
Magnetic Bead-Immobilized Mammalian Cells are Effective 
Targets to Enrich Ligand-displaying Yeast

Patrick S. Lown1, Benjamin J. Hackel1

1Department of Chemical Engineering and Materials Science, University of Minnesota – Twin 
Cities, Minneapolis, MN 55455

Abstract

Yeast surface display empowers selection of protein binding ligands, typically using recombinant 

soluble antigens. However, ectodomain fragments of transmembrane targets may fail to 

recapitulate their true, membrane-bound form. Direct selections against adhered mammalian cells 

empower enrichment of genuine binders yet benefit from high target expression, robustly adherent 

mammalian cells, and nanomolar affinity ligands. This study evaluates a modified format with 

mammalian cells immobilized to magnetic beads; yeast-displayed fibronectin domain and affibody 

ligands of known affinities and cells with expression ranges of epidermal growth factor receptor 

(EGFR) and CD276 elucidate important parameters to ligand enrichment and yield in cell 

suspension panning with comparison to adherent panning. Cell suspension panning is hindered by 

significant background of non-displaying yeast but exhibits yield advantages in model EGFR 

systems for a high affinity (KD = 2 nM) binder on cells with both high (106 per cell) target 

expression (9.6 ± 0.6% vs. 3.2 ± 0.4%, p < 0.0001) and mid (105) target expression (2.3 ± 0.5% 

vs. 0.41 ± 0.09%, p = 0.0008), as well as for a low affinity (KD > 600 nM) binder on high target 

expression cells (2.0 ± 0.5% vs. 0.017 ± 0.005%; p = 0.001). Significant enrichment was observed 

for all EGFR systems except the low-affinity, high expression system. The CD276 system failed to 

provide significant enrichment, indicating that this technique may not be suitable for all targets. 

Collectively, this study highlights new approaches that yield successful enrichment of yeast-

displayed ligands via panning on immobilized mammalian cells.
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Introduction

Protein ligands have been engineered1–3 to clinically treat diseases with altered biomarker 

expression through direct inhibition, targeted drug/radioisotope delivery, and immune 

system engagement.4,5 Similar ligands have been used for diagnostic purposes, such as 

targeted molecular imaging6 and ex vivo biomarker detection in blood and urine.7–9 Recent 

advances in clinical biomarker discovery such as next-generation sequencing,10 mass 

spectrometry-based proteomics,11,12 and other chemical biology techniques have drastically 

increased the number of well-characterized, clinically relevant targets. This has resulted in a 

growing demand for engineered ligands to target these new biomarkers.

Common high-throughput methods, such as yeast13–15 and phage16–18 display technologies 

linking genotype to phenotype, coupled with selections via magnetic bead capture19–23 and 

fluorescence activated cell sorting (FACS),24,25 have been used to address this demand. 

Experimental screening strategies require the use of the biomarker to isolate binding ligands; 

however, many clinically relevant biomarkers possess hydrophobic transmembrane domains, 

making them difficult to work with in an aqueous environment. In lieu of full-length 

proteins, recombinantly produced soluble ectodomains are often used as analogs during 

ligand selections. While this strategy has proven successful26–32, many engineered ligands 

fail to bind to genuine antigen on target-expressing cells.33 As negative results may be less 

likely to be published,34 there is a lack of research thoroughly investigating this problem, 

thus understating the need for more reliable methods of translatable ligand discovery.

The failure of recombinant soluble ectodomain-based selection methods indicates that these 

ectodomain fragments may not fully recapitulate the protein in its true, membrane-bound 

form. While this issue remains largely unstudied, a number of factors may cause this failure, 

including the improper folding and aggregation of the soluble ectodomains,35–38 non-natural 
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post-translational modification due to the production host cell type,39,40 the addition of 

biological or chemical tags for purification and/or selection,41 and the absence of a 

transmembrane domain or cell membrane. All of these factors may create epitopes that are 

masked or not present in the true, membrane-bound antigen.

To avoid these issues, a number of selection techniques utilizing target-expressing cells have 

been developed, including fluorescence activated cell sorting (FACS) using detergent-

solubilized cell lysate15,42,43 or whole cells44,45 and panning on adherent cell 

monolayers43,46,47; however, these techniques leave room for improvement. While FACS 

with cell lysate or whole cells is an effective method for enrichment, its throughput (107−108 

per hour) is substantially below current display library sizes22,31,48,49 and its lack of avidity 

limits the enrichment of weaker affinity ligands, such as those isolated from some de novo 

libraries. While adherent cell panning has been employed successfully in multiple scenarios,
18,51–59 a study using EGFR-binding fibronectins found that enrichment is hindered when 

using cells with low-to-moderate (≤105 targets/cell) expression or ligands of micromolar or 

weaker affinity.47

The use of cells in suspension has been investigated as an alternative method of cell panning 

in phage display libraries44,60–62 and has shown success in isolating binding ligands to cell 

biomarkers.63,64 There is also some evidence that cell suspension panning may outperform 

adherent cell panning in the phage display context, as two phage library campaigns against 

cells in suspension succeeded after equivalent campaigns against adherent cells failed.65,66 

