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ABSTRACT OF THE THESIS 
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Dr. Xin Ge, Chairperson 

 

 

 

 

Mounting evidence suggests that MMP-14 (Matrix Metalloproteinase-14) plays an 

important role in cancer proliferation, invasion and migration to other healthy tissues 

through its extracellular matrix degradation activity. Toward the discovery of MMP-14 

inhibitors, antibodies are emerging as a very attractive approach, due to their high 

specificity, low side effects and excellent in vivo stability. However, most current 

antibody selection methods are essentially binding assays with little control on inhibition 

function. Here, we report the development of a functional high-throughput screening 

method, which is able to identify inhibitory clones from non-specific or non-inhibitory 

clones. This novel method is based on antibody yeast display and dual color 

fluorescence-activated cell sorting (FACS).  More specifically, the catalytic domain of 

MMP-14 and its native inhibitor N-TIMP-2 (N-terminal-domain of Tissue inhibitor of 

metalloproteinases-2) were successfully cloned, expressed, purified and refolded to their 

active formats, then conjugated with fluorophores Alexa488 and Alexa647 respectively. 

Yeast cells displaying various antibody clones were subjected to incubate with Alexa488-
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MMP-14 and Alexa647-N-TIMP-2. Dual Color FACS scanning results clearly 

demonstrated that the inhibitory antibody cells (DX-2400, 1F8) exhibited high Alexa488 

fluorescence signals and low Alexa647 fluorescence signals, while the specific but non-

inhibitory antibody cells (3B1, 2A10) exhibited high signals on both Alexa488 and 

Alexa647, and non-specific antibody cells (1H11, 2D9, 2F9, 1B11, b12, M18) exhibited 

low signals on both fluorophores. This proof-of-concept study paves the way for utilizing 

this functional screening method to isolate inhibitory antibodies from affinity maturation 

and synthetic antibody libraries in future researches.   
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1 Introduction 

1.1 MMP-14 is a promising anti-cancer target 

The intracellular pathways and main activities of cancer cells including 

autonomous growth, replication, invasions of tissues around and metastasis, are always 

the key factors of study for the developments of therapeutic methods (Hidalgo et al., 

2001). Matrix metalloproteinases (MMPs) are a family of zinc-ion dependent 

endopeptidases (26 members), which can mainly regulate these cancer cell behaviors and 

achieve an environment that supports the cancer cell activities such as growth, invasions 

and migrations by degrading the physical barriers like extracellular matrix (ECM) 

(Chambers and Matrisian, 1997).  All the MMPs except the MMP-7 and MMP-26 

(absence of hinge region and haemopexin domain), have the similar structure which 

contains a signal peptide, a propeptide domain, a catalytic domain with a zinc active site, 

a hinge region and a haemopexin domain. Besides, fibronectin type II inserts are in the 

catalytic domain of MMP-2 and MMP-9, and all the membrane type matrix 

metalloproteinases (MT-MMPs) have additionally a transmembrane domain (Figure 1.1) 

(Murphy and Knäuper, 1997). Functional mature MMPs are activated from their pro-

MMPs, which are secreted as latent precursors then activated in the cellular space. The 

pro-MMPs are inactivated by the interactions between the propeptide and the catalytic 

domain, preventing the substrate entering the catalytic reaction pocket. Once the 

propeptide is proteolytic-location partially cleaved, the reaction pocket is exposed to the 

substrate and MMP is activated (Murphy et al., 1999).  
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Figure 1.1 General structure of matrix metalloproteinases (MMPs) (Hidalgo et al., 

2001). 

As subfamily members of MMPs, MT-MMPs contain extra transmembrane 

domains or glycosylphosphatidylinositol comparing to general MMP structure (Sternlicht 

and Werb, 2001). Because of the extra domains, MT-MMPs are tethered at cancer cell 

membranes and help the cancer cells to reach and degrade the ECM, and activate other 

MMPs that bind to ECM. In this way, the special locations and functions make the MT-

MMPs more important in the remodeling the ECM, cancer cell invasion and metastasis 

(Nakahara et al., 1997). MMP-14, another name MT1-MMP, is one of the MT-MMPs, 

whose degradation of ECM leads to the proliferation, invasion and migration of cancer 

cells (Tomari et al., 2009). Additionally, MMP-14 can activate the pro-MMP-2 via tissue 

inhibitor of metalloproteinase 2 (TIMP-2) to enhance the degradation of ECM. TIMP-2 

contains two domains: N-terminal domain and C-terminal domain. During the process of 

activating pro-MMP-2, TIMP-2’s N-terminal domain binds to and inhibits the catalytic 

domain of MMP-14, and its C-terminal domain has the non-covalent interaction with the 

haemopexin domain of pro-MMP-2 (Murphy et al., 1992; Willenbrock et al., 1993). After 

the MMP-14-TIMP-2-pro-MMP-2 complex is formed, another MMP-14 forms a dimer 

with the first MMP-14, and cleaves the pro-MMP-2 to obtain the mature MMP-2 (Sato et 

al., 1994).  
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1.2 Development of highly specific and highly potent MMP-14 inhibitors is 

challenging 
 

MMP-14 is a promising drug target for cancer treatment, not only due to its 

extracellular location on membrane of cancer cells, but also its regulatory functions on 

cancer cell physiological activities (Tomari et al., 2009). However, previous attempts 

focusing on development of chemical compound inhibitors, e.g., hydroxamates, targeting 

broad-spectrum MMPs all failed in clinical trials due to severe side effects (Turk, 2006). 

It is now known that MMPs play more complex and paradoxical roles in tumor 

progression beyond simple ECM degradation (Overall and Kleifeld, 2006; Kessenbrock 

et al., 2010). While many facets of proteolytic action are pro-tumorigenic, some MMPs 

indeed exhibit anti-tumorigenic effects in certain circumstances (Egeblad and Werb, 2002; 

Decock et al., 2011). For these reasons, selectively blocking tumorigenesis-promoting 

MMPs but not tumorigenesis-suppressing MMPs is highly desired for a successful 

therapy. However, the catalytic domains of 26 MMP family members share high amino 

acid similarity, and their active sites are extensively conserved. Therefore, it is 

extraordinarily difficult to distinguish tumorigenic and tumor-suppressing MMPs with 

small molecule inhibitors (Zucker and Cao, 2009; Turk, 2006). 

Toward more specific MMP-14 inhibition, efforts have been made for the 

developments biologic-based inhibitors, which include proteins, peptides and antibodies. 

The early inhibitors of MMP-14 are mainly the TIMP family, α2-macroglobulin (α2M) 

and reversion-inducing cysteine-rich protein with Kazal motifs (RECK) (Zucker et al., 

2003). The TIMP family (except TIMP-1’s weak inhibition function) inhibits MMP-14 
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enzyme activities by binding to the catalytic zinc through reversible interactions but 

TIMPs can bind to other MMPs besides MMP-14 (Murphy et al., 1992; Fernandez-

Catalan et al., 1998). α2M has irreversible inhibition functions with nearly all the MMPs, 

so neither TIMPs nor α2M is specific to MMP-14 (Zucker et al., 1999). RECK can 

suppress the cancer cell growth, invasion and migration by only inhibiting MMP-2, 

MMP-9 and MMP-14, and has good effects in the tumor clinical research (Takemotoa et 

al., 2007). Recently, different peptides have been studied to inhibit the MMP-14 

functions.  IS4 (VMDGYPMP), IVS4 (GYPKSALR), which are from the outermost 

strand of MMP-14 haemopexin domain blade, and peptide G (GACFSIAHECGA), which 

is from phage display libraries, effectively suppress the MMP-14 activities related to 

cancer cell metastasis. Peptide G is also a selective inhibitor for MMP-14 with IC50~100 

µM, but IS4 and IVS4 can inhibit other MMPs (Ndinguri et al., 2012).  

