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Overwhelming evidence has implicated that protease upregulation plays critical 

roles in cancer growth and tumorigenesis. Extracellular metalloproteinases, especially 

matrix metalloproteinases, have been considered as important therapeutic targets. 

However, prior attempts focusing on small compounds inhibiting MMPs all failed in 

clinical trials, indicating that selectivity is the key for a successful therapy. With a large 

contact surface fomred by multiple complementarity determining regions (CDRs), 

antibodies are exquisitely specific thus considered as promising drugs. Unfortunately, at 

least two obstacles make the routine discovery of protease inhibiting antibodies 

considerably difficult: (1) low antigenicity of the proteolytic active sites, and (2) lack of a 

function-based selection method.  

Aiming to overcome these technical hurdles, this thesis successfully established 

general methodologies for the discovery of therapeutic antibodies inhibiting pro-

tumorigenic MMP-14 by:  
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(1) Developing a function-based high-throughput inhibitory antibody screening 

method combining a simple periplasmic preparation with a sensitive FRET assay. Using 

this method, inhibitory antibody clones were rapidly distinguished from non-inhibitory 

ones with satisfactory Z-factors without antibody purification.  

(2) Developing a novel expression strategy for direct production of catalytic 

domain of MMP-14 in the E. coli periplasm without refolding or activation. And 

achieving co-expression of both MMP-14 and antibody fragment in the periplasm further 

facilitated screening of inhibitory antibodies.  

(3) Discovery of a panel of highly potent and selective inhibitory antibodies of 

MMP-14 from custom-designed and constructed synthetic libraries carrying convex 

paratopes made by extended CDR-H3 (23 to 27 aa). Using this approach, the hit rate of 

inhibitory Fabs over affinity Fabs was remarkably 60%, which was a dramatical 

improvement comparing to 2% of current technique. Particularly, 3A2 Fab was a 

competitive inhibitor exhibiting a binding affinity of 4.85 nM and an inhibition potency 

of 10 nM.  

(4) Converting a low potency peptide inhibitor (IC50=150 µM) into an antibody 

with an >10
3
-fold improved inhibitory potency by grafting the inhibitory motif into CDR-

H3 of antibody scaffold and optimizing the flanking sequences. The resulting 1F8 Fab 

exhibited an inhibition potency of IC50=120 nM against MMP-14.  

In conclusion, we believe these inhibitory antibody discovery approaches have 

great potentials to apply for proteases and important targets with biological significance. 
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Chapter 1 

Introduction 

1.1 Proteases as therapeutic targets 

Proteases are a broad range of hydrolytic enzymes that catalyze the cleavage of 

peptide bonds in protein substrates. Originally proteases are thought to be simply 

involved in the non-specific degradation of unwanted proteins. MEROPS protease 

database now lists 679 known/putative human peptidases and 423 non-catalytic 

homologues indicating the complexity of their biological roles (Rawlings et al., 2006). 

Although certain proteases are simply involved in the turnover of unwanted or damaged 

proteins, many proteases also mediate highly specific cleavages on target proteins.  

   These specific proteolytic functions are involved in many physiological 

processes including such as extracellular matrix (ECM) remodeling, cell proliferation and 

differentiation, and angiogenesis (López-Otín and Matrisian, 2007). Consequently, 

proteases play key roles in the maintenance of various biological processes and pathways. 

Therefore, many diseases are often associated with dysregulated protease activity such as 

inflammation, cancer and infectious disease (López-Otín and Matrisian, 2007; Turk, 

2006), making proteases important drug targets in pharmaceutical industries. For 

instance, misregulation of thrombin and plasmin causes coagulopathies and bleeding 

disorders (Krishnaswamy, 2005; Rijken and Lijnen, 2009). Up-regulation of renin 

(aspartic protease) and ACE (metalloproease) leads hypertension (Dusing and Sellers, 

2009). And overexpression of proteases belonging to structurally homologous families, 

such as cathepsin (Kawasaki et al., 2002; Koblinski et al., 2000), serine proteases 
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(DeClerck and Imren, 1994), and matrix metalloproteinases (Choi et al., 2012), are 

associated with various clinical conditions such as cancer, inflammation and 

neurodegeneration.  

 

1.1.1 Matrix metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of homologous zinc 

endopeptidases that are capable of hydrolyzing all known constituents of the extracellular 

matrix (ECM). MMPs contain a highly conserved zinc binding sequence 

HEXXHXXGXXH (X is any amino acid) at the active site followed by a conserved 

methionine residue located beneath the active site zinc (Stöcker et al. 1995; Bergers and 

Coussens 2000). The imidazolyl ε nitrogens of three histidine residues coordinate the zinc 

metal. The fourth zinc ligand in the active protease is a water molecule. The “catalytic” 

glutamate residue is necessary for enzyme activity by increasing the nucleophilicity of 

this zinc bound water (Lovejoy et al. 1994).  

There are currently 23 known human MMPs that are classified according to their 

domain structures (Sternlicht and Werb, 2001). The N-terminal domains of MMPs 

contain a signal peptide, a pro-peptide, and a catalytic domain with a conserved zinc 

binding motif. The conserved cysteine switch residue in the pro-peptide binds the 

catalytic zinc ion to maintain the zymogen form. A linker domain of various lengths 

connects the N-terminal of catalytic domain to the C-terminal hemopexin domain. The 

membrane-type MMPs (MT-MMPs) are bound to the cell surface through a C-terminal 

membrane anchor domain (Sela-Passwell et al., 2010).  
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The matrix metalloproteinase (MMP) family members control a variety of 

physiological and pathological processes. Multiple diseases are associated with altered 

MMPs expression and aberrant MMP proteolysis: (1) Cancer cells exhibit excessive 

MMPs activity, degrade the extracellular matrix (ECM) and the basement membrane, and 

metastasize to distant organs (Overall and Kleifeld, 2006). MMP proteolysis is involved 

in a nearly every stage of cancer progression, including tissue remodeling, angiogenesis, 

cancer cell migration and metastasis. (2) In wound healing, MMPs are key regulators of 

tissue repair. However, unbalanced MMP activities cause healing problems (Cook et al., 

2000; Liu et al., 2009; Tsioufis et al., 2012). (3) MMPs also perform important functions 

in immune response. They facilitate leucocyte recruitment, cytokine and chemokine 

processing, defensin activation and matrix remodeling. However, excessive MMP 

activity frequently leads to immunopathologies, increased morbidity/mortality and may 

favor pathogen dissemination (Elkington et al., 2005; Mastroianni et al., 2007; Vanlaere 

et al., 2009). (4) MMPs are the key modulators of neurological pain in which MMP-9 is 

an initiator of the neuroimmune cascade (Dev et al., 2010; Ji et al., 2009; Lakhan et al., 

2012). Taken together, there is a consensus among researchers that the individual MMPs 

are promising drug targets in multiple and diversified pathologies. 

 

1.1.2 MMP-14 as a promising drug target  

Specifically, MMP-14 (or MT1-MMP) belongs to a group of six membrane-

tethered MMPs (MT1-MMP through MT6-MMP). MMP-14 has been recognized as one 

of the most crucial MMPs because of tissue remodeling mechanisms and regulatory roles 
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in development and invasion of tumors (Itoh and Seiki, 2006; Hotary et al., 2003; Yana 

and Seiki, 2002). High MMP-14 expression is associated with early death of breast 

cancer patients and is correlated with lymph node metastases, progression, invasion, 

larger tumor size, and increasing tumor stage (Jiang et al., 2006; Têtu et al., 2006; 

Mimori et al., 2001). MMP-14 knockout has a profound effect: null mice develop 

dwarfism, bone malformations and die before adulthood, whereas knockouts in other 

MMP genes in mice do not elicit an easily recognized phenotype, additionally supporting 

a potential role of MMP-14 in angiogenesis (Holmbeck et al., 1999). Taken together 

these preclinical evidences linking MMP-14 to cancer progression, MMP-14 is a strong 

therapeutic target for cancer.  

 

1.2  Protease inhibitors  

1.2.1 Successful chemical inhibitors 

The general therapeutic strategy taken for protease is to identify a specific 

inhibitor – generally a small molecule – that can block the function of protease.  Most 

therapeutic protease inhibitors currently in clinical use or under development are peptides 

or their chemical compound mimics, originally derived from the peptide substrates. 

Considering that 2% of human genome encodes proteases (Overall and Blobel, 2007), 

specificity is highly desired for therapeutic protease inhibitors.  

There are some protease inhibitors that have been developed into highly 

successfully drugs. For example, inhibitors of the human protease angiotensin converting 

enzyme (ACE), such as captopril, have been used in the treatment of cardiovascular 
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disorders, primarily hypertension and congestive heart failure, for several decades (Smith 

and Vane, 2003). In addition, inhibitors of the HIV protease, such as ritonavir, 

atazananvir and tipranavir, have played a key role in transforming the treatment of HIV 

infection (Flexner et al., 2005). Inhibitor of renin known as an angiotensinogenase 

participating in the body's renin-angiotensin system (RAS), which has a key role in 

regulation of blood pressure, has been developed to treat hypertension (Jensen et al., 

2008). Additionally, Sitagliptin, a highly selective DPP4 (dipeptidyl peptidase 4) 

inhibitor, has been approved by FDA for treatment of type 2 diabetes in 2006 

(Thornberry and Weber, 2007).  

 

1.2.2 Limitation of chemical inhibitors 

However, chemical inhibitors targeting MMPs were not successful. Initially, zinc-

chelating compounds, i.e. hydroxamate were developed for cancer treatments. 

Encouraged by promising preclinical results in various cancer models, several MMP 

inhibitors such as the hydroxamates barimastat, marimastat and prinomastat were tested 

in advance clinical trials, but all failed to deliver major clinical benefits because of severe 

side effects including musculoskeletal pain and inflammation (Turk, 2006; Zucker and 

Cao, 2009). The major mechanism of theses toxicities is now widely known due to poor 

selectivity of these compounds. Because the catalytic domains of MMP family members 

share extremely high degrees of structural homology (Fig 1.1), these chemical inhibitors 

targeted multiple MMPs. 

http://en.wikipedia.org/wiki/Renin-angiotensin_system
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Figure 1.1 Superimposition of MMP-2, MMP-9 and MMP-14. MMP-14: Green, MMP-2: Blue, MMP-

9: Red. Active site of MMPs: Magentas. This superimposition shows a highly structural homology among 

MMPs families. Specifically, the active sites are exactly overlapped.  

 

More recently, it has been recognized that MMP families exhibit more 

complicated and paradoxical roles at different stages of cancer progression (Kessenbrock 

et al., 2010; Overall and Kleifeld, 2006). Some MMPs possess cancer promoting 

activities whereas others have tumor-inhibiting functions underlining the risk of using 

broad-spectrum MMPIs targeting multiple MMP family members (Gialeli et al., 2011). 

For example, increased expression of MMP-12 by colon carcinoma cells was associated 

with an improved survival rate (Zucker and Vacirca, 2004), and MMP-8 deficient male 

mice displayed increased skin cancer susceptibility due to a higher level of inflammation 

which delays wound healing (Balbín et al., 2003). Additionally, MMP-9 was shown pro- 

and anti-tumorigenic effects at different microenvironments (Egeblad and Werb, 2002) 

demonstrating the importance of drug selectivity.  
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Despite the successes of active-site targeted inhibitors in the design of some 

highly valuable drugs, the limited number of new protease inhibitors introduced during 

the past decade as well as the failures of compound inhibitors indicates the need to 

explore alternative approaches such as biologic protease inhibitors because of their high 

selectivity comparing with small compounds. 

 
 

1.2.3 Protein based inhibitors  

There are several natural inhibitors targeting at proteases. Although they are 

characterized as low selectivity and able to inhibit multiple related proteases, protein 

engineering has been applied to improve their selectivity.  

For examples, kunitz domains are natural inhibitors of serine proteases found 

across all kingdoms of life. The characteristic loop region of kunitz-type serine protease 

inhibitors binding to active site of targeted proteases can be engineered to improve 

specificity using in vitro combinatory technique such as phage display (Dennis et al., 

1995). A kunitz-type inhibitor of plasma kallikrein, ecallantide (DX-88, by Dyax Inc) has 

been approved to treat hereditary angioedema (Levy and O’Donnell, 2006).  

Another example is ecotin, a natural bacterial protein inhibiting multiple trypsin-

fold proteases and has been engineered using a library display approach to create a potent 

and selective inhibitor of plasma kallikrein as well (Stoop and Craik, 2003).  

Additionally, DARPins (Designed Ankyrin Repeat proteins) are derived from 

naturally occurring ankyrin proteins which mediate high-affinity protein-protein 

interaction in nature (Kawe et al., 2006). Engineering and screening with protein-based 
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recombinant DARPin libraries produced an extremely selective and potent inhibitor of 

caspase 2 (Schweizer et al., 2007).  

TIMP-2 (Tissue inhibitor of metalloproteinases-2) is an endogenous inhibitor 

found in human targeting multiple MMPs. Phage display technique was used to identify 

variants of TIMP-2 specifically inhibiting MMP-1 (Bahudhanapati et al., 2011).  

Although those protein-based inhibitors showed improved selectivity compared to 

small compounds, there are concerns about immunogenicity due to the fact that many 

protein scaffolds are not human origin. 

 

1.3  Antibodies 

Antibody-based inhibitors are emerging as very attractive therapeutic agents 

because of: (1) exquisite specificity, high affinity and excellent pharmacokinetic 

properties due to the large antigen-antibody interactions area provided by multiple 

complementarity-determining regions (CDRs); (2) extended half-life and the well-known 

beneficial effector functions mediated by Fc-receptors; (3) low immunogenicity and low 

toxicity as natural defense molecules; (4) since ~50% of human proteases are 

extracellular, large number of proteases potentially targetable by antibodies; (5) in 

general, monoclonal antibodies have a much higher FDA approval rate (18-29%) than 

small-molecule drugs (5-11%) (Reichert et al., 2005). In present, over 25 approved 

antibodies are in use globally and at least 240 mAbs are currently in clinical trials 

(Reichert et al., 2005; Reichert, 2010).  



9 

Antibody molecules, or Immunoglobulin G (IgG) are Y-shaped heterotetramers 

consisting of two identical heavy chains and two identical light chains. Each chain 

consists of a series of domains known as immunoglobulin domains and an antibody’s 

structural integrity is maintained via inter- and intradomain disulfide bonds, which are 

responsible for proper immunoglobulin folding and for linking the two heavy chains to 

each other and the light chains to the heavy chains. The C-terminal domains of light and 

heavy chains are invariant in structure and called constant domains (Fc), while the N-

terminal domain of each chain is known as variable (V) domain containing three 

complementarity determining regions (CDRs). The unique combination of totally six 

CDRs from heavy chain variable domain (VH) and light chain variable domain (VL) 

forms the antibody’s antigen binding site and determines its specificity (Janeway, 2005). 

Although the six CDR loops of an antibody act co-operatively, CDR-H3 is the most 

diverse region in length and sequence and is often the major contributor to antigen 

binding event.  

In addition to full-length antibodies, several types of antibody fragments are also 

being developed as potential therapeutics. Single-chain variable fragments (scFvs) are 

recombinant molecules in which the variable regions of light and heavy immunoglobulin 

chains encoding antigen-binding domains are joined into a single polypeptide by a 

flexible linker sequence. Fragment of antigen binding (Fab) is composed of one constant 

and one variable domain of each of the heavy and the light chain to form antigen binding 

site (Nelson AL, 2010). These two fragments are the most studied fragments, and 

molecular techniques to clone and express them in bacteria are well-established. In this 

http://en.wikipedia.org/wiki/Immunoglobulin_heavy_chain
http://en.wikipedia.org/wiki/Immunoglobulin_light_chain
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thesis, Fab is mainly used for antibody selection due to better stability provided by the 

disulfide-linker CHCL heterodimer (Röthlisberger D et al., 2005). 

 

1.3.1 Monoclonal antibody technologies 

1.3.1.1  Hybridoma technology 

Many different technologies have been developed to select antigen specific 

monoclonal antibodies (mAb). Hybridoma technology discovered by Kohler and Milstein 

in 1975 revolutionized the field of immunology by making it possible to control the 

production of individual antibodies (Kohler and Milstein, 1975). Hybridoma is currently 

still the primary source of reagent antibodies. In brief, this method relies on the 

immunization of animals with a protein antigen followed by the isolation of activated B 

cells (antibody-secreting immune cells). These B cells are then fused with myeloma 

tumor cells to create immortalized lines for screening of antigen specific antibodies.  

Although hybridomas can yield highly specific antibodies against a target of 

interest, there are some drawbacks: (1) the length and complexity of the whole process; 

(2) it is not readily amenable to the simultaneous selection of multiple targets in a high-

throughput manner; (3) selection occurs in the sera, which is not suitable for sensitive 

antigens to host due to immune tolerance; (4) most importantly, the hybridoma process 

does not provide direct access to the encoding DNA, and thus it is not easy to further 

engineer antibodies (Michnick and Sidhu, 2008).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=R%C3%B6thlisberger%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15769469
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1.3.1.2  In vitro display technology 

One of the first breakthroughs came in 1989 with an innovative technology 

enabling the cloning of antibody genes, thereby bypassing hybridoma. In this method, 

antibody genes were cloned directly from lymphocytes of immunized animals and 

expressed as a single-domain library of antibody heavy- or light-chain variable regions or 

as a combinatorial library of antigen-binding fragment (Fab) fragments in bacteria 

(Orlandi et al., 1989). This technique accelerates the development of a powerful in vitro 

selection technology currently implemented in most of laboratories to rapidly generate 

antibodies.  

Over the last 20 years, powerful combinatorial technologies such antibody library 

construction and in vitro display technique using ribosome, phage, bacterial, and yeast 

have rapidly developed to generate antibodies without the need for direct immunization 

of a living host. These technologies are very attractive and expanding alternatives to 

hybridoma technology by providing several important advantages.  

Particularly, display technologies function in vitro, which frees antibody selection 

from uncontrollable in vivo environment and allows selection conditions to be tailored to 

suit any kind of antigens. In addition, by bypassing body’s immune system, in vitro 

display methods have yielded antibodies with superior specificity and affinity that cannot 

be obtained by immunization. Most importantly, the access to the encoding DNA 

expands tremendously the utility of the technology since the DNA genotype encoding a 

particular antibody is physically linked to the protein phenotype. Therefore, encoding 

DNA is easily obtained and can be manipulated to improve antibody property.  
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In vitro display methods can use antibody repertoires obtained from different 

sources. Over the years four main library types were established: immune, naïve, semi-

synthetic and synthetic libraries.  

In brief, “immune library” refers to antibody repertoires originating from an 

immunized donor, usually murine or human, but also from other species (Akamatsu et al., 

2007). Due to the natural in vivo affinity maturation processes that were activated 

following the immunization and boosting with a desired antigen, antibodies against 

antigen with affinities within the nM range can be obtained (Bradbury and Marks, 2004).  

“Naïve antibody repertoires” are constructed similarly to immune libraries, with 

the only exception being the source of the B cells, which is from non-immunized healthy 

donors. Since the variable regions of the heavy chain (HC) and light chain (LC) were not 

subjected to antigen-driven in vivo affinity maturation processes, the library size becomes 

the most important factor to determine the library quality (Benhar, 2007).  

