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Abstract  

Matrix metalloproteinases (MMPs) have long been considered promising 

therapeutic targets to understand and combat cancer development and progression. 

Given the similarity of their structures and enzymatic functions, but the 

considerable variation of their pro-tumorigenic or tumorigenic suppressive effects, 

small molecules have proven unsuccessful as therapeutics, and more specific 

inhibitors are required. Of the 23-member family of human MMPs, strides have 

been made in the development of specific inhibitors against MMP-2, MMP-9, and 

MMP-14 using protein-based affinity reagents, suggesting that the specificity of 

protein binders will enable improved targeting of these proteinases.  

In this work, overall goal is the development of improved strategies for 

identifying MMP inhibitors. We isolate and examine single chain variable fragment 

(scFv) binders from synthetic antibody libraries in an attempt to isolate cross-

reactive inhibitors against murine and human isoforms of MMP-9 as a proof of 

concept for the generation of novel yeast display libraries in the support of protein-

small molecule hybrid (PSMH) development. We further present a rapid, display 

inhibitor assay to better examine the location effect of binding on enzymatic 

activity, to aid characterization and the advancement of binders to become PSMHs. 

Finally, we demonstrate the challenge of multiplexed magnetic bead sorting, meant 

to simultaneously isolate specific binders to a multitude of antigens from a single 

protein display library, to expedite the process of high-throughput screening and 

affinity reagent enrichment.  
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High-Throughput Screening of Yeast Display Libraries for the 

Development of Matrix Metalloproteinase Inhibitors   
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Chapter 1: Introduction   

1.1. Introduction  

1.1.1. Affinity Re agents  

Affinity reagents describe antibodies, peptides, nucleic acids, and other 

small molecules that bind larger target molecules to identify, track, capture, or 

otherwise influence their activity of the target. Their highly specific binding is of 

great use in therapeutics, diagnostics, and basic biological research. For several 

decades, animal immunization-derived monoclonal antibodies (mAbs) have been 

the primary affinity reagent utilized for these various roles1. However, there is a 

substantial and growing concern about the reproducibility and specificity of animal-

derived mAbs2,3. The need for higher quality affinity reagents for improved 

specificity and reproducibility has led to the further research and development of 

recombinant antibody and antibody-fragment-based reagents, as well as alternative 

protein- and now nucleic acid-based scaffolds (aptamers). Over the past decade, 

alternative protein scaffolds and nucleic acid-based scaffolds have received 

growing attention, but have yet to display the intersection of stability, specificity, 

and versatility of antibodies and antibody fragments for therapeutic use1.  

 

1.1.1.1. Antibodies and Antibody Fragments  

 

In their native role as key components of the adaptive immune system, 

antibodies, also known as immunoglobulins (Ig), are large and complex 

glycoproteins capable of recognition and binding of targets substances (antigens), 

with the potential for eliciting a broader immune response. Generally represented 
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as Y-shaped molecules (Figure 1), antibodies are formed by two heavy and two 

light chains. The tail of the Y-shape, the constant region (Fc domain), interacts with 

cells such as macrophages that express Fc receptors. The shorter light chains 

interact with the N-terminus of the heavy chains to form the two antigen binding 

fragment (Fab) ñarmsò, which are composed of both variable and constant regions. 

At the end of the Fab domains are six loops of variable amino acid composition 

known as complementarity determining regions (CDRs), which are responsible for 

antigen binding4.  

 

Antibodies remain highly attractive therapeutic agents because of their: (1) 

high affinity and specificity provided by the CDRs; (2) extended half-lives and 

well-studied mechanisms of action; and (3) low immunogenicity and toxicity. 

Various antibody fragment scaffolds that take one or more elements of full-length 

 
 

Figure 1. General IgG antibody structure 

Displaying the heavy (dark blue) and light (light blue) chains; antigen binding sites; 

antigen binding fragments (Fab); and constant region (Fc). Figure adapted from 

ñModern affinity reagents: Recombinant antibodies and aptamersò, Groff et al 20151. 
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antibodies have been created for eased protein expression and application. Indeed, 

in many cases, the antigen binding fragment (Fab) or a single-chain variable 

fragment (scFv) is preferable over a full-length IgG to decrease nonspecific binding 

or interference from other parts of the molecule, or for applications that take 

advantage of their smaller size4ï6. scFvs in particular are frequently employed as 

they are commonly the smallest antibody subunit that can be reliably reproduced 

and mutated7. A single-chain variable fragment (scFv) is not actually an antibody 

fragment, but instead the fusion of the variable regions of the heavy and light chains 

of the immunoglobulin, connected with a short linker peptide8. These antibody 

subunits were originally created to facilitate display of the antigen-binding domain 

as a single peptide on the surface of phage, yeast, and other surface display libraries 

(see Section 1.3: Protein Libraries)1,4.  