This success motivates adaptation of these methods to yeast surface display libraries; 

however, cell suspension panning methods for phage display use differential centrifugation 

to separate cell-bound phages from nonbinding phages, which is incompatible with yeast 

surface display. Selections using mammalian cells conjugated to magnetic beads is an 

attractive alternate method of sorting due to the effectiveness of conjugation67 as well as the 

high capacity (106 binding yeast per 106 magnetic beads), throughput (1010 cells per 

selection), and established reliability of isolating specific binders to the immobilized target 

associated with magnetic bead selections.19,68

This study aims to evaluate a new method of ligand selection using suspended mammalian 

cells immobilized to magnetic beads as a selection agent in comparison to traditional 

adherent mammalian cell panning. It is hypothesized that the use of suspended mammalian 

cells may aid in enrichment and enhance capacity by increasing the exposed mammalian-cell 

surface area for ligand binding while potentially enabling ligand campaigns against cell lines 

that cannot be cultured adherently for traditional cell panning.

To optimize and better understand the parameters for successful cell-based selections using 

yeast surface display in this new system, washing stringency, target expression on 

mammalian cells, ligand binding affinity, ligand protein scaffold, and target of interest were 

systematically varied to understand how each parameter affects enrichment ratio and yield of 

ligand-displaying yeast in EGFR-expressing and CD276-expressing systems. While a 

significantly increased background yield of non-displaying yeast limits the effectiveness of 

cell suspension panning, it shows a significant increase in the yield of binding yeast 

compared to adherent panning. In addition, cell suspension panning demonstrates 
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substantially increased throughput, which allows the sorting of larger libraries in shorter 

timespans. The use of a CD276-expressing model failed to provide effective enrichment, 

indicating that not all targets may be suitable for this technique. Together, these results 

advance understanding and development of protocols for ligand selection experiments.

Results

Two different magnetic beads were used to generate bead-mammalian cell conjugates for 

testing in yeast-displayed ligand selections: a carboxylic acid-functionalized magnetic bead 

that was covalently conjugated to amines present on the mammalian cell surface and a 

streptavidin-functionalized magnetic bead that was noncovalently conjugated to biotinylated 

cells. These bead-cell conjugates were used as a pulldown agent to test enrichment of high 

affinity binder-displaying yeast from non-displaying yeast. In parallel, conventional adherent 

mammalian cell panning was used to compare the ability of cell suspension panning to 

enrich ligand-displaying yeast relative to established techniques.

Streptavidin and Carboxylic Acid Beads both Effectively Conjugate Mammalian Cells

A431 cells were conjugated, in a 1:1 mixture at 5×106 cells or beads per mL, to carboxylic 

acid-functionalized magnetic beads in moderate, albeit highly variable, yield (29 ± 7) 

(Figure 1A). Examination of conjugated cells visualized by phase contrast microscopy 

showed individual cells attached to several (3.3 ± 0.4) beads with no observable aggregation 

of cells and beads (Figure 1B). A431 cells conjugated in this manner showed fluorescence 

similar to unconjugated cells when labeled with an anti-EGFR antibody, indicating that 

EGFR expression was not appreciably blocked (Figure 1C).

To explore an alternative method of conjugation, A431 cells were biotinylated for capture by 

streptavidin-functionalized magnetic beads. Sulfo-NHS-LC-biotin with a 22.3 Å linker 

failed to provide substantial conjugation to streptavidin beads (data not shown), despite 

substantial biotinylation of the cell surface. The use of an analogous sulfo-NHS biotin with a 

20,000 Da PEG linker provided significantly enhanced conjugate yield, perhaps due to the 

increased accessibility of the biotin moiety to the extracellular space. This increase allowed 

streptavidin bead conjugation to become comparable to the carboxylic acid beads (Figure 

1A). Varying biotin labelling concentrations from 0.9 – 90 μM were tested, with all 

conditions providing similar yield (SI Figure 1A). 9 μM was chosen as a conservative 

balance between limiting material consumption and ensuring sufficient biotinylation. No 

significant difference in yield was observed for labelling times varied from 30 minutes to 2 

hours (SI Figure 1B). Thus, a 30-minute labelling time was selected for subsequent 

experiments. Biotinylated A431 cells showed a similar fluorescence to unbiotinylated cells 

when labelled with an anti-EGFR antibody, indicating that EGFR expression was not 

masked on the majority of cells (Figure 1D). Streptavidin bead-cell conjugates exhibited 

significantly increased signal relative to unbiotinylated cells when labelled with biotin-FITC 

and analyzed for fluorescence by flow cytometry (gating for mammalian cells by scatter), 

confirming the presence to streptavidin beads (Figure 1E).

In summary, both carboxylic acid bead capture using native cellular amines and streptavidin 

bead capture using biotinylated cells were relatively effective. In cases where cell supply is 
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limited, thereby motivating higher yield, increased concentrations or stoichiometric excess 

of beads could be evaluated.