Lastly, “semi-synthetic and synthetic libraries” are to create antibody repertoires 

by introducing synthetic components into the natural diversity of antibodies. Two types 

of synthetic antibody libraries were developed over the years: semi-synthetic libraries 

that combine natural CDRs with artificial ones and fully synthetic libraries in which all 

CDRs are man-made (Sidhu and Fellouse, 2006). In contrast to immune libraries and 

similar to naïve libraries, synthetic libraries need to be very large (10
8
-10

9
) to yield high-

affinity binders. The construction of such large libraries spends considerable effort by 

carrying out many transformations with a large amount of ligated DNA (Miersch and 

Sidhu, 2012).  
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In this Ph.D study (Chapters 4 and 5), novel synthetic antibody libraries inspired 

by natural camelid Ab repertoires were custom-designed and constructed to carry 

inhibition-prone repertories. From such libraries, we were able to generate a panel of 

highly potent mAbs inhibiting MMP-14 with high selectivity, which is important for 

therapeutic developments but extremely challenging for small compound inhibitors 

 

1.4 Inhibitory antibodies targeting MMP-14  

Several groups have generated antibodies targeting MMP-14 with high affinity 

and selectivity. Sagi group generated LEM-2/15 that bound to exposed loops of MMP-14 

(residues 160-173 and 218-233) by immunizing mice with these peptides. This antibody 

inhibits the catalytic activity of MMP-14 and further demonstrates antiangiogenic 

properties in cell-based assays (Gálvez et al., 2001a).  

Dyax Corp. discovered a highly selective MMP-14 inhibitory antibody targeting 

the catalytic domain of MMP-14 with sub-nanomolar-binding affinity using phage 

display technology and semi-synthetic antibody libraries (Devy et al., 2009). The selected 

antibody, DX-2400, exhibited no cross-inhibitory activity against a panel of closely 

related MMPs as well as MT-MMPs or ADAM-17. Functionally, DX-2400 blocked pro-

MMP-2 processing on tumor and endothelial cells, inhibited angiogenesis and slowed 

tumor progression and the formation of metastatic lesions.  

Human scFv antibodies, CHA and CHL, have been identified targeting non-

catalytic, hemopexin domain of MMP-14 that modulates its interactions with collagen 

using a naïve phage display library (Basu et al., 2012). These scFvs are effective 
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inhibitors of the invasive capacity of cancer cells and of angiogengesis in model systems 

demonstrating that targeting sites outside the catalytic domain present a potential novel 

approach to protease inhibition in cancer therapeutics.  

Recently, a specific monoclonal antibody 9E8 (mAb 9E8) against MMP-14 has 

been raised in an MMP-14 null mouse (Ingvarsen et al., 2013). In contrast to other 

inhibitory antibodies against MMP-14 such as DX-2400 and LEM-2/15, 9E8 targets a 

single function of multifunctional cellular MMP-14: only able to inhibit the activation of 

pro-MMP-2 without interfering with the collagenolytic function or the general proteolytic 

activity of MMP-14. Using this antibody, the migration of lymphatic endothelial cells 

into 3-dimensional collagen matrices which is dependent on MMP-14 mediated 

activation of pro-MMP-2 was remarkably reduced. Same as LEM-2/15, 9E8 was 

generated by immunizing mice, thus with a concern about immunogenicity. 

These successful inhibitory antibodies targeting MMP-14 provide us a rich 

knowledge of MMP inhibition. Particularly, DX-2400 was synthesized as a positive 

control in this study. However, there is no general solution for the generation of mAbs 

inhibiting proteases, an important family of drug targets, for the following reasons.  

 

1.5 Challenges for the discovery of protease inhibitory antibodies 

1.5.1 Binding-based selection   

No matter through hybridoma technique, phage panning or microbial display, all 

of these conventional selection methods are essentially competitive binding assays 

without control on epitopic specificity or enzymatic inhibition. A conventional selection 
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applies repeated rounds of binding selection against a certain antigen to enrich high 

affinity clones, the selected tight binders are then characterized for inhibitory function. 

However, this conventional selection approach has at least two major problems that make 

screening of inhibitory antibodies difficult:  

(1) Functional clones with weak affinities, which can be simply improved through 

affinity maturation afterwards, might be lost during repeated cycles of competitive 

binding selection. As the results, the chance that selected binder doesn’t exhibit inhibitory 

function is very high; (2) For functional tests, the selected high affinity binders need to be 

individually cloned, expressed and purified, which are laborious and costly.  

Distinctive contrast to binding-based selection, this study aims to develop 

function-based selection methods for direct identification of inhibitory antibodies with 

higher efficiency.  

 

1.5.2 A low antigenicity of reaction pockets of proteases  

Naturally occurring protease inhibitors present a convex shaped conformation that 

inserts into the protease active site and prevents substrate access or catalytic function.
 

However, from a technique point of view, it is considerably difficult to generate such 

antibodies using conventional hybridoma technology or in vitro naïve libraries. In fact, 

active sites of enzymes have a low antigenicity for murine or human antibodies 

(Lauwereys et al., 1998). It is because the catalytic pocket is often buried inside a major 

cleft structure and as such is inaccessible and/or incompatible to the antigen-binding 
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surface topography of the antibody – often a cavity, groove, or flat surface but rarely a 

convex conformation.  

 

1.6 Research objectives and thesis structure  

 Our long-term goal is to develop therapeutic monoclonal antibodies or biologics 

that specifically inhibit metalloproteinases associated with cancer metastasis (e.g. MMP-

2, 9, 14). This study aims to overcome aforementioned technical hurdles and establish 

general methodologies for the discovery of inhibitory antibodies. Four specific objectives 

of the thesis are: 

1. Based on the hypothesis that quantitative function-based high-throughput 

screening (HTS) methods can greatly accelerate the drug discovery process, 

Chapter 2 aims to develop a HT fluorescence assay able to directly identify 

inhibitory mAbs present in periplasmic fraction preparations without antibody 

purification. 

2. Given that the consistent supply of MMP-14 in a large quantity is a critical 

step to develop therapeutic antibodies, Chapter 3 aims to develop a novel 

method for expression of functional MMP-14 in E. coli without tedious 

refolding or problematic activation process. And we further developed the 

FRET-based screening assay by co-expressing antibodies and MMP-14 in 

periplasmic space of E. coli. 

3. Based on the hypothesis that custom-designed synthetic antibody libraries can 

provide desired paratope features suitable for inhibitory functions, Chapter 4 
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aims to construct large synthetic antibody libraries enriched with inhibition-

prone paratope and isolate a panel of highly potent and high selective 

inhibitory mAbs.  

4. Given the fact that many mAbs isolated from synthetic libraries may display 

moderate affinity or inhibition potency, Chapter 5 aims to demonstrate the 

feasibility of affinity maturation by converting a low potency peptide inhibitor 

into mAb with improved functionality through CDR-H3 grafting and 

optimization of other CDRs. 
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Chapter 2 

Development of a Periplasmic FRET Screening Method for  

Protease Inhibitory Antibodies  

This chapter is based on Nam and Ge. (2013) Biotechnology and bioengineering 

110: 2856-2864. 

 

2.1 Abstract  

Proteases play critical roles in numerous physiological processes and thus 

represent one of the largest families of potential pharmaceutical targets. Previous failure 

of broad-spectrum small molecule inhibitors toward tumorigenic metalloproteinases in 

clinical trials emphasizes that selectivity is the key for a successful protease-inhibition 

therapy. With exquisite specificity, antibody-based inhibitors are emerging as promising 

therapeutics. However, the majority of current antibody selection technologies are based 

on binding and not on inhibition. Here, we report the development of a function-based 

inhibitory antibody screening method, which combines a simple periplasmic preparation 

and an ultra sensitive FRET assay, both processes are amenable to high-throughput 

applications. Using this method, inhibitory antibodies can be rapidly distinguished from 

non-inhibitory clones with satisfactory Z-factors. Coupled with ELISA, this method also 

provides a fast semi-quantitative estimation of IC50 values without antibody purification. 

We expect this technology to greatly facilitate the generation of highly selective biologic 

inhibitors, targeting many proteases that are important to medical research and 

therapeutic development.   
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2.2 Introduction 

As extremely important signaling molecules, proteases precisely control a wide 

variety of physiological processes. It is not surprising that many diseases are associated 

with misregulation of protease expression or altered substrate proteolysis (Overall et al., 

2007; Cudic et al., 2009; Drag and Salvesen, 2010). For instance, mounting evidence has 

implicated that proteolytic activities, such as extracellular matrix (ECM) degradation and 

regulation of cell signaling are virtually involved in all aspects of cancer progression, 

including tissue remodeling, angiogenesis, cancer cell migration and metastasis (Mason 

and Joyce, 2011; Gialeli et al., 2011; Kessenbrock et al., 2010). Therefore, matrix 

metalloproteinases (MMPs) and other extracellular proteinases (e.g. ADAM, ADAMTS, 

MT-SP families) have been recognized as important subclasses of regulatory enzymes for 

cancer research and attractive therapeutic targets for cancer treatments (Uhland, 2006; 

Duffy et al., 2011; Cudic et al., 2009; Christopher et al., 2006). In addition, for many 

infectious diseases, such as malaria and HIV, protease activities are absolutely required 

for their life-cycle and invasion to host (Greenbaum et al., 2002; Wensing et al., 2010).  

One apparent pharmaceutical mechanism is to specifically block the abnormal or 

pathogenic proteolysis processes. To date, most therapeutic protease inhibitors in clinic 

or under development are peptides or their chemical compound mimics, originally 

derived from the protease substrates. Considering that ~2% of human genome encodes 

proteases (Overall et al., 2007), specificity is highly desired for therapeutic protease 

inhibitors. The crucial importance of selectivity is highlighted by the extensive studies on 

inhibition of matrix metalloproteinases (MMPs) using zinc-chelating compounds (e.g. 
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hydroxamates) as a strategy for treating cancer (Lee et al., 2004). Although pre-clinical 

results were encouraging, these small molecule inhibitors for broad-spectrum MMPs 

failed in clinical trials due to severe side effects, such as musculoskeletal pain and 

inflammation caused by poor selectivity (Turk, 2006; Zucker and Cao, 2009). It is now 

known that MMP families exhibit more complicated and paradoxical roles at different 

stages of cancer progression (Overall and Kleifeld, 2006; Kessenbrock et al., 2010). In 

fact, some MMPs possess cancer-promoting activities whereas others have tumor-

inhibiting functions. For example, MMP-8 favors host defense instead of stimulating 

tumor proliferation, suggesting its protective role in cancer processes (Decock et al., 

2011). In addition, metalloproteinases exert different roles at different steps of cancer 

progression, e.g. pro and anti tumorigenic effects of MMP-9 at different 

microenvironments (Egeblad and Werb, 2002). However, the high homology among 

catalytic domains of MMPs presents a great challenge in distinguishing them using small 

compound inhibitors (Cuniasse et al., 2005).  

In these respects, inhibitory antibodies are emerging as attractive therapeutic 

agents, which can selectively block cancer-promoting proteases rather than cancer-

suppressing proteases (Sela-Passwell et al., 2011). The advantages of antibody-based 

inhibitors include: i) high affinity and high specificity due to the large antigen-antibody 

interaction areas provided by multiple complementarity-determining regions (CDRs); ii) 

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

immunogenicity and low toxicity; and iv) the fact that a large number of proteases are 

potentially targetable by antibodies, since ~50% of human proteases are extracellular or 
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cell surface anchored (Drag and Salvesen, 2010). Toward the development of antibody-

based inhibitors for therapeutic applications, several highly selective mAbs targeting a 

small fraction of human proteases have been identified and have shown promising 

pharmaceutical potentials (Farady et al., 2007; Devy et al., 2009; Schneider et al., 2012; 

Sela-Passwell et al., 2012; Tape et al., 2011). Considering there are 23, 35, 19 and 18 

members in MMP, ADAM, ADAMTS and MT-SP families, respectively, and more than 

270 human extracellular proteases have been identified, more inhibitory mAbs targeting 

disease-related proteinases are remained to be developed. Pharmacological blocking of 

cancer by the development of the next generation of potent and selective 

metalloproteinase inhibitors has been proposed as one of the major tasks of future cancer 

research (Overall and Kleifeld, 2006; Zucker and Cao, 2009). In addition, discovery of 

highly selective protease inhibitors will greatly facilitate our understanding on the 

protease degradome and associated pathogenic mechanisms (Dean and Overall, 2007).  

However, from a technical point of view, one obstacle for the discovery of 

protease inhibitory antibodies is that most current antibody selection assays select 

antibodies based on binding and not based on inhibition. Inhibitory clones with weak 

affinities, which can be improved through well-established affinity maturation 

approaches afterwards, might be lost during the initial cycles of repeated competitive 

binding steps. Consequently, the chance that none of the selected binders exhibits 

inhibitory function is very high. For example, in the discovery of inhibitory scFv 

antibodies targeting the fibroblast activation protein, 384 clones were tested after phage 

panning, with 40 affinity clones being identified, but only one clone (E3) exhibited 
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inhibitory function toward FAP (Zhang et al., 2012). To overcome this problem, a genetic 

selection method has been developed to directly isolate scFv antibodies neutralizing the 

HCV serine protease NS3 (Gal-Tanamy et al., 2005). This genetic selection relies on co-

expression of three proteins simultaneously in cytoplasm: an antibody library, a protease 

target, and its substrate enzyme. However, such a requirement is usually difficult to be 

achieved for most human proteases.  

Here we report the development of a novel function-based high-throughput 

screening method to facilitate the identification of inhibitory antibodies by performing a 

FRET assay directly in the periplasmic fraction preparation (Fig. 2.1). Inhibitory FRET 

assays were focused because of the following advantages: i) ultra high sensitivity, e.g. as 

low as 10 pM MMP can be detected; ii) availability of broad-range of protease specific 

peptide substrates; iii) fast reaction rates; and iv) amenability to high-throughput 

screening setups. Although widely applied for screening of small molecule inhibitors, 

FRET assays have not been adopted for inhibitory antibody selection.  

 
Figure 2.1 Procedure and expected results of periplasmic FRET assays. Antibody-expression cells 

were collected and treated with lysozyme and osmotic shock. Periplasmic fractions were clarified by 

centrifugation. Protease and fluorogenic substrate peptide were added to periplasmic preparations to 

perform FRET assays. Three scenarios are expected to be observed: non-specific antibodies, specific but 

non-inhibitory antibodies, and inhibitory antibodies. Only the antibody with inhibition function can 

suppress the FRET signal and thus distinguish from non-specific or non-inhibitory antibody clones.  



29 

In this study, development of a periplasmic FRET assay is built on the facts that 

(1) antibodies or their fragments must be secreted to the periplasmic space for proper 

folding and disulfide bond formation, and (2) periplasmic space of E. coli contains 7 out 

of the 25 known cellular proteases, comprising only 4-8% of the total cell proteins 

(French et al., 1996). Therefore, the possibility that the substrate peptide is cleaved by 

endopeptidase will be relatively low. We hypothesize that (1) the concentration of 

secreted antibody fragments in periplasmic space is sufficient for inhibitory FRET assays, 

and (2) native proteins present in periplasmic space do not interfere with FRET 

substrates. Combining a simple osmotic/enzymatic treatment step with an ultra-sensitive 

FRET assay that only requires picomolar ranges of protease, we expect that our method 

will greatly expedite the generation of highly selective antibodies inhibiting proteases 

that are important for cancer progression or other diseases.   

 

2.3 Materials and Methods 

2.3.1 Cloning, expression and refolding of MMP-14 catalytic domain  

DNA fragment encoding the catalytic domain of human MMP-14 with its hinge 

region (Tyr112-lle318, chMMP-14) was assembled from synthetic oligonucleotides and 

amplified by PCR (Hoover et al., 2002). The obtained chMMP-14 gene was cloned into 

NdeI/XhoI sites of pET32b+ (Novagen, USA). Transformed E. coli BL21 (DE3) cells 

were grown in LB media supplemented with 100 µg/ml ampicillin at 37 
o
C to reach an 

OD600 of 0.6-1.0, then 1 mM isopropyl-β-D-thiogactopyranoside (IPTG) was added to 

induce chMMP-14 expression and inclusion body formation. After induction at 37 
o
C for 
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6 hours, the cells were harvested by centrifugation and resuspended in 1/10 culture 

volume of 50 mM Tris-HCl (pH 8.0). Lysozyme and Triton X-100 were added to 

resuspended cells with final concentrations of 100 µg/ml and 0.1%, respectively. After 

incubation at room temperature for 15 min, the cell samples were lysed by sonication and 

centrifuged by 10,000×g for 25 min at 4 
o
C. The pellet was solubilized in 6 M urea 

supplemented with 50 mM Tris-HCl (pH 8.0) and 30 mM 2-mercaptoethanol, then loaded 

onto a Ni
2+

-NTA affinity column (Qiagen, USA) that was equilibrated with the 

solubilization buffer. After sufficient washing steps, chMMP-14 was eluted by 200 mM 

imidazole. To refold chMMP-14, the eluent was diluted to 50-100 µg/ml in 150 mM 2-

mercaptoethanol, and dialyzed twice against large volume of refolding buffer containing 

50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM CaCl2, 0.5 mM ZnCl2, and 0.05 % 

Brij35. The purity and concentration of refolded chMMP-14 were quantified by silver 

stain (Bio-Rad Laboratories, Hercules, CA). Typically, 250 ml culture yielded ~5 mg 

purified chMMP-14, and ~35 % refolding efficiency was usually achieved. Activities of 

refolded chMMP-14 were measured using a fluorogenic substrate peptide carrying a pair 

of fluorophore-donor and quencher-acceptor at its termini with a protease recognition site 

in the middle. Peptide XV (QXL
TM

520-γ-Abu-Pro-Gln-Gly-Leu-Dab(5-FAM)-Ala-Lys-

H2; Anaspec Inc, San Jose, CA) or a MMP-14 specific peptide SensoLyte 520 (Anaspec 

Inc, San Jose, CA; Kang et al., 2011) was used in FRET assays. The specific activity of 

produced chMMP-14 was calculated and compared with that of MMP-14 purchased from 

Anaspec Inc (San Jose, CA).  
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2.3.2 Production of DX-2400 and a panel of negative control scFvs 

The VH and VL sequences of DX-2400, a highly selective mAb inhibiting MMP-

14, were obtained from Muruganandam et al (2009). The gene encoding scFv format of 

DX2400, with a linker (GGGGSGGGGSGGGS) between VL and VH, was assembled, 

amplified, and cloned into SfiI sites of pMoPac16 vector (Hayhurst et al., 2003), which 

carries a pLac promoter, a pelB signal peptide and a C-terminal FLAG tag. pMoPac-DX-

2400 was transformed into E. coli strain Jude-1 and expression of DX-2400 scFv was 

induced in 1 L TB medium supplemented with 35 µg/ml chloramphenicol and 0.1 mM of 

IPTG at 20
o
C for 20 hr. The cells were harvested and treated with osmotic shocks to 

recover periplasmic fraction as described in Goldman et al. (2003). In brief, the pelleted 

cells were suspended in 60 ml of 0.75 M sucrose in 0.1 M Tris (pH 7.5) followed by 

adding 1.6 ml of 50 mg/ml lysozyme and 120 ml of 1 mM EDTA and kept on ice for 10 

min. 8 ml of 0.5 M MgCl2 was then added for efficient release of periplasmic proteins. 

After incubation for 10 min on ice, the periplasmic fraction was clarified by 

centrifugation at 10,000×g for 30 min. The DX-2400 scFv present in periplasmic 

preparation was purified by affinity chromatography using anti-FLAG resin according to 

manufacture procedure (Sigma Aldrich, USA). Similarly, genes encoding scFvs of 

antibodies b12 (anti-HIV gp120), 2G12 (anti-HIV gp120), and M18 (anti-PA) were sub-

cloned into SfiI sites of pMoPac16 vector, and each scFv was purified with anti-FLAG 

resin after expression. The homogeneity of the purified antibody fragments was verified 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and 
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antibody concentrations were measured with NanoDrop 2000 (Thermo Scientific, 

Waltham, MA). 