 

 
 

Figure 2. Commonly explored antibody and antibody fragment scaffold 

depictions 

Constant regions are represented in blue; the variable light chains in light green; 

variable heavy chains by dark green; and the bi-specific heavy and light chains are 

of dual-binding fragments represented by dark and light orange80. Figure adapted 

from ñMolecular imaging of human epidermal growth factor receptor 2 (HER-2) 

expression.ò, Niu et al 200880. 
 

http://www.bioscience.org/2008/v13/af/2720/fulltext.php?bframe=figures.htm
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1.1.1.2. Antibody-Drug Conjugates & Protein-Small Molecular Hybrids  

The use of antibodies in cancer treatment was first proposed more than a 

century ago by Paul Ehrlich, the founder of chemotherapy9. Early attempts at 

treatment utilized non-human monoclonal antibodies modified to target human 

antigens, and therefore evoked a strong immune response against the antibodies 

themselves. The larger size of the mAbs was also problematic, as it resulted in 

reduced tumor penetration and so diminished therapeutic effect10. Due to these 

challenges, it was only in 1997 that the United States Food and Drug 

Administration (US FDA) approved the first anti-cancer antibody, the chimeric 

mAb rituximab, for the treatment of B-cell non-Hodgkinôs lymphoma11. Since that 

time, multiple advances6,12 in antibody engineering have resulting in a significant 

increase in the development of antibody-based therapies against cancer13,14.  

Antibodies exhibit a therapeutic effect through one or more of the following 

mechanisms upon binding: (i) abrogation of tumor cell signaling, resulting in 

apoptosis; (ii) modulation of T-cell function through antibody-dependent cellular 

toxicity (ADCC) or complement-dependent cytotoxicity (CDCC); and (iii) exertion 

of inhibitory effects on tumor vasculature and stroma15,16. Despite these 

mechanisms, most mAbs display insufficient cytotoxicity17, and current efforts 

have shifted to focus on combining the selectivity of antibodies and antibody 

fragments, with the potency of chemotherapeutic small molecules, creating a new 

class of anti-cancer drugs known as antibody-drug conjugates (ADCs)18.  

ADCs consist of a tumor-specific mAb conjugated to a potent cytotoxin via 

a stable linker (Figure 3)19. Early ADCs offered little improvement over mAbs due 
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to a lack of internalization of the cytotoxin20, but with the development of tumor 

cell internalizing conjugates, their therapeutic potential has increased21. Despite 

these advances, however, it has proven difficult to generate a combined therapeutic 

agent, with only three ADCs approved and two currently on the market22, though 

over 30 are being developed23.  

 

 

Similar in concept, protein-small molecule hybrids (PSMHs, Figure 4) 

integrate small molecule functionality into binding proteins to create ñhybridsò for 

the discovery of potent, specific inhibitors that cannot be developed using current 

technologies. These hybrids are distinct from ADCs and related constructs in an 

 

 

Figure 3. Antibody Drug Conjugate (ADC) Template 

Antibody-drug conjugates utilize the selectivity of antibodies combined with 

stable linkers for targeted release and delivery of potent cytotoxic payloads. 
Figure adapted from ñAntibody-drug conjugates as novel anti-cancer 

chemotherapeuticsò, Peters and Brown, 201521  
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extremely important way: ADCs employ antibody specificity to deliver a small 

molecular payload to be released once the antibody is bound to the target; PSMHs, 

however, use chemical functionality to augment molecular recognition of target 

enzymes and facilitate the disruption of target function. This chemical functionality 

is introduced by the integration of noncanonical amino acids (ncAAs), and defines 

unique structures not covered by current classes of therapeutics24. The novel 

approach of combining binding proteins and small molecules will support the 

discovery of constructs with distinct inhibitory capabilities for direct clinical 

applications, and use as tool compounds for the elucidation of the effects of single 

proteins on the tumor microenvironment.  

 

 

1.1.2. Protein Display Libraries  

Surface display systems enable the study and screening of proteins and 

protein-protein interactions on the scale of billions, facilitating important advances 

in protein engineering, and enabling the generation of compounds and affinity 

reagents for industrial application, diagnostics, and therapeutic development. 

 
 

Figure 4. Protein-small molecule hybrid (PSMH) template 

Depiction of protein-small molecule hybrid targeting an antigen. The scFv binds 

to a location near the active site of the specific protein target, delivering the 

small molecule payload directly to the active site with greater specificity. Figure 

adapted from Prof. James Van Deventer. 
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Display platforms have been established around numerous hosts, including: 

phage25, gram positive bacteria26, gram negative bacteria27, yeast28, and mammalian 

cells29, while additional platforms, such as ribosome display30, make use of cell free 

formats. These libraries differ in the proteins they are able to express, technologies 

that are available for screening, and the size of the library that can be constructed.  

With display platforms, combinatorial protein libraries are expressed on the 

surface of the host and screened using high-throughput techniques to identify 

mutants of a target phenotype31. This genotype-phenotype link is perhaps the most 

vital component of surface display technologies, as it enables the identification of 

protein variants isolated through library screens. Properties such as binding affinity, 

thermal stability, and catalytic efficiency can be measured and isolated against 

while the proteins remain tethered to the display surface, enabling rapid isolation 

and characterization of individual mutants32.  

Protein display libraries are typically designed around the sequences of one 

or more starting proteins with properties similar to those of the required target. 

Design and construction is based around two, often conflicting, goals: conservation 

and diversification. The proteins must be sufficiently diverse to ensure unique 

function, while remaining suitably similar to retain fit for the target31. When 

utilizing antibody and antibody fragment scaffolds for novel libraries ï particularly 

for those without extremely specific protein targets ï this balance can be more 

easily achieved by maximizing diversity within the CDRs, while maintaining 

structure through consistency within the other domains33.  