Antibody-based inhibitors are emerging as very attractive therapeutic agents 

because of: (1) high affinity and high specificity due to the large antigen-antibody 

interactions area provided by multiple complementarity-determining regions (CDRs); (2) 

extended half-life and the well-known mechanisms of antibody action; (3) low 

immunogenicity and low toxicity; (4) a large number of proteases potentially targetable 

by antibodies, since ~50% of human proteases are extracellular. Monoclonal antibodies 

DX-2400 and 9E8 have been generated and showed their specificities to MMP-14. DX-

2400 was developed from human Fab displaying phage library with IC50~2nM, and 

showed effective repression on tumor cell activities on the test of mouse lung (Devy et al., 

2009). The mAb 9E8 is an interesting antibody because it can stop the MMP-14 
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activating MMP-2 but couldn’t inhibit the MMP-14 enzyme activity. The study showed 

that mAb 9E8 could bind to catalytic domain but not the substrate binding region, so it 

could obstruct the TIMP-2 (has the interaction with pro-MMP-2) binding to MMP-14 but 

had no effect on the MMP-14 degradation functions (Shiryaev et al., 2013).  

Current technology of antibody selection is essential for binding-based assays. 

The challenge is that these selection methods have little control on epitope specificity or 

inhibitory functions. This study aims to develop a function-based high-throughput 

screening method to efficiently identify inhibitory antibodies. Unlike binding-based 

assays, function-based HTS will significantly increase the possibility to enrich inhibitory 

mAbs.  

1.3 Antibody and its selection methods 

Antibodies, other name immunoglobulins, are protein monomers like Y shape, or 

dimmer or pentamers of this kind of molecules (Wang et al., 2006). Native antibodies’ 

structures contain two regions, the variable region (V region) and the constant region (C 

region). The V region is at the top of such Y-shape antibodies and has the affinity to the 

antigens. The C region is at the bottom of antibodies and mediates immune activities 

through connection with effector cells (Janeway et al., 2001). There are 5 classes of 

antibodies, IgA, IgD, IgE, IgM and IgG according to different C regions, named, α, δ, ε, 

µ, and γ respectively and their different sizes (IgG, IgA and IgM are monomer, dimmer 

and pentamer respectively) (Wang et al., 2006). The IgG (Figure 1.2), the most common 
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type of antibody, has two heavy chains (H chains) and two light chains (L chains), linked 

together by multiple disulfide bonds (Harris et al., 2004; Janeway et al., 2001).  

More and more antibodies have been developed as drugs for cancer and 

immunological diseases (Reichert, 2008), due to their high specificity, high affinity, low 

side effects and excellent stability in vivo (Wu and Kabat, 1970).  The successful rate of 

the antibody approval by FDA (Food and Drug Administration) is considerably higher 

than that of small compounds. For example, humanized mAbs that entered clinical study 

during 1988 to 2006 had an overall success FDA approval rate of 17% (Reichert, 2008). 

For researches of antibody library construction and selection, functional fragments 

of antibodies are often used instead of the full size antibodies. One of such particular 

regions called fragment antigen binding (Fab) is in charge of antigen binding (Figure 

1.2). Fab contains one light chain and part of heavy chain (constant domain 1 and 

variable domain from the heavy chain) (Cacia et al., 1996). Another commonly used 

fragment, the single-chain variable fragment (scFv) is formed by linking the variable 

domains of heavy chain (VH) and light chain (VL) with a flexible linker (Figure 1.2) 

(Bird et al., 1988). Fab and scFv are smaller than full size immunoglobulins but contain 

the antigen affinity and specificity characters, thus widely used in methodology 

developments for antibody selections including phage display and yeast surface display 

(Hoogenboom et al., 1991; Cacia et al., 1996; Boder and Wittrup, 1997; Kondo and Ueda, 

2004). 
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Figure 1.2 Antibody structures. (A) Linear structures of IgG and Fab (Wang et al., 

2006); (B) Structure of scFv (Peterson et al., 2008).  

Phage display is a method widely used for study of interactions between proteins 

by displaying library proteins on bacteriophages’ coat and selecting the ones can bind to 

the target molecules like proteins, peptides or DNAs (Smith, 1985). In phage antibody 

display, antibody genes are cloned at the N-terminal of coat protein pIII, and expressed 

and displayed as fusion proteins with the coat protein pIII of filamentous bacteriophage 

(Smith and Petrenko, 1997). Then phage library carrying different antibody genes can be 

screened against the target molecules to select the clones binding to the antigen. This 
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technique can achieve to select and enrich antigen specific antibodies from large libraries 

in vitro (Hoogenboom et al., 1991; Hoogenboom, 2005).  

In the antibody yeast surface display system, antibodies are usually expressed in 

their scFv format and fused to the subunit of the yeast agglutinin protein Aga2p, which 

binds to the Aga1p at the yeast cell wall through disulfide bonds. In this way, scFv is 

connected to the yeast cell wall (Chao et al., 2006). As a special application of flow 

cytometry, fluorescence-activated cell sorting (FACS) has been developed for high speed 

(>10,000 events per second) sorting a heterogeneous mixture of cells based on light 

scattering and fluorescent characteristics of individual cells (Bonner et al., 1972). The 

yeast cells displaying antibodies at their surface can be labeled with different 

fluorescence dye conjugated molecules like antigens, antibodies, inhibitors or peptides, 

and sorted by FACS according to desired fluorescence characters (Feldhaus et al., 2003).  

MMP-14 inhibitory antibodies need both specificity and inhibition for not only 

binding to MMP-14 but also inhibiting the enzyme activities. This implies that the 

inhibitory antibody needs to bind to specific surface (epitope) on antigen MMP-14, i.e. to 

cover the enzyme active site of MMP-14 (Nam and Ge, 2013; Fernandez-Catalan et al., 

1998). However, phage display and selection technique rely on binding thus can only 

provide the affinity information (Hoogenboom et al., 1991). In this study, we aim to 

overcome this technique handicap by developing a dual color FACS method, which can 

select specific MMP-14 antibody inhibiting MMP-14’s enzymatic activity. This 

development is based on the interaction between MMP-14 and its native inhibitor TIMP-
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2. We plan to conjugate MMP-14 and its inhibitor N-TIMP-2 with fluorescence Alexa 

488 and Alexa 647 respectively then followed by dual color sorting to distinguish 

inhibitory antibodies from non-specific or non-inhibitory clones (Figure 3.13 in Results 

for details).  

1.4 Principle and applications of FACS 

FACS provides rapid, objective and quantitative detection of fluorescent signals 

from individual cells as well as distinct separation of cells according to their particular 

differences. The first cell sorter was invented by Mack Fulwyler in 1965, following the 

Coulter principle, but it is very difficult and no longer used now. The technology was 

improved by Len Herzenberg, who was the first to use the term FACS, and won the 

Kyoto Prize in 2006 for his outstanding contributions in flow cytometry (Julius et al., 

1972). 

As for the principle, after the cell sample suspension is injected through the inner 

nozzle, cell-free sheath fluid flows around the inner nozzle to accelerate and narrow the 

cell inner stream. The stream is illuminated immediately by an argon laser which has 

been changed to proper value of wavelengths, and a vibrating mechanism divides the 

stream into individual droplets, which confirms one cell per droplet. When a cell crosses 

the laser beam and is illuminated for several microseconds, it will emit a fluorescent 

pulse and the signal pulse is shown at the photomultiplier output (Bonner et al., 1972). If 

the signal pulse from a cell is within predetermined amplitude limits, a charging pulse is 

generated electronically, and makes the cell contain the electrode. After being selectively 
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charged in this way, the droplet stream passes through an electrostatic field, and charged 

droplets are deflected by a distance proportional to their charge strengths. Thus the 

movements of different-charged and uncharged drops are separated, and are collected in 

separate collecting tubes (Bonner et al., 1972; Herzenberg et al., 2002).  