 

2.3.3 Periplasmic FRET assays  

Antibody-expressing E. coli clones were grown in 96 well round bottom plates 

containing 250 µl of TB medium supplemented with chloramphenicol at 37 
o
C until 

OD600 reached 0.6-1.0. scFv expression was induced by 0.1 mM IPTG at 30 
o
C for 10 hr. 

Cells were centrifuged and the pellet was resuspended in 25 µl periplasmic buffer (200 

mM Tris-HCl, pH 7.5; 20% sucrose; 30U/µl lysozyme) by shaking at 2,000 rpm for 5 

min using a microplate mixer (USA Scientific Inc., Ocala, FL). The samples were then 

treated by osmotic shock with 25 µl ice-cold ddH2O followed by incubation on ice for 10 

min. Plates were then centrifuged at 4,000 rpm for 15 min and clarified supernatants were 

transferred into 96 black assay plates (Corning Inc., Corning, NY). In FRET assays, 500 

pM refolded chMMP-14 and periplasmic antibody fraction were added to 96-well plates 

and incubated at RT for 30 mins. 0.5 µM peptide substrate XV was then added to start the 

reaction. Fluorescent signals (RFU) with excitation at 490 nm and emission at 520 nm 

were monitored continuously with 1 min intervals using Synergy H4 Hybrid Multi-Mode 

Microplate Reader (BioTek, San Diego, CA). Similar periplasmic FRET assays were 

performed with MMP-12 (metalloelastase) and MMP-13 (collagenase) (Anaspec Inc, San 

Jose, CA) to validate that this periplasmic FRET assay can identify highly selective 

inhibitors targeting specific MMPs.  
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2.3.4 Z’ factor determination 

DX-2400 scFv as the positive control and other scFvs clones (b12, 2G12, M18) as 

the negative controls were cultured in alternate rows of three microplates to observe well 

to well and plate to plate variations. Periplasmic fractions were prepared as described 

above, and FRET signals were measured after 2 hours of incubation with 500 pM 

chMMP-14 and 0.5 µM peptide substrate XV.  The means and standard deviation of RFU 

changes for DX-2400 and negative controls were calculated, and the Z’ factor was 

determined according to the equation below, where σ is the standard deviation, μ is the 

mean, and P and N stand for the positive and negative control, respectively (Zhang et al., 

1999).  

 

Z-factor =    
  σ  σ  

 μ   μ   
 

 

2.3.5 Validation using a spiked scFv antibody library  

DX-2400 and the three negative controls (b12, 2G12, M18) were separately 

cultured at 37 
o
C then equal counts of each clone were mixed after OD600 normalization. 

The spiked mixture was serially diluted and plated on the LB/Chl
+
 agar plates. 288 

colonies were randomly picked and inoculated into three 96 well plates. After overnight 

culture, 2 µl of each clone were inoculated into new microplates containing TB/Chl
+
 

media. When most of wells reached OD600 of 0.6-1.0, measured by a microplate reader 

(BioTek, San Diego, CA), the protein expression was induced with fresh TB/Chl
+
 media 

containing 0.1 mM IPTG at 30 
o
C for 10 hr. After centrifuging down the cells, 
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periplasmic fractions were prepared and FRET assays were performed as described 

above. The inhibition percentage was calculated from the initial and final RFU values. 

Dozens of clones with high (>90%), medium (40-90%), and low (<40%) inhibition 

percentages were randomly picked and their plasmids were isolated for tests by 

restriction digestion, using a unique BamHI site located in the linker region of DX-2400 

scFv, and by DNA sequencing.  

 

2.3.6 Semi-quantitative IC50 estimation without antibody purification  

Concentrations of DX-2400 scFv present in the periplasmic fraction were 

estimated by ELISA using purified DX-2400 scFv with known concentration as a 

standard. DX-2400 scFv periplasmic fraction was serially diluted and inhibition assays 

were performed. Initial velocities were measured and used to calculate inhibition 

percentages. The semi-quantitative IC50 curves were generated by plotting DX-2400 scFv 

concentrations estimated by ELISA against inhibition percentages measured by FRET 

assays. Similar experiments and calculations were performed for purified DX-2400 scFv 

to validate the processes.  

 

2.4 Results 

2.4.1 Development of a periplasmic inhibition FRET assay 

The mAb DX-2400, a specific inhibitor of MMP-14 (Devy et al., 2009), was 

employed in this study to facilitate the development of the assay. DX-2400 was formatted 

to a single chain Fv (scFv) and cloned into a periplasmic expression vector. scFvs of M18 
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(anti-anthrax toxin PA), b12 (anti-HIV-1 gp120) and 2g12 (anti-HIV-1 gp120) were also 

produced as controls. The catalytic domain of MMP-14 with its hinge region (chMMP-

14) was cloned, expressed, and successfully refolded from inclusion body. The produced 

MMP-14 exhibited expected enzymatic activities toward fluorogenic peptide substrates 

with a specific activity comparable (~90%) to that of commercially available MMP-14. 

In the beginning, we attempted to perform the FRET inhibition assays directly using 

culture supernatants containing M13 bacteriophage particles released from E. coli cells 

infected with DX-2400 phagemids. However, no significant changes of fluorescent signal 

were observed, most likely because the concentrations of phage particles in the 

preparation were lower than the detection limit of FRET assays (~10 nM of DX-2400 

scFv). We also tested the feasibility of using soluble preparations of antibody-expressing 

cells for inhibitory assays. Unfortunately, not only the positive control, DX-2400 scFv, 

but also all the negative controls including host cells Jude-1 exhibited the same 

fluorescent signal, presumably because the FRET peptide substrate was non-specifically 

cleaved by certain native endoproteases of E. coli in the cytoplasmic space.  

Inspired by above results and the fact that for proper folding antibodies or their 

fragments need to be secreted to periplasmic space, which has much less homogenous 

proteins compared to cytoplasmic fraction, we focused on development of a periplasmic 

FRET assay. As shown in Fig. 2.1, individual antibody library clones in microplates were 

undertaken enzymatic and osmotic treatments to release antibodies, then periplasmic 

fractions were clarified by centrifugation. Previous studies suggested that EDTA was 

required to efficiently prepare periplasmic fractions (Birdsell et al., 1967). However, as a 
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metal-chelating reagent, EDTA is not compatible with assays containing MMPs or many 

other metalloproteinases. We therefore tested the results of periplasmic treatments with or 

without the addition of EDTA for these four antibody clones. Western blot results (Fig. 

2.2A) showed that when EDTA was omitted, scFv fragments were detected in 

periplasmic fraction preparations with amounts sometimes as much as or even higher 

than those of EDTA treatments, demonstrating that periplasmic treatments can be 

performed properly without EDTA. Using ELISA with purified DX-2400 scFv as a 

standard, the concentrations of scFvs in periplasmic preparations were estimated to be 

300-400 nM, which was in a good agreement with the values reported by Kazemier et al 

(1996), 100-800 nM. Knowing that the detection limit of FRET assays for DX-2400 scFv 

was ~10 nM, the concentrations of periplasmic scFvs were at least 30 times higher than 

the limit so sufficient for inhibition assays. To establish a procedure suitable for high-

throughput screening, conditions of periplasmic treatment using microplates and an 

automatic microplate mixer were optimized, including dilution factors, shaking speed and 

time, etc. Using this automatic microplate protocol, scFv fragments were successfully 

released to periplasmic preparations (Fig. 2.2B). These results suggested that in ~40 

minutes, periplasmic fractions of a large number of antibody library clones can be 

efficiently prepared in parallel, making it possible for high-throughput applications.   
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Figure 2.2 Release of periplasmic scFvs. (A) Periplasmic fractions of four scFvs were prepared with (+) 

or without (-) adding of EDTA and released scFvs were detected by anti-FLAG-HRP; (B) Comparison of 

DX-2400 scFv periplasmic fraction preparations using microtube or microplate formats.  

 

In the following inhibition assay steps, the protease of interest and associated 

fluorogenic peptide substrate were added to periplasmic preparations and fluorescent 

signals were monitored. Three scenarios are expected (Fig. 2.1): i) observation of non-

specific antibodies that do not bind to target protease, which freely cleaves the peptide 

substrate and generates fluorescent signals; ii) observation of specific but non-inhibitory 

antibodies that bind to protease at distanced epitopes, hence do not interfere with catalytic 

function of protease or fluorescent signal generation, and iii) observation of inhibitory 

antibodies that bind to desired epitopes and block the catalytic function, resulting in no 

peptide cleavage and fluorescent signal suppression. As a proof of concept, periplasmic 

fractions of DX-2400 scFv and control scFvs were subjected to FRET assays using 

refolded MMP-14 and fluorogenic peptide substrate XV. Fluorescent signals were 

monitored every 30 minutes and the results are shown in Fig. 2.3A. For the periplasmic 

fraction prepared from host strain Jude-1, fluorescent signals continually increased, 

suggesting that the homogenous contents in periplasmic space did not interfere with the 

FRET assay. Similar fluorescence profiles were observed for periplasmic preparations of 

b12, 2G12 and M18 scFvs, an expected phenomenon because these antibodies were non-
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relevant to MMPs. Most significantly, the fluorescent signal of DX-2400 was 

dramatically suppressed due to its specific inhibitory function toward MMP-14; i.e. after 

30 minutes of reaction, the signal difference between DX-2400 and other control samples 

was more than 50-fold. Taking into account the simple preparation, high sensitivity, and 

short processing time, this method showed a promising potential for selection of scFv 

inhibitors in a high-throughput manner.  

 
Figure 2.3 Identification of inhibitory antibodies. (A) Result of periplasmic FRET inhibition assays. 

Fluorescent signals were detected using end-point mode every 30 min. (B) Kinetic measurements for the 

first 10 minutes of reaction with continuous shaking. DX-2400 scFv (black circle, slope=3.2 RFU/min, 

r
2
=0.85); b12 scFv (red circle, slope=73.6 RFU/min, r

2
=0.99); M18 scFv (green triangle, slope=96.2 

RFU/min, r
2
=0.98); 2g12 scFv (yellow triangle, slope=109.7 RFU/min, r

2
=0.99); Jude-1 (blue rectangle, 

slope=93.1 RFU/min, r
2
=0.99).  

 

2.4.2 Rapid identification of inhibitory clones 

We further analyzed periplasmic FRET assays by studying the reaction kinetics. 

According to the results presented in Fig. 2.3B, the FRET assay with DX-2400 showed a 

very slow initial velocity of 3.2 RFU/min, presumably due to auto-cleavage of the 

fluorogenic peptide. In clear contrast, other assays with scFvs exhibited initial velocities 

of 70-110/RFU/min, which were 20-35-fold faster than that of DX-2400. This difference 

in velocity can be observed at as early as 5 min of reactions, suggesting a very rapid 

detection. Periplasmic preparations of these scFv clones were also characterized by 
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ELISA using refolded chMMP-14 as the coating antigen. As expected, DX-2400 scFv 

demonstrated a strong binding signal, whereas 2G12 scFv, M18 scFv, and host cell Jude-

1 exhibited basal ELISA signals. Considering labor, process time, and amount of antigen 

used for ELISA (5-10 µg per 96-well plate), the periplasmic FRET assay can clearly 

identify the inhibitory clone from non-inhibitory clones using much less antigen (~0.05 

µg per 96-well plate), in an easy and rapid manner. 

 

2.4.3 Inhibition specificity tests and semi-quantitative IC50 measurement 

Because high selectivity is a critical criterion for protease inhibition therapies, we 

tested the feasibility of using periplasmic FRET assays to study inhibition specificity. In 

addition to MMP-14, MMP-12 and MMP-13 were subjected to periplasmic FRET assays 

using periplasmic preparation containing DX-2400 scFv, a MMP-14 specific inhibitor 

(Devy et al., 2009). Peptide substrate XV was chosen because it can be cleaved by these 

three MMPs, though MMP-12 has a lower activity on XV than MMP-13 and MMP-14 

(communications with Anaspec Inc). As the results of Fig. 2.4 shown, MMP-14 activity 

was completely inhibited by DX-2400 scFv-containing periplasmic preparation, but 

MMP-12 and MMP-13 were not affected. These data demonstrate that specificity tests 

can be performed by periplasmic FRET assays, which are rapid, straightforward and do 

not require antibody purification.  
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Figure 2.4 Inhibitor specificity measured by periplasmic FRET. MMP-12 (A), MMP-13 (B) and MMP-

14 (C) were incubated with periplasmic fractions containing DX-2400 scFv (black circle) and host cell 

periplasmic fractions i.e. without DX-2400 scFv (red triangle). FRET assays were performed in present of 

their universal substrate peptide XV.  

 

To discover antibody-based inhibitors, it is important to estimate IC50 of a large 

number of lead candidates at early development stages. However, protein purification 

often presents a bottleneck for high-throughput screening. Here, we extended periplasmic 

FRET assays for a rapid and semi-quantitative IC50 estimation without antibody 

purification (Fig. 2.5). In Step 1, serial dilutions of DX-2400 periplasmic fraction were 

subjected to FRET assays, and the initial enzyme velocities were measured and converted 

to inhibition percentages. In Step 2, the same periplasmic preparations were used to 

estimate antibody concentrations by ELISA with purified antibody fragments as a 

standard. Finally in Step 3, the correlation between antibody concentrations and 

inhibition percentages was plotted to generate an IC50 curve. Using this method, 

periplasmic DX-2400 scFv exhibited an apparent IC50 of 2 nM, which is ~5-fold lower 

than that of purified DX-2400 scFv (10 nM), indicating that this method is semi-

quantitative. By removing the bioprocess bottleneck, i.e. antibody purification, this rapid 

IC50 estimation is therefore amenable to access massive scFv candidates in parallel.  
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Figure 2.5 Rapid Semi-quantitative IC50 measurement without antibody purification. Step 1, 

Establishing the correlation between inhibition percentage and dilution factor by performing periplasmic 

FRET assays with serial dilutions of periplasmic preparation; Step 2, Measuring antibody concentration in 

periplasmic preparation by ELISA using purified antibodies as a standard; Step 3, Estimating IC50 by 

combining the results of Step 1 and Step 2.  

 

2.4.4 Satisfactory Z’ factors and isolation of inhibitory Ab from a spiked library 

To evaluate the variation associated with individual measurements and the 

dynamic range of the assay system, repeats of periplasmic FRET assays were performed 

for DX-2400 scFv (as the positive control) and other scFvs and Jude-1 (as negative 

controls). As results shown in Fig. 2.6, clear detection windows were observed for each 

pair of positive and negative controls. The Z’ factors were determined to be in the range 

of 0.64-0.69, confirming that it is a stable and excellent assay system with a high 

statistical confidence suitable for HTS of inhibitory scFvs.  

An antibody library, composed of equal counts of DX-2400, b12, 2G12, and M18 

was constructed. Random clones from this spiked library were picked to culture in 96-

well microplates (Fig. 2.7A). After antibody induction, periplasmic FRET assays were 

performed and initial and final RFU (after 2 hours of reaction) were measured to 

calculate inhibition percentages. Out of 288 tested clones, ~30% exhibited strong 
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inhibition (>90%), whereas the majority of the remaining clones demonstrated no or 

weak inhibition (<40%) with a clear detection gap between 40-90% of inhibition (Fig. 

2.7B).   

 
Figure 2.6 Z’ factor plot of periplasmic FRET assays. Positive control was DX-2400 scFV and negative 

controls were host cell (Jude-I) and non-relevant scFvs (b12, 2G12, and M18). 

 

Six inhibitory clones (>90%) and 10 non-inhibitory clones (<40%) were chosen for 

further analysis (squared in Fig. 2.7B). Restriction enzyme digestion and plasmid DNA 

sequencing confirmed that all the six clones exhibiting >90% inhibition were DX-2400, 

and all the ten non-inhibitory clones (<40%) were 2G12 (five clones), b12 (one clones) or 

M18 (four clones). Notably, there were three isolated cultures exhibiting 60-80% 

inhibition (circled in Fig. 2.7B). Plasmid DNA analysis proved that these three suspicious 

cultures contained multiple plasmids. One culture was the mixture of M18 and DX-2400 

and two cultures were the mixtures of 2G12 and DX-2400.  
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Figure 2.7 Identification of inhibitory antibody clones from a spiked library. (A) Experiment 

procedure. (B) Inhibition profiles of 288 clones. Six inhibitory clones (>90% of inhibition, squared), ten 

non-inhibitory clones (<40% of inhibition, squared), and three suspicious clones (60-80%, of inhibition, red 

circled) were chosen for analysis by restriction enzyme digestion and DNA sequencing.  

 

2.5 Discussion 

As a membrane associated protease, MMP-14 has been recognized as one of the 

most crucial MMPs in both development and invasion of tumors. High MMP-14 

expression is associated with early death of breast cancer patients and is correlated with 

lymph node metastases, progression, invasion, large tumor size, and increasing tumor 

stage. All these evidences support that MMP-14 is a strong therapeutic target for cancer 

(Jiang et al., 2006). Towards the development of MMP-14 specific antibody-based 

inhibitors, there are two inhibition mechanisms to be considered: (1) competitive 

inhibition by binding to the catalytic cleft; and (2) allosteric inhibition by binding to 
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exosites (Ganesan et al., 2010). DX-2400, a potent and specific inhibitory antibody 

toward MMP-14, was isolated using phage display through the subtraction panning on 

TIMP-2/MMP-14 complex (Devy and Dransfield, 2011). This epitope specific selection 

strategy, in principle, may exclude allosteric inhibitors targeting exosites of protease. In 

general, conventional antibody selection methods apply repeated rounds of binding 

against a certain antigen to enrich high affinity clones, and then the selected tight binders 

are characterized for inhibitory function. At least two issues associated with this 

conventional selection approach make screening of inhibitory antibodies difficult: (1) 

functional clones with weak affinities might be lost during repeated cycles of competitive 

binding selection; and (2) for functional tests, the selected high affinity binders need to be 

individually cloned, expressed and purified, which can be laborious and costly.   

In distinct contrast to binding-based selection, the function-based screening 

method developed in this study makes selection of inhibitory antibodies facile and 

straightforward. After one round of phage panning to decrease the size the antibody 

libraries, periplasmic FRET assays will be performed to directly select inhibitory clones. 

This selection method relies on protease activity and thus can identify both competitive 

and allosteric inhibitors. The sample preparation of this assay is simple and fast – the 

enzymatic and osmotic treatment followed by centrifugation can be finished in ~40 min 

using microplates. The following FRET reactions can be as short as 30 min to generation 

>50-fold RFU difference between inhibitory and non-inhibitory clones. With ultra-high 

sensitivity, periplasmic FRET assays only need picomolar range of proteases, making this 

approach economically attractive.  In addition to scFv, our results demonstrated that other 
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antibody fragments formats, i.e. Fab and Fab-geneIII fusion, were also amenable to 

periplasmic FRET assays. Z’ factor evaluation and test with a spiked library suggested 

that this robust system can be applied in a high-throughput manner. Combined with 

ELISA results, semi-quantitative IC50 can also be estimated without antibody purification, 

providing a rapid assay to compare relative potency of lead candidates.  