 
 

9 
 

There are four standard antibody library types, set by the source of 

sequences used when generating the library: immune, naïve, synthetic, and semi-

synthetic34,35. Immune antibody libraries are created by the isolation of sequences 

from active B cells of an immunized animal (usually a mouse). New immune 

libraries must be generated for each antigen of interest35 and each library can consist 

of more than 1010 differing antibody clones36,37. Naïve antibody libraries utilize 

resting B cells from healthy, non-immunized humans and have been reported to 

contain up to 1011 clones36,38. Semi-synthetic and synthetic libraries consist of either 

natural and artificial, or exclusively manmade CDRs, respectively39. By 

incorporating synthetic CDR manipulation, synthetic libraries are not bound by 

natural CDR limitations.  

 

1.1.2.1. Yeast Display Libraries  

Of the display platforms and library types available, yeast display has been 

rapidly gaining traction as a powerful platform for both affinity maturation and 

novel affinity reagent isolation since its introduction over 15 years ago. Yeast 

display is distinguished by two key advantages: (1) eukaryotic expression 

supporting complex protein expression similar to that of mammalian cells, and (2) 

multi-copy display on the surface of cells that enables quantitative library analysis 

and screening based on properties including binding affinity, protein stability, and 

chemical reactions without subcloning, expression, or purification of the displayed 

protein40. In addition, yeast display libraries are faster growing, more robust, and 

able to reach a greater clonal diversity than mammalian display libraries41,42. 
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Yeast display platforms primarily employ cell wall anchoring of scFvs via 

the Saccharomyces cerevisiae Aga2 protein linked to a-agglutinin yeast adhesion 

receptor Aga1 through two disulfide bridges, forming a covalent complex on the 

surface of the yeast cell42 (Figure 6). The Aga1 gene is stably integrated into the 

yeast chromosome, while the Aga2 gene is encoded within a circular yeast display 

plasmid vector; both are tightly controlled by galactose-inducible promoter GAL1, 

while the tryptophan producing gene TRP1 is used for plasmid maintenance in 

S.cerevisiae. For selection and replication in Escherichia coli, ampicillin resistance 

is conferred and a pUC origin added. The yeast display vector employed for the 

libraries associated with this thesis is pCTCON-2 (Figure 5)43.  

 

When a scFv is integrated for expression, each yeast cell typically displays 

1 x 104 to 1 x 105 copies of the protein43. Display of the scFv can be measured 

through flanking hemagglutinin (HA) and c-Myc epitope tags, to ensure full-

 

Figure 5. pCTCON-2 vector 

This display expression vector incorporates a tightly regulated galactose promoter to 

trigger production of a scFv with HA and c-Myc epitope tags, while also 

incorporating ampicillin resistance for selection in E.coli and a TRP1 producing gene 

for selection in Trp-producing deficient yeast.  
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expression expression and to assist in detection of target antigen binding for binder 

isolation and population characterization (Figure 6)43. Further, yeast selections and 

characterizations are performed in solution, allowing precise control of the antigen 

concentration to establish affinity thresholds, facilitating clone characterization40.  

 

1.1.2.2. CDR-H3 Library  

The CDR-H3 Library is a yeast displayed synthetic scFv library with 

diversity in the third heavy chain complementarity-determining region (CDR-H3). 

As has been recently discovered, libraries with diversity focused within the CDR-

H3 region are more than sufficient to derive highly specific, nanomolar affinity 

binders to multiple protein targets44,45. By limiting diversity within one CDR, a 

library has been generated that allows for the greatest possible flexibility when 

inserting TAG codons within the scFv to enable noncanonical amino acid 

incorporation for PSMH construction, while simultaneously ensuring the greatest 

potential diversity for binding. To diversify CDR-H3, varied loops lengths (7-15) 

were introduced and randomized, with the randomization designed to mimic natural 

CDR-H3 antibody sequences45 (Figure 7).  

 
 

Figure 6. Yeast Display 

Schematic of a displayed scFv with binding anchor proteins and display epitope tags 

on the yeast cell surface using the pCT-CON2 vector.  
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1.1.2.3. Sidhu Library  

We also examined the more established synthetic scFv Sidhu Library. 

While not created for the purpose of generating protease inhibitors, it nevertheless 

provides a means of potential MMP binder isolation and enables the identification 

of strategies for isolating inhibitory antibodies. This library was further utilized in 

the evaluation of multiplex magnetic bead sorting (Chapter 3). The Sidhu Library 

was constructed based on the phage-displayed scFv library ñGò46, in a manner 

previously described for synthetic Fab libraries ñDò and ñFò47,48. Diversity was 

introduced into CDRs L1, L2, H1 and H2 prior to sequence randomization. Two 

rounds of protein A selections were used to enrich for properly folded and displayed 

scFvs, and used as a template for introducing diversity into CDRs L3 and H3. 

Several hundred clones from the phage library were sequenced to validate 

construction, and the full diversity design is described in Figure 846. 