FACS has a lot of applications, which are mainly involved in the quantifying and 

identifying single cell phenotype, bacteria cell expression, and isolating the specific cells 

(Herzenberg et al., 2002; Becker et al., 2004). One of the earliest applications is the 

analysis of functional distinctions between human peripheral blood cells (Herzenberg et 

al., 2002). For example, people used FACS to study the cytokine production of individual 

T-cell CD4 subsets, exploited markers to stain the cytokines and distinct its subsets MT1 

and MT2 by FACS according to their staining differences (Mitra et al., 1999). Except the 

traditional study of eukaryotic cell populations, FACS can also be used to detect single 

DNA molecules and surface-expressed protein situations of the bacteria cells (Fu et al., 

1999; Cormack et al., 1996; Feldhaus et al., 2003). For surface protein cells, the surface 

expressed green fluorescent protein (GFP) was abundant in the cell expression detection 

field by FACS (Cormack et al., 1996). Besides, because monoclonal antibodies have high 

specificity to the antigens and can be easily conjugated or incorporated with 

fluorochromes, they have been widely used as FACS reagent markers (Parks et al., 1979; 

Herzenberg et al., 2002). With the help of these labeling antibodies, FACS could also be 

used to analyze the surface protein expression and secreted molecule situations of the 

bacteria cell systems which have no direct fluorescence, like E.coli surface display, yeast 

surface display, etc (Francisco et al., 1993; Boder et al., 1997).  In our study, FACS is 
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used to analyze the surface antibody binding characters combined with yeast surface 

display system.  

1.5 Yeast antibody surface display  

Yeast, as a unique eukaryotic host, has the characteristics of post-translational 

modification for protein and convenience of gene library construction and selection. Thus 

yeast surface display provides one of direct protein display platforms for engineering 

mammalian proteins, like antibodies, ligands, receptors and inhibitors (Boder and Wittrup, 

1997). Yeast surface display is a good method for isolating and engineering antibodies, 

which utilizes its affinity, specificity and stability for selection against various antigen 

targets, including T cell receptors (Kieke et al., 1999), carcinoembryonic antigen (Graff 

et al., 2004), etc. Also this method can select the stable or fluorescence protein, like 

thermo stable proteins (Shusta et al., 1999) and GFP (Huang and Shusta, 2005).  

In the antibody yeast surface display system, antibodies are expressed as a scFv 

format, which is fused to the adhesion subunit of the yeast agglutinin protein Aga2p, 

which can bind to the Aga1p by disulfide bonds to attach to the yeast cell walls (Figure 

1.3) (Chao et al., 2006). The vector is pCTCON-2 (Figure 2.1 in Materials and 

Methods, Page 20) which contains different function gene parts. GAL1 promoter is used 

to induce the expression of protein Aga2p scFv fusion, and TRP1 is used for selection in 

Saccharomyces cerevisiae. Ampicillin resistance gene and pUC origin are used for 

selection and replication in E.coli respectively. Aga1p gene is integrated into the 

chromosome gene after galactose-inducible promoter, which is why Aga1p and Aga2p 
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can be expressed at the same time (Figure 1.3) (Boder and Wittrup, 1997; Chao et al., 

2006).  

Combined with FACS, yeast surface display is good for the protein directed 

evolution, which realizes the quantitative screening, single cell identification and 

isolation, achieving the equilibrium activity and statistics of the samples to be observed 

directly during the cell screening process (Feldhaus et al., 2003). As FACS can detect 

multi-properties of the cell surface through multiple fluorescence labeling technique, 

multiple parameters can be controlled and observed together in one chart of a kind of 

cells. For example, the dual color FACS yeast antibody display is widely used for both 

expression and binding test, and people labeled the expressed cells with anti-c-Myc IgY/ 

Alexa Fluor 488-conjugated goat anti-chicken IgG for expression detection and 

biotinylated antigen followed by streptavidin-phycoerythrin (PE) for antigen binding, 

then an appropriate sorting gate was marked in the double-positive quadrant to isolate 

cells that were positive for both scFv expression and antigen binding (Boder and Wittrup, 

1997; Chao et al., 2006). In our project, utilizing the character of multi-fluorescence 

scanning, after labeling the expressed cells with fluorescence antigen Alexa 488-MMP-

14 and fluorescence inhibitor Alexa 647-N-TIMP-2, the MMP-14 antibodies affinity and 

inhibition can be identified respectively.  
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Figure 1.3 Yeast scFv surface display (Chao et al., 2006). 

1.6 Objectives 

We aim to develop a method to select inhibitory antibodies by FACS, which will 

be achieved by labeling the target MMP-14 (matrix metalloproteinase 14) with 

fluorophore Alexa 488 and its native inhibitor TIMP-2 (Tissue inhibitor of 

metalloproteinase 2) with fluorophore Alexa 647, and then followed by dual color FACS 

scanning of yeast cells on which the control scFv antibodies were surface displayed.  

More specifically, we aim to achieve the following tasks: (1) Produce the catalytic 

domain of MMP-14;  (2) Produce the N-terminal domain of TIMP-2;  (3) Conjugate 

MMP-14 and N-TIMP-2 with fluorescence Alexa 488 and Alexa 647 respectively; (4) 

Convert several antibody clones to their scFv formats and clone them into the yeast 

display vector; (5) Identify MMP-14 specific clones from non-specific clones; (6) 

Distinguish inhibitory antibodies from non-specific or non-inhibitory antibodies.   
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2 Materials and Methods 

2.1 MMP-14 expression, purification and refolding  

The catalytic domain of MMP-14 with its hinge region (chMMP-14) was cloned 

into pET32b (Novagen, Madison, WI) as described in our previous study (Nam and Ge, 

2013). E.coli BL21 (DE3) transformed with pET32b-chMMP-14 was cultured in LB 

medium to reach 0.8-1.0 OD600, then isopropyl-β-D-thiogactopyranoside (IPTG) was 

added to a final concentration of 1 mM to induce chMMP-14 expression at 37 °C for 6 h. 

The cells were harvested by centrifugation at 5,000 ×g for 10 min then resuspended in 

1/10 culture volume of 50 mM Tris-HCl (pH 8.0), 100 mg/mL of lysozyme and 0.1% of 

Triton X-100. After incubation at 30 °C for 15 min, cells were lysed by sonication and 

clarified by centrifugation at 10,000 ×g 4 °C for 25 min. Pellets were resuspended in 

solubilization buffer containing 6 M urea, 50 mM Tris-HCl (pH 8.0) and 30 mM 2-

mercaptoethanol. The denatured protein solution was loaded onto a column filled with 1 

mL of Ni
2+

-NTA affinity resin (Qiagen, Valencia, CA). After washing with 10 mL of 

solubilization buffer supplemented with 20 mM imidazole, chMMP-14 was eluted by 6 

M urea, 50 mM Tris-HCl (pH 8.0) and 200 mM imidazole. The collected chMMP-14 

fractions were diluted to 30  mg/mL in 50 mM Tris-HCl (pH 8.0), 6 M Urea and 150 mM 

2-mercaptoehanol, and dialyzed against 6 L of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 

5 mM CaCl2, and 0.5 mM ZnCl2 at 4 °C for 24 h.  

2.2 N-TIMP-2 cloning, expression, purification and refolding 

DNA fragment encoding the N-terminal domain of tissue inhibitors of 

metalloproteinases 2 (N-TIMP-2) was assembled from 12 synthetic oligonucleotides 
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(primer 1-primer 12, Table 2.1) and amplified by PCR using primer 1 and primer 12 

(Table 2.1). Assembled N-TIMP-2 gene was cloned into NdeI/XhoI sites of pET32b，

and obtained plasmid pET-N-TIMP-2 was transformed into E.coli BL21 (DE3) cells. The 

expression and purification procedures of N-TIMP-2 were similar to those of chMMP-14 

with differences in the solubilization buffer (6 M GdnHCl, 50 mM Tris-HCl (pH 8.0) and 

10 mM DDT) and the Ni
2+

-NTA affinity column washing buffer (6 M GdnHCl, 50 mM 

Tris-HCl (pH 8.0), 10 mM DDT and 20 mM imidazole). After Ni
2+

-NTA affinity column 

purification, N-TIMP-2 was diluted to 50 mg/mL in 50 mM Tris-HCl (pH 8.8), 1.5 M 

GdnHCl, 0.3 mM reduced glutathione and 0.5 mM oxidized glutathione, and was 

incubated at 4 °C overnight. The obtained protein solution was then dialyzed against 2 L 

of 50 mM Tris-HCl (pH 7.5) at 4 °C for 8 h.  