The present study represents a proof of concept for the establishment of a 

function-based inhibitory antibody screening method. Applying this method to discovery 

of antibody-based inhibitors from novel synthetic libraries is currently under 

investigation in our lab. As the pharmaceutical industry continues to expand its portfolio 

of protein therapeutic agents, new methods are continuously being sought to improve 

protein drug discovery and production, especially to develop time- and cost-effective 

HTS for functional leads. In these regards, the periplasmic FRET assay demonstrated in 

this paper provides an excellent approach to directly select inhibitory clones as a 

promising alternative to conventional binding-based selection.  
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Chapter 3 

Direct Production of Functional Matrix Metalloproteinase-14 Without 

Refolding or Activation and its Application for In Vitro Inhibition 

Assays 

 

 

3.1 Abstract  

Matrix metalloproteinase (MMP)-14, a membrane-bound zinc endopeptidase, is 

one of the most important cancer targets because it plays a central role in tumor growth 

and invasion. Large amounts of active MMP-14 are required for cancer research and the 

development of chemical or biological MMP-14 inhibitors. Current methods of MMP-14 

production through refolding and activation are labor-intensive and time-consuming, 

often associated with low recovery rates, lot-to-lot variation and heterogeneous products. 

Here, we report direct production of the catalytic domain of MMP-14 in the periplasmic 

space of E. coli. Yields of >500 µg/L of functional MMP-14 were achieved without 

tedious refolding or problematic activation process. MMP-14 prepared by simple 

periplasmic treatments can be readily utilized to evaluate the potency of chemical and 

antibody-based inhibitors. Furthermore, co-expression of both MMP-14 and antibody Fab 

fragments in the periplasm facilitated inhibitory antibody screening by avoiding 

purification of MMP-14 or Fabs. We expect this MMP-14 expression strategy can 

expedite the development of therapeutic drugs targeting MMPs with biological 

significance. 
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3.2 Introduction 

Beyond simple protein degradation, proteases are important signaling molecules 

and mediate many important physiological processes (Lόpez-Otín and Matrisian, 2007; 

Cal and Lόpez-Otín, 2015; Fernández and Lόpez-Otín, 2015; Quirós et al., 2015). 

Imbalanced protease activities are therefore often associated with pathological states in 

cancer (Turk, 2006), neuropathic pain (Choi et al., 2012), chronic wounds (Trengove et 

al., 1999), hypertension (Dusing and Sellers, 2009), and inflammation diseases (Page-

Mccaw et al., 2007). Particularly, certain matrix metalloproteinases (MMPs) confer cells 

with the ability to remodel and penetrate extracellular matrix (ECM) and participate in all 

aspects of cancer progression, i.e. regulation of tumor cell migration, invasion, 

angiogenesis, and induction of intracellular signaling pathways (Jiang et al., 2001; Lehti 

et al., 2000; Seiki, 2003; Wang et al., 2004). MMPs are multidomain zinc-dependent 

endopeptidases that share a basic structural organization comprising propeptidic, 

catalytic, hinge, and hemopexin like domains (Sela-Passwell et al., 2010). While most 

MMPs are secreted, MMP-14 belongs to a subfamily of MMPs that are associated with 

the membrane. Among them, membrane type-1 MMP (MT1-MMP or MMP-14) 

correlates with poor prognosis of cancer – lymph node metastases, cancer progression 

and invasion, large tumor size, and increased clinical stage (Jiang et al., 2006; Tetu et al., 

2006; Mimori et al., 2001). Taking these preclinical and clinical evidences together, 

MMP-14 has been considered as an important regulatory enzyme for cancer research and 

a predominant therapeutic target for cancer treatments (Genís et al., 2006; Morrison et al., 

2009; Devy and Dransfield, 2011). Therefore, consistent supply of active MMP-14 at mg 
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scales is essential for cancer biology research and for the developments of novel 

diagnostic and therapeutic agents, e.g. identification of physiological substrates of MMP-

14, characterization of ECM remolding in vitro and in vivo, and screening for highly 

selective MMP inhibitors for cancer treatment.  

Overexpression of recombinant human MMP-14 catalytic and hinge domains 

(chMMP-14) in E. coli resulting exclusively in the formation of inclusion bodies has been 

previously reported (Koo et al., 2002). After solubilization and purification, the denatured 

chMMP-14 was refolded to its active form via multiple steps of gradient dialysis, which 

were labor-extensive and time-consuming (3-5 days) (Koo et al., 2002). Besides low 

yields (typically <35%) and uncontrollable lot-to-lot variation, during the refolding 

process, autoproteolysis occurred at both termini with various degrees thus generating 

heterogeneous mixtures (Lichte et al., 1996). Alternatively, recombinant proteins can be 

targeted to the periplasm of gram-negative bacteria by fusing with signal peptides (e.g., 

PelB, OmpA, MalE and PhoA for E. coli). In addition to providing an oxidative 

environment that facilitates the formation of disulfide bonds, periplasmic expression can 

enhance proper protein folding due to multiple molecular chaperons (e.g. SurA, PpiA, 

PpiD, FkpA, and Skp) (Baneyx and Mujacic, 2004) and a slow processing rate controlled 

by secretion machineries (Wülfing and Plückthun, 1994). MMP-14 with its propeptidic 

domain (Pro-MMP-14) has been periplasmically expressed, followed by chromatographic 

purification and treatments with 4-aminophenylmercuric acetate (APMA) or trypsin to 

yield the functional enzyme. However, as an organomercury compound, APMA is toxic 

and thus not suitable for cell-based or animal studies, and complete activation of pro-
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MMP-14 using APMA is difficult (Knäuper et al., 1996). In addition to cleaving the 

propeptide, trypsin treatment also digests the C-terminus of MMP-14 at the putative furin 

cleavage site (RRKR/YAIQ) resulting in truncated products (Will et al., 1996). To avoid 

these tedious refolding and problematic activation processes, this study reports a novel 

approach to the production of functional MMP-14 catalytic domain (cMMP-14) by 

directly expressing mature cMMP-14 in the periplasmic space of E. coli (Fig 3.1). The 

periplasmically expressed cMMP-14 can be readily applied for evaluation of chemical or 

antibody-based inhibitors. Achieving co-expression of both MMP-14 and antibody 

fragment Fabs in the periplasmic space can further facilitate inhibitory antibody 

screening without purification of MMP-14 or Fabs. We expect this novel cMMP-14 

expression strategy can expedite MMP related research especially the development of 

therapeutic drugs targeting MMPs that are important for cancer progression. 

 

3.3 Materials and Methods 

3.3.1 Cloning and expression of MMP-14 catalytic domain  

The DNA fragments encoding the catalytic and hinge domains of human MMP-

14 (Tyr112-Ile318, chMMP-14) and matured MMP-14 catalytic domain (Ile114-Pro290, 

cMMP-14) were assembled and amplified from synthetic oligonucleotides by PCR. The 

obtained chMMP-14 and matured cMMP-14 fragments were cloned into SfiI sites of 

pMopac16 (Hayhurst et al., 2003) to generate pMopac16-chMMP14/-cMMP14. 

Transformed E. coli Jude-I cells [(DH10B F′::Tn10 (Tet
r
)] were grown in 2×YT media 

supplemented with 35 µg/ml chloramphenicol (2×YT/Chlor) at 30 
o
C to reach 0.6-1.0 
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OD600, then various concentrations of IPTG were added to induce chMMP-14/cMMP-14 

expression overnight at 30 
o
C. For co-expression of MMP-14 with Fab antibodies, the 

p15A origin of pBAD33 was amplified (using primers 5’-ctagcgcctaggccgcggcaaagccgtt-

3’, and 5’-ctagcgctcgagtgattaataagatgatcttcttgagatcgttttggtctg-3’) and ligated with 

chMMP-14/cMMP-14 fragments (amplified from pMopac16-chMMP14 and pMopac16-

cMMP14 using primers 5’-ctagcgctcgagaacgccagcaacgcgg-3’, and 5’-

ctagcgcctagggaagatcctttgatcttttctacggggt-3’) at AvrI/XhoI sites to construct 

pMopac16(p15A)-chMMP14/-cMMP14. 

 

 
Figure 3.1 Periplasmic expression of functional MMP-14 catalytic domain and its applications on 

inhibitory assay developments. (A) Periplasmic treatment followed by (I) optimization of expression 

conditions to achieve high yields of active cMMP-14 without refolding or activation; or (II) semi-

quantitative IC50 measurements of chemical or antibody inhibitors. (B) Periplasmic co-expression of 

chMMP-14 and Fabs to identify inhibitory antibodies without protein purification. 
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3.3.2 Refolding of chMMP-14 and activity assay  

The chMMP-14 was cytoplasmically expressed, purified, and refolded as 

previously described (Koo et al., 2002; Nam and Ge, 2013; Udi et al., 2013). Typically, 

250 ml culture yielded 5 mg purified cMMP-14 and ~35% refolding efficiency was 

achieved. Activities of refolded chMMP-14 were measured using XV peptide 

(QXL
TM

520-γ-Abu-Pro-Gln-Gly-Leu-Dab(5-FAM)-Ala-Lys-H2; AnaSpec, Inc., San 

Jose, CA). Fluorescent signals (RFU) with excitation at 490 nm and emission at 520 nm 

were monitored using Synergy H4 hybrid Multi-Mode Microplate Reader (BioTek, San 

Diego, CA). 

 

3.3.3 Periplasmic solutions preparation and FRET inhibition assay  

The cells harboring chMMP-14 or cMMP-14 gene were cultured in 5 ml 

2×YT/Chlor at 30 
o
C overnight in the absence of IPTG to maximize expression level. 

After OD measurements, exactly 3OD of fresh cells were pelleted and resuspended in 

100 µl of periplasmic buffer (200 mM Tris/HCl, pH 7.5; 20% sucrose; 30 U/µl lysozyme) 

for incubation at room temperature for 5 min. The samples were then treated by osmotic 

shock with 100 µl ice-cold ddH2O followed by incubation on ice for 10 min. After 

centrifugation at 13,000 g for 2 min, clarified supernatants were transferred into 96-well 

black assay plates (Corning, Inc., Corning, NY). In FRET assays, the reactions started by 

addition of 1 µM XV peptide substrate to periplasmic solutions and fluorescent signals 

were recorded for the duration of the experiments. High potency MMP inhibitor GM6001 

(EMD Millipore, Corp., Chicago, IL) was used to titrate the amounts of chMMP-
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14/cMMP-14 produced. For IC50 estimation, purified antibody Fab fragments DX-2400, 

3A2, 3D9, and 3B10, and chemical inhibitor acetohydroxamic acid (AHA) and GM6001 

were serially diluted and incubated with periplasmic fractions containing 1 nM (for 

antibodies) or 10 nM (for chemical inhibitors) cMMP-14 at room temperature for 20 min. 

1 µM XV peptide was then added to start the reaction and initial velocities were 

monitored to generate IC50 curves.  

 

3.3.4 Large-scale production of cMMP-14  

 Overnight culture of Jude-I cells carrying pMopac16-cMMP14 was inoculated 

into 500 ml 2×YT/Chlor at 30 
o
C for 16 hours without addition of IPTG. The cells were 

harvested and treated with osmotic shocks to recover periplasmic fraction as described 

above (Goldman et al., 2003). The cMMP-14 present in the periplasmic preparation was 

purified by affinity chromatography using anti-FLAG resin and elution with FLAG 

peptide following manufacture’s manual (Sigma-Aldrich, St. Louis, MO). The 

homogeneity of purified cMMP-14 was verified by SDS-PAGE. After overnight dialysis 

to remove residual peptides, cMMP-14 concentrations were measured with NanoDrop 

2000 (Thermo Scientific, Waltham, MA). 

 

3.4 Results 

3.4.1 Production of fully active MMP-14 catalytic domain by periplasmic expression  

During refolding, catalytic-hinge domain of MMP-14 (chMMP-14, Tyr112-

Ile318) was processed by autoproteolysis to generate its matured form (cMMP-14, 



57 

Ile114-Pro290) (Koo et al., 2002). To characterize and compare periplasmic expression 

profiles of chMMP-14 and cMMP-14, their genes were cloned into a periplasmic 

expression vector carrying a lac promoter, a pelB leader, and a FLAG tag at C-terminus 

for detection and purification. After transformation into E. coli Jude-I cells and 

expression with 0.5 mM IPTG induction, the activities of MMP-14 in periplasmic 

fractions were directly monitored by adding a FRET peptide substrate. No EDTA was 

used in treatment due to its ability to chelate with Ca
2+

 and Zn
2+

 which are essential for 

structural integrity and catalytic function of MMPs (Fernandez-Catalan et al., 1998). As 

results shown in Fig 3.2A, periplasmic fractions of both chMMP-14 and cMMP-14 

clones exhibited strong enzymatic activities of MMP-14 by cleaving the peptide 

substrate. The control clone without transformation did not display any detectable 

increase of fluorescent signal, indicating that the cleavage shown in MMP-14 samples 

were not mediated by native proteolytic enzymes present in E. coli periplasm. Using 3OD 

of cells, mature cMMP-14 gave a reaction rate of 184 ΔRFU/min, which was ~1.7-fold 

higher than that of immature chMMP-14 (107 ΔRFU/min). 

The concentration of IPTG was next optimized to improve periplasmic expression 

level of cMMP-14. When IPTG concentration increased from 0.1 mM to 1 mM, MMP-14 

activity increased ~72% from 184 ΔRFU/min to 317 ΔRFU/min (Fig 3.2B). However, in 

absence of IPTG, periplasmic preparation showed the highest activity of 691 ΔRFU/min, 

which was ~2.2 folds higher than that of 1 mM IPTG (Fig 3.2B). This increase of 

expression level in absence of inducer was presumably caused by metabolic burden 

and/or toxicity of over expression and secretion of MMP-14 in host strain. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandez-Catalan%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9724659
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Figure 3.2 Periplasmic production of functional MMP-14 and expression condition optimization. (A) 

Activities of mature cMMP-14 and immature chMMP-14 in periplasmic fractions. (B) Effect of inducer 

IPTG concentration on cMMP-14 expression. (C) Host and temperature effects on cMMP-14 periplasmic 

expression assessed by western blot and FRET measurements. Same OD of cells was used for all the FRET 

measurements 

 

To minimize possible in vivo degradation of synthesized cMMP-14 and to study 

the effects of culture temperate on cMMP-14 production, protease-deficient strain BL21 

was compared with Jude-I for cMMP-14 expression at room temperature (RT) or 30 
o
C. 

Periplasmic solutions were prepared and subjected to western blot and FRET 

measurements. When cultured at RT, western blot analysis of both BL21 and Jude-I 

samples exhibited two strong bands, likely associated with processed cMMP-14 without 

the leader peptide pelB (20 kD) and unprocessed cMMP-14 with pelB (25 kD). When 

cultured at 30 
o
C, the bands of unprocessed cMMP-14 became much fainter, suggesting 

that the majority of secreted cMMP-14 was properly processed at this temperature (Fig 

3.2C). Further FRET measurements using 3OD cells cultured at 30 
o
C indicated that the 
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activity of Jude-I periplasmic samples (687 ΔRFU/min) was >2.3-fold higher than that of 

BL21 (305 ΔRFU/min). Because similar expression levels were observed in western blot, 

this activity improvement could be attributed to more efficient protein folding in the 

appropriate host.  

Using Jude-I and optimized expression conditions, cMMP-14 was expressed and 

purified from periplasmic preparations using anti-FLAG resin. One of the most important 

aspects of this method is that it did not require denaturation, refolding, or activation, and 

thus greatly simplified the procedure. SDS-PAGE analysis of purified cMMP-14 

indicated a single band of processed cMMP-14 (20 kD, Fig 3.3 inset), while unprocessed 

cMMP-14 did not appear. Approximately 600 µg purified cMMP-14 was obtained from 1 

L of cell culture. Enzymatic kinetics tests using 1.5 nM of the purified periplasmic 

cMMP-14 and 1-40 µM fluorogenic peptide substrate indicated a kcat of 5.6 sec
-1

 and a 

Km of 9.36 µM (Fig 3.3), both were in excellent agreement with reported values 

(Neumann et al., 2004).   

 
Figure 3.3 Enzymatic kinetics of cMMP-14 purified from periplasm and SDS-PAGE of purified 

cMMP-14 (inset)  
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3.4.2 Evaluation of inhibition potency using cMMP-14 periplasmic preparations  

Encouraged by above results, we aimed to further demonstrate that MMP-14 in 

crude periplasmic preparations can be directly applied for screening and evaluation of its 

inhibitors without purification of MMP-14. Serially diluted small compound or antibody-

based inhibitors were added to the MMP-14 periplasmic preparations and incubated with 

the peptide substrate to monitor generated florescence signals. As results shown in Fig 

3.4A, highly potent GM6001 and lowly potent acetohydroxamic acid (AHA) were able to 

inhibit cMMP-14 activities in periplasmic fractions, with estimated IC50s of 5 nM and 20 

mM respectively. In inhibitory antibody tests, Fabs of DX-2400 (Muruganandam et al., 

2009), 3A2 and 3D9 (both isolated in our lab) exhibited dose-response behaviors towards 

cMMP-14 periplasmic preparations with expected high and moderate inhibition potencies 

(Fig 3.4B), while the high affinity but non-inhibitory Fab 3B10 (by our lab) did not show 

inhibition. IC50 was measured as 10 nM for DX-2400 Fab, 30 nM for 3A2 Fab, and 90 

nM for 3D9 Fab, which were consistent with our results measured by using MMP-14 

refolded from inclusion bodies. Because this procedure did not require denature, 

purification, or refolding of MMP-14, it has the potential to greatly expedite 

characterization of inhibitors.   

 

3.4.3 Simplify inhibition screening by periplasmically co-expressing Fab and MMP-

14  

Our previous inhibitory antibody screening method required adding separately 

expressed and purified MMP-14 into the periplasmic preparations of potential antibody 
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clones (Nam and Ge, 2013). Achieving periplasmic expression of functional MMP-14 

allowed us to simplify this screening approach by avoiding MMP-14 purification through 

periplasmic co-expression of both Fab and MMP-14. The pBR322 origin on MMP-14 

expression plasmids was replaced with the p15A origin to make them compatible with 

Fab phagemids. After overnight culture of double transformed Jude-I cells, western blot 

results confirmed that periplasmic fractions contained Fabs (Fig 3.5A). However, the 

initial FRET inhibition assay using cMMP-14 and a high potency Fab DX-2400 did not 

exhibit expected inhibition. Titration with GM6001 indicated the concentration of 

cMMP-14 in periplasmic preparation was 168 nM (based on 3 OD cells in 200 μL, Fig 

3.5B), plausibly too high to be efficiently blocked by co-expressed Fab, which showed a 

similar concentration (~200 nM, estimated by western blot). 

 

 

 
Figure 3.4 Semi-quantitative IC50 measurements using periplasmic fraction containing cMMP-14. 
(A) Inhibition profiles of chemical inhibitors GM6001 (IC50=5 nM) and AHA (IC50=20 mM). (B) 

Inhibition profiles of antibody-based inhibitors DX-2400 Fab (IC50=10 nM), 3A2 Fab (IC50=30 nM), 3D9 

Fab (IC50=90 nM), and 3B10 (not inhibitory).  
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 To reduce enzymatic activity of MMP-14 in periplasmic preparations, chMMP-

14 was chosen because it has less expression and activity compared to cMMP-14 (Fig 

3.2A & Fig 3.5B). To further reduce the expression level of chMMP-14 which was under 

the control of a lac promoter, the concentration of suppressor, glucose, was optimized by 

GM6001 titration (Fig 3.5B). Using chMMP-14 and the optimal 0.5% glucose, Fabs DX-

2400, 3D9, 3A2 exhibited expected inhibition, while binding but non-inhibitory clone 

3B10 and non-relevant clone A5A (anti-amylase) did not inhibit MMP-14 activity (Fig 

3.5C). Considering both the potency and expression level of the Fab contributed to the 

result of inhibition assays, this simple screening method without MMP-14 or Fab 

purification can be served as an initial and facile step to identify potential antibody 

inhibitors.  