Cell Suspension Panning Enriches Yeast-Displayed EGFR-Binding Fibronectin Domains

Target-expressing mammalian cells conjugated to magnetic beads were assessed for their 

ability to effectively enrich yeast displaying binding ligands. A mixture of 106 yeast 

harboring display plasmids encoding for a fibronectin domain with high affinity for EGFR 

(E6.2.6’ KD = 2 ± 2 nM)26 and 108 plasmidless EBY100 were panned against bead-

immobilized A431 cells, which express 4 ± 1 ×106 EGFR/cell. The mixture of yeast and 

bead-cell conjugates was incubated, placed on a magnet to collect bead-cell conjugates 

along with bound yeast and washed twice. This baseline condition resulted in an enrichment 

that was highly variable but significantly greater than unity (9 ± 1 with carboxylic acid 

beads, p < 0.0001; 11 ± 2, p = 0.0004 with streptavidin beads) of binding yeast relative to 

non-displaying yeast with high yield of binding yeast (19 ± 6% with carboxylic acid beads; 

10 ± 2% with streptavidin beads). Binder yields were comparable or moderately lower for 

the less stringent one-wash condition as well as with three- to five-washes (Figure 2A). 

Surprisingly, the yield of non-displaying yeast did not decrease as expected across sequential 

washes in the streptavidin bead system and only slightly decreased in the carboxylic acid 

bead system, suggesting some form of interaction prevented the effective removal of non-

displaying yeast from the system by washing (Figure 2B). As a result, the enrichment did 

not exhibit a substantial increase at any alternate washing conditions (Figure 2C).

To further probe the unexpected result of sustained yield of non-displaying yeast even with 

extensive washing, 108 non-displaying yeast were mixed with bare beads and the yield 

quantified after washing. In the case of the carboxylic acid bead system, bare beads resulted 

in a high yield of non-displaying yeast compared to the streptavidin bead system (2.2 ± 0.8% 

vs. 0.19 ± 0.06%), indicating that the retention of non-displaying yeast on the carboxylic 

acid bead system may be due to yeast-bead interactions, despite extensive quenching of 

beads after mammalian cell conjugation (Figure 3A). When non-displaying yeast were 

mixed with bead-A431 conjugates, the yield of non-displaying yeast rose significantly (2.8 ± 

0.9%) in the streptavidin system while remaining similar in the carboxylic acid system (1.2 

± 0.1%) relative to bare beads (Figure 3B). This appears to indicate that an underlying yeast-

A431 interaction may also be preventing proper removal of non-displaying yeast. While 

these results were obtained with 0.1% (w/v) bovine serum albumin to limit nonspecific 

interactions, more complex inhibitors, 1% (w/v) milk powder or 1% (v/v) fetal bovine 

serum, were tested to further screen any potential nonspecific interactions. Only the addition 

of serum in the carboxylic acid system resulted in a significant decrease in the yield of non-

binding yeast, and this decrease was not nearly as substantial as expected if nonspecific 

interactions were being effectively screened. Combined, this indicates that even the addition 

of complex blocking mixtures was not sufficient to hinder nonspecific yeast recovery 

(Figure 3B).
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Cell Suspension Panning Enriches EGFR-Binding Fibronectins with High Throughput and 
Capacity

One of the potential benefits of the suspension cell panning approach is to efficiently process 

a large library of yeast cells. To assess the throughput of the bead-cell conjugate system, 

increasing amounts of non-displaying yeast were incubated with bead-cell conjugates while 

holding the number of binding yeast constant at 106, which mimics an initial sort of a naïve 

library with a moderate number of binders within a large pool of non-functional clones. The 

highest tested condition (1010 non-displaying yeast) showed no significant difference in the 

yield of binding yeast compared to 100-fold fewer non-displaying yeast (16 ± 3% vs. 15 ± 

2%, p = 0.67; Figure 4A). Moreover, the yield of non-displaying yeast decreased slightly, 

thereby resulting in nominally increased enrichment given constant binder yield (Figure 4B). 

This result of up to 1010 yeast panned per 106 target mammalian cells compares favorably to 

adherent panning recommendations which limit the number of panned yeast to 5×107 yeast 

per cm2, or about 4×108 yeast per 106 mammalian cells, given an estimate of 1.2×106 cells 

per well in a 6-well plate.56 This is comparable to magnetic bead selections with soluble 

recombinant target.19 The capacity for recovering binding yeast was also tested by 

incubating increasing amounts of binding yeast with bead-cell conjugates while holding the 

number of non-displaying yeast constant. While a 10-fold increase in the amount of binding 

yeast resulted in a similar yield, the use of 108 binding yeast did have a significantly 

decreased yield relative to baseline (9 ± 2% vs. 2.1 ± 1.2%, p = 0.004; Figure 4C), meaning 

that there are limitations to panning populations containing greater than 107 binding yeast 

per 106 input mammalian cells. While there is a significant increase in the number of 

binding yeast recovered across all tested conditions, the reduction in yield at 108 input 

binding yeast may indicate that a recovery of roughly 106 binding yeast per 106 input 

mammalian cells may be at or approaching the system capacity (Figure 4D).