H73 

CDR-H3 

H31 

H54 

L1 

L28 

L67 L50 PBD ID: 1fvc 

(A) (B) 

Figure 7. CDR-H3 Library diversity within the CDR -H3 region 

(A) The CDR-H3 region is highlighted in pink in the crystal structure of the 

humanized anti-HER2 antibody. Additionally, potential TAG codon sites are 

highlighted in orange. (B) The diversity of CDR-H3, where the X codon is designed 

to have amino acid diversity similar to natural antibodies. Figure adapted from 

Professor James A. Van Deventer. 
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Figure 8. Design of scFv-phage library G, the model for the Sidhu Library 

ñ(A) Structural representation of CDR diversification. Residue numbering is based on 

the Fab structure 1FVC49, diversified residues are depicted as spheres. (B) CDR 

diversity design. Segments in red correspond to positions replaced by sections of 

variable loop length, while grey sections signify non-diversified positions. At 

diversified positions, allowed amino acids are shown by their single-letter code. ñXò 

represents the following AA mixture: Y (25%), S (20%), G (20%), A (10%), F,W, H, 

P, V (5% each).ò Figure and caption adapted from ñA Switchable Yeast Display/Secretion 

Systemò, Van Deventer et al., 201546. 

 

 

1.1.3. High-Throughput Screening with Protein Display Libraries  

Protein engineering relies heavily on high-throughput screening for the 

selective enrichment and isolation of clones with the desired phenotype. Widely 

used in the biotechnology, pharmaceutical, and institutional research industries, 

standard high-throughput screening methods include: automated high-throughput 

screening (AHTS), immobilized antigen sorting (IAS), and flow cytometry. More 

recently developed techniques such as DNA-barcoded libraries, in vitro 

compartmentalization, and phage-assisted continuous directed evolution (PACE) 

are also available, but each requires considerable technical expertise50.  

(A) (B) 
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AHTS employs automation to direct the continuous, individual isolation 

and characterization of potential targets using plate based growth and isolation. 

This costly method is most frequently utilized by the pharmaceutical industry given 

the prohibitive cost to most single investigator research laboratories, but enables 

extensive and thorough library examination. Immobilized antigen sorting is most 

frequently used for the enrichment and isolation of affinity reagents. IAS exploits 

the attachment of antigen targets to varied support materials for repeat screening 

against the library, as a form of biopanning. This technique enables the rapid 

enrichment of libraries through the removal of clones bound to the antigen attached 

to the solid target. Of the various forms of IAS, magnetic bead sorting is perhaps 

the most commonly used and effective. Flow cytometry is also widely used as a 

powerful platform for quantitative, high-throughput functional analysis of cells and 

biomolecules using microspheres as solid support. This approach generally 

operates based on the size and fluorescent labeling of particles passing through an 

electronic detection apparatus in a single stream51.  

 

1.1.3.1. Magnetic Bead Sorting  

A form of immobilized antigen sorting, magnetic bead sorting (MBS) is 

perhaps the most commonly employed high-throughput screening technique for 

initial enrichment of yeast display libraries. MBS enables rapid affinity capture of 

strong and weak binding interactions among large nonbinding populations for 

targeted enrichment. The multivalency of the surface selection allows for over 
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30,000-fold enrichment in a single pass, requiring far less target antigen for each 

selection than alternative screening techniques52.  

To perform magnetic bead sorting, antigens are attached (through various 

means) to magnetic particles (of diverse composition and surface chemistry) and 

then incubated with a display library, a small fraction of which expresses proteins 

or peptides capable of binding the ligand of interest. Bound cells are removed from 

the population through incubation against a magnet, while unbound cells are 

removed and washed away. Cells bound to the magnetic particles can then be 

cultured (rescue growth) as a population enriched for the target, and the process 

repeated until a suitable purity of cells displaying target binders is reached52. This 

process is depicted in Figure 9, covered in greater detail in the Experimental 

Methods of Chapter 2, and explore more in Chapter 3, Multiplexed High-

Throughput Screening with Yeast Display. 

 

1.1.3.2. Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS) 

Flow cytometry and the related fluorescence-activated cell sorting (FACS), 

are perhaps the most widely employed of all high-throughput screening methods, 

unique for their ability to make sensitive, quantitative measurements of molecular 

interactions in real time51. This approach is primarily applied to the detection of 

fluorescently labeled proteins or ligands bound to specific particle, cell, and tissue 

samples. By also integrating automated sampling, flow cytometry is a robust and 

adaptable method for the analysis of molecular interactions.  

During flow cytometry, cell suspensions are focused through a small nozzle 

using sheath fluid to pass single cells through laser light within the cytometer. Light  
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Figure 9. Streptavidin-Biotin Ma gnetic Bead Sorting 

(A) Depiction of the preparation of magnetic beads bound with target antigens via 

the biotin-streptavidin interaction, one of the strongest non-covalent interactions. 