 

 
Figure 3.5 Periplasmic co-expression of MMP14 and Fabs for facile identification of inhibitory 

antibody clones. (A) Expression of a panel of Fabs in cells double transformed with MMP-14 and Fab 

plasmids. (B) MMP-14 titration results when cultured with different concentrations of glucose. (C) Results 

of peripasmic co-expression FRET inhibition assays.  
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3.5 Discussion 

As a membrane associated protease, MMP-14 has been recognized as one of the 

most crucial MMPs in cancer development and metastasis. Therefore, the consistent 

supply of MMP-14 is critical for fundamental research and the development of MMP-14 

specific inhibitors and antibodies for diagnostic and therapeutic purposes. Unfortunately, 

commercially available MMP-14 is considerably expensive (often >$300 per 10 µg), and 

thus prohibitive to many biomedical research. Currently, the standard preparation of 

MMPs is through refolding of denatured MMPs from the inclusion bodies, which is a 

labor- and material-intensive and time-consuming process, usually associated with 

heterogeneous products and a low recovery rate (<35%). In distinct contrast to 

conventional approaches, this paper reports direct expression of active MMP-14 in the 

periplasm of E. coli. By comparing immature chMMP-14 and mature cMMP-14, altering 

IPTG concentration, choosing host cells, and optimizing culture temperature, the activity 

of periplasmically expressed MMP-14 was significant increased 6.5-folds from 107 

ΔRFU/min to 691 ΔRFU/min (Fig 3.2). Facile production of considerable yields (>500 

µg/L) of fully active cMMP-14 without refolding or activation was achieved. To the best 

of our knowledge, it is the first reported study on direct expression of functional MMP in 

the periplasmic space. This also provides a solid platform for the development of simple 

in vitro inhibition assays without MMP-14 purification. After a rapid periplasmic 

preparation (~15 min), inhibition potencies were accurately measured for a panel of 

chemical and antibody inhibitors, demonstrating that crude MMP-14 preparations worked 

well for inhibition assays. Co-expression of Fab and chMMP-14 further simplified the 
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assay by avoiding the purification of Fabs. Therefore, phage panned or FACS enriched 

libraries can be cloned to cells harboring chMMP-14 plasmid to perform initial inhibition 

screening. This improvement is significant because this process doesn’t need cloning, 

expression and purification of individual antibodies. In addition, co-expression of Fab 

and chMMP-14 also has the potential to develop a genetic selection method for inhibitory 

antibodies by incorporating a reporter substrate. We expect this periplasmic expression 

approach can be applied to other biomedically important MMPs as well, such as MMP-2 

and -9. In these regards, the periplasmic expression of catalytic domain of MMPs and in 

vivo inhibition assays demonstrated in this paper provides an excellent approach to obtain 

functional MMPs alternative to the conventional refolding methods, and thus can be 

beneficial to the scientific community working on MMPs in general. 
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Chapter 4 

Generation of Inhibitory Antibodies from Synthetic Long CDR 

Libraries  

 

4.1 Abstract 

Proteases serve as one of the largest families of pharmaceutical targets, and 

specificity is extremely important for most inhibition-based treatments. However, the 

proteolytic mechanisms are highly conserved among the same class or family of 

proteases, thus achieving specificity presents a major hurdle for developments of 

compound inhibitors. Inspired by the fact that a large proportion of camelid antibodies 

are able to inhibit enzymatic reactions by binding to the active pockets, we analyzed 

sequences and structures of inhibitory antibodies and hypothesized that convex shaped 

paratopes encoding by ultra long CDRs are inhibition-prone. From constructed large 

synthetic human antibody libraries (1.2×10
9
 variants) carrying extended CDR-H3 with 23 

to 27 aa, we generated 14 inhibitory Fabs targeting matrix metalloproteinases (MMP)-14, 

a predominant cell surface marker of cancers. Notably, inhibitory Fabs accounted for 

60% of identified binding clones and a panel of highly potent Fab inhibitors with 

exclusive selectivity toward MMP-14 over MMP-2/-9 was identified. Particularly, Fab 

3A2 competitively inhibited MMP-14 at physiological environments with a binding 

affinity of 4.85 nM and an inhibition potency of KI=10 nM, demonstrating the potentials 

of this novel paratope design for many biomedically important but challenging targets to 

conventional antibody techniques. 
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4.2. Introduction 

4.2.1 Large groups of therapeutic targets have concave structures as their drug 

binding sites. 

As extremely important signaling molecules, proteases precisely control a wide 

variety of physiological processes. Consequently, many diseases are associated with 

altered protease expression or substrate proteolysis (Cudic and Fields, 2009; Drag and 

Salvesen, 2010; Deu et al., 2012; Raju et al., 2012; Harris and Craik, 2000; Docherty et 

al., 2003): e.g. Cancer cells exhibit excessive protease activity for degrading extracellular 

matrices (ECM) and metastasizing into other organs of the body (Overall and Kleifeld, 

2006a; Zucker and Cao, 2009); Numerous infectious diseases, such as malaria, HIV and 

hepatitis C, rely on their proteases to invade the host cell and edit viral coating proteins 

(Raju et al., 2012; Greenbaum et al., 2002); In chronic wounds, proteases lose their 

balance between tissue synthesis and degradation, and increased proteolytic activity 

causes healing problems (Rijken and Lijnen, 2009). And hypertension is often correlated 

with high levels of renin, an aspartic acid protease which plays a crucial role in 

controlling blood pressure (Laight, 2009; Dusing and Sellers, 2009). Therefore, one 

possible pharmaceutical mechanism is to block these abnormal or pathogenic proteolysis 

by inhibiting their catalytic reactions (Turk, 2006). As expected, the drug binding sites on 

these proteases are their enzymatic reaction centers, which often form concave structures. 

Virus coating proteins, such as HIV gp140 and influenza hemagglutinin (HA), are 

another group of examples showing that concave conformations represent important 

pharmaceutical hot spots. Despite more than two decades of intensive studies, researchers 
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have only discovered a handful monoclonal antibodies (mAbs) able to neutralize broad 

ranges of HIV mutants (Kwong et al., 2013). Most of these broad neutralizing mAbs 

were isolated from individuals who are HIV-infected for years but do not develop AIDS 

(Walker et al., 2009; Georgiev et al., 2013). Biochemical and structural analysis revealed 

that these rare mAbs bind to the highly conserved and thus biologically important regions 

of gp140 (Walker et al., 2011), such as CD4-binding site by mAb b12 (Saphire et al., 

2001), the spike root by mAbs 4E10 and 2F5 (Cardoso et al., 2005; Zwick et al., 2004), 

and V1/V2 domain by mAb PG9 (McLellan et al., 2011). However, these vulnerable sites 

are exclusively buried deeply inside major cleft structures of gp140 and, therefore, are 

difficult for common antibodies to access. Similarly, the concave structures on influenza 

HA are important drug binding sites too, demonstrated by a recently discovered broad 

neutralizing mAb C05 which uses an unusually ultra-long amino acid loop (24 aa) to plug 

into HA’s conserved and concave receptor-binding site (Ekiert et al., 2012). 

 

4.2.2 Many small molecule inhibitors failed to deliver specificity. 

Most therapeutic protease inhibitors currently in clinical use or under 

developments are peptides or their chemical compound mimics, originally derived from 

the protease substrates. Because ~2% of the human genome is estimated to encode 

proteases and at least 500-600 human proteases have been found (Overall and Blobel, 

2007), specificity is highly desired for any protease inhibition therapy (Drag and 

Salvesen, 2010; Deu et al., 2012). However, achieving target specificity has been 

recognized as the main hurdle for protease inhibitor developments. This is because the 
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reaction mechanism is highly conserved among the same class of proteases and proteases 

often have many closely related family members, resulting in lead compounds often 

inhibit more than one target, potentially causing unwanted side effects (Deu et al., 2012; 

Turk, 2006). The crucial importance of specificity has been highlighted by the extensive 

studies on inhibition of matrix metalloproteinases (MMPs) using zinc-chelating 

compounds as a strategy for treating cancer (Lee et al., 2004). Although pre-clinical 

results were promising, 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 (Overall and Kleifeld, 2006a; 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; Devy et al., 2009). 
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4.2.3 Antibodies are a very attractive alternative for highly selective inhibition. 

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. Although proteases 

represent one of the largest families of potential pharmaceutical targets, to date, only a 

few inhibitory mAbs targeting a very small fraction of biomedically important proteases 

have been discovered, and these inhibitory antibodies showed promising therapeutic 

potentials (Devy et al., 2009; Sela-Passwell et al., 2012; Schneider et al., 2012). 

Considering hundreds of proteases have been identified in human genome, more mAbs 

inhibiting specific proteases remain to be developed (Zucker and Cao, 2010; Overall and 

Kleifeld, 2006). In addition, highly selective enzyme inhibitors can be used as 

biotechnological tools in basic research, e.g., to elucidate reaction mechanisms, to study 

kinetic processes, and as a probe to quantify and localize the enzyme in vivo. 

 

4.2.4 Generation of inhibitory antibodies is technically challenging. 

Many naturally occurring protease inhibitors present a convex shaped 

conformation that inserts into the protease active site and prevents substrate access or 

catalytic function (Desmyter et al., 1996). However, from a viewpoint of molecular 

immunology, the chance is rare to generate antibodies carrying convex paratopes by 
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using conventional hybridoma technology. In fact, active sites of enzymes have a low 

antigenicity for murine or human antibodies (Lauwereys et al., 1998). It is because the 

catalytic pocket is often buried inside a major cleft structure and as such is inaccessible 

and/or incompatible to the antigen-binding surface topography of native human 

antibodies – often a cavity, groove, or flat surface but rarely a convex conformation. On 

the other hand, a large proportion of antibodies isolated from camels and llamas can bind 

to active pockets and inhibit enzymatic reactions efficiently (Desmyter et al., 1996; 

Lauwereys et al., 1998; De Genst et al., 2006; Nguyen et al., 2000). However, 

accessibility to these animals and potential immunogenicity issues largely hampered 

broader applications of inhibitory antibodies for therapeutic applications. This study 

aimed to design and construct novel synthetic human antibody libraries carrying 

protease-inhibiting paratopes inspired by camelid antibody repertoires. 

Table 4.1 Reported enzymatic activity inhibiting mAbs and their unusual long CDR3 sequences 
Source Ag mAb CDR3 sequence (length) KI (nM) Structure Reference 

Camel Lysozyme cAb-Lys3 DSTIYASYYECGHGLSTGGYGYDS (24) n.d. Fig 4.1a Desmyter 1996 

Camel Lysozyme cAbCa10 IEEYCGGTYWLRPNKYKH (18) 42 n.a Lauwereys 1998 

Camel Lysozyme D3-L11 ATRKYVPVRFALDQSSYDY(19) n.d. Fig 4.1b De Genst 2006 

Camel Lysozyme D2-L29 AGYRNYGQCATRY(13) n.d. Fig 4.1c De Genst 2006 

Human MT-SP1 A11 DLGIAARRFVSGARDI (16) 0.72 Fig 4.1d Schneider 2012 

Human MT-SP1 E2 PYLTYPQRRGPQNVSPFDN (19) 1 Fig 4.1e Schneider 2012 

Human MT-SP1 S2 TFHIRRYRSGYYDKM (15) n.d. n.a Schneider 2012 

Llama BoNT Aa1 DEDVTPRVMGVIPHADH (17) 0.03 n.a Dong 2010 

Llama BoNT A26 EVSSGQPAVTTFWEDMYDY (19) 8.7 n.a Dong 2010 

Llama gp120 F2 XSKVMFYSDYMRYGMDY (17) n.d. n.a Forsman 2008 

Llama gp120 D7 KWRPLRYSDNPSNSDYNY (18) 0.097 n.a Forsman 2008 

 

4.2.5 Rationale of antibody paratope designs 

A large proportion of isolated camelid heavy-chain antibodies exhibits enzyme-

inhibiting functions, which are quite unusual for conventional human or murine mAbs 

(De Genst et al., 2006; Lauwereys et al., 1998). Sequence analysis of inhibitory heavy 

chain antibody VH domains (VHHs) (Table 4.1) and crystal structures of VHH:enzyme 
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complexes (Fig 4.1A-C) revealed that camelid VHHs have at least three unique features: 

(1) Extended CDR1 and CDR3, providing expanded antigen-binding surface to form a 

convex paratope, which penetrates into the catalytic cleft and inhibits the enzymatic 

reaction; (2) An interloop disulfide bond between CDR1-CDR3 or FR2-CDR3, believed 

to dispose the orientation of CDR3 for appropriate penetration towards the antigen; (3) 

Mutations in the former light chain binding interface to stabilize the single domain 

structure of VHHs (Desmyter et al., 1996; Nguyen et al., 2000; Spinelli et al., 1996). 

 

 

 
Figure 4.1 Structures of inhibitory Ab:enzyme Ag complexes suggested that the major mechanism of 

inhibition is mediated by the penetration of convex paratopes into catalytic pockets. (A) cAb-Lys3 

(Desmyter 1996); (B) D3-L11(De Genst 2006); (C) D2-L29 (De Genst 2006); (D) A11 (Schneider 2012)  

(E) E2 (Schneider 2012). 

 

Recent crystal structures of several inhibitory antibodies targeting MT-SP1 

(matriptase) have also revealed the insertion of the long H3 variable loops (up to 19 aa) at 

the substrate-binding pocket for potent inhibition (Fig 4.1D-E, Schneider et al., 2012). 

Although novel inhibition mechanisms other than directly penetrating into catalytic 

reaction center, i.e. promoting conformational changes or blocking substrate access have 

been discovered (Wu et al., 2007; Dong et a., 2010), majorities of discovered inhibitory 
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antibodies from camelid or human have unusual long CDR3s, with 17.7aa in average, 

implicating that extended CDRs are critically important for enzyme inhibition (Table 

4.1).  Therefore, the average length of H3 loops in natural IgGs, 9 residues for mouse and 

12 for human, is insufficient for the formation of convex surfaces and binding to catalytic 

pockets. Neutralizing antibodies with unusual long CDR-H3 have been discovered from 

human (Corti and Lanzavecchia, 2013), but from a viewpoint of molecular immunology, 

the chance is rare to generate antibodies carrying convex paratopes by using conventional 

hybridoma technology. Besides camelid single domain antibodies, inhibitory antibodies 

were recently constructed using cow antibody scaffolding (Zhang et al., 2014; Liu et al., 

2015). However, accessibility to these animals and potential immunogenicity issues 

largely hampered broader applications of inhibitory antibodies for therapeutic 

applications. By applying advances in in vitro antibody approaches especially synthetic 

antibody libraries, this study aims to generate highly potent and highly selective 

inhibitory antibodies by intentionally incorporating convex conformation into the 

antigen-binding sites of fully human antibody scaffolds (Miersch and Sidhu, 2012; Sidhu 

and Fellouse, 2006; Hoogenboom, 2005). 

 

4.3 Materials and Methods 

4.3.1 Library construction 

Six degenerate polynucleotides (Table 4.2) were synthesized (IDT, Coralville, 

IA) to encode randomized CDR-H3s having 23, 25, or 27 aa and partial framework 

region 3 (FR3) and FR4. For CDR-H3 with 23 aa, XYZ codons were used, which 
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contained unequal nucleotide ratios at each position of the codon triplet (X = 38% G, 

19% A, 26% T and 17% C; Y = 31% G, 34% A, 17% T and 18% C; and Z = 24% G and 

76% C). For CDR-H3 with 25 or 27 aa, NNS codon was used. 

Table 4.2 List of oligonucleotides for long CDR-H3 assembly 

Name Oligonucleotide sequences 

VH1 ggccgtttcactataagcgcagacacatccaaaaacacagcctacctgcagatgaacagc 

VH2_23 P-ccgtgtattattgcgcgcgt(XYZ)18(TAT)(GBN)atggactactggggtcaggg 

VH2_25 P-ccgtgtattattgcgcgcgt(NNS)20(TAT)(GBN)atggactactggggtcaggg 

VH2_27 P-ccgtgtattattgcgcgcgt(NNS)22(TAT)(GBN)atggactactggggtcaggg 

VH3 P-acgcgcgcaataatacacggcagtgtcctcagctcttaagctgttcatctgcaggtaggc 

VH4 tggatgaccgaagcttgccgaggagacggtgaccagggttccctgaccccagtagtccat 

       Notes: 

      (1) Overlapping regions were underlined with annealing temperatures of ~58 
o
C. 

      (2) VH2 and VH3 were 5’ phosphorylated. 

 
 
The CDR-H3 fragments were assembled by overlap extension without PCR 

amplification (Ge et al., 2010). Briefly, equimolar amounts of oligonuclotides VH1, 

VH3, VH4, and one of VH2s were annealed in 50 mM NaCl, 10 mM Tris-HCl by 

gradually cooling the primer mixtures from 95 to 25 
o
C. Gap filling was performed using 

T4 DNA polymerase and T4 DNA ligase in the presence of 500 µM dNTPs for 60 min at 

37 
o
C followed by heat inactivation at 75 

o
C for 20 min in the presence of 10 mM EDTA. 

The assembled CDR-H3 genes were gel purified using DNA recovery kit (Zymo 

Research, Orange, CA), digested with AflII/HindIII and inserted into a β-lactamase 

fusion vector pVH-bla to remove stop codons and reading-frame shifted CDR-H3 

fragments as previously described (Seehaus et al., 1992; Lutz et al., 2002). E. coli Jude-I, 

a DH10B strain (Invitrogen, Carlsbad, CA) harboring the “F’ factor derived from XL1-

Blue (Stratagene), was used for library construction. Different concentration of inducer 
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(0.1-1 mM IPTG) and antibiotics (25-100 µg/ml ampicillin) supplemented in 2×YT agar 

media were tested to optimize the selection conditions.  

To construct Fab phagemid libraries, the cells containing CDR-H3-23, -25 and -

27 libraries were grown overnight at 30 
o
C followed by plasmid DNA extraction and 

digestion with AflII/BsmBI. The phagemids of a synthetic Fab antibody library with > 

10
10

 variants (Persson et al., 2013) were amplified and digested using the same REs. The 

fragments of Fab phagemids and CDR-H3 were ligated and transformed into E. coli XL1-

Blue by electroporation. The constructed libraries were validated by DNA sequencing, 

and expression profile of dozens of randomly picked Fab phage clones was tested by 

western blot. 

 

4.3.2 MMP-2, -9 and -14 production and biotinylation 

The catalytic domains of MMP-2, -9 and -14 were cloned, expressed, purified and 

refolded as described previously (Koo et al., 2002; Nam and Ge, 2013; Tochowicz et al., 

2007; Ye et al., 1995). MMP-2, -9 and -14 in BL21 (DE3) were expressed in 2×YT 

supplemented with 100 µg/ml ampicillin at 37 
o
C for 5 hr and expressed denatured 

MMPs were solubilized in 6 M urea and purified under denaturing conditions using Ni-

NTA resin. Purified MMPs were refolded by multi-step dialysis against TBS solution (50 

mM Tris–HCl (pH 7.5), 150 mM NaCl 5 mM CaCl2, 100 µM ZnCl2) with decreasing 

concentration of urea (from 6 M up to 0 M). Catalytic activity of MMPs was analyzed by 

cleavage assays using a quenched fluorescent peptide (Mca-Lys-Pro-Leu-Gly-Leu-

Dap(Dnp)-Ala-Arg-NH2 (Bachem, Torrence, CA) as the substrate. The reactions were 
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performed in TBS buffer in the presence of 1-40 µM substrate and various concentrations 

of MMPs. Fluorescent signals (RFU) with excitation at 328 nm and emission at 393 nm 

were monitored continuously with 10 sec intervals using Synergy H4 Hybrid Multi-Mode 

Microplate Reader (BioTek, San Diego, CA). Km and Vmax were determined from 

Lineweaver-Burk plots, and kcat was calculated from the Vmax/concentration of the 

enzyme. The catalytic domain of MMP-14 was biotinylated using the EZ-Link Sulfo-

NHS-LC-Biotin reagent (Pierce, Rockfold, IL, USA), and applied in phage panning and 

ELISA screening. 