Cell Suspension Panning Provides Higher Binder Yield and Lower, but Effective, 
Enrichment Relative to Adherent Cell Panning

To compare the efficacy of this system relative to traditional adherent cellular panning, 18 

replicates of both cell suspension and adherent cell panning were conducted in parallel over 

three days using the highly EGFR-expressing cell line A431 and high affinity E6.2.6’ ligand 

with carboxylic acid beads. Compared to adherent panning, cell suspension panning showed 

higher yield of binding yeast (12 ± 3% vs. 3.4 ± 0.4%, p = 0.005; Figure 5A) and lower 

yield of non-displaying yeast (0.043 ± 0.009% vs. 0.15 ± 0.03%, p = 0.001; Figure 5B), 

resulting in an increase in enrichment (500 ± 200 vs. 160 ± 50, p = 0.01; Figure 5C).

Initially, this data suggested that, while variable, suspension cell panning could provide more 

effective enrichment compared to traditional adherent panning. However, the exceptionally 

low yield of non-displaying yeast in the cell suspension panning system contradicted our 

earlier results (Figures 2 and 3). To investigate this discrepancy, two additional sets of 

experiments were run using both carboxylic acid and streptavidin beads. These results were 

consistent with the earlier analysis, with cell suspension panning showing an increase in the 

yield of binding yeast (9.6 ± 0.6% vs. 3.2 ± 0.3% with carboxylic acid beads, p < 0.0001; 9 

± 1% vs. 3.8 ± 0.2% with streptavidin beads, p = 0.002; Figure 6A, D) along with an 

increase in the yield of non-displaying yeast (1.0 ± 0.1% vs. 0.08 ± 0.01% with carboxylic 

Lown and Hackel Page 6

ACS Comb Sci. Author manuscript; available in PMC 2021 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acid beads, p < 0.0001; 2.0 ± 0.3% vs. 0.051 ± 0.007% with streptavidin beads, p < 0.0001; 

Figure 6B, E), which results in a decrease in the enrichment (11 ± 2 vs. 60 ± 20 with 

carboxylic acid beads, p = 0.006; 10 ± 3 vs. 100 ± 20 with streptavidin beads, p < 0.001; 

Figure 6C, F) relative to adherent cell panning but still allows for enrichment significantly 

greater than unity (p < 0.001 with carboxylic acid beads, p = 0.0006 with streptavidin 

beads), enabling practical use of this system.

The variability regarding the yield of non-displaying yeast across the multiple data sets was 

unable to be explained. All experiments were conducted by the same researcher, with cells 

displaying similar EGFR expression from the same master stock, and using the procedures 

listed herein. Nonetheless, the variability observed with the method is important to note. The 

results place a lower limit – which is still in the functional regime – on the enrichment while 

also offering optimism for even stronger performance. The relative bimodality of the non-

displaying yield suggests impact of an undefined parameter without adequate experimental 

control. However, at this time, no speculation regarding this possible parameter is evident.

Cell Suspension Panning Enhances Binder Yield Relative to Adherent Cell Panning 
Robustly Across Ligand Affinities and Target Expressions, but not to all Targets

The effect of lower ligand affinity and/or cellular target expression on yield and enrichment 

in cell suspension panning was studied, as well as how this effect compared to adherent 

panning. Due to the similar results observed in the high affinity, high target expression 

system these experiments were conducted only in the carboxylic acid bead system. Similar 

to the high expression system, yeast displaying E6.2.6’ panned on mid-expressing cells 

MDA-MB-231 (2.9 ± 1.7 ×105 EGFR/cell) showed a higher binding yeast yield compared to 

adherent panning (2.3 ± 0.5% vs. 0.41 ± 0.09%, p = 0. 0008; Figure 7A) but lower 

enrichment (2.0 ± 0.3 vs. 8 ± 2, p = 0.006; Figure 7C). Though lower, the enrichment was 

still significantly greater than unity (p=0.007). Low affinity ligand AASV (KD > 600 nM for 

EGFR) panned on high-expressing A431 cells yielded more binding yeast than observed for 

adherent panning (2.0 ± 0.5% vs. 0.017±0.005%, p = 0.001; Figure 7D), but a higher yield 

of non-displaying yeast resulted in similar enrichment compared to adherent panning (1.5 ± 

0.3 vs. 1.7 ± 0.8, p = 0.79; Figure 7F), neither of which was significantly greater than unity 

(p = 0.053 and p = 0.20, respectively). Thus, weaker affinity ligands remain challenging for 

cellular panning enrichment.