Antigens are biotinylated (chemically or enzymatically), and incubated with 

magnetic beads coated in streptavidin for two hours. (B) Simultaneously, a protein 

display library is prepared by spinning down and washing the cells to ensure 

removal of excess metabolites before (C) a 2 hour incubation of the cells with 

prepared, antigen-coated magnetic beads. (D) Cells bound to the magnetic beads 

are sorted through removal with a magnetic, and (E) rescued to form a population 

enriched for the antigen target, for either repetition of the MBS or isolation and 

characterization of select, enriched clones.  
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is scattered by passing cells or particles, and detected through both forward scatter 

(FS) and side scatter (SS) detectors, while fluorescence detectors measure 

positively stained cells or particles. These measurements enable the simultaneous, 

multi-parameter analysis of single cells, while also providing a template for 

fluorescence-activated sorting of individual cells53 (Figure 10).  

Fluorescence-activated cell sorting (FACS) utilizes the fluorescent labeling 

of positive cells and particles to separate those samples which fall within set 

parameters, as a proxy for direct antigen binding, at a rate of 108 cells per hours52. 

FACS allows selection without expression level bias, while also enabling real-time 

selection based on sample data52. When combined with yeast display, it is common 

to first use forward and side scatter data to ensure selection of single cells, before 

isolating for those which correspond to fluorescence measurements of both (1) full-

length display of the scFv, and (2) the presence of the fluorescently-labeled and 

bound antigen target.  

 

1.1.3.2.1.  Analysis of Flow Cytometry Data  

When analyzing flow cytometry data (Figure 11), event plots are first 

examined in log scale to ensure gating (selection by segmented areas within the 

graph) of single cells using forward (FSC) and side (SSC) light scattering 

measurements. Once single cell sample measurements are isolated, fluorescence 

data may be examined. Frequently, and as performed for this research, dual-color 

fluorescence labeling is employed to ensure (1) full-length expression of the scFv, 

and (2) binding of the target antigen. Single color controls enable fluorescence 
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parameters to be set, while also ensuring that fluorescent reporters do not bind to 

the yeast surface, so that the appearance of fluorescence dependent on scFv 

expression and target antigen binding can be assured. By choosing fluorescent 

labels with minimal or no overlap in their emissions spectra, targeted labeling can 

be further secured.  

 

In the work to be described in this thesis, labeling for these experiments was 

such that target antigen binding is expressed by a vertical shift (Q1; Fig. 11 C2) in 

the cell population, while surface display of the scFv is visualized by a horizontal 

 
 

Figure 10. Overview of flow cytometry 

Sheath fluid and suspended cells are combined, and hydrodynamic focusing passes 

individual cells through the nozzle. Laser light is passed through the fluid and 

sample stream and both forward and side scattered light and fluorescence emissions 

are collected for further analysis. Figure adapted from ñIntroduction to Flow 
Cytometryò, abcam53.  
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shift (Q3; Fig.11 C3). As can be seen in the fluorescent plots of the negative control 

within Figure 11 C1, Quadrant 4 (Q4) shows the population of cells without surface 

displayed proteins or bound antigen; in all induced yeast populations, there exists a 

fraction of cells that remain uninduced. When cells display binders to the target 

antigen, the population will be shifted both up and to the right, forming a diagonal 

line in Q2 (Fig.11 B3), the ñtarget population.ò Those cells which display scFvs but 

do not bind to the antigen targeted are shifted only to the right (Q3) and make up 

the ñnegative, displaying population.ò  

Percent Antigen Binding (Fig.11, B4) is used to compare results from gated 

fluorescent data, and is calculated by taking the percent of the target displaying 

population, as compared to the total displaying population:  

  

 

 

 

Percent antigen binding is often displayed through bar graphs to more easily 

visualize enrichment levels between screening rounds, be they magnetic bead 

sorting or FACS.  
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Figure 11. Analysis of Flow Cytometry and FACS Event Plots with Dual-

Fluorescent Labeled Yeast Display 

The first step to analyzing flow cytometry event plots is to ensure gating for 

single cells using light scattering measurements. Primary gating (A, D) 

examines forward scattered (FSC) area by side scattered (SSC) area, while 

secondary gating (B, E) utilizes contour plots to select for the single cell 

population. Once single cells have been selected, fluorescence data may be 

examined for scFv expression and target antigen binding (C, F). Single color 

controls (G, H, I) are used during the flow cytometry experiment itself, and run 

directly prior to the samples to ensure (1) proper labeling of the cells, and (2) 

that visualization of the events falls within the plot area so that settings may be 

adjusted as needed.  
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1.1.4. In This Work  

The following chapters focus on two projects, which employ high throughput 

screening of yeast display libraries for the isolation of scFv binders against specific 

target proteins. Chapter 2 employs both magnetic bead sorting and FACS against 

the CDR-H3 and Sidhu Libraries to isolate scFvs capable of cross-reactive binding 

of human and murine MMP-9. It further describes a protocol for the benchtop 

activation of MMPs, and begins to explore the development of an assay to test and 

compare protein binding versus inhibition on the yeast cell surface. Chapter 3 

explores the Sidhu Library in an attempt to further advance magnetic bead sorting 

from singleplex (the isolation of binders against a single target antigen), to 

multiplex (the isolation of multiplex target antigens simultaneously from which the 

same cell population.  
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Chapter 2: High-Throughput Matrix Metalloproteinase-9 (MMP-9) 

Binding Protein Isolation & Yeast Display Inhibitor Assay Development  

 

2.1. Introduction  

2.1.1. Overview  

Matrix metalloproteinases (MMPs) have long been considered promising 

therapeutic targets to understand and combat cancer development and progression. 