 

4.3.3 Phage panning and monoclonal ELISA 

Standard protocols were applied for all phage preparations and ELISAs (Pardon et 

al., 2014). Briefly, ~10
13

 phage particles of the constructed long CDR library were 

incubated in microtiter plate wells coated with streptavidin for 1 hr at RT with gentle 

shaking at 700 rpm. The streptavidin-depleted phage library was then transferred to wells 

coated with streptavidin and biotinylated MMP-14. After incubation for 1 hr at RT, the 

wells were washed 10 times with TBS buffer (50 mM Tris-HCl; 150 mM NaCl; 5 mM 

CaCl2; 100 µM ZnCl2, pH 7.5) containing 0.1% Tween 20, and 5 times with TBS buffer. 

MMP-14 binders were eluted by incubation with 6 µM TIMP-2 for 1 hr at RT. The 

remaining phages were further eluted with 100 mM triethylamine. Eluted phages were 

amplified by infection with XL1-Blue cells and addition of helper phages. In the second 

and the third rounds of selection, the washing stringency was increased to 20 times with 
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TBST followed by 5 times with TBS. In the third round, the antigen concentration was 

also reduced to half to increase the selection pressure for high affinity Fabs. 

Phages enriched from the second and the third rounds of selection were screened 

by monoclonal phage ELISA to identify positive binders. 96-well plates were coated with 

biotinylated bovine serum albumin (BSA, 2 µg/ml in TBS buffer) overnight at 4 
o
C, and 

washed 3 times with TBST. Streptavidin (10 µg/ml) in TBS with 0.5% gelatin was 

captured on the coated plates. Following washing with TBST, half of the plates were 

further coated with biotinylated MMP-14 (1 µg/ml). The coated plates were incubated 

with rescued phage cultures, then anti-M13-HRP conjugate and TMB solution were 

added to develop the signals. The signal ratios of MMP-14 to streptavidin were calculated 

to identify positive clones (i.e. ratio > 5). For Fab ELISA, purified Fab was serially 

diluted in MMP-14 coated wells followed by incubation at RT for 1 hr. Bound Fabs were 

detected using anti-Fab-HRP conjugate. The half-maximal effective concentration was 

calculated from a four-parametric logistic curve-fitting analysis. 

 

4.3.4 Cloning, expression and purification of Fabs 

Selected Fab genes were digested with NsiI/SalI from phagemids and cloned into 

the Fab expression vector containing a phoA promoter, a STII leader peptide, a C-

terminal His tag and an amber stop codon between Fab and gene III. Fabs were expressed 

in E. coli BL21 in 500 ml 2×YT supplemented with 100 µg/ml ampicillin. After cultured 

at 30 
o
C overnight, the cells were harvested and treated with osmotic shocks to recover 

the periplasmic fractions containing Fabs (Goldman et al., 2003; Nam and Ge, 2013). 
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Fabs were purified by Ni-NTA chromatography, and dialyzed against 50 mM HEPES, 

150 mM NaCl, pH 6.8 to remove residual imidazole, a weak inhibitor of MMP-14. The 

homogeneity and purity of Fabs were verified by SDS-PAGE, and their concentrations 

were measured with NanoDrop 2000 (Thermo Scientific, Waltham, MA). 

 

4.3.5 Biacore analysis 

The binding kinetics Fabs 3A2 and DX-2400 were measured with a BIAcore 3000 

(Biacore, UCLA, CA). The catalytic domain of MMP-14 was immobilized on a CM5 

sensor chip via amine coupling, and the binding experiment was performed under a 

constant flow of 20 µl/min of assay buffer at 25 
o
C. 5 - 20 nM Fab samples were injected 

over the surface for the association phase. Regeneration of surface was done by 1 mM 

NaOH. The data was processed using a monophasic model for nonlinear curve fitting 

with possible mass transport considered. Association and dissociation rate constants Ka 

and Kd were calculated using global spectrum analysis as well as by fitting the individual 

association and dissociation phases using the BIAevaluation version 4.1 package 

(Pharmacia). 

 

4.3.6 MMP inhibition assay 

The enzymatic activity of MMP-14 in the presence of inhibitory Fasb was 

measured at 37 
o
C by monitoring the hydrolysis of the fluorogenic peptide at λex = 328 

nm and λem = 393 nm as described previously (Knight et al., 1992). Typically, 0-1,000 

nM Fab was incubated with 1 nM MMP-14 in TBS buffer for 2 hr at RT, then the 
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reaction was initiated by adding the substrate to a final concentration of 1 µM. 

Fluorescence was recorded continuously for 30 min and the initial reaction rates and 

inhibition constants were calculated by fitting the data to the equation below, where Vi is 

initial velocity in the presence of the inhibitor, V0 is the initial velocity in the absence of 

inhibitor, and [I] is the inhibitor concentration. 

 

  

  
  

 

  
   
    

     

 

To determine the type of inhibition, the initial velocity of MMP-14 was measured 

as a function of substrate concentration (0-40 µM) at several fixed concentrations of Fab 

(0-500 nM). The values of apparent KM and Vmax were derived by linearization according 

to the Lineweaver-Burk equation.  

 

 

 
 

  

    
 

 

   
 

 

    
 

 

KI values were calculated according to the equation below. 
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4.3.7 Gelatin zymography for MMP-2 activation assay 

Fibrosarcoma HT1080 cells (1×10
5
 seeded in wells of a 48-well plate) were 

stimulated for 24 hr in serum-free DMEM (0.6 ml) supplemented with  phorbol 12-

myristate 13-acetate (PMA, 50 ng/ml) alone or in the presence of the indicated 

concentrations of IgG or Fab antibodies. The status of MMP-2 in the conditioned medium 

aliquots (12.5 μl) was analyzed using a precast 10% acrylamide gel co-polymerized with 

0.1% gelatin (Life Technologies, Grand Island, NY). After electrophoresis, the gel was 

incubated twice for 30 min at ambient temperature in 2.5% Triton X-100 and then for 16–

18 h at 37 °C in 50 mM Tris-HCl, pH 7.4 containing 10 mM CaCl2, 1 μM ZnCl2, and 

0.02% NaN3. The gel was then stained with Coomassie Blue R-250 to visualize the bands 

with gelatinolytic activity. Where indicated, the broad spectrum hydroxamate inhibitor 

GM6001 (10 µM) was added to the cells and used as a positive control to inhibit MMP-

14 catalytic activity. 

 

4.3.8 MMP-14 mediated degradation of type-I collagen 

24-well plates were coated with neutralized, chilled rat tail type-I collagen (300 

µg/ml, 350 µl in PBS) for 3 hrs at 37 
o
C and air dried for 16 hr. The collagen coating was 

washed with water and rehydrated for 2 hr at 37 
o
C in 500 µl serum-free DMEM. The 

human mammary epithelial cells 184B5, which do not produce MMP-14 served as the 

negative control. And 184B5-MMP14 was obtained by transfecting 184B5 with the 

MMP-14 expression system. 50,000 cells in DMEM-2% FBS were seeded onto the 

collagen wells and allowed to attach for 3 hr. The medium was then removed and 

http://www.jbc.org/cgi/redirect-inline?ad=Invitrogen
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replaced with 350 µl serum-free DMEM alone or DMEM containing 100 nM DX-2400 

IgG, 250 nM DX-2400 Fab, 250 nM 3A2 Fab or 50 µM GM6001. The cells were 

incubated for 5 days. At day 3, the medium was replaced with fresh serum-free DMEM 

alone or containing the molecules of interest. At day 5, cells were detached with 2 mM 

EDTA, and the collagen was then fixed with 4% paraformaldehyde and stained with 

Coomassie Brilliant Blue R250. 

 

4.4 Results 

4.4.1 Unique features of camelid antibody repertoires for paratope design  

Analysis of camelid antibody sequences documented in IMGT, Kabat and Abysis 

databases (> 900 sequences total) indicated that CDR-H3 displayed a bimodal 

distribution with two peaks at 12 and 19 aa, distinctly different from Gaussian 

distributions of human and mouse antibody repertoires with average length of 9 and 12 

aa, respectively (Fig 4.2). Other interesting features of camelid antibodies included 

higher cysteine content, less hydrophobic residues (Phe, Val, Ile), more positively 

charged residues (Arg, Lys), more hydrophilic residues (Gly, Ser, Thr, Asn), but without 

a clear trend for negatively charged residues (Fig 4.3). These amino acid preferences 

presumably contribute for structure integrity through additional disulfide bond formation, 

and improve solubility of long CDR-H3 loops. 
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Figure 4.2 CDR-H3 length distributions of human, murine and camelid antibodies. Inserted table 

indicates the numbers of sequences used for statistics 

 
 
 

 
Figure 4.3 Amino acid composition of human and camelid CDR-H3 sequences. 

 
To mimic these camelid features, a degenerate codon XYZ was custom-designed 

to bias the diversity toward the amino acid usage in camelid CDR-H3 sequences. Unlike 

standard degenerate codons, e.g. NNS that contains equimolar quantities of two or four of 

the nucleotide bases, the XYZ codon contained different proportions of the nucleotides at 

each of the three codon positions (Fig 4.4, inset) and well mimicked compositions of 
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camelid CDR-H3s (Fig 4.4).  The residues flanking (XYZ)18 / (NNS)20 / (NNS)22 (for 23-

27 aa CDR-H3) were designed according to VH germline sequences (Fig 4.5, step 1).  

 

 
Figure 4.4 Resemble the amino acid usage of camelid CDR-H3 by custom-designed XYZ codon. (A) 

Amino acid usage of camelid CDR-H3s and comparison with XYZ encoded frequence; (B) Nucleotide 

proportions of XYZ at each of the three codon positions. 

 
4.4.2 Construction of large human synthetic antibody libraries carrying ultra long 

CDR-H3s 

Oligonucleotides encoding CDR-H3s with 23 - 27 aa were chemically synthesized 

(Fig 4.5, Step 1), and assembled by high fidelity mesophilic T4 DNA polymerase and T4 

DNA ligase without biased amplification (Fig 4.5, Step 2; Ge et al., 2010). Because of 

the nature of XYZ and NNS codon, considerable proportions (up to 50% for (NNS)22) of 

assembled CDR-H3 genes contain stop codons. In addition, reading frame shifted CDR-

H3 fragments can be generated during oligonucleotide synthesis and assembly process. 

To remove these truncated or non-functional fragments, assembled CDR-H3s were 

subjected to in-frame full-length selection by cloning to the VH-β-lactamase fusion 

vector (Fig 4.5, Step 3). Cell growth and protein expression conditions were optimized to 
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balance efficient in-frame selection and the ability to generate large numbers of 

transformants. Using optimized conditions (0.5 mM IPTG and 50 µg/mL ampicillin), the 

final diversity of in-frame selected libraries for CDR-H3-23, -25, -27 were 2.1 × 10
8
, 8.5 

× 10
7
, and 8.0 × 10

7
, respectively. Sequencing analysis indicated that >98% (129/131) 

CDR-H3s were correct in-frame. Selected in-frame full-length CDR-H3s were then 

incorporated into an existing synthetic Fab phage library (Persson et al., 2013) to 

generate 1.25 × 10
9
 Fab clones (Fig 4.5, Step 4, 4.6 × 10

8
, 3.4 × 10

8
, and 4.5 × 10

8 
for 

CDR-H3s with 23, 25, and 27 aa) with diversity on CDR-L3, -H1, H2, and H3 (Table 

4.3) 

 

4.4.3 Validation of constructed libraries by DNA sequencing and expression 

profiling 

Dozens of randomly picked clones from constructed long CDR libraries were 

subjected for DNA sequencing and the results indicated that 91% (92/101) were correct 

in-frame full-length carrying CDR-H3s with 23-27aa (Table 4.4). The diversities on 

CDR-L3,-H1,-H2 were well reserved on a single framework scaffold as designed, 

indicating high quality of the library. Since specially designed long CDR-H3s were 

incorporated, the efficiency of phage display was investigated by western blot. As results 

shown in Fig 4.6, 87% (34/39) randomly picked clones successfully produced Fab-pIII 

fusions. As expected, their expression levels vary significantly.  
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Figure 4.5 Construction of synthetic antibody libraries with long CDR-H3s. (Step 1) Hybridization of 

degenerate oligonucleotides encoding long CDR-H3s, which are enriched with camelid inhibition-prone 

paratope. (Step 2) CDR-H3 assembly by T4 DNA polymerase and T4 DNA ligase. 5’-phosphoratation is 

needed for DNA ligase. The restriction enzyme cutting sites are indicated. (Step 3) Assembled long CDR-

H3 genes will be subjected for full-length in-frame selection by fusing VH with β-lactamase. (Step 4) 

Cloning in-frame long CDR-H3s into existing Fab library to construct novel synthetic antibody library 

enriched with inhibition-prone paratopes. 

 

 

 

 

 



88 

 

 

 

Table 4.3 Randomization strategy for Fab-phage library carrying ultra long CDR-H3s  

CDR (Length) Residue Positions 
Diversity design Theoretical 

Diversity 

L3 (8) L107-114 Y/S/G/A/F/W/H/P/V 4.3×10
7
 

L3 (9) L107-114 Y/S/G/A/F/W/H/P/V 3.8×10
8
 

L3 (10) L107-114 Y/S/G/A/F/W/H/P/V 3.5×10
9
 

L3 (11) L107-114 Y/S/G/A/F/W/H/P/V 3.1×10
10

 

L3 (12) L107-114 Y/S/G/A/F/W/H/P/V 2.8×10
11

 

 L115 P/L 2 

 L116 F/I 2 

H1 

H30 I/L 2 

H35-38 Y/S 16 

H39 I/M 2 

H2 

H55, 57, 59, 62, 64, 66 Y/S 64 

H58 P/S 2 

H63 G/S 2 

H3 (23) H107-117 Xaa >10
25

 

H3 (25) H107-117 Xaa >10
25

 

H3 (27) H107-117 Xaa >10
25

 

 H114 A/G/V 3 
Notes:  

(1) Mutagenesis involved four CDRs – CDRL3, CDRH1, CDRH2 and CDRH3 

(2) Diversity was introduced both in terms of loop length and residue composition.  

(3) CDRs H1 and H2 contain much less diversity than CDRs L3 and H3 due to their smaller contributions 

to antigen binding.  

(4) Xaa encodes all 20 amino acids 

(5) The residues are numbered according to the IMGT system (Lefrane et al., 2003).  

 
 
 

Table 4.4 Sequencing analysis after Fab phagemid library construction 

CDR-H3 length 
In-frame full-length/ 

sequenced clones 
Others (9) 

23XYZ 37/45 (82.2%) 

Background library: 8 

Frame-shift: 1 

25NNS 33/33 (100%) 

27NNS 19/23 (82.6%) 

26, 28, 30  3 clones  

Total 92/101 (91%) 
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Figure 4.6 Western blot analysis of produced Fab-phages detected with anti-FLAG-HRP (23: clones 

with 23 CDR-H3 length, 25: clones with 25 CDR-H3 length, 27: clones with 27 CDR-H3 length, and F: F 

library clones as a positive control) 

               

4.4.4 Selection of dozens of MMP-14 binding antibodies  

Phages binding to MMP-14 were enriched after three rounds of panning using 

biotinlyated MMP-14 (Table 4.5). 288 phage-Fab clones from the second and the third 

rounds were screened by m bn  onoclonal phage ELISA. Significantly, 126 clones (44% 

hit rate) showed high ELISA signals (ratio of MMP-14 to streptavidin > 5) (Table 4.6). 

77 high signal clones were subjected to Sanger DNA sequencing and 20 unique clones 

carrying long CDR-H3 were found (sequence information in page 96, Table 4.7).  

 

Table 4.5 Phage panning enrichment for MMP-14  

Round 
Output phage / input 

phage 

Enrichment factor 

1
st
 1.06×10

-7
 - 

2
nd

 3.48×10
-7

  3.28 

3
rd

 6.20×10
-5

 178 
Notes: Enrichment factor is calculated by dividing output/input phage ratio of current round by that of 

previous round. 
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Table 4.6 Monoclonal phage ELISA results 

 5 < Ratio < 10 10 < Ratio < 15 Ratio > 15 

2
nd

 Rd 4/5 (80%) 1/5 (20%) - 

3
rd

 Rd - #1 17/21 (81%) 4/21 (19%) - 

3
rd

 Rd - #2 18/55 (32.7%) 16/55 (29.1%) 21/55 (38.2%) 

3
rd

 Rd - #3 19/45 (42.2%) 8/45 (17.8%) 18/45 (40%) 

Total  126/288 (43.8%) 
Notes: Ratio was calculated by dividing MMP-14 signal with the background signal developed against 

streptavidin. Clones were grouped based on their ratio values. 

 

 

Analysis of CDR-H3 sequences indicated significant changes of amino acid 

compositions after selection (Fig 4.7): increases of basic residues (Arg, Lys) while 

decreases of acidic residues (Asp, Glu), and increases of hydrophilic residues (Asn, Gln, 

Thr, Ser) while decreases of hydrophobic residues (Ala, Leu, Val, Phe, Trp). These 

changes improved Fab solubility in general and presumably enhanced their interactions 

with the negatively charged surface of MMP-14 reaction pocket. In addition, histidine 

content was slightly increased to be 0.6%, showing its potential to coordinate the 

catalytic zinc of MMP-14. Notably, cysteine content was dramatically decreased after 

selection, suggesting that presenting cysteine at CDR-H3 may interference with Fab 

disulfide formations. Interesting, there are a few clones, e.g. 3D9 carried two cysteine 

residues within CDR-H3, potentially forming an intra-loop disulfide bond. All above 

explanations can only be fully elucidated by X-ray crystallography, which is suggested as 

one of the future works following this thesis.  
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Figure 4.7 Comparison of CDR-H3 amino acid compositions of selected clones with library design 

 
 
 

4.4.5 High expression level of selected Fabs 

These 20 selected phage clones were converted into their expression format for 

Fab production and further characterization. Majority of Fabs carrying long CDR-H3s 

exhibited high yields (typically 0.5-2 mg/L in E. coli, Fig 4.8), which may be partially 

due to high portion of hydrophilic and positively charged residues while low portion of 

hydrophobic residues (Fig 4.7).  

Only one Fab 3F3 showed a particularly low expression level (< 10 µg/L). 

Western blot analysis of its expression indicated that both 3F3 heavy and light chains 

were well expressed but lacking efficient assembly (data not shown). Therefore, co-

expression with the periplasmic chaperons in charge of disulfide bond formation, e.g. 

DsbA and DsbC, will be carried out as suggested in Future Work section of this thesis.  
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Figure 4.8 SDS-PAGE of purified Fabs 

 
4.4.6 Characterization of purified MMP-14 Fabs 

4.4.6.1 Isolation of a panel of high affinity MMP-14 specific Fabs  

Binding affinity of purified Fabs showed a distribution ranging from 5 to 500 nM 

(Fig 4.9). Five Fabs showed apparent IC50s less than 10 nM and six Fabs had IC50 values 

between 10-50 nM. Particularly, 3A2 (4 nM), 3D9 (5 nM), 32C11 (5 nM), and 32E10 (5 

nM) exhibited impressively single digital nM affinity. 