To test how cell suspension panning compares to adherent panning in a system with an 

alternative protein scaffold and target, sorts in parallel with a cell line that highly expresses 

CD276 (MSI-CD276; 1.2 ± 0.1 ×106 CD276/cell) and a mid-affinity affibody ligand AC2 

(KD = 310 ± 75 nM for CD276) were conducted. Surprisingly, cell suspension panning 

displayed both lower binding yeast yield (1.5 ± 0.4% vs. 22 ± 4%, p < 0.0001 Figure 7G) 

and enrichment (3 ± 1 vs. 140 ± 20, p < 0.0001; Figure 7I) relative to adherent panning and 

was unable to provide significant effective enrichment (p = 0.11). This result suggests that 

while cell suspension panning provides a yield advantage to fibronectin domains in an 

EGFR model system, this might not translate to all protein scaffold or targets.
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Discussion

Existing high-throughput methods have successfully isolated binding ligands to soluble 

ectodomain analogs; however, difficulties translating binding to genuine antigen on target-

expressing cells have hampered the clinical development and use of such molecules. The 

failure of such recombinant soluble ectodomain-based selection methods to generate ligands 

that bind to full-length, membrane-bound target indicate that these ectodomains may not 

fully recapitulate protein expressed on the cell surface. Surface display library selection 

techniques using target-expressing cells have been developed and successfully employed in 

many cases to overcome translatability issues but could be further improved. FACS-based 

selections employing target-expressing mammalian cells or cell lysate provide effective 

enrichment but are limited by throughput and lack avidity for weak affinity ligand 

enrichment. Adherent cell panning, on the other hand, provides high-throughput, avid 

selections with effective enrichment in a variety of cases; although prior work with EGFR-

binding fibronectins indicate limited effectiveness in weak affinity and/or low expression 

conditions, motivating further improvement.47,56 Likewise, the effective selection of binding 

ligands from a phage display library using cells in suspension and anecdotal evidence of cell 

suspension panning campaigns succeeding in cases where adherent panning failed provide 

motivation to adapt these methods to yeast surface display libraries.65,66 This adaptation, 

utilizing target-expressing mammalian cells immobilized to magnetic beads, was compared 

to adherent cell panning and displayed yield advantages and functional enrichment using a 

high affinity binder on cells with both high and mid target expression and provided only a 

yield advantage using a low affinity binder on cells with high target expression.

The conjugation of A431 cells to both carboxylic acid- and streptavidin-functionalized 

magnetic beads was accomplished in sufficient yield to produce a functional number of 

conjugates with limited optimization. No extensive networking of cells and beads was 

observed, and the target expression was essentially maintained across both conjugation 

methods. In both cases, it remains possible that higher concentrations or stoichiometric 

excess of beads could enhance conjugate yield. Additionally, while the 20,000 Da PEG 

biotin employed aided in enhancing conjugate yield, the optimal linker length to enable a 

biotinylated cell-bead linkage was not studied. Combined, this provides several avenues for 

further improving conjugation yield.

Cell suspension panning provided functional enrichment in an EGFR system using a high 

affinity binder and a high expression cell line with increased throughput relative to adherent 

panning. The high yield and relative insensitivity of non-displaying yeast to washing was 

apparently due to a combination of bead-yeast and mammalian cell-yeast interactions that 

were not appreciably mitigated by buffers that have been previously used to screen non-

specific interactions. This limits the possible enrichment of the system which, while still 

functional, could be improved by further depletion of non-displaying yeast. While not tested 

in this study, it is possible that the use of mild surfactants or a pre-sort against bare beads or 

target-negative bead-cell conjugates could help mitigate these interactions.

The first set of experiments performed using carboxylic acid beads in the high affinity, high 

target expression system showed a consistent, lower yield of non-displaying yeast that was 
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not replicated across any other experiment, which all showed a consistent, moderate yield of 

non-binding yeast. Despite not knowing the precise parameter inducing this bimodality in 

the data, the observed variability provides a lower bound for performance with the potential 

that further optimization can promote even higher enrichment.

Follow-up experiments conducted with a high affinity ligand on high and mid target-

expression cell lines and a low affinity ligand on a high target-expression cell line showed a 

significant increase in the yield of binding yeast across all conditions compared to adherent 

panning. In addition, all conditions with the exception of low affinity, high target-expression 

produced functional enrichment. This indicates that, while enrichment of weaker affinity 

ligands remains challenging in cell panning selections, cell suspension panning is a practical 

alternative selection across a wide range of ligand affinities and target expressions.

When testing cell suspension panning using a mid-affinity CD276-binding affibody and a 

high CD276-expressing cell line, we found that cell suspension panning failed to provide the 

yield advantage or functional enrichment observed in the EGFR system. It is unclear 

whether the protein scaffold, cellular target, or another uncontrolled parameter is responsible 

for this reversal in the observed trend of binding yeast yield, but this result indicates that cell 

suspension panning may not be appropriate for all protein scaffolds or targets.

While expression was measured biweekly over the course of this study and observed to 

remain consistent, it is possible that the use of pre-sort analysis of mammalian cell target 

expression could yield additional insight regarding the inter-day variability observed in cell 

suspension panning. Target expression on mammalian cells has been previously shown to 

strongly impact the yield of binding yeast in adherent mode panning.47 Additionally, the use 

of sequential sorts is expected to also aid in the reduction of inter-day variability through the 

averaging of enrichment values.