2.3 MMP-14 and N-TIMP-2 assay 

The chMMP-14 activity was measured using a fluorogenic substrate peptide 5-

FAM/QXL™520 (AnaSpec, San Jose, CA) which has a MMP-14 recognition site 

between a pair of fluorophore-donor and quencher-acceptor. The assays were performed 

using 96-well plates in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM CaCl2 and 0.5 

mM ZnCl2, with 1-7 nM MMP-14 and 15-8000 nM substrate. Substrate cleavage was 

monitored at excitation/emission wavelengths of 490 nm/520 nm at 37 °C for 60 min in a 

Synergy
TM

 microplate reader (BioTek, VT).  

N-TIMP-2 inhibition was tested using 0-3 μM N-TIMP-2 and 2 nM chMMP-14. 

In reaction buffer (the same buffer as MMP-14 assay), MMP-14 and N-TIMP-2 were 
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well mixed and incubated at room temperature for 20 min, then peptide substrate 5-

FAM/QXL™520 was added to the final concentration of 1 μM. Relative fluorescence 

units (RFU) overtime were measured to obtain the reaction rates for different N-TIMP-2 

concentrations (0-2 μM). Inhibition percentages were calculated using Equation 1. The 

correlations between the inhibition percentages and N-TIMP-2 concentrations were 

plotted using Origin (Origin Lab, CA) and the IC50 was estimated using the plots.  

Inhibiton percentage for   nM TIMP2 1 
Cleave rate with   nM of  TIMP2

Cleave rate with 0 nM of TIMP2
            (Eq.1) 

2.4 Fluorescence labeling of MMP-14 and N-TIMP-2  

Alexa Flour
® 

protein labeling kits (Invitrogen, CA) were used to conjugate 

chMMP-14 with Alexa 488 and N-TIMP-2 with Alexa 647 respectively following 

manufacture’s manuals. Briefly, purified MMP-14 was concentrated using Amicon Ultra-

15 Centrifugal Filter Units (EMD Millipore, MA) to be > 1 mg/mL, then dialyzed against 

conjugation buffer 25 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM CaCl2, and 0.5 mM 

ZnCl2. 100 μl of 1.8 mg/ml MMP-14 solution was added to the reaction tube, and mixed 

with 10 μl of 1 M freshly prepared sodium bicarbonate. One vial of Ale a Fluor 488 TFP 

ester was completely dissolved in 10 μl dH2O, and 2 μl of which was transferred to the 

reaction tube. After mixing thoroughly, the reaction tube was incubated at room 

temperature in dark for 15 min. To purify Alexa 488-MMP-14 conjugates, size exclusion 

columns (Mini UNOsphere, Bio-rad, CA) were first prepared by washing 5 times with 

800 μl conjugation buffer. 50 μl conjugation solution was then loaded onto each column 

and centrifuged at 1,000 ×g for 1 min to isolate labeled MMP-14 from unconjugated dye. 
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Collected Alexa 488-MMP-14 was dialyzed against the 50 mM Tris-HCl (pH 7.5), 150 

mM NaCl, 5 mM CaCl2 and 0.5 mM ZnCl2 at 4 °C for 8 h. Because Alexa 488 has its 

maximum excitation wavelength at 365 nm, Alexa 488 conjugated MMP-14 can show 

fluorescence under ultraviolet (UV) light. To track the conjugation process, MMP-14 

samples before and after conjugation, and after purification of conjugated protein, were 

subjected to SDS-PAGE, which was observed under 365 nm UV light then stained with 

coomassie blue. The similar procedures were applied to conjugate N-TIMP-2 using Alexa 

647 NHS ester protein labeling kit (Invitrogen, CA). Obtained MMP-14 and N-TIMP-2 

Alexa conjugates were stored at -80 °C. The degrees of labeling (DOL) for Alexa 488-

MMP-14 and Alexa 647-N-TIMP-2 were calculated using Equation 3-5 and Equation 6-8 

respectively. The A280 at 1 mg/mL for MMP-14 and N-TIMP-2 were obtained by Protein 

Calculator v3.4 (http://protcalc.sourceforge.net/).  

Protein concentration (mg/mL)   
(A280 0.11×A4 4)×dilution factor

A280 of protein at 1 mg/mL
        

Protein concentration  M   
protein concentration  (mg/mL)

21,000
                              

DOL (moles dye)/ (mole protein)  
A4 4  dilution factor

 1,000  protein concentration (M)
         

Protein concentration (mg/mL)   
 A280 0.0  A650  dilution factor

A280 of protein at 1 mg/mL
              

Protein concentration  M   
protein concentration  (mg/mL)

14, 00
                                

DOL (moles dye)/ (mole protein)  
A650  dilution factor

23 ,000  protein concentration (M)
          

  

http://protcalc.sourceforge.net/
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Table 2.1 Sequences of oligonucleotide primers for molecular clonings  

# Function Sequence 

1 
N-TIMP-2 
assembly 

5'-GCGTAGCATATGTGTAGCTGCAGTCC-3' 

2 
N-TIMP-2 
assembly 

5'-CAATATCGGCATTGCAAAACGCCTGCTGCGGATGCACCGGACTGCAGCTACACATATG-3' 

3 
N-TIMP-2 
assembly 

5'-GCGTTTTGCAATGCCGATATTGTGATTCGTGCGAAAGCGGTGAACAAAAAGGAAGTGG-3' 

4 
N-TIMP-2 
assembly 

5'-GTTTAATCGGATTGCCATAGATATCGTTGCCGCTATCCACTTCCTTTTTGTTCACCGC-3' 

5 
N-TIMP-2 
assembly 

5'-ACGATATCTATGGCAATCCGATTAAACGTATTCAGTATGAAATAAAGCAGATCAAAAT-3' 

6 
N-TIMP-2 
assembly 

5'-TCAATGTCCTGATCCGGGCCTTTAAACATTTTGATCTGCTTTATTTCATACTGAATAC-3' 

7 
N-TIMP-2 
assembly 

5'-GCCCGGATCAGGACATTGAGTTCATTTATACCGCACCGGCAGCAGCGGTGRGCGGCGT-3' 

8 
N-TIMP-2 
assembly 

5'-GCCCGCAATCAGATATTCTTTTTTGCCGCCATTATCCAGGCTCACGCCGCACACCGCT-3 

9 
N-TIMP-2 
assembly 

5'-CAAAAAAGAATATCTGATTGCGGGCAAAGCGGAAGGCAATGGCAACATGCACATAACC-3' 

10 
N-TIMP-2 
assembly 

5'-GCTCAGGGTATCCCACGGCACAATGAAATCGCACAGGGTTATGTGCATGTTGCCATTG-3' 

11 
N-TIMP-2 
assembly 

5'-GCCGTGGGATACCCTGAGCGCGACCCAGAAAAAAAGCCTGAATCATCGTTATCAGATG-3' 

12 
N-TIMP-2 
assembly 

5'-GCTAGCTCGAGGCAGCCCATCTGATA-3' 

13 
DX-2400 
forward 

5'-GCGCGCTAGCGAAGTGCAGCTGCTGGAATCTGG-3' 

14 
DX-2400 
reverse  

5'-CGGGTCTCGGATCCTTTGATATCTACTTTAGTGCCCGGACC-3'  

15 
M18 
forward 

5'-GCGCGCGCTAGCGATATTCAGATGACACAGACTACATCC-3'  

16 
M18 
reverse 

5'-CGGGTCTCGGATCCCGAGGCCGAGGAGACGGTGAC-3'  

17 
b12 
forward 

5'-GCGCGCTAGCCAAGTACAGCTGGTACAGTCTGG-3'   

18 
b12 
reverse 

5'-GCGCGGATCCACGTTTACGTTCCAGTTTGGTACCC-3'  

19 
VH 
forward 

5'-CGCTGGGCCCAGCCGGCCAT-3' 

20 
VH 
reverse 

5'-AGAGCCACCTCCGCCTGAACC-3' 

21 VL forward 5'-GGCGGAGGTGGCTCTGGCGG-3' 

22 VL reverse 5'-CGCTGGGCCCCCGAGGCCCC-3' 

23 
scFv 
forward 

5'-GCGCGCTAGCGAAGTTCAGCTGCTGGAATCTGG-3'  

24 
scFv 
reverse  

5'-GCGCGGATCCTCGCTTGATCTCAAGCTTGGTACC-3' 

 