 
Figure 4.9 Affinity distribution of purified Fabs.  
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4.4.6.2 Two third of affinity Fabs inhibited MMP-14 

The inhibitory potency against MMP-14 was tested using FRET peptide substrate. 

13 out of 20 Fabs showed an inhibition with potencies between 10 nM and 5 µM (Fig 

4.10). These results were consistent with those using periplasmic assays developed in 

Chapter 2. The high hit rate (65%) was striking compared with previously reported 

studies of inhibitory antibodies, e.g. a 2.5% hit rate for fibroblast activation protein 

inhibitory mAbs (Zhang et al., 2012), and 3.5% hit rate for MMP-14 inhibitory mAbs 

(Devy et al., 2009). Particularly, Fab 3A2 showed IC50 of 10 nM and, three other Fabs 

showed inhibition potencies below 50 nM, and many more exhibited moderate inhibition. 

This rich pool of lead candidates opens doors for further improvements by epitope and 

pharmaceutical optimizations, such as affinity maturation, half-time enhancement, 

production and storage stability optimization, etc.  

 

 
Figure 4.10 Inhibition IC50 distribution 
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Interestingly, the most enriched clone with 22 repeats, 3E9, showed moderate 

inhibition potency at µM range, likely due to high expression level and decent cell 

growth of 3E9 clone. While two high affinity Fabs 32E10 and 32C11 did not inhibit 

MMP-14, suggesting that tight binding does not always correlate with an inhibitory 

function. The four potent inhibitory clones appeared 4 times or less, implying that high-

resolution analysis of antibody repertoire by Next-Generation Sequencing will have the 

potential to discover more inhibitory clones (see Future Work for more details).  

 

4.4.6.3 Discovery of highly selective inhibitory Fabs 

Because the catalytic domains of MMP family members share extremely high 

degrees of structural homology, it is critical to measure the selectivity of isolated 

inhibitory Fabs toward MMP-14 over other MMPs. ELISA results indicated that 3A2, 

3D9, 2B5 and 3E2 were exclusively specific to MMP-14 without binding to MMP-2/-9 at 

500 nM. In addition to these highly selective inhibitory Fabs, 2B8, 3G9, and 3B10 

demonstrated ~10 fold selectivity of MMP-14 over MMP-2/-9 (Fig 4.11). The 

mechanisms conferring such high selectivity was not known, and can be illustrated by 

structure studies (Future Works).  
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Figure 4.11 Specificity of isolated inhibitory Fabs 
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Table 4.7 Characterization of isolated Fabs 

# Clone CDRH3 (length) Repeats 
Affinity 

ELISA (SRP) 

Inhibition 

IC50 (KI) 
Selectivity 

1 3A2 VKLQKDKSHQWIRNLVATPYGRYVMDY(27) 4 4 (4.8) nM 10 (10) nM Exclusive 

selective 

2 3D9 RLMAYHGSCSSRLCQTAISPQRYAMDY(27) 1 5 nM 45 nM Exclusive 

selective 

3 2B5 IGVNAWAVKMSQRMLATRGSGWYVMDY(27) 3 10 nM 50 nM Exclusive 

selective 

4 3E2 GIKGLVFTGSQMKMLRRGNYNWYVMDY(27) 4 50 nM 50 nM Exclusive 

selective 

5 33D2 SKYGPASRQLASRTSWSGPRGKYGMDY(27) 1 20 nM 175 nM 9.6 

6 3G9 ATNEKFRRKSLQVRLLMRSWLAYAMDY(27) 1 40 nM 450 nM 16.7 

7 3E9 NGRYPGFLKRAHKRLLNFKAYVMDY(25) 22 80 nM 1.25 µM  

8 33F3 GVRGNKLRLLSSRSGLMESHYVMDY(25) 4 750 nM 3 µM  

9 32D1 MSLHRNFNQQGRSRLLGRMPRTYGMDY(27) 4 200 nM 3 µM  

10 33D4 SVHMKLSNKILSGWSWNNSFYAMDY(25) 1 350 nM 3 µM  

11 32C2 SQHAKKSTIIRMLEHQSRSGMQYVMDY(27) 1 150 nM 6 µM  

12 3A6 RPCKACRTRLELVRRGMDSGLRYGMDY(27) 2 400 nM 4.5 µM  

13 32C11 EIHMLSRQARYLRDGRRPRGSMYVMDY(27) 1 5 nM -  

14 32E10 LDRDRYIHVGRAGNTYSNYYYVMDY(25) 1 5 nM -  

15 33C4 PTTSRVNKKLFRVSVLHPGSYGMDY(25) 1 40 nM -  

16 2H9 GTSFQVRCVLYRLLSPGRYVMDY(23) 1 75 nM -  

17 3B2 STAATTLSRMSRSYWTIQLPYGMDY(25) 6 150 nM -  

18 2E4 SARLRLRGNHDRRRSKSVYYRPYVMDY(27) 2 150 nM -  

19 33F5 NFRVESAGRPGKTVLRKDGKYAMDY(25) 1 750 nM -  

20 3F3 LYNGWLMVEGIGSAREGPTWYAMDY(25) 3 N/A Inhibitory  

Notes:  

(1) K (lysine), R (arginine), and H (histidine) are highlighted in blue, red and green, respectively. 

(2) In perplasmic FRET assay, +++, ++, +, and - indicate > 90%, 50-90%, < 50% inhibition, and no 

inhibition.  

(3) Selectivities for Fabs showing less than IC50 = 1 µM were calculated by dividing Fab concentration to 

MMP-14 with that to MMP-2 or MMP-9 at the same corresponding ELISA signal 

 

4.4.7 Further characterization of Fab 3A2 

4.4.7.1 Nano molar affinity confirmed by Biacore 

SPR analysis of 10-20 nM 3A2 Fab binding to immobilized MMP-14 revealed a 

kinetic association coefficient (kon) of 3.68 × 10
5
 M

-1
s

-1
 and a kinetic dissociation 

coefficient (koff) of 1.79 × 10
-3

 s
-1

, with the average dissociation constant (KD) of 4.85 × 

10
-9 

M, which well agrees with ELISA data (Fig 4.12). 
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[Fab] ka (1/Ms) kd (1/s) KD (M) 

10 nM 3.83×10
5
 6.67×10

-4
 1.74×10

-9
 

15 nM 3.44×10
5
 1.25×10

-3
 3.64×10

-9
 

20 nM 3.78×10
5
 3.47×10

-3
 9.17×10

-9
 

Figure 4.12 3A2 binding kinetics. SPR measurements of 3A2 Fab binding to immobilized MMP-14: 10 

nM (black), 15 nM (red), and 20 nM (Blue) 

 
4.4.7.2 Competitive inhibition of 3A2 

To determine inhibition type of 3A2, a series of enzymatic activity assays using 

various 3A2 Fab concentrations were performed. The obtained Lineweaver-Burk plot 

demonstrated a competitive inhibition pattern (Fig 4.13). This was also indicated by the 

kinetic parameters derived from the Lineweaver-Burk plot, where the maximum velocity 

(Vmax) did not change with the increase of Fab concentration (Fig 4.13A), whereas the 

affinity to the substrate (Km) was reduced (Fig 4.13B). Therefore, 3A2 Fab competes 

with the small substrate for binding at the catalytic center, and modulates MMP-14 

catalytic activity directly at its active site. 
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Figure 4.13 Determination of inhibition type of 3A2. A. Lineweaver-Burk plot B.The kinetic parameters 

of MMP-14 in the presence of Fab 3A2. 

 
 
4.4.7.3 Functionality of 3A2 at physiological conditions 

3A2 was further evaluated for inhibition of MMP-14-dependent activation of pro-

MMP-2 using fibrosarcoma HT1080 cells (Fig 4.14). At 200 nM, 3A2 Fab inhibited pro-

MMP-2 activation by ~80%, which was similar to the inhibition function of 200 nM DX-

2400 Fab (~90%). A low potent Fab 2B5 barely inhibited pro-MMP-2 activation when 

compared to the intact cells. The most abundant but not inhibitory Fab 3E9 did not show 

any sign of inhibition. The broad-spectrum inhibitor GM6001 and DX-2400 IgG 

completely blocked activation of pro-MMP-2 as positive controls, whereas the non-

inhibitory 3G4 IgG was without effect as a negative control. All these results were 

consistent with previous inhibition assays, confirming that 3A2 inhibited MMP-14 with a 

high potency in fibrosarcoma cell line.  
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Figure 4.14 Gelatin zymography of MMP-14 inhibition. Fab 3A2 inhibited MMP-14-depnedent 

activation of pro-MMP-2. 

  
In addition, the effect of 3A2 Fab on the enzymatic degradation of physiological 

substrate of MMP-14, type-I collagen, was investigated. Attached 184B5-MMP14 cells 

expressing MMP-14 on type-I collagen was incubated with molecules of interest, and 

remaining cellular collagen was visualized by Coomassie Blue staining. As shown in the 

Fig 4.15, 250 nM 3A2 Fab achieved a significant inhibition of MMP-14 activity toward 

collagen, which was comparable to DX-2400 Fab. 25 µM GM6001 and 100 nM DX-

2400 IgG displayed complete inhibition as positive controls. Without any inhibitor, 

collagen was completely degraded by MMP-14 as a negative control. Importantly, the 

inhibitory effect of 3A2 Fab on MMP-14’s naturally occurring substrates demonstrated 

its inhibitory potency on physiological environment.  
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Figure 4.15 Type-I collagen degradation by MMP-14 was inhibited by Fab 3A2.  

 

 
4.5 Discussion 

Most current antibody platforms focus on binding but not inhibitory function. 

Therefore, it is difficult to generate inhibitory clones with usually very low hit rates. For 

example, in the discovery of inhibitory scFv antibodies targeting the fibroblast activation 

protein (FAP), 384 clones were tested after phage panning. From identified 40 affinity 

clones, only one (2.5% hit rate) exhibited inhibitory function with low potency (µM 

range). In the discovery of a potent inhibitory antibody DX-2400 targeting MMP-14, 347 

affinity clones were isolated from a human naïve Fab library after phage panning, but 

only 12 out of 347 isolates were found to be inhibitory toward MMP-14 (3.5% hit rate).  

Inspired by natural occurring inhibitory antibodies from camels, we constructed 

custom-designed synthetic antibody libraries carrying long CDR-H3s in this study and 

demonstrated the great feature of these antibody libraries toward the generation of a panel 

of inhibitory antibodies with high potency and high selectivity. Notably, two third of 

isolated affinity antibodies showed inhibitory function, strongly supporting our 

hypothesis that covex paratope made by long CDR-H3s is inhibition-prone. We verified 

the hypothesis through experiments toward MMP-14, one of most important targets for 
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cancer treatment. The unprecedentedly high success rate of our strategy (65%) clearly 

demonstrates this synthetic antibody library approach can greatly advance the process of 

inhibitory antibody discovery. Such a novel design cannot be realized using either 

immune or naïve libraries.  

Among 13 identified inhibitory antibodies, Fab 3A2 showed an excellent potency 

of 10 nM without affinity maturation. Fab 3A2 also displayed exclusive selectivity 

toward MMP-14 over highly homologous family members MMP-2 and -9. Fab 3A2 

inhibited MMP-14 activity in a competitive manner by directly blocking its active site, 

and thus inhibited both its collagenase activity and pro-MMP-2 activation. 

In addition, several moderated inhibitory clones (2B5, 3D9 and 3E2, with ~50 nM 

of potency) showed excellent selectivity as well. This rich pool of lead candidates opens 

doors for further improvements by epitope and pharmaceutical optimizations, such as 

affinity maturation, half-time enhancement, production and storage stability optimization, 

etc. Overall, this novel antibody library approach shows potential promises in discovering 

a new class of antibodies toward enzymes and other concave druggable hot spots which 

are challenging using current antibody methods. 
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Chapter 5 

Generation of inhibitory monoclonal antibodies targeting matrix 

metalloproteinase-14 by motif grafting and CDR optimization  

 

5.1 Abstract 

MMP-14, a membrane-bound zinc endopeptidase playing important role in tumor 

growth, invasion and neovascularization, has therefore been recognized as an attractive 

therapeutic target. However, previous studies of broad-spectrum small molecule 

inhibitors toward tumorigenic metalloproteinases all failed in clinical trials.  It implies 

that selectivity is the key for a successful proteases inhibition. With exquisite specificity, 

antibody-based inhibitors are emerging as promising therapeutics. Recently, a cyclic 

peptide (CFSIAHEC) specifically inhibiting MMP-14 but not other MMPs has been 

reported. Unfortunately, this peptide inhibitor exhibited a low affinity of 150 μM, 

preventing its further applications as a potent therapeutic. We hypothesize that grafting 

this inhibitory peptide into the CDR-H3 region of antibody scaffolds will confer binding 

specificity and inhibition function to the antibody. Fab libraries carrying the inhibitory 

motif in CDR-H3 and diversities at other five CDRs were generated by gene assembly. 

After four rounds of phage panning, an inhibitory Fab clone with a potency of 120 nM 

was isolated. Biochemical and enzymatic studies demonstrated this grafting approach can 

convert a low affinity cyclic peptide to an antibody with > 1000 folds increase of potency 

showing therapeutic potentials by specifically inhibiting MMP-14. 
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5.2 Introduction 

Proteolytic enzymes play important roles in spread of cancer cells to surrounding 

tissues during the invasion process of metastasis (Skrzydlewska et al., 2005; Christofori, 

2006). The molecular mechanisms of tumor remodelling have been of significant interest 

for the development of anticancer drugs. Matrix metalloproteinases (MMPs) are a group 

of structurally related zincdependent endopeptidases capable of cleaving almost all 

extracellular and basement membrane proteins (Visse and Nagsase, 2003). Among them, 

the membrane type-I matrix metalloproteinase (MT1-MMP, or MMP-14) has been 

recognized as one of the most crucial MMPs in cancer development and metastasis 

(Genís et al., 2006; Morrison et al., 2009). Several broad spectrum MMP-inhibitors have 

been developed in the last 20 years, and tested in clinical trials for cancer treatments. 

However, majority of these small compound MMP inhibitors failed in clinical trials due 

to adverse side effects caused by their poor selectivity among the MMP family members 

(Turk, 2006; Zucker and Cao, 2009) 

Recently, Suojanen et al. reported a cyclic peptide GACFSIAHECGA (peptide G, 

PG) selectively inhibiting MMP-14 but not other MMPs. This peptide prevented the 

migration and invasion of cancer cell lines effectively in vitro, reduced the growth of 

tongue carcinoma xenografts in vivo, and prolonged the survival of mice. Unfortunately, 

peptide G has a considerably low affinity of 150 µM and a relatively short half-life, 

diminishing its further potential as a potent therapeutic (Suojanen et al., 2009) 

Antibodies had notable successes in targeting tumor cell surface antigens 

(Reichert et al., 2005), and emerged as very attractive therapeutic agents because of: (1) 
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high affinity and high specificity due to the large antigen-antibody interactions provided 

by CDRs; (2) extended half-life; (3) low immunogenicity and low toxicity. In this study, 

we aim to generate high potent antibody inhibitors targeting MMP-14 by CDR grafting 

and optimization (Fig 5.1), a method has been successfully applied for the generation of 

several monoclonal antibodies (Frederickson et al., 2006; Kogelberg et al., 2008; 

Moroncini et al., 2004; Qin et al., 2007). The underlining hypothesis of this work is that: 

(1) grafting an inhibitory peptide into CDR-H3 will confer binding specificity and the 

inhibitory effect to the antibody; (2) directed evolution of the rest of the antibody will not 

only stabilize the inhibitory ligand in the context of antibody structure but also provide 

additional contacts with the protease, therefore converting the peptide ligands into a 

pharmaceutical with higher potency and selectivity.  

 

 
Figure 5.1 Schematic presentation of the construction of antibody inhibitor. The sequence of inhibition 

motif is inserted into CDR-H3, which is flanked by two random amino acids for optimal presentation of 

peptide. All other CDRs are optimized to improve inhibition potency.  
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5.3 Materials and Methods 

5.3.1 Construction of motif grafting library 

DNA fragments encoding the inhibition motif of previously discovered peptide 

G (CFSIAHEC or FSIAHE) were assembled with two flanking randomized residues by 

overlap extension PCR using synthesized degenerate primers (Table 5.1). Amplified 

motif fragments were digested by BglII /NdeI and inserted to the Fab phagemids of a 

previously constructed synthetic Fab library having 10
9
 variants 

 
(Ge et al., 2010). After 

digestion and ligation, 3 µg of DNA was transformed with 200 OD of highly competent 

cells for library generation. 

Table 5.1 List of oligonucleotides 

Name  Oligonucleotide sequences 

Fwd cgctg agatct cggaagttcag 

R_CMMP-14C gcattcgtgtgcgatcgaaaaaca SNNSNN tytcgcgcagtagtaaaccgc 

F_ CMMP-14C tgtttttcgatcgcacacgaatgc NNSNNS tggggccagggtaccacc 

R_ MMP-14 ttcgtgtgcgatcgaaaa SNNSNN tytcgcgcagtagtaaaccgc 

F_ MMP-14 ttttcgatcgcacacgaa NNSNNS tggggccagggtaccacc 

Rev catgct catatg gtttaccagcgctaa 
 

 

 

 

5.3.2 Phage display, phage ELISA and Fab ELISA 

The catalytic domain of MMP-14 was expressed, purified and refolded as 

described in Chapter 2 and 3. All phage preparations and ELISAs were done according to 

standard protocols (Pardon et al., 2014). Briefly, produced catalytic domain of MMP-14 

(4 µg/ml) was directly adsorbed to Maxisorp 96-well immunoplates (Thermo Nunc) 

followed by blocking with 5% BSA. Phage particles with 100-fold excess to the library 

diversity were prepared and depleted on BSA coated wells for 1 hr at RT with gentle 

shaking at 700 rpm to remove BSA binders. BSA depleted phage library was subjected to 

incubation in MMP-14 coated wells for 1 hr at RT. Then the wells were washed 10 times 
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with TBS buffer (50 mM Tris-HCl; 150 mM NaCl; 5 mM CaCl2; 100 µM ZnCl2, pH 7.5) 

containing 0.1% Tween 20 and 5 times with TBS buffer. MMP-14 binders were eluted by 

incubation with 100 mM HCl and followed by neutralization with 1 M Tris-HCl (pH 8). 

Eluted phages were amplified by infecting XL1-Blue cells, and underwent three 

additional rounds of selection. From the second round, the washing stringency was 

increased to 20 times with TBST and 5 times with TBS. In the third round, the antigen 

concentration was reduced into half to improve affinity selection. 

Phages enriched from the third and fourth rounds were screened by Fab phage 

ELISA to identify MMP-14 binders. 96-well plates were coated with MMP-14 and 

blocked with BSA or coated with BSA only as described above. The coated plates were 

incubated with rescued phage cultures, and signals were developed by using anti-M13-

HRP conjugate and TMB substrate. The ratios between the signal associated MMP-14 

and that of BSA were calculated to identify positive binding clones. In Fab ELISA, 

purified Fabs were serially diluted into MMP-14 coated wells and incubated at RT for 1 

hr. Bindings were detected using anti-FLAG-HRP conjugate.  

