaying high-affinity single-chain T cell receptors
(scTCRs) can form a cell-cell complex with an antigen-presenting cell52. In addition, effective
screening of yeast-displayed antibody libraries against surface-immobilized ligands has been
demonstrated using a magnetic bead capture method53. These results suggested that the YSD
might be applied to screening yeast polypeptide libraries against cell surface ligands. Indeed,
several recent reports show that such cell-based selection can be effectively performed54–
56. The first approach was an extension of ‘panning’ selection methods to the YSD
system56, wherein yeast cells displaying scFv were applied to a monolayer of mammalian cells
and the binding population was enriched by washing away unbound yeast cells. The panning
method was used with a naïve human scFv library24 to yield 34 unique scFv sequences that
target the brain endothelial cell surface55. When the selected scFvs were secreted as a soluble
protein, clear immunolabeling of, and in some cases endocytosis into, target cells was
detected55. ScFvs with relatively high affinity (Kd = 82 nM) and/or avidity (Kd = 2.0 nM) were
identified, indicating the advantage of multivalent YSD in screening for a wide range of
affinities which could be important for lead molecule identification using experimentally
attainable library sizes. Then, as discussed previously, these leads could be further optimized
in terms of binding affinity.

As an alternative approach, a density centrifugation method was used to select yeast cell-
mammalian cell conjugates54. Here, scTCR-displaying yeast cells that were specifically bound
to mammalian lymphoid-derived cells were separated through centrifugation in a
discontinuous density media. This method was effective in separating high affinity scTCRs
from a Vα chain CDR3 library. In two rounds of selection against a novel peptide target, five
high affinity mutants were isolated54. Whereas the panning methods rely on mammalian cells
that grow on a support, the density centrifugation allows separation against cells in suspension.
Collectively, these cell surface-based selections allow YSD library selection against complex
cell surfaces, avoiding the need for target membrane protein expression and purification. In
addition, when the library is selected against an unidentified target, the selected yeast cells may
also be used as affinity reagents to directly immunoprecipitate and identify the target55.

Epitope mapping
Yeast surface display has been used for the mapping of antibody epitopes by displaying either
the antibody fragment or the antigen. In pioneering work using epidermal growth factor
receptor (EGFR) as a model, epitopes for a number of available antibodies were
determined57,58 (Table 1). By displaying either stably folded EGFR fragments or randomly
mutated full-length EGFR on the yeast surface, antibody binding to particular domains or
strictly defined epitopes could easily be determined by flow cytometry57,58. Furthermore, heat
denaturation of the EGFR fragments allowed for determination of linear versus conformational
epitope binding. Binding sites for neutralizing antibodies against the West Nile virus viral
envelope (E) protein were also determined using yeast surface display (Table 1). First, display
of the entire ectodomain (domains I–III) or just domain III of the viral E protein was used to
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narrow down the binding region59. Error-prone PCR of the binding domain and library
screening allowed for loss of function experiments to map contacting residues to domain
III60 or domains I–II61. A similar method of screening for antibody binding utilized fragments
of the West Nile virus NS1 glycoprotein to resolve binding epitopes60.

Conversely, scFvs displayed on yeast can also be used to determine binding epitopes. Siegel
et al used three monoclonal antibodies with previously identified epitopes to characterize the
epitopes of EGF binding scFvs that were isolated from a library62. Yeast cells displaying EGF-
binding scFvs were incubated with EGF, and subsequently incubated with each of the three
monoclonal antibodies. If the scFv epitopes overlap with those of the monoclonal antibodies,
EGF binding to the scFvs was blocked62. It was thus possible to not only group the scFvs
according to their epitopes but also sort epitope-specific scFvs against EGF62. As
demonstrated by these examples, epitope mapping using YSD is highly effective and especially
advantageous over conventional methods since it combines the capability of highly quantitative
epitope interaction monitoring using flow cytometry and the eukaryotic protein processing
machinery of yeast, which increases the possibility of correct epitope display.