2.5 Antibody yeast surface display 

The Fab genes of 1F8, 2A10, 3B1, 1H11, 2D9, 2F9 and 1B11 were modified to 

their scFv formats for yeast surface display. For each antibody clone, VH fragment was 

amplified by PCR using primer 19 and 20, and VL fragment was amplified using primer 
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21 and 22 (Table 2.1). Amplified VH and VL fragments were assembled by overlapping 

PCR using primer 23 and primer 24. The scFv genes of DX-2400, M18 and b12 

antibodies were amplified from pMoPac-DX2400, pMoPac-M18 and pMoPac-b12 as the 

templates by PCR using primer 13-18 (Table 2.1). Obtained scFv genes were cloned into 

NheI/BamHI sites of yeast surface display plasmid pCTCON-2 (Figure 2.1), which has 

Aga2p protein at N-terminal for surface anchoring and a c-Myc tag at C-terminal for 

detection. The resulting antibody display plasmids were transformed into yeast EBY100 

cells by EZ transformation II kit (Zymo Research, CA), and cells were selected on 

SDCAA plates at 30 °C overnight. The SDCAA medium contains 5 g/L casamino acids, 

20 g/L dextrose, 1.7 g/L YNB (Yeast Nitrogen Base without ammonium sulfate amino 

acids), 10.19 g/L Na2HPO4-7H2O, and 8.56 g/L NaH2PO4-H2O. For each antibody clone, 

a single yeast colony was picked to inoculate into 5 mL SDCAA medium and cultured 

overnight at 30 °C and 225 rpm. When the culture reached 4 OD600, the cells were 

centrifuged at 3000 ×g for 5 min. After the supernatant was discarded, the cell pellets 

were resuspended in 20 mL SGCAA medium, which was similar to SDCAA medium 

except 20 g/L galactose instead of 20 g/L dextrose was used. The cells were continuously 

cultured at 25 °C and 225 rpm for 48 h for antibody expression and display. 
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Figure 2.1 Plasmid map of pCTCON-2 (Chao et al., 2006).  

 

2.6 ELISA for antibody surface display 

4 OD600 cells of different antibody clones, CD20 and untransformed clones were 

centrifuged at 5,000 ×g for 5 min to harvest the cells. The cell pellets were resuspended 

in 200 μl PBS supplemented with anti-c-Myc antibody 9E10 conjugated with HRP (Santa 

Cruz Biotechnology, CA) at 1:1000 dilution. The cells were incubated with shaking at 

room temperature for 1 h, then centrifuged at 3,000 ×g for 5 min. After washing 5 times 

with 2 mL PBST buffer (1× PBS, 0.05% Tween20), cell pellets were resuspended with 

200 μl Onestep
TM

 Ultra TMB-ELISA solution (Thermo Scientific, MA) and incubated at 

room temperature in the dark for 3 min. 200 μl H2SO4 was added to stop the reaction, and 
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mixtures were centrifuged at 17,000 ×g for 30 s.  The absorbance of supernatant was 

measured at 450 nM using an Epoch microplate reader (BioTek, VT).    

2.7 Fluorescent microscopy imaging   

After induction for 48 hours, 0.1 OD600 DX-2400, M18, and CD20 cells were 

centrifuged and resuspended in MMP-14 buffer (50 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 5 mM CaCl2, 0.5 mM ZnCl2).  The harvested cells were then incubated with 4 

μg/mL of Alexa 488-MMP-14 at room temperature for 30 min and washed once with 

MMP-14 buffer. The images of cells labeled with Alexa-488-MMP-14 were observed by 

BX51-P polarizing microscope (Olympus, Japan) using the FITC filter (FITC and Alexa 

488 share the same excitation and emission wavelengths). The objective lens and 

eyepiece lens have magnification/numerical aperture of 10× and 100× respectively.    

2.8 Fluorescence scanning  

For anti-c-Myc fluorescence scanning, 0.1 OD600 of antibody clones, CD20 and 

untransformed clones were harvested by centrifugation, and resuspended in 50 mM Tris-

HCl (pH 7.5) and 150 mM NaCl. Primary chicken anti-c-Myc IgY (Invitrogen, CA) was 

added to cell suspensions at 1:500 dilution.  After incubation with shaking at room 

temperature for 30 min, cells were centrifuged at 3,000 ×g for 5 min and washed once 

with 50 mM Tris-HCl (pH 7.5) and 150 mM NaCl. Secondary Alexa Fluor 647-goat anti-

chicken IgG (Invitrogen, CA) was then added to cell suspensions at 1:100 dilution, and 

incubated with shaking on ice for 20 min. After washing once, the cells were resuspended 

in 500 μl 50 mM Tris-HCl (pH 7.5) and 150 mM NaCl. Using a FACSAria (BD) flow 
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cytometer, the excitation laser line of 633 nm was selected with voltage of 775, and SSC 

and FSC were set at 585 and 220 voltages respectively. Threshold values for FSC and 

SSC were set at 5000 and as default. The gate for live cells was selected in FSC/SSC dot 

plot diagram to exclude low FSC events, which were likely associated with cell debris 

and contamination particles. The threshold for fluorescence positive cells in antibody 

display samples was determined in Alexa 647 histogram, using untransformed cells as the 

negative controls. For different sample batches, excitation laser voltage was subjected to 

adjust if necessarily to distinguish antibody displayed cells from negative controls. 

Typically 10,000 events were recorded for FACS scanning of each sample. 

 For Alexa 488-MMP-14 and Alexa 647-N-TIMP-2 dual color labeling, 0.1 OD600 

cells were centrifuged and resuspended in MMP-14 buffer (50 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 5 mM CaCl2, 0.5 mM ZnCl2). Cell suspensions were incubated with 4 

μg/mL of Alexa 488-MMP-14 at room temperature for 30 min and washed once with 

MMP-14 buffer. Alexa 488-MMP-14 labeled cell suspensions were then incubated with 

16 μg/mL of Alexa 647-N-TIMP-2 at 4 °C for 20 min. After washing once, cells were 

ready for scanning using FACSAria flow cytometer.  The voltages of FSC and SSC and 

the gate for live cell events were set the same as anti-c-Myc fluorescence scanning. The 

excitation laser lines for the two fluorophores were 488 nm and 633 nm with voltages of 

350-516 and 632-775 respectively. 10,000 events were recorded for each antibody clone. 

The fluorescence thresholds were adjusted using a positive control clone displaying DX-

2400 scFv and negative control clones displaying non-relevant scFv antibodies (M18 and 
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b12) or non-specific scFv antibodies (2F9, 2D9, and 1B11) identified in our previous 

studies of phage panning (Nam et al., manuscript in preparation).   



 

24 
 

3 Results 

3.1 Production of MMP-14 

Catalytic domain of MMP-14 with its hinge region (chMMP-14) was produced in 

BL21 (DE3) cells under the control of a T7 promoter. After purification using Ni
2+

-NTA 

column, ~4 mg of chMMP-14 can be typically obtained from 200 mL culture (Figure 3.1, 

Lane 2). Through the refolding process, the 24 kDa chMMP-14 was converted to a 22 

kDa intermediate, then a 20 kDa mature format by autoproteolytic cleavage (Figure 3.1, 

Lane 4&5), a phenomenon in good agreements with previous studies (Koo, et al., 2002).    

 
Figure 3.1 Production and refolding of chMMP-14. Lane 1&3, molecular weight 

ladders; Lane 2, purified chMMP-14; Lane 4, mature refolded chMMP-14; Lane 5, 

intermediate refolded chMMP-14.           
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To test the activity of refolded chMMP-14, FAM/QXL™520 was used as the 

substrate, in which QXL™520 quenched the fluorescence of 5-FAM. Upon cleavage 

into two separate fragments by MMP-14, the fluorescence of 5-FAM will be restored, 

and increases of relative fluorescence units (RFUs) can be monitored by a fluorescence 

microplate reader. When 2 nM chMMP-14 reacted with the substrate, RFUs increased 

over time indicating that refolded MMP-14 was active. As the concentration of substrate 

increased from 15 nM to 2 μM, the reaction rate increased (Figure 3.2A). The kcat was 

calculated as 3.05 × 10
-3

/sec, which was two orders of magnitudes slower than reported 

values (Lichte et al., 1996). KM was measured as 660 nM by fitting with Michaelis-

Menten model (Figure 3.2B) using the standard curve provided by the manufacture 

showing the relationship between RFU and concentration of cleaved product (Figure 

3.2C). For conjugation, MMP-14 needed to present in HEPES buffer. Results of MMP-

14 activity assays in Tris and HEPES buffers (Figure 3.2D) suggested that the specific 

activity of MMP-14 in HEPES was 82.9 ± 3.8% of that in Tris buffer (Table 3.1).  