Given the similarity of their structure and enzymatic function, but the considerable 

variation of their pro-tumorigenic or tumorigenic suppressive effects, small 

molecules have been proven unsuccessful across clinical trials as more specific 

inhibitors are required. Of the 23-member family of human MMPs, strides have 

been made in the development of specific inhibitors against MMP-2, MMP-9, and 

MMP-14 using protein-based affinity reagents. In this work, we examine single 

chain variable fragment (scFv) binders from synthetic antibody libraries in an 

attempt to isolate cross-reactive inhibitors against the murine and human isoforms 

of MMP-9 as a proof of concept for the generation of novel yeast display libraries 

in the support of protein-small molecule hybrid (PSMH) development. We further 

present a rapid, display inhibitor assay to better examine the location effect of 

binding on enzymatic activity, to aid characterization and the advancement of 

binders to become PSMHs, and demonstrate that cross-reactive isoform binders can 

be selected by first performing enrichments against single isoforms.  
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2.1.2. Matrix Metalloproteinases (MMP)  

2.1.2.1. MMPs and the Tumor Microenvironment  

Traditional cancer research has focused on genetic mutations in cells that 

result in cancerous phenotypes, but neglected the surrounding tumor 

microenvironment (TME). Recent work has shown that the TME, in particular the 

extracellular matrix (ECM), plays a significant role in cancer progression and 

malignancy outcome54. This microenvironment is broadly classified into three main 

groups: cells of haematopoietic origin, cells of mesenchymal origin, and non-

cellular components, the major element of which is the ECM55. Of ECM 

remodeling proteins, matrix metalloproteinases (MMPs) are among the most 

significant, as their expression levels and functions change dramatically in nearly 

all human cancers54. MMPs are thus tied to tumor aggressiveness, stage, and patient 

prognosis56,57 for the multitude of roles they perform within and beyond the TME 

(Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Multiple Functi ons of MMPs in the Tumor Microenvironment 

This figure demonstrates the known roles of several MMPs, highlighting their 

varied functionality. Figure adapted from ñMatrix metalloproteinases: regulators of 

the tumor microenvironmentò, Kessenbrock et al., 2010 81. 
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Matrix metalloproteinases (MMPs) are a 23-member family of zinc ion-

dependent endopeptidases58. All MMPs, except MMP-7 and MMP-26, possess 

similar structures, containing: a signal peptide, a propeptide domain, a catalytic 

domain with zinc active site, a hinge region, and a hemopexin domain. MMP-7 and 

MMP-26 do not contain the hinge region or a hemopexin domain. Most MMPs are 

expressed in an enzymatically inactive (pro-) state, with a cysteine residue of the 

pro-domain interacting with the zinc ion of the active site59 (Figure 2). Through 

disruption of this interaction (known as cysteine switch) by extracellular 

proteinases, the enzyme becomes proteolytically active60.  

Matrix metalloproteinases play crucial roles in various physiological 

processes, including many of the primary activities of cancer cells ï autonomous 

growth, replication, tissue invasion, and metastasis ï through intercellular pathway 

regulation. This regulation is achieved through the degradation of physical barriers, 

such as the extracellular matrix (ECM)58. While many features of MMP proteolytic 

action are pro-tumorigenic, some MMPs exhibit anti-tumorigenic effects61,62, and 

many are involved with normal physiological processes such as reproduction, 

embryonic development, wound healing, and tissue remodeling63. There is an 

ongoing need to distinguish the specific activities of individual MMPs in order to 

better understand the effect of individual proteases on the tumor microenvironment 

and to acquire targets for future therapeutics64. 
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2.1.2.2. Current Inhibitor Development Challenges  

Matrix metalloproteinases have long been considered promising therapeutic 

targets for tumor progression, given their regulatory functions on cancer cell 

physiological activities. However, previous attempts to develop small molecule 

inhibitors in the form of peptidomimetics (compounds which mimic active site 

binding targets) failed in clinical trials due to severe side effects resulting from 

broad blockage of MMPs, including those which were tumorigenesis-

suppressing65. Therefore, development of selective inhibitors for tumorigenesis-

promoting MMPs are highly desired for successful MMP-based therapies. 

However, the catalytic domains of the 23 MMP family members share high amino 

acid and structural similarity, and their active sites are extensively conserved. Due 

to these similarities, researchers have found it an incredible challenge to distinguish 

between MMPs with small molecule inhibitors65,66.  

Specific MMP inhibition has thus far achieved limited success against 

MMP-2, MMP-9, and MMP-14 with biological-based inhibitors, including 

monoclonal antibodies and macromolecular fusion proteins. Small molecular 

compounds which bind the haemopexin domain and peptides which block 

dimerized-induced functions have also demonstrated potential54. As such, 

additional protein engineering needs to completed, and isolation methods 

developed, to expand on these early successes and so generate inhibitors of specific 

MMP function.  
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2.1.3. Matrix Metalloproteinase-9 (MMP-9)  

Matrix metalloproteinase-9 (MMP-9) is secreted by most human cancer 

cells, can be secreted by infiltrating immune cells, and contributes to tumor 

progression, angiogenesis, and tumor cell invasion. Along with MMP-2, MMP-9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

makes up the gelatinase group within the MMP family. Activation of MMP-9 can 

be induced in myriad ways, including by inflammatory cytokines, growth factors, 

Figure 13. Structure -dependent subgrouping of matrix metalloproteinases 

The above depict the structural similarities of MMPs. Figure adapted from 

ñMetalloproteinases and their inhibitors in angiogenesisò, Lafleur et al, 201782. 
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and cell/stroma interactions, particularly in the most malignant cells54. By contrast, 

MMP-2 is thought to be constitutively expressed by many cell types. As such, there 

is great demand for inhibitors which can differentiate between these extremely 

similar MMPs. 