Conclusion

In conclusion, the above work presents and characterizes a new system for translatable 

ligand selection using suspended mammalian cells immobilized on magnetic beads. Both 

streptavidin and carboxylic acid beads can be used to effectively conjugate mammalian cells 

without forming large aggregates or masking native cell expression. Optimization of 

washing conditions enabled a system that can effectively enrich binding yeast relative to 

non-displaying yeast; however, an unexplained high background of non-displaying yeast is 

present that was not able to be reduced with increased washing or alternate buffers to screen 

nonspecific interactions. While these interactions seem to be both yeast-bead and yeast-cell 

driven, their exact cause is still unknown. Despite this, cell suspension panning provides 

practical enrichment to high affinity ligands on cell lines expressing 105-106 targets per cell, 

while low affinity ligands fail to be effectively enriched due to the increased background. 

Cell suspension panning also compared favorably to traditional adherent panning with a 

significant yield advantage in both high and low affinity ligand cases, as well as increased 

throughput allowing up to 1010 cells to be sorted in a single tube. However, cell suspension 

panning failed to provide a benefit in a CD276 system, indicating that this panning approach 

may not be suitable for all targets or protein scaffolds. Ultimately, the findings of this study 
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provide an alternate, higher throughput method for translatable selection to increase the 

efficiency of translatable ligand discovery and motivating further study into the limiting 

factors of this mode of selection.

Materials and Methods

Cells and Cell Culture

MDA-MB-231 were provided by Professor Jayanth Panyam (Department of Pharmaceutics, 

University of Minnesota – Twin Cities). A431 were provided by Professor Daniel Vallera 

(Department of Therapeutic Radiology, University of Minnesota – Twin Cities). Miles Sven 

1 cells stably transfected to express human CD276 (MS1-CD276)69 were provided by 

Juergen Willmann (Department of Radiology, Stanford University). All cell lines were 

grown with DMEM containing 4.5 g/L D-glucose, sodium pyruvate, and L-glutamine and 

supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) 10,000 U/mL penicillin-

streptomycin. All cell lines were stored in an incubator at 37 °C in a humidified atmosphere 

with 5% CO2.

Yeast surface display was performed essentially as previously described.70 Expression 

plasmids, detailed below, were transformed into Saccharomyces cerevisiae yeast strain 

EBY100 by EZ-Yeast Transformation (Zymo Research, Irvine, CA). Yeast harboring 

expression plasmids were grown in SD-CAA medium (20.0 g/L dextrose, 16.8 g/L sodium 

citrate dihydrate, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids, and 3.9 g/L citric acid 

in deionized H2O) at 30 °C with shaking. Protein expression was induced by transferring 

yeast cells in logarithmic phase (OD600nm<6) into SG-CAA medium (19.0 g/L galactose, 

10.2 g/L sodium phosphate dibasic heptahydrate, 8.6 g/L sodium phosphate monobasic 

monohydrate, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids, and 1.0 g/L dextrose in 

deionized H2O) and growing at 20 °C overnight. EBY100 without plasmid were grown in 

YPD medium (20.0 g/L peptone, 20.0 g/L dextrose, and 10.0 g/L yeast extract in deionized 

H2O) at 30 °C with shaking.

Expression Plasmids

The pCT-80 plasmid was used as the expression vector for yeast surface display on the C-

terminus of Aga2p. The vector encodes for Aga2p followed by an 80-amino acid linker 

(comprising a Factor Xa cleavage site, an HA epitope, a proline/alanine/serine peptide based 

on the PAS#1 motif,71 and a glycine-rich peptide), the ligand, and a C-terminal Myc epitope. 

In essence, this is the classic pCT yeast surface display plasmid13 with the addition of the 

40-amino acid proline/alanine/serine peptide (as such, it was previously named pCT-4047). 

Fibronectin domain genes were cloned into pCT-80 vector by NheI and BamHI restriction 

sites: EGFR-binding E6.2.6’26 and E6.2.6’ AASV47, and CD276-binding affibody clone33 

AC2.

Receptor Expression Quantification

Polystyrene beads with known quantities of immobilized anti-mouse IgG (Bangs 

Laboratories, Inc., Fishers, IN) were used to construct a calibration curve from which the 

EGFR and CD276 expression of cell lines was quantified. Beads or cells were labelled with 
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either mouse anti-EGFR clone ab30 (4 μg/mL) or mouse anti-CD276 clone 185504 (4 

μg/mL) for 30 minutes at 4 °C. Beads or cells were washed once with phosphate-buffered 

saline with 0.1% (w/v) bovine serum albumin, 1 mM CaCl2 and 0.5 mM Mg2SO4 

(PBSACM) and pelleted at 500g for 3 minutes. The beads or cells were then labelled with 

goat anti-mouse Alexa Fluor 647 conjugate (Life Technologies, Carlsbad, CA) for 30 

minutes at 4 °C, washed once with PBSACM, and again pelleted at 500 g for 3 minutes. 

Fluorescence was analyzed by flow cytometry using an Accuri C6 Plus (BD Biosciences, 

San Jose, CA).