Table 3.1 Comparisons of MMP-14 activities in Tris and HEPES buffers. 

 
Activity in Tris (intensity/min) Activity in HEPES (intensity/min) 

149 nM MMP14 335 286 
37.2 nM MMP14 115 92 
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Figure 3.2 Activity assays of purified chMMP-14. (A) Plots of relative fluorescence 

units (RFUs) over time for cleavage of different concentrations of fluorogenic substrate 

peptide 5-FAM/QXL™520 by 2 nM chMMP-14. (B) Plot of reaction rates over substrate 

concentrations generated using Origin by fitting to Michaelis-Menten equation. (C) The 

standard curve of cleaved product (provided by the manufacture of substrate). (D) 

Comparisons of MMP-14 activities in Tris and HEPES buffers.   
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3.2 Production of N-TIMP-2  

 The 378 bp N-TIMP-2 gene was assembled and amplified by PCR (Figure 3.3, 

Lane 2) and cloned into plasmid pET32b to generate pET-N-TIMP-2. The resulting 

plasmid was tested by restriction enzyme digestion (Figure 3.3, Lane 4) and confirmed 

by DNA sequencing (Appendix 1). After induction using IPTG, SDS-PAGE analysis 

suggested that N-TIMP-2 was successfully expressed with its expected MW of ~15 kDa 

(Figure 3.4, Lane 2). After solubilized in 6 M GdnHCl and purified by the Ni
2+

-NTA 

affinity column, ~5 mg N-TIMP-2 can be typically yielded from 200 mL of cell culture. 

SDS-PAGE analysis indicated that monomeric N-TIMP-2 was purified with a trace 

amount of N-TIMP-2 dimer (Figure 3.4, Lane 5). The purified N-TIMP-2 was then 

refolded and dialyzed, and SDS-PAGE results suggested majority of monomeric N-

TIMP-2 was recovered with a lower amount of dimer (Figure 3.4, Lane 7).  

For TIMP-2 inhibition assays, N-TIMP-2 and MMP-14 were incubated at RT for 

20 min to form N-TIMP-2 / MMP-14 complex before addition of substrate. With 

increased N-TIMP-2 concentration, reaction rate decreased indicating that N-TIMP-2 

inhibited MMP-14’s activity (Figure 3.5A). Under the conditions of 2 nM MMP-14 and 

1 μM substrate, 1.25 μM N-TIMP-2 completely inhibited MMP-14 activity. Inhibition 

percentages were calculated using Equation 1 in Materials and Methods (Page 16), and 

plotted against N-TIMP-2 concentration to obtain IC50 of ~25 nM (Figure 3.5B) for 

conditions of 2 nM MMP-14 and 1 μM substrate. Similarly, IC50s for 0.3 μM, 0.6 μM, 

1μM, 1.5 μM, 2 μM, 3.8 μM, and 4 μM substrate with 2 nM MMP-14 were also 

measured (Table 3.2).  
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Because N-TIMP-2 is a competitive inhibitor of MMP-14, KI was then calculated 

using Equation 8 to be 12.0 ± 8.3 nM in average.  

 I  
IC50

1 
[S]
 M

   (Eq. 8 ) 
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Figure 3.3 Cloning N-TIMP-2. Lane 1 & 3, DNA molecular weight ladders; Lane 2, 

PCR product of N-TIMP-2 gene (378bp); Lane 4, Digestion test of  constructed pET-N-

TIMP-2 with NdeI/XhoI showing fragment of N-TIMP-2 (~400bp) and vector (5.2k bp).   

 
Figure 3.4 Expression, purification and refolding of recombinant N-TIMP-2. Lane 1, 

4&6, molecular weight ladders. Lane 2, whole cell sample of induced culture; Lane3, 

whole cell sample of non-induced culture; Lane 5, purified N-TIMP-2; Lane 7, refolded 

N-TIMP-2.   
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Table 3.2 IC50s for various concentrations of substrates. 

Substrate concentration (μM) IC50 (nM) KI (nM) 

0.3 39.6 26.8 
0.6 37.5 19.6 
1.0 28.4 11.1 
1.5 34.4 10.5 
2.0 25.2 6.2 
3.8 32.3 4.7 
4.0 36.7 5.2 

 

 
Figure 3.5 N-TIMP-2 inhibition assay. (A) Cleavage of 1 μM substrate by 2nM MMP-

14 in different concentrations of N-TIMP-2 (0-2.5 μM). (B) Correlation between 

inhibition percentages and logarithms of N-TIMP-2 concentrations.  
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 3.3 Fluorescence labeling of MMP-14 and N-TIMP-2  

Concentrated MMP-14 and N-TIMP-2 were labeled using Alexa 488 TFP ester 

and Alexa 647 NHS ester respectively, through the crosslinking reactions between ester 

and primary amines on proteins (Figure 3.6A). X-Ray crystal structures of MMP-14 and 

TIMP-2 complex (PDB ID=1BQQ) suggested that there are multiple primary amine 

groups on their surfaces available for conjugations and most of these conjugation sites are 

distanced from the reaction pocket of MMP-14 (Figure 3.6B) or inhibition region on 

TIMP-2 (Figure 3.6C). After crosslinking reaction and purification to separate 

conjugated MMP-14 from unreacted dye, Alexa 488-MMP-14 samples were subjected to 

SDS-PAGE analysis. Under a UV lamp, conjugated samples showed fluorescent bands 

with an expected MW of 20 kDa. After purification using gel filtration centrifugation 

column, the amount of unconjugated dye was dramatically reduced (Figure 3.7A). 

Comparing to unconjugated MMP-14, obtained Alexa 488-MMP-14 conjugates remained 

its 88.7±2.3 % activity as shown in Figure 3.7B. And the degree of labeling (DOL) was 

calculated as 3.46 (Table 3.3) using Equation 2-4 in Materials and Methods (Page 17).  

Table 3.3 Degrees of labeling (DOL) of MMP-14 and N-TIMP-2. 

Protein A280 A494 or A650 
A280 at 1mg/mL 

by Protein 
calculator 

Protein 
concentration 

(mg/mL) 

Protein 
concentration 

(M) 
DOL 

MMP-14 0.289 1.12(A494) 1.73 0.0958 4.56×10
-6

 3.46 

N-TIMP-2 0.157 0.79(A650) 0.87 0.153 1.04 ×10
-5

 0.32 
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Figure 3.6 Mechanisms of crosslinking between ester groups and primary amines on 

proteins. (A) The reactions between the ester dye and primary amines; (B) Structure of 

MMP-14 with lysine and arginine residues highlighted; (C) Structure of TIMP-2 with 

lysine and arginine residues highlighted. 
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Figure 3.7 Conjugation of MMP-14 with Alexa 488. (A) SDS-PAGE analysis for 

conjugation process. Lane 1, protein molecular weight ladder; Lane 2, MMP-14 before 

conjugation; Lane3, MMP after conjugation; Lane 4, conjugated MMP-14 after 

purification. Left image, UV; right image, Coomassie blue. (B) Comparison of activities 

for conjugated and unconjugated MMP-14 (500 nM MMP-14, 1 μM substrate).   