 

2.1.4. Time Course MMP-9 Binding for Inhibitor Isolation  

When examining proteins enriched against proteinases for inhibitor 

selection, it is important to ensure that binders isolated are able to withstand 

cleavage by the enzyme. To this end, extended, time course incubations of the 

library ï enriched or de novo ï with the active enzyme are essential to ensure 

sufficient time for enzymatic exposure to the affinity reagent.  

By performing these screens prior to enrichment, a library may be more 

rapidly examined for clonal variants that are able to resist the enzymatic cleavage 

of the enzyme, and the possibility of isolating an inhibitor against said target 

against remaining clones will increase. When performing a time course experiment 

on an enriched library, the possibility of an inhibitor may be lost, but binders may 

provide a unique opportunity to otherwise inhibit or characterize the enzyme, as 

well as affording a means of examining the molecular interactions of binding for 

potentially novel protein engineering of new inhibitors. When combined with 

protein-small molecule hybrids or antibody-drug conjugates, binders enable a new 

class of therapeutics for targeted delivery of small molecules for more selective 

inhibition, while avoiding the more commonly structured active site of enzymes 

within the same protein family.  
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2.1.5. MMP -9 Single Clone Binders: M0076-D03 and DX-2802 

We work with MMP-9 as a representative matrix metalloproteinase of great 

therapeutic potential, which has seen some measure of binder and inhibitor success. 

By comparing binders and inhibitors isolated from the CDR-H3 and Sidhu 

Libraries with those previously characterized single clones, we are able to validate 

this methodology of selection, inhibitor assay development, and protein-small 

molecule hybrid creation. M0076-D03 (ñM0076ò) and DX-2802 are the single 

clones examined here. These binders were isolated and patented by the Dyax 

Corporation, prior to their acquisition by Shire Pharmaceuticals, as a potential 

method of treatment or prevention of systemic sclerosis67. Through the work of Van 

Deventer Laboratory member Laura Quinto, these scFvs were cloned into 

pCTCON2 (Figure 5) and expressed through the yeast display platform for 

comparative analysis to isolated binders, and when developing a Yeast Display 

Inhibitor Assay. 

 

2.1.6. Research Objectives  

The overarching goal of this thesis project was the establishment of a 

process for isolating matrix metalloproteinase binders for PSMH design, through 

the development of a benchtop means of MMP activation; examination of existing 

and novel yeast display protein libraries for binder and inhibitor isolation and 

characterization; and the establishment of a simple display inhibition assay for 

selecting scFvs capable of serving as the affinity reagents within protein-small 

molecule hybrids.  



 
 

29 
 

2.1.6.1. Isolation (isoform cross-reactivity)  

The isolation of cross-reactive binders from yeast display libraries 

employed magnetic bead sorting to enrich libraries against alternating human and 

murine isoforms of MMP-9. By enriching for cross-reactive binders, future 

therapeutic development is more easily accomplished as a majority of pre-clinical 

studies utilize mouse models. When the libraries are sufficiently enriched, FACS 

enabled further selection for binders of various categories: weak binders, strong 

binders, and binders able to resist enzymatic activity. Once populations are 

sufficiently characterized, individual clones are isolated for sequencing and further, 

individual, analysis.  

 

2.1.6.2. Characterization  

Characterization of individual clones is a time intensive component in any 

antibody discovery process. While not completed in this work due to time 

constraints, to characterize isolated affinity reagents each binding clone will need 

to be sequenced, titrated, and examined with flow cytometry. Sequencing and 

comparison to existing homological data of known binders and the antigen target 

may provide insight on protein-protein interactions occurring. Titration 

experiments provide determinations of dissociation constants (KD) and off-rates 

(koff), while isoform cross-reactivity, pro- versus active-form binding, and stability 

analysis are examined by flow cytometry. Yeast display is perfectly suited for these 

tasks, as flow cytometry enables direct, quantitative measurements of these binding 

properties. Grouping of isolated clones into binders and inhibitors is further enabled 
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by comparison of MMP-9 activity through the Display Inhibition Assay, and all 

results will be compared to those of pre-existing binders M0076 and DX-2802.  

 

2.2. Results and Discussion  

2.2.1. MMP -9 Benchtop Activation  

Before sorting against activate MMP-9 could be performed, an activation 

protocol needed to be established. Using existing protocols68ï70 and knowledge of 

in vivo MMP activations71,72 as a guide, a simple benchtop activation with trypsin 

was developed and validated (Figure 14).  