Mammalian Cell – Magnetic Bead Conjugation

Mammalian cells were grown to approximately 70–90% confluency in 75 cm2 tissue 

culture-treated flasks. The culture medium was removed, and the cells were washed once 

with 5 mL of PBS. The cells were then detached by trypsin-EDTA treatment for 10 minutes, 

followed by the addition of culture medium with serum. The detached cells were then 

pelleted at 500g for 3 minutes. The trypsin-containing medium was removed, and the cells 

were resuspended in fresh culture medium for counting using a Countess II FL (Thermo 

Fisher Scientific). The cells were pelleted at 500g for 3 minutes at 4 °C and washed twice 

with ice cold PBS before being pelleted again and the supernatant removed.

For streptavidin bead conjugation, washed cells were resuspended in 1 mL of a 9 μM 

solution of 20 kDa biotin-PEG-SVA (Laysan Bio Inc., Arab, AL) in PBS per 106 

mammalian cells and rotated for 30 minutes at room temperature. The biotinylated cells 

were washed five times with ice cold PBSACM to quench and remove excess biotin prior to 

incubation with an equimolar amount of streptavidin-coated Dynabeads (Thermo Fisher 

Scientific, Cat: 11205D) in 50 μL of PBSACM at 4 °C for an hour. The bead-cell conjugates 

were then placed on a DynaMag-2 magnet (Thermo Fisher Scientific, Cat: 12321D) for two 

minutes to capture all conjugated cells and washed once with PBSACM to remove any 

unconjugated cells.

For carboxylic acid bead conjugation, carboxylic-acid-coated Dynabeads (Thermo Fisher 

Scientific, Cat: 14305D) were mixed with 200 μL of a 10 mM sodium hydroxide solution 

per 106 beads and rotated at room temp for 10 minutes. The beads were placed on a 

Dynamag-2 magnet for 2 minutes and washed twice with 200 μL of 4 °C deionized water 

per 106 beads, then resuspended in 200 μL of a 4 °C, 50 mg/mL 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide solution per 106 beads. This mixture was allowed to 

rotate at room temperature for 30 minutes before being placed again on the magnet and 

washed once with 200 μL of 4 °C deionized water and twice with 200 μL of 100 mM MES. 

An equimolar amount of activated beads was added to the pelleted cells and mixed 

thoroughly prior to rotating at room temperature for 30 minutes. The bead-cell conjugates 

were placed on the magnet and washed once with 500 μL of 0.05 M Tris and once with 500 

μL of PBSACM.

For both types of bead-cell conjugation, reaction yield was quantified by flow cytometry on 

an Accuri C6 Plus to count the number of cells in both the pre- and post-conjugation 

mixtures.
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Cell Suspension Panning

Yeast mixtures containing 1×108 plasmidless EBY100 and 1×106 yeast harboring ligand 

display plasmids were washed in PBSACM and added to a 1.7 mL tube containing 106 

mammalian cells conjugated to either streptavidin or carboxylic-acid-coated beads in 1 mL 

of ice cold PBSACM. This mixture was rotated for 15 minutes at 4 °C. The mixture was 

placed on a magnet, unbound yeast were aspirated, and bead-cell conjugates were washed 

twice with 1 mL of ice cold PBSACM. The yield of plasmid-harboring yeast was quantified 

by dilution plating on SD-CAA plates, while the yield of total yeast was quantified by 

dilution plating on YPD. Enrichment ratio was calculated as the yield of plasmid-harboring 

yeast divided by the yield of plasmidless yeast.

Adherent Mammalian Cell Panning

Adherent cell panning selections were carried out essentially as described.47 Mammalian 

cells were grown in 12-well plates to approximately 70–90% confluency. The culture 

medium was aspirated, and the cells were washed once with ice cold PBSACM. Yeast 

mixtures containing 1×108 plasmidless EBY100 and 1×106 yeast harboring ligand display 

plasmids were washed in PBSACM and added dropwise to each well in 1 mL of ice cold 

PBSACM. Cells were incubated without shaking for 15 minutes at 4 °C and unbound yeast 

were aspirated. Cells were washed with 1 mL of ice cold PBSACM four times with 25 

gentle tilts and 5 nutations and one time with 10 nutations. Bound yeast were removed by 

scraping cell monolayers and resuspending them in 1 mL of PBSACM. The yield of 

plasmid-harboring yeast was quantified by dilution plating on SD-CAA plates, while the 

yield of total yeast was quantified by dilution plating on YPD. Enrichment ratio was 

calculated as the yield of plasmid-harboring yeast divided by the yield of plasmidless yeast.

Optimization of Washing Conditions

The washing conditions of adherent mammalian cell panning have been optimized in prior 

work.33,43,47 To determine the optimal number of washes for the cell suspension panning, 

the baseline conditions described above were repeated while varying the number of washes 

from one to five. Yield and enrichment were quantified by dilution plating on YPD and SD-

CAA plates.

Quantification of System Capacity and Non-binding Yeast Blocking

The capacity of cell suspension panning was determined by conducting sorts using the 

baseline conditions above while varying the number of initial displaying yeast from 105 to 

108. The ability of non-binding yeast to block binding yeast was determined by conducting 

sorts using the baseline conditions above while varying the number of initial non-displaying 

yeast from 108 to 1010. In both cases, yield and enrichment were quantified by dilution on 

YPD and SD-CAA plates.