Similar procedures were applied for conjugating N-TIMP-2 with Alexa 647. SDS-

PAGE analysis of unconjugated N-TIMP-2 and conjugated N-TIMP-2 before and after 

purification showed N-TIMP-2 bands with expected MW of 15 kDa (Figure 3.8A). The 

degree of labeling was calculated as 0.32 (Table 3.3) using Equation 5-7 in Materials 

and Methods (Page 17). The inhibition function of conjugated N-TIMP-2 was measured 

(Figure 3.8B&C) with an IC50 of 87.8 nM, which was ~2 folds higher than that of 

unconjugated N-TIMP-2 (Figure 3.4), indicating that conjugated N-TIMP-2 remained its 

inhibition function.  
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Figure 3.8 Conjugation of N-TIMP-2 with Alexa 647. (A) SDS-PAGE analysis of 

conjugation process. Lane 1, protein molecular weight ladder; Lane 2, unconjugated N-

TIMP-2; Lane 3, conjugated N-TIMP-2 before purification; Lane 4, conjugated N-TIMP-

2 after purification. (B&C) Inhibition assays of conjugated N-TIMP-2.  
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3.4 Antibody yeast surface display 

The scFv antibodies of DX-2400, 1F8 and b12 were cloned and expressed on 

surface of EBY100 cells as described in Materials and Methods (Page 20). After being 

incubated with anti-c-Myc mAb 9E10 conjugated with HRP then TMB solution, DX-

2400, 1F8 and b12 cell suspensions gradually turned blue, while the color of 

untransformed cell suspension (as the negative control) kept unchanged. After adding 

H2SO4, DX-2400, 1F8 and b12 cell suspensions turned yellow while the negative control 

did not change color (Figure 3.9A). After centrifugation, the supernatants of DX-2400, 

1F8 and b12 samples had absorbance of ~0.5 OD at 450 nm, which was much higher than 

that of untransformed cells (~0.1 OD), indicating that DX-2400, 1F8 and b12 were 

successfully expressed and displayed on yeast cell surface (Figure 3.9B).  

 
Figure 3.9 Cell ELISA results of antibody yeast surface display, using anti-c-Myc-

HRP. (A) Photo. (B) Absorbance. 1, DX-2400; 2, 1F8; 3, b12; 4, untransformed. 
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The performance of antibody yeast surface display was further confirmed using 

FACS scanning for multiple antibody clones. In addition to above mentioned three scFvs 

(DX-2400, 1F8 and b12), M18 (anti-PA-63) and six scFv genes 2A10, 3B1, 1H11, 2D9, 

2F9 and 1B11, which were previously isolated in our lab (Nam et at., manuscript in 

preparation), were cloned into pCTCON-2 for surface display tests. After incubation with 

the primary chicken anti-c-Myc IgY then the secondary Alexa Fluor 647-goat anti-

chicken IgG, these scFv displaying cells were subjected for FACS scanning. Obtained 

Alexa 647 histograms (Figure 3.10) showed that all of these scFvs were successfully 

expressed on yeast cell surface at various levels with the florescence means (FM) ranging 

from 3.5 ×10
3
 to 4.4 ×10

4
, while the control cells without plasmid transformation had no 

detectable florescence signals (FM=1.5). Among these antibody clones, DX-2400 showed 

the highest FM of 43700 with 92% of cells are positive (200 < FM < 2×10
4
), and 2A10 

showed the lowest FM of 3523 with 57% positive cells, and most of the antibody clones 

had FM of 10
4
 and the average FM of the expressed clones was 1.7 ×10

4
 with 79.7 ±10.2% 

positive cells in average.    
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Figure 3.10 FACS scanning for antibody yeast surface display by labeling with 

chicken anti-c-Myc IgY then Alexa Fluor 647-goat anti-chicken IgG.    
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3.5 Identification of the binding clones 

Fluorescence microscopy images of Alexa 488-MMP-14 labeled DX-2400, M18 

and CD20 cells further confirmed DX-2400 scFv displayed on yeast surface can bind to 

MMP-14 (Figure 3.11). In the FITC channel, DX-2400 cells showed green rings, which 

were associated with cell rims as demonstrated in bright field channel. In contrast, cells 

displaying M18 or CD20 did not emit detectable fluorescence.   

  Phase contrast                                FITC 

 
Figure 3.11 Microscopy images of yeast cells displaying different proteins. DX-2400 

scFv (A/B), M18 scFv (C/D), CD20 (E/F). Left, phase contrast microscopic images; 

Right, fluorescence microscopic images. Cells were labeled with Alexa-488-MMP-14. 

Bars are 5 μm.  
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Yeast cells displaying different antibodies were double-labeled with Alexa 488-

MMP-14 for binding analysis, and chicken anti-c-Myc IgY/anti-chicken Alexa 647 IgG 

for expression analysis. Bivariate flow-cytometric scanning results suggested that MMP-

14 specific clones can be clearly discriminated from non-binding clones (Figure 3.12). 

Yeast cells carrying DX-2400, 3B1, 2A10 or 1F8 scFv displaying plasmids had 54-59% 

of their populations located in the Q2 region, indicating that these scFvs were expressed 

and displayed on yeast surface at decent levels and bound to MMP-14, results consistent 

with our previous ELISA data (Nam et al., manuscript in preparation). While yeast cells 

displaying CD20, M18 scFv or b12 scFv had 47-53% of their populations located in the 

Q3 region, indicating that these non-relevant antibodies or CD20 were highly expressed 

and displayed on cell surface, but did not bind to MMP-14. And for the control clone (not 

transformed with any display plasmid), 80% of its population was located in the Q4 

region, indicating low signals in both expression and MMP-14 binding.  
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Figure 3.12 Identification of binding clones by dual color FACS. 

3.6 Identification of the inhibitory clones by dual color FACS 

Yeast cells carrying different scFv displaying plasmids were double-labeled with 

Alexa 488-MMP-14 and Alexa 647-N-TIMP-2, and subjected for dual color flow 

cytometric scanning analysis. Three scenarios are expected (Figure 3.13): (Scenario 1) 

inhibitory clones, which bind to MMP-14 at the epitopes overlapping with the region 

where TIMP-2 inhibits at, therefore associated with high Alexa 488 signals and low 

Alexa 647 signals; (Scenario 2) MMP-14 specific but non-inhibitory clones, which bind 

to MMP-14 at the epitopes other than the region where TIMP-2 inhibits at, therefore 

associated with high signals on both fluorescence channels; (Scenario 3) non-binding 

clones, which cannot bind to MMP-14, therefore associated with low signals in both 

fluorescence channels.  
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Figure 3.13 Distinguish inhibitory clones from non-specific or non-inhibitory clones 

by dual color labeling and FACS scanning.  

Experimental results demonstrated that incubation with fluorescent dye 

conjugated MMP-14 and TIMP-2 followed by dual color FACS scanning can clearly 

distinguish inhibitory clones from non-specific or non-inhibitory clones (Figure 3.14). 

As negative controls, yeast cells without plasmids or carrying the CD20 display plasmid 

had 88-91% of their populations in the region of Q4, indicating low fluorescence signals 

on both Alexa 488 and Alexa 647 channels, thus they are non-specific clones (Scenario 

3).  Yeast cells carrying display plasmids for scFvs of M18, b12, 2F9, 2D9, 1H11 or 

1B11 had 93-96% of their populations located in the region Q4, therefore they are non-

specific antibodies to MMP-14 (Scenario 3), results consistent with our previous ELISA 



 

45 
 

data (Nam et al., manuscript in preparation). Antibody clone 2A10 was isolated as a high 

affinity binder from a synthetic antibody library by phage panning against MMP-14 

(Nam et al., manuscript in preparation). Dual color FACS scanning of 2A10 clone 

showed 73% of its population was located in Q2, indicating high signals in both Alexa 

488 and Alexa 647 channels, confirmed that 2A10 was a specific but non-inhibitory clone 

(Scenario 2). As a positive control, yeast cells carrying the MMP-14 inhibitory antibody 

DX-2400 showed 78% of its population was located in the region Q1, indicating a high 

signal in Alexa 488 and a low signal in Alexa 647 and confirming it is an inhibitory clone 

(Scenario 1). Our previous phage panning experiments have isolated a putative inhibitory 

clone 1F8, which exhibited a strong ELISA signal and inhibited MMP-14 in enzymatic 

assays. The dual color scanning results of 1F8 showed 30% of its population was located 

in region Q1 (Scenario 1) with only 5% of its population located in region Q2 indicting 

1F8 was significantly different from the specific but non-inhibitory clones like 2A10 