 

5.3.3 Fab fragment cloning, expression and purification 

The Fab fragments of isolated phage clones were cloned via BglII/SalI cutting 

sites into a vector containing a phoA promoter, a STII leader peptide and a C-terminal 

His tag. Constructed Fab expression plasmids were transformed into E. coli Jude-I for 

cultivation in 2×YT media at 30 
o
C. The cells were harvested and treated with osmotic 

shocks as described previously to recover periplasmic fractions (Goldman et al., 2003,; 
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Nam and Ge, 2013). Fab samples were purified by affinity chromatography using Ni-

NTA resin, and dialyzed against 50 mM HEPES (pH 6.8), 150 mM NaCl to remove 

residual imidazole (a weak inhibitor of MMPs). The homogeneity of purified antibody 

fragments was verified by SDS-PAGE, and Fab concentrations were measured with 

NanoDrop 2000 (Thermo Scientific, Waltham, MA).  

To construct Fab expression vector under a Lac promoter, the VH and VL 

fragments were PCR amplified and cloned into NcoI/NotI and NheI/HindIII sites on 

pMAZ360-IgG (Mazor el al., 2007). A 10×His tag with a stop codon was introduced after 

the CH1 domain. Constructed plasmids were transformed into E. coli Jude-I for 

expression in TB media by induction with 0.2 mM IPTG at 30 
o
C overnight. Purification 

was performed as described above. 

 

5.3.4 Co-expression of molecular chaperones DsbA/DsbC with 1F8 Fab 

pBAD33-DsbA, pBAD33-DsbC, pBAC33-DsbAC-1P (one promoter), and 

pBAD33-DsbAC-2P (under two separate promoters) were transformed into Jude-I 

harboring 1F8 Fab plasmid. Co-expression of 1F8 Fab and molecular chaperones was 

induced by 0.2% arabinose in 2×YT supplemented with 100 µg/ml ampicillin and 35 

µg/ml chloramphenicol at 30 
o
C overnight. Purification was performed as described 

above. 
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5.3.5 MMP enzymatic assay 

The enzymatic activities of 500 pM MMP-14 in the presence of various 

concentrations Fabs were measured at 37 
o
C by monitoring the hydrolysis of 1 µM 

fluorogenic peptide Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 at λex = 340 nm and λem = 

390 nm as described previously (Knight et al., 1992,; Nam and Ge., 2013).  

 

5.4 Results and Discussion 

5.4.1 Design and construction of peptide motif library 

The synthetic Fab library was designed to encode peptide G motif in CDR-H3 

with other five CDRs randomized according to occurrence frequencies of amino acid in 

natural human antibodies (KabatMan database; Martin, 1996). The inhibitory motifs with 

or without the terminal cysteines (CFSIAHEC, FSIAHE) were designed to be flanked by 

two random amino acids at both sides for optimal presentation of peptide. The theoretical 

sequence diversity was calculated to be 6.9 × 10
8
 for VL, and 1.6 × 10

5
 for VH.  After 

digestion, ligation and transformation with 200 OD of highly competent cells with 3 µg 

of DNA ligation sample, actual diversity of 5 × 10
8
 transformants was generated by 

electroporation into E. coli. 

 

5.4.2 Characterization of library 

To evaluate the quality of the constructed library, 95 clones were randomly 

picked and their heavy chain variable genes were analyzed by Sanger sequencing. It was 

found that ~87% of the VH are functional clones with a CDR H3 correctly grafted. 3% of 
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clones had a stop codon in the NNS regions, and 10% of the sequenced clones have either 

a reading-frame shift at CDR H3 or present a non-designed sequence likely generated by 

mismatching during overlapping PCR. It is worth to mention that the annealing 

temperature of the overlapping PCR has been optimized to archive the most possible 

functional clones.  

The amino acid distribution in the four NNS positions was analyzed and showed a 

similar pattern compared with theoretical distribution. Interestingly, proline and glycine 

were highly represented in the franking regions encoded by NNS (Fig 5.2). Proline 

occupies 27% and 24% of H95 and H96, respectively and glycine residue occupies 38% 

and 28% of H100E and H100F respectively. Two reasons can be considered for this 

result: (1) Enriching those two residues in antibody might reduce product toxicity to host 

cell; (2) Codons of proline and glycine have high GC contents so assembled more 

efficiently during overlapping PCR process. Given that >85% of analyzed clones were in-

frame with correctly grafted CDRH3, the library was successfully constructed and can be 

utilized for the selection of inhibitory antibodies targeting MMP-14.  
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Figure 5.2 Amino acid composition of random residues 

 

5.4.3 Selection of MMP-14 specific antibodies from the motif grafted library 

Using standard phage display methods, four rounds of selection were performed. 

The phage titer usually increases along further rounds of selection, and this indicates that 

selection is occurring. Unfortunately, the enrichment against MMP-14 was not observed 

based on elute phage titration. However, examples of successful selection without change 

in output titer and failed selections with increases in titers have both been observed 

(Marks and Bradbury, 2004). 288 individual clones isolated from 3rd and 4th round 

panning were screened on purified MMP-14 by monoclonal phage ELISA. 

Unfortunately, none of clones showing ratio of MMP-14 to BSA background > 5 were 

identified. But 4 clones showing ratios over 4 and 15 clones showing higher signals than 

that of DX-2400 were identified. Total 19 clones were subjected to Sanger DNA 

sequencing. All clones are unique having peptide motif (Table 5.2). 7 out of 19 clones 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Marks%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=14970495
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bradbury%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14970495
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have peptide motif with cysteins and the others 12 clones do not have additional cysteins. 

Dominant clones without cysteines are presumably attributed to less structural constraints 

due to no additional disulfide bonds. 

 

Table 5.2 List of identified unique clones after sequencing          

Clone CDRH1 CDRH2 CDR-H3 
ELISA 

(nM) 

Expression 

level 

1A3 GFTFSNYSMP SPINPDGSSIF KWPFSIAHERR + < 10 µg/L 

1A10 GFTFSDDWMP SFIRHGGGSIY KQPFSIAHERG >1 µM  N.A. 

1B5 GFTFSASWMT SVIKYSSGYTF RYRCFSIAHECCP + < 200 µg/L 

1B8 GFTFSTSWMS SYISSNGSYTY KRHFSIAHEIT >2 µM N.A. 

1B11 GFTFSTYSMP SSIKSGGGTTY KLPCFSIAHECEV >1 µM N.A. 

1C1 GFTFSTDWMS SAISHGGSYTF KRRFSIAHEFT >1 µM N.A. 

1C3 GFTFSNYWMN SNISPSGDSIY KKQCFSIAHECVG >2.5 µM N.A. 

1C8 GFTFSAYWMS SAINAGGGNTY KKPFSIAHELL >2 µM N.A. 

1D10 GFTFSNAWMH SYISHNGNSTF RFACFSIAHECLI >5 µM  < 200 µg/L 

1D11 GFTFSNDSMP SVIKHGSDSTY KRHFSIAHEHY >2 µM N.A. 

1F8 GFTFSNAWMH SIISAGSSSTF RLPCFSIAHECVL 10 nM < 10 µg/L 

1H2 GFTFSTYSMP SVIRDGGDNIF RRPFSIAHERG + N.A. 

1H3 GFTFSDAWMH SFINHDGNSTF RRPFSIAHEYR >2 µM N.A. 

1H11 GFTFSNSWMN SYISNSSDYKF RRPFSIAHEWR ++ N.A. 

2A10 GFTFSTYWMH STINPGGSTKF RLLFSIAHEGP +++ N.A. 

2B11 GFTFSNAWMP SSISHSGGSKY KVLFSIAHEEH +++ N.A. 

2D9 GFTFSNYAMH SYIKYNSGTIY RLPFSIAHEST +++ N.A. 

2F9 GFTFSTYGMH SNISSGSSNTF KHRCFSIAHECAQ + N.A. 

3B1 GFTFSSYGMT SIISYNGSNIY RPTCFSIAHECRL +++ N.A. 

Note: (1) Affinity of clones with extremely low expression indicates as ‘+’. 

          (2) Signal intensity is indicated compared to DX-2400 Fab signal 

          (3) +++: Strong binding, ++: Moderate binding, +: weak binding 

          (4) N.A.: Concentration was not determined due to extremely low expression. 
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Figure 5.3 Expression of isolated clones by western blot. Fabs were detected with anti-FLAG-HRP. 

Since FLAG tag was in light chain, both Fab and light chain are detected. 

 

5.4.4 Characterization of antibodies 

5.4.4.1 Expresson and purification of isolated Fabs 

These 19 unique clones were converted into Fab format, and their expression 

levels were initially estimated by western blot. As results shown in Fig 5.3, overall 

expression level of identified clones was very low compared to DX-2400. Except 1B5 

and 1D11, which yield ~200 µg/L purified Fabs, the Fab yields of most isolated clones 

were < 10 µg/L (Fig 5.4). Low expression might be attributed to cell toxicity caused by 

this peptide motif. Initial Fab characterization was performed using Fab ELISA. Total 6 

clones such as 1F8, 2B11, 2D9, 2A10, and 3B1 showed a relatively higher affinity 

(Table 5.2).  

 

5.4.4.2 Efforts to improve expression level of isolated Fabs 

To improve expression level, these Fabs showing relatively high affinity were 

sub-cloned into Fab expression vector under a lac promoter. However, the expression 

level could not be significantly improved under this strong inducible promoter.  
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Figure 5.4 SDS-PAGE of purified Fabs. Some Fabs showing a detectable band in SDS-PAGE are 

presented in the figure. 

 

There are a number of chaperones in the periplasm, including the peptidyl prolyl 

isomerases SurA, PpiA, PpiD and FkpA, the anti-aggregation Skp, and the disulfide 

oxido-reductases DsbA and DsbC (Baneyx F and Mujacic, 2004; Bothmann and 

Pluckthun, 2000). The overexpression of some of these chaperones has been reported in 

literatures, resulting in improvement of the folding of certain antibodies (Bessette et al., 

1999; Hayhurst and Harris, 1999; Jeong and Lee, 2000). It was found that the over-

expressing DsbA and DsbC in particular have been quite beneficial (Joly et al., 1998). 

Since DsbA is the primary oxidizing agent and DsbC is the isomerizing agent for 

disulfide bonds, cooperation of these two chaperone molecules can be beneficial to 

improve antibody expression by promoting the formation of the correct covalent bridges. 

Therefore, antibody clones were co-expressed with these molecular chaperons to improve 

expression level. However, even in the presence of molecular chaperons, the expression 

level was not further improved.  

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Baneyx%20F%5BAuthor%5D&cauthor=true&cauthor_uid=15529165
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mujacic%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15529165
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5.4.4.3 Identification of an inhibitory clone with IC50 of 120 nM 

The inhibitory function was tested against MMP-14 using FRET peptide 

substrate. Among 6 purified Fabs, only 1F8 showed a significant inhibitory function (Fig 

5.5). By diluting Fab, the inhibitory profile was generated, and IC50 was estimated to be 

~120 nM, which was ~1000-fold higher than that of cyclic peptide inhibitor (150 µM).  

 

 
Figure 5.5 1F8 Fab inhibition assay and IC50 curve. 

 

5.5 Conclusion 

As a membrane associated protease, MMP-14 has been recognized as one of the 

most crucial MMPs in both development and invasion of tumors. With the central 

hypothesis that grafting an inhibitory peptide into CDR-H3 confers binding specificity 

and the inhibitory effect to the antibody, a large synthetic antibody library was 
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successfully generated by incorporating the MMP-14 specific inhibitory peptide motif 

into the CDR-H3 followed by optimizing the sequences flanking CDR-H3 and other 5 

CDRs in both the heavy and light variable domains. After phage display selection, among 

dozens of affinity binders, one inhibitory antibody, 1F8 Fab, with potency of 120 nM was 

isolated. Although further biochemical and enzymatic studies were not able to be 

evaluated due to extremely low antibody titer, we successfully demonstrated converting a 

low affinity cyclic peptide into to a more potent antibody inhibiting MMP-14 with > 

1000 folds increase of potency. We expect that this CDR grafting technology can be 

applied for many peptide inhibitors that specifically bind to enzymes at a proper epitope 

to generate high potency inhibitory antibodies with improved therapeutic potentials.  
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Chapter 6 

Conclusions and Future directions 

 

6.1 Summary 

     The following main conclusions can be drawn from the work described in this thesis. 

1. A function-based inhibitory antibody screening method was developed, which 

combined a simple periplasmic fraction preparation with an ultra sensitive FRET 

assay, both processes amenable to high-throughput applications. Using this method, 

inhibitory antibodies were rapidly (~30 min) distinguished from non-inhibitory clones 

with 60 folds signal difference and satisfactory Z-factors. Only picomolar range of 

proteases was needed, making this assay economically attractive. Coupled with 

ELISA, this method also provided a fast semi-quantitative estimation of IC50 values 

without antibody purification. In addition to scFv, this method was successfully 

expanded to Fab and Fab-geneIII fusion formats, demonstrating this versatile method 

can further expedite discovery process by avoiding subcloning or format switch. 

 

2. We developed a novel strategy to directly produce functional MMP-14 without 

tedious refolding or problematic activation process. Fully active MMP-14 catalytic 

domain was successfully expressed in periplasmic space of E. coli. By comparing 

immature and mature MMP-14 formats, altering IPTG concentration, choosing host 

cells, and optimizing culture temperature, the periplasmic expression level of MMP-

14 was increased 6.5 folds to achieve a facile production of high yields (> 0.5 mg/L) 
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of active MMP-14. Based on MMP-14 periplasmic expression, in vitro inhibition 

assays were developed for accurately measuring potencies of a panel of chemical and 

antibody inhibitors without MMP-14 purification. Co-expression of Fab and chMMP-

14 further simplified the assay by avoiding individual cloning, expression and 

purification of antibody clones. 

 

3. Highly potent and highly selective inhibitory antibodies targeting MMP-14 were 

discovered from novel synthetic antibody libraries which carry long CDR-H3s. After 

in-frame selection, synthetic CDR-H3s with 23-27 amino acids were cloned into a 

Fab phage library to construct an inhibitor rich antibody library with > 10
9
 variants. 

Sequencing analysis and western blot demonstrated high quality and functionality of 

the constructed library. 20 MMP-14 binding clones were isolated by phage panning, 

and their CDR-H3 sequences were enriched with histidines, arginine and lysine, 

presumably participating in coordination of the catalytic zinc and contacts with 

negatively charged active site of MMP-14. Majority of isolated Fabs had satisfactory 

levels of expression (i.e. > 1 mg/L). Using inhibition FRET assays, 12 inhibitory 

antibodies were isolated, which notably accounted for 60% of identified binding 

clones. Particularly, a high potency Fab 3A2 exhibited a binding affinity of 4.85 nM 

measured by SPR analysis and an inhibition potency of Ki=10 nM in FRET assays. 

Further kinetic studies proved 3A2 is a competitive inhibitor. Gelatin zymography 

and type-I collagen degradation using fibrosarcoma cell lines demonstrated its 

inhibitory function at physiological environments. This general method for inhibitory 
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antibody discovery has great potentials for many biomedically important but 

challenging targets, especially the ones carry concave conformations as their drug hot 

spots.  

 

4. A MMP-14 specific inhibitory antibody was generated by motif grafting and CDR 

optimization. The functional motif of a low affinity (150 µM) peptide inhibitor was 

flanked by randomized residues, and incorporated into CDR-H3 of a Fab library, 

which was diversified on all other five CDRs. The constructed library had 5×10
8
 

variants, and sequencing results confirmed that > 90% of clones were full-length and 

in-frame. After phage panning and ELISA screening, 19 binding clones were isolated 

for Fab production. Characterization of purified Fabs using ELISA and FRET 

inhibition assays identified several high affinity binders and one inhibitory Fab 1F8 

with potency of 120 nM. In this study, a short-lived low potency cyclic peptide was 

converted to an inhibitory antibody with ~1000-fold improved potency. 

 

6.2 Future works 

6.2.1. To elucidate inhibition mechanism by solving structure of Fab-MMP-14 

complex. 

Understanding mode-of-action of inhibitory antibodies is very important to 

further improve their pharmaceutical properties including affinity, selectivity and 

stability. Therefore, solving crystal structure of antibody-antigen complex will be a 

critical step to elucidate inhibition mechanism at molecular level. In this thesis, several 

high affinity and high potency inhibitory antibodies were discovered. Interestingly, 3D9 
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demonstrated >10-fold higher potency at pH 6 than pH 8, a beneficial feature because 

many tumors generate a low pH environment. Sequence analysis identified a histidine 

residue (pKa~6.5) at CDR-H3 plausibly responsible for its pH dependent behavior. 

Besides mutagenesis studies, crystallography will allow us to test this hypothesis. In 

addition to 3D9, a few other highly potent inhibitory antibodies showed therapeutic 

potentials, thus can be subjected to overexpression, purification, co-crystallization with 

MMP-14 for X-ray diffraction. Solving their structures and elucidating their inhibition 

mechanisms will guide the generation of better antibodies with improved therapeutic 

values.  

 

6.2.2. To improve therapeutic properties of discovered inhibitory Fabs  

(1) 1F8 Fab (Chapter 5) showed an extremely low expression level in E. coli, 

preventing its further biochemical characterization. Its expression profile and potency can 

be improved through directed elution.  

(2) At low pH (~6), 3A2 Fab can be slowly processed by high concentration (µM) 

of MMP-14 to generate two fragments (37 kDa and 15 kDa). Presumably, the cleavage 

site locates at its CDR-H3. The mass spectrometry can be performed to precisely identify 

the cleavage site, and further engineering can be carried out to improve stability of 3A2, 

while maintaining or even enhancing its inhibition function.  

(3) The moderate inhibitory Fabs including 3D9, 3E2, 2B5 and etc. can be 

engineered to improve affinity and potency toward MMP-14 through random 

mutagenesis and phage panning or FACS screening.  
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(4) Some clones such as 3E2 and 2B8 showed cross-reactive to MMP-14 and 

MMP-2/MMP-9. Such non-specific clones can be engineered to enhance their exclusive 

selectivity toward MMP-14, MMP-2 or MMP-9. This task can be done through 

alternative positive and negative selections from their mutagenesis libraries using phage 

panning or yeast-based FACS  

 

6.2.3 Mining antibody by next generation sequencing and bioinformatics 

The advent of next generation sequencing (NGS) technology provides alternative 

paths for antibody discovery. In chapter 4, in vitro inhibitory antibodies toward MMP-14 

were successfully isolated  through rounds of phage panning and ELISA. Only 77 clones 

were sequenced, leading the discovery of 20 unique inhibitory antibodies. However, 

further mining of more and better antibody candidates is limited due to the capacity of 

Sanger DNA sequencing method. After the first round of phage panning, the library 

diversity usually drops dramatically to be 10
5
-10

6
, therefore NGS can provide sequence 

information on virtually all clones in the repertoires. We anticipate that more inhibitory 

antibodies could be discovered by NGS and bioinformatics analysis. 

 

6.2.4 Inhibitory mAbs toward other biomedically important targets  

 This thesis developed a panel of novel methods for the discovery and engineering 

of inhibitory antibodies with high selectivity and high potency that have potential 

applications beyond MMP-14. Many metalloproteinases (e.g. ADAM, ADAMTS, MT-

SP families) have been identified as important subclasses of regulatory enzymes for 
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cancer research and attractive therapeutic targets for treatments. The general 

methodology developed in this work, therefore, can be readily applied to these 

biomedically important metalloproteinases. The methodology can also be extended to 

other proteases, which represent one large group of potential pharmaceutical targets due 

to their important roles as signaling molecules that control a wide variety of physiological 

processes. In addition, neutralizing antibodies can be isolated by the methodology of this 

study as well to fight numerous infectious diseases such as HIV and influenza. In fact, the 

synthetic nature of constructed inhibition-prone libraries allows us to apply them for the 

selection of mAbs inhibiting any therapeutic targets carrying concave structures as their 

drug binding sites.  

 

 

 

 