Screening cDNA libraries
Yeast pose a significant advantage over most other display systems because of their ability to
express mammalian proteins with reasonably high fidelity and with some level of post-
translational modification. This property therefore allows for convenient screening of cDNA
libraries derived from eukaryotic sources. To this end, the display of a human cDNA library
on the surface of yeast has been used to screen libraries for cancer related antigens and proteins
that are recognized by breast cancer serum63 (Table 1). After creating a cDNA library from
breast carcinoma tumor tissue, the resulting library was displayed on yeast and incubated with
serum antibodies isolated from patients to identify displayed proteins that were immunogenic
and tumor-related63. While a number of known breast cancer-related antigens were isolated
from the cDNA library, a previously unknown small breast epithelial mucin was isolated and
found to have deletion mutation in the diseased tissue63. A human cDNA library was also
screened to identify proteins that interact with phosphorylated, synthetic peptides derived from
the EGF receptor or focal adhesion kinase (FAK). Two clones expressing proteins known to
bind phosphorylated EGFR and three known to bind phosphorylated FAK were isolated from
the library, and binding was shown to be phosphorylation dependent64. On a larger scale, it
may also possible to use this method to identify specific protein-protein interactions across the
proteome.

Protein engineering for improved production and stability
YSD has also been applied to the engineering of proteins for improved production and stability.
Since surface-displayed and secreted proteins both follow the same folding and secretory
pathway, it was hypothesized that the proteins having higher expression levels on the surface
of yeast cells would have superior secretion efficiencies as well as folding properties. In an
initial study, YSD was used to identify mutations in a poorly expressed scTCR to enable
successful display of the scTCR65 (Table 1). It was also found that there was a strong
correlation between surface display level and soluble secretion level of the mutant
scTCRs66. In addition, scTCR mutants with higher surface expression possessed higher
thermal tolerance in terms of decreased rates of thermal denaturation66. Subsequently, YSD
has been applied for the engineering of other poorly expressed or unstable proteins such as
class I and II MHC molecules19,20,42,67, epidermal growth factor receptor68, cancer-testis
antigen NY-ESO-169, p55 tumor necrosis factor receptor70, and natural killer cell
receptor48. These studies generally indicated the existence of a strong correlation between the
levels of YSD and the secretion levels of the engineered proteins42,67,69,70. Interestingly,
the mutations that enhanced surface expression in yeast also had the added property of
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increasing bacterial and mammalian secretion levels42,67,70. It was determined that an
intrinsic protein property such as improved thermostability or enhanced folding was likely
responsible for the increased production19,67,68,70. Importantly, in these examples, it was
generally found that the surface display levels of the engineered protein were largely governed
by alterations in the protein itself and not by the fusion scaffold. The wild-type protein construct
was either display-incompetent65 or had a considerably lower expression level (~103 copies/
cell)70 than the typical display levels of well-expressed fusion constructs (5–6 × 105 copies/
cell) 4,71. Thus, when the studied protein at least in part regulates the surface expression levels,
YSD can be successfully applied to engineer secretion levels and folding properties.

However, there are certain situations where the surface display level failed to correlate with
the secretion efficiency. When cancer-testis antigen NY-ESO-1, which had nearly undetectable
secretion level was mutated and displayed on yeast, mutant clones with high surface expression
level were identified69. However, these NY-ESO-1 mutations did not increase the yeast
secretion levels for the unfused NY-ESO-169. Instead, high secretion levels were detected only
when Aga2p was retained as a fusion partner, indicating that the mutations and high display
levels were Aga2p dependent. In addition, in a recent study to identify yeast genes that increase
heterologous protein production72, it was found that coexpression of immunoglobulin heavy
chain binding protein (BiP) and protein disulfide isomerase (PDI), both of which increase the
secretion level of multiple unfused scFvs71,73, had no effect on the surface display level of
the scFvs72. Here, the intracellular processing efficiency of the scFvs was altered by its fusion
partner Aga2p such that it was no longer responsive to the same manipulations in cellular
machinery72. In some cases however, when processing of the engineered protein was not
affected by Aga2p fusion, an increase in surface expression was detected with PDI
coexpression10.

In another study, it was found that protein display level failed to correlate with thermal stability.
Mutants of three-helix bundle protein α3D that have very high but varying thermal stability
showed identical display level74. Moreover, two progenitors of α3D that form highly stable
but less highly ordered structures also showed similar surface expression level as the native
form74. It is possible that the expression level of α3D, since it is extremely stable, may not be
subject to processing and display limitations, or may be limited by the Aga2p fusion partner.
Thus, while YSD can be used to engineer protein stability, there may be an upper limit
determined by stability of the target protein that can make YSD approaches ineffective.