(Scenario 2). Notable, 65% of 1F8 population was located in region Q4 (Scenario 3), 

presumably due to lower expression level than that of DX-2400. Similarly, antibody 

clone 3B1 isolated from phage panning also had considerable amount of cells located in 

region Q1 (15%) with majority of its population located in Q4 (79%).   
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Figure 3.14 Identification of the inhibitory clones by dual color FACS (1
st
 attempt).  
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To further prove the likelihoods of 1F8 and 3B1 as MMP-14 inhibitory clones, 

dual color labeling and FACS scanning were repeated for these suspicious clones as well 

as controls. The voltages of Alexa 488 and Alexa 647 were increased to be 560 and 775, 

from 350 and 632 in the first attempt (Figure 3.15). The new FACS scanning results 

(Figure 3.15) confirmed again that M18, b12, 2F9, 2D9, 1H11 and 1B11 were non-

specific clones and 1F8 and DX-2400 were inhibitory clones, the same results as previous 

tests (Figure 3.14).  And 3B1 had 78% of its population located in region Q2, a result 

very similar to that of 2A10 (73% in Q2), suggesting that 3B1 was a MMP-14 specific 

but non-inhibitory clone. To validate 1F8 and 3B1, further FACS tests using various 

concentrations of MMP-14 and TIMP-2 and/or other biochemical analyses are required 

and these experiments will be subject for future studies.  
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Figure 3.15 Identification of the inhibitory clones by dual color FACS (2
nd

 Attempt).  
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4 Conclusions 

The main contribution of this thesis is the validation that inhibitory antibodies can 

be distinguished from non-specific or non-inhibitory clones by FACS (fluorescence-

activated cell sorting), therefore paving the road for future study on selection of 

inhibitory antibodies from combinatorial libraries. This was achieved by labeling the 

target MMP-14 (matrix metalloproteinase 14) with fluorophore Alexa 488 and its native 

inhibitor TIMP-2 (Tissue inhibitor of metalloproteinase 2) with fluorophore Alexa 647, 

and then followed by dual color FACS scanning of yeast cells on which the control scFv 

antibodies were surface displayed. Inhibitory antibodies DX-2400 and 1F8 exhibited high 

signal on Alexa488-MMP-14 and low signal on Alexa647-TIMP-2, while non-specific 

clones M18, etc. exhibited low signals both fluorophores, and specific but non-inhibitory 

clones exhibited high signals on both fluorophores. The detailed results were shown as 

the following:   

1) The catalytic domain of MMP-14 was expressed, purified and refolded to its active 

format, demonstrated by SDS-PAGE and enzymatic FRET assays using fluorescence 

substrates. 

2) Expression plasmid for N-terminal domain of TIMP-2 was constructed based on 

pET32b. N-TIMP-2 was expressed, purified and refolded to its active format with 

desired inhibition functions on MMP-14 showed by FRET assay.  

3) Produced MMP-14 and N-TIMP-2 were conjugated with fluorescence Alexa 488 and 

Alexa 647 respectively with desired degrees of labeling validated by SDS-PAGE gel 

and UV absorbance. Dye conjugated MMP-14 maintains its activity similar to that of 
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non-conjugated MMP-14, and conjugated N-TIMP-2 remains its inhibition function 

with lower but acceptable activity. 

4) Several antibodies clones (DX-2400, 1F8, M18, b12, 2A10, 3B1, 1B11, 1H11, 2D9, 

2F9) were converted to their scFv formats, cloned into yeast display vector pCTCON-

2. These antibodies were displayed at yeast surface with decent expression levels, 

proved by FACS scan after labeling with chicken anti-c-Myc IgY anti-chicken Alexa 

647 IgG.  

5) MMP-14 specific clones were identified by labeling with Alexa488-MMP-14 and 

chicken anti-c-Myc IgY/anti-chicken Alexa 647 IgG (for expression), followed by 

dual color FACS scan. MMP-14 specific antibodies (DX-2400, 1F8, 2A10, 3B1) 

showed high signals on both Alexa488 and Alexa647 fluorophores, while nonspecific 

antibody (M18, b12) only showed antibody expression and display but had low signal 

on Alexa488-MMP-14.  

6) By labelling with Alexa488-MMP-14 and Alexa647-N-TIMP-2, inhibitory antibodies 

(DX-2400, 1F8) exhibited high signal on Alexa488-MMP-14 and low signal on 

Alexa647-N-TIMP-2, while  non-specific antibody cells (M18, b12, 3B1, 1B11, 1H11, 

2D9, 2F9) exhibited high signals on both fluorophores and specific but non-inhibitory 

antibodies (3B1, 2A10) exhibited low signals on both fluorophores.  
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5 Future Works 

This study has validated that yeast cells displaying inhibitory antibodies can be 

clearly distinguished from non-specific or non-inhibitory clones. For further utilizing this 

function-based rather than binding-based screening method to select de novo inhibitory 

antibodies from combinatorial libraries, the following investigations need to undertake:  

(1) Isolate inhibitory clones from artificially spiked mixtures made of DX-2400 

(or 1F8), 3B1, 2A10 and M18 at molar ratios of 1:10:10:10, 1:100:100:100, 1:10
3
:10

3
:10

3
) 

by labeling and dual color sorting. 

(2) The conditions of labeling and FACS sorting procedures will need to be 

optimized to minimize the population overlapping between inhibitory clones and non-

inhibitory/nonspecific clones.  

(3) Affinity maturation of previously isolated inhibitory clones (DX-2400 and 1F8) 

to improve their inhibition activities.  
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7 Appendices 

Appendix 1 N-TIMP-2 sequencing result compared with reported TIMP-2 by using 

CLUSTAL 2.1 (www.ebi.ac.uk/Tools/msa/clustalw2/) 
N-TIMP-2        TGTAGCTGCAGTCCGGTGCATCCGCAGCAGGCGTTTTGCAATGCCGATATTGTGATTCGT 

60 

sequencing      TGTAGCTGCAGTCCGGTGCATCCGCAGCAGGCGTTTTGCAATGCCGATATTGTGATTCGT 

60 

                ************************************************************ 

 

N-TIMP-2        GCGAAAGCGGTGAACAAAAAGGAAGTGGATAGCGGCAACGATATCTATGGCAATCCGATT 

120 

sequencing      GCGAAAGCGGTGAACAAAAAGGAAGTGGATAGCGGCAACGATATCTATGGCAATCCGATT 

120 

                ************************************************************ 

 

N-TIMP-2        AAACGTATTCAGTATGAAATAAAGCAGATCAAAATGTTTAAAGGCCCGGATCAGGACATT 

180 

sequencing      AAACGTATTCAGTATGAAATAAAGCAGATCAAAATGTTTAAAGGCCCGGATCAGGACATT 

180 

                ************************************************************ 

 

N-TIMP-2        GAGTTCATTTATACCGCACCGGCAGCAGCGGTGTGCGGCGTGAGCCTGGATATTGGCGGC 

240 

sequencing      GAGTTCATTTATACCGCACCGGCAGCAGCGGTGTGCGGCGTGAGCCTGGATATTGGCGGC 

240 

                ************************************************************ 

 

N-TIMP-2        AAAAAAGAATATCTGATTGCGGGCAAAGCGGAAGGCAATGGCAACATGCACATAACCCTG 

300 

sequencing      AAAAAAGAATATCTGATTGCGGGCAAAGCGGAAGGCAATGGCAACATGCACATAACCCTG 

300 

                ************************************************************ 

 

N-TIMP-2        TGCGATTTCATTGTGCCGTGGGATACCCTGAGCGCGACCCAGAAAAAAAGCCTGAATCAT 

360 

sequencing      TGCGATTTCATTGTGCCGTGGGATACCCTGAGCGCGACCCAGAAAAAAAGCCTGAATCAT 

360 

                ************************************************************ 

 

N-TIMP-2        CGTTATCAGATGGGCTGC 378 

sequencing      CGTTATCAGATGGGCTGC 378 

                ****************** 

http://www.ebi.ac.uk/Tools/msa/clustalw2/
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Appendix 2 N-TIMP-2 inhibition assays at different substrate concentrations   
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Figure 7.1 N-TIMP-2 inhibition curves and IC50 estimations for 2 nM MMP-14 with 

various substrate concentrations. 0.3 μM (A/B), 0.6 μM (C/D),1 μM (E/F), 1.5 μM 

(G/H), 2 μM (I/J), 3.8 μM (K/L), substrate. 4 μM (M/N). 

 

 

 

 