Statistical Analysis

Washing data and functional enrichment were tested for significance using Welch’s t-test, 

while comparisons between cell suspension and adherent panning were binned by day and 

method prior to significance testing by two-way ANOVA with only main effects. Samples 
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containing greater than six replicates were subjected to Grubb’s test to remove potential 

outliers. All statistics are reported as the mean ± standard error.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mammalian cells can be efficiently conjugated to magnetic beads. A. Beads and A431 cells 

were incubated in a 1:1 ratio prior to washing on a magnet to remove all unbound cells. The 

yield of conjugates was quantified by flow cytometry. B. Bead-A431 conjugates (n = 39) 

were visualized to ensure proper conjugation. Carboxylic acid beads (black spheres) can be 

seen attached to the majority of A431 cells. Scale bar is 200 μm. Two cells (outlined) are 

enlarged and contrast-enhanced to show detail. C. A431 cells were labelled for with an anti-

EGFR antibody and their fluorescence quantified by flow cytometry before and after 

conjugation to carboxylic acid beads to assess whether EGFR expression was extensively 

masked by conjugation to beads. D. A431 cells were labelled with an anti-EGFR antibody 

and their fluorescence quantified by flow cytometry before and after biotinylation to assess 

whether EGFR expression was extensively masked. A small number of cells had their 

expression masked by the labelling with 9 μM biotin. E. Unbiotinylated A431 cells with no 

beads and biotinylated A431 cells conjugated to streptavidin beads were labelled with 

biotin-FITC and the fluorescence of the cell population (as gated by scatter) was analyzed to 

detect the presence of streptavidin beads attached to A431 cells. While biotin-FITC 

significantly labels the cell surface in the absence of streptavidin beads, a further significant 

increase in signal is observed after conjugation occurs. Fluorescence is presented as mean ± 

standard error of three trials.
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Figure 2. 
Cell suspension panning enrichment is relatively insensitive to washing conditions. Mixtures 

of yeast displaying E6.2.6’ and non-displaying EBY100 yeast were incubated with bead-

A431 conjugates and washed 1–5 times. (A) Binding yeast yield, (B) non-displaying yeast 

yield, and (C) enrichment ratio were quantified. A (*) indicates p < 0.05 (with Bonferroni 

correction) relative to the 2-wash baseline.
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Figure 3. 
Non-displaying yeast show nonspecific interactions with both beads and bead-cell 

conjugates. Non-displaying yeast were incubated with (A) bare magnetic beads or (B) bead-

A431 conjugates and washed twice with PBSACM or alternate buffers prior to quantifying 

yield. A (*) indicates p < 0.05 (with Bonferroni correction) relative to washing with 

PBSACM.
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Figure 4. 
Cell suspension panning shows high binding yeast capacity and throughput. (A and B) 

Mixtures of 106 binding yeast and increasing numbers of non-displaying yeast were sorted 

against bead-A431 conjugates and the yield of binding yeast and enrichment ratio was 

quantified. (C and D) Mixtures of 108 non-displaying yeast and increasing numbers of 

binding yeast were sorted against bead-A431 conjugates and the yield of binding yeast and 

absolute number of binding yeast was quantified. A (*) indicates p < 0.05 (with Bonferroni 

correction) compared to the baseline conditions. The reduced yield of the 105 binding yeast 

conditions is hypothesized to be due to a small nonspecific loss of yeast due to binding to 

the tube surface that is negligible at all other conditions.
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Figure 5. 
Initial cell suspension panning data demonstrates enhanced yield and enrichment compared 

to adherent cell panning in a high affinity, high target expression system. Mixtures of yeast 

displaying E6.26.’ and non-displaying yeast were sorted in suspension and adherently in 

parallel using bead-A431 conjugates as a pulldown agent. (A) Binding yeast yield, (B) non-

displaying yeast yield, and (C) enrichment ratio were quantified.
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Figure 6. 
Further cell suspension panning data shows enhanced yield relative to adherent cell panning 

but does not recapitulate the increased enrichment. Mixtures of yeast displaying E6.26.’ and 

non-displaying yeast were sorted in suspension and adherently in parallel using bead-A431 

conjugates using (A-C) carboxylic acid beads or (D-F) streptavidin beads as a pulldown 

agent. (A and D) Binding yeast yield, (B and E) non-displaying yeast yield, and (C and F) 

enrichment ratio were quantified.
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Figure 7. 
The effect of ligand affinity, target expression, and target/protein type on yield and 

enrichment. Mixtures of binding and non-binding yeast were sorted in parallel by cell 

suspension and adherent panning and binding yeast yield, non-displaying yeast yield, and 

enrichment ratio were quantified. (A-C) Ligand: E6.2.6’ Cell Line: MDA-MB-231 (D-F) 

Ligand: AASV Cell Line: A431 (G-I) Ligand: AC2 Cell Line MS1-CD276
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