To decouple the effects of Aga2p on protein surface display, Wentz et al. used a selection
pressure that reduced the surface display level of the Aga2p-target protein fusion but did not
affect the display level of Aga2p alone72. Therefore, the fusion partner, rather than Aga2p,
could act as the dominant determinant of display efficiency72. By elevating the induction
temperature of the fusion construct above the optimal value of 20 °C, yeast genes that increase
both the surface display and secretion level of scTCRs and scFvs were identified72.

Another possible solution to overcome stability or processing limitations described above is
to utilize the yeast cell wall as a matrix to capture the secreted proteins, rather than relying on
fusion to a cell surface anchor75. In this study, the yeast cell surface was modified with
polyethylene glycol-fluorescein and secreted anti-fluorescein scFv 4m5.3 was captured as it
was secreted. Using this method, yeast with three-fold higher secretion level of 4m5.3 above
the background was enriched between 23–45 fold after one round of enrichment from mock
libraries75. This type of capture method could be an effective alternative to the current YSD
systems since it decouples any effect of anchor proteins on fusion display levels.
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Non-biological targets
YSD has been used to bind or control assembly of a number of non-biological targets. To create
yeast capable of adsorption and recovery of heavy metal ions, a strain of S. cerevisiae was
engineered to display histidine hexapeptide on the surface in order to capture copper ions. In
addition, the yeast strain also expressed a copper-responsive zinc-finger transcription factor
related to cell aggregation76 (Table 1). Thus, in response to as low as 1 mM copper, the yeast
were shown to both adsorb copper on the cell surface and self-aggregate to allow facile removal
from the solution phase76. Moreover, screening of YSD peptide or antibody libraries against
inorganic compounds such as semiconductor materials CdS, CdSe, ZnS, or ZnSe or gold, has
been used to identify binding proteins77,78. Peptide tags have also been suggested as a method
to couple proteins to metal oxides. A random peptide dodecamer YSD library was panned
against synthetic sapphire (Al2O3) and clones were found that adhered specifically to three
different phases of the metal oxide. One of the cloned peptides was used as a fusion to maltose
binding protein (MBP) to show that the peptide-MBP fusion selectively bound sapphire 500–
1000 fold over MBP alone79. Therefore, it seems that peptide or protein libraries could be
screened against virtually any surface using YSD, and these applications suggest the potential
for using displaying yeast as biosensors for non-biological targets.

Cell adhesion molecules
Several recent advances in the field of cell adhesion have resulted from application of YSD
technologies. Yeast provide an excellent platform for cell adhesion studies because they are
easy to manipulate and large enough to monitor cell adhesive behavior. By measuring angular
and translational velocity, yeast expressing E-selectin were shown to roll, rather than slip,
across sialyl-Lewis-x surfaces, providing the first evidence that selectin interactions mediate
a true “rolling” motion80. Further work evaluating yeast rolling behavior showed that rolling
velocity of the yeast expressing LFA-1 I domain, the binding domain of the molecule, on
ICAM-1 surfaces was decorrelated from soluble binding affinity for the ligand81 (Table 1).
Also using surface display of the LFA-1 I domain, an I domain mutant with 200,000-fold higher
affinity for ICAM-1 over the wild-type molecule was engineered47. This mutant was shown
to block lymphocyte adhesion and transmigration in in vitro systems. Additionally, an scFv
isolated from a nonimmune surface display library24 against PSGL-1, the ligand that interacts
with P-selectin to mediate rolling, was affinity matured and converted to a full antibody
molecule82. Further work showed that this antibody could act as a potent anti-inflammatory
agent.