With existing activation methods as a base, the following combination was 

established: MMP (1 mg/mL) + Trypsin (0.5 mg/mL) + Activation Buffer (50 M 

Tris-HCl, 150 mM NaCl, 5 mM CaCl2), in a ratio of 1:2:7. With the activation 

completed, the trypsin reaction would be quenched using PMSF (100 mM), adding 

the same volume as the MMP. The duration and temperature of incubation where 

then tested using our target, MMP-9. Most protocols utilize a 2 hour time point at 

37°C (mimicking physiological conditions), but we chose to examine both 37°C 

and room temperature (~25°C); incubating for 30 minutes, 1 hour, and 2 hours.  

Comparing the results of these activations with the standard fluorogenic 

substrate FS-6 (Sigma) activity assay, it was observed that both human and murine 

MMP-9 activated at room temperature displayed a higher level of activity than that 

of MMP-9 activated at 37°C. Moreover, the activities seen (Figure 14 A, B) all 

clustered tightly based on their incubation temperature, without a dependence on 

time.  
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To further confirm these results, protein gels were run on the pro (stock and 

biotinylated) and activated forms of MMP-9, comparing both the incubation 

conditions of duration and time (Figure 14C), and the stability of the activated 

MMP after storage at 4°C (Figure 14D). Examining the results, the activated protein 

demonstrated a consistent decrease in size compared to the pro forms of MMP-9, 

similar to what would be expected with pro-peptide domain cleavage. Comparing 

the incubation temperatures and time points, it is clear that incubation at 37°C 

results in greater degradation of the MMP, as does extending the time of incubation 

(Figure 14C), further confirming our protocol (fully described below in 

Experimental Methods Section 2.6). Additionally, the activated protein stored at 

4°C for 3 days displayed signs of advanced degradation (Figure 14D), indicating 

that MMP should be freshly activated for each use.  
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Figure 14. Benchtop Activation 

Validation  

(A, B) Readouts of MMP-9 

activity using fluorogenic 

substrate FS-6, comparing 

incubation time and temperature.  

(C) Protein gel corresponding to 

the activations seen in (A).  

(D) Protein gel corresponding to 

the activation results in (A) and 

(B), examining protein 

degradation over time.  

All activations employed the 

following: MMP-9 (1 mg/mL) + 

Trypsin (0.5 mg/mL) + Activation 

Buffer 5(0 M Tris-HCl, 150 mM 

NaCl, 5 mM CaCl2), in a ratio of 

1:2:7. The trypsin cleavage 

reaction was quenched using 100 

mM PMSF.  

Pro MMP-9 

Active MMP-9 

Trypsin + 
PMSF +  
degradation 
products 

hMMP-9 Ƴaatπф 
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2.2.2. MMP -9 Single Clone Binders  

With the activation protocol established, we turned to validating previously 

patented (Dyax Corporation)67 MMP-9 single clone binder M0076 and inhibitor 

DX-2802 (Section 2.1.5).  

The patent states that both clones bind the human and murine forms of 

MMP-9, while DX-2802 binds selectively to the active form of the protein and 

displays inhibitive properties. By comparing binders and inhibitors isolated from 

the CDR-H3 and Sidhu Libraries with these previously characterized single clones, 

we could further validate this method of selection. The difference in binding and 

inhibitive properties of M0076 and DX-2802 also could be further utilized to 

develop an assay comparing binding versus inhibition of isolated proteins displayed 

on the yeast cell surface.  

To analyze single clone binders M0076-D03 and DX-2802, flow cytometry 

experiments were performed with both the pro and active forms of both human and 

murine MMP-9 isoforms and incubated at concentrations between and including 50 

and 250 nM for standard 30 minute primary labeling, as well as through time course 

experiments for 1 ï 6 hours at each hour. The time course experiments were 

employed to confirm biding versus inhibition of the active MMP-9 over an 

extended period of time, to ensure that the single clones are able to resist cleavage 

by the active form of the protein.  
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2.2.2.1. Pro v. Active MMP-9 Binding   

As stated in the patent, the results of pro versus active binding flow 

cytometry experiments (2e6 cells per sample, 50 nM, 30 minute primary 

incubation; Figure 15) demonstrate that DX-2802 binds preferentially to the active, 

human isoform of MMP-9 with little to no binding of the pro human or murine 

isoforms. M0076, however, shows clear binding to both the pro and active forms 

of human MMP-9.  

Contrary to expectations, neither clone displayed significant binding to 

either pro or active murine MMP-9 (Figure 15 A, B), at 50 nM, 100 nM, or 200 

nM. But, when binding experiments were repeated using protein that was stored at 

4°C for 3 weeks, substantial murine MMP-9 binding was observed (Figure 15 C), 

as stated in the patent. Storage of MMP-9 at 4°C for greater than approximately 10 

days results in significant protein degradation, suggesting that the clones may be 

binding to a site exposed by a more degraded form of the murine MMP-9 protein. 

While further validation of this result is required (perhaps utilizing circular 

dichroism ï in combination with the flow cytometry and protein gels ï to more 

directly visualize MMP-9), it suggests that these single clones preferentially bind a 

more degraded form of murine MMP-9. Given the inconsistency of the murine 

MMP-9 binding observed, future experiments with M0076 and DX-2802 focused 

solely on the human MMP-9 isoform.  
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