Conclusions
As discussed above, YSD has developed into a powerful technology over the past decade and
has enabled many applications in protein engineering and library screening (Table 1). Although
the comparison of various molecular display technologies was beyond the scope of this review,
one can see that YSD has gained a unique foothold in the protein engineering arena because
of its eukaryotic protein processing machinery and the capability for quantitative flow
cytometric screening. These attributes of YSD have proven their strength, especially in the
fine-tuning of protein affinity and specificity, and have lead to novel applications such as
human cDNA library screening. In addition, advances in library generation methods and library
screening methods have further expanded the capability of YSD. Therefore, it is anticipated
that YSD technology will continue to evolve and serve as an essential tool for protein
engineering.
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YSD, yeast surface display
scFv, single-chain Fv antibody fragment
GPI, glycosylphosphatidylinositol
GPCR, G protein-coupled receptor
MHC, major histocompatibility complex
HC, heavy chain
LC, light chain
FACS, fluorescence-activated cell sorting
Fab, antigen-binding fragment
FITC, fluorescein isothiocyanate
DR5, death receptor 5
EGF, epidermal growth factor
EGFR, epidermal growth factor receptor
SOSM, shotgun ortholog scanning mutagenesis
CDR, complementarity determining region
TCR, T cell receptor
SEB, staphylococcal enterotoxin B
IL-2, interleukin-2
scTCR, single-chain T cell receptor
FAK, focal adhesion kinase
BiP, immunoglobulin heavy chain binding protein
PDI, protein disulfide isomerase
MBP, maltose binding protein
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Figure 1.
Mode of Aga2p linkage may affect expression and function of yeast surface displayed target
proteins. (A) Expression construct that fuses the protein of interest by its N-terminus to the C-
terminus of Aga2p, via a flexible linker. Extracellular secretion is thus directed by the native
Aga2p signal peptide. (B) Construct that fuses the protein of interest by its C-terminus to the
N-terminus of Aga2p. A signal peptide must therefore be included at the N-terminus of this
construct to direct secretion. In both construct formats, Aga2p is bound to the Aga1p subunit,
which is in turn covalently linked to cell wall glucans83. A similar cell wall linkage is used by
most of the alternate anchoring fusions discussed herein. In both constructs, the protein of
interest is typically flanked on its N- and C-terminus by epitope tags. The protein of interest
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can be oligomeric, in which case one subunit is expressed as an Aga2p fusion while others
require a signal peptide to direct them to the secretory pathway for assembly.
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Table 1
Selected proteins of interest engineered using yeast surface display

Protein Anchor Anchor position* Significance/functionality evolved

α-galactosidase1 α-agglutinin (C-terminal half) C-term First protein displayed on yeast,
increased stability over soluble
enzyme

Human UDP-glucose receptor12 Native mammalian GPCR N/A Expression of native mammalian
protein used for YSD, directed
evolution of GPCR to alter ligand
specificity

R. oryzae lipase (ROL)15 Flo1p, flocculation functional
domain

N-term Expression of ROL in P. pastoris
achieved higher cell density and
increased thermal stability over
expression in S. cerevisiae

Anti-CD3ε scFvs17 Aga2p N-term Showed increased affinity of scFvs to
for ligand over C-terminal fusion

Anti-streptavidin Fab21 Aga2p N-term Demonstrated the ability to assemble
oligomeric proteins by interchain
disulfide bond

scFv libraries24, 25, 28 Aga2p N-term Non-immune, semi-immune, and
immune libraries used to select novel
scFvs binding target ligand

EGF/EGFR fragments30, 57, 58 Aga2p N-term Antibody epitope mapping of EGFR
and affinity maturation of EGF against
EGFR

West Nile virus viral envelope
protein ectodomain59

Aga2p N-term Epitope mapping of a neutralizing
antibody

IL-2 49–51 Aga2p N-term Higher affinity for receptor, important
implications for IL-2 therapeutics

4-4-20 scFv4, 5, 72 Aga2p N-term Affinity maturation, first use of YSD
for library screening, identification of
yeast proteins that increase
heterologous protein expression

T cell receptors41–44 Aga2p N-term Evolution of single chain TCRs for
higher affinity, advances in
understanding of relationship between
expression levels and protein stability

αLβ2 I domain47, 81 Aga2p C-term Understanding structure/function
relationship, increased binding
affinity for ICAM-1

Human cDNA library63, 64 Aga2p N-term Identification of human proteins that
are tumor related/bind to
phosphorylated peptides

Metal chelating peptides76 α-agglutinin (C-terminal half) C-term Capture copper ions on yeast surface

*
N-term and C-term corresponds to the constructs shown in Figure 1 A and 1 B, respectively
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