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Design and development of antibody tools for characterizing the structure and function of 

cancer-related serine proteases 

 

Melody S. Lee 

 

Proteases play important roles in human biology and disease, and the development of selective 

tools is essential for studying their function and structure. Members of the same protease family 

have structurally similar active sites and closely-related substrate specificities. This makes 

targeting individual proteases particularly challenging. We are interested in using recombinant 

antibody technology to generate protease-specific tools that are inhibitory, selective, and 

compatible for translational applications. The focus of our work has been on the design and 

development of antibodies to study serine proteases involved in cancer pericellular proteolysis. 

The type II transmembrane serine protease (TTSP) family includes members, matriptase, hepsin, 

TMPRSS2, TMPRSS4, and DESC1, which are involved in this process. Using a naïve phage 

display antibody library, we identified a new inhibitory antibody A11 against matriptase. A11 uses 

a novel reverse binding motif found in a long antibody loop to inhibit matriptase in a mechanism 

different from another antibody E2 that uses a substrate-like binding motif. We designed synthetic 

antibody libraries around these two motifs to create biased libraries for identifying antibody-based 

inhibitors of serine protease targets more efficiently than other general approaches. The libraries 

were validated against matriptase and tested against a second protease target TMPRSS2, chosen 

for its increasing importance in aggressive and metastatic prostate cancer. Multiple expression 

systems were tested to produce reagent quantities of active TMPRSS2 for antibody selection as 

well as future structural efforts. Using recombinant protein expressed from Pichia pastoris with 
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our libraries, we identified and characterized a number of inhibitory TMPRSS2 antibodies and 

observed a higher ratio of inhibitors selected from the biased libraries. These antibodies were used 

in flow cytometry and immunofluorescence microscopy applications to follow TMPRSS2 

expression and localization in prostate cancer cells. Since TMPRSS2 is an androgen receptor 

regulated gene, we explored using our antibodies for monitoring androgen receptor signaling, 

critical for prostate cancer cell survival and treatment resistance mechanisms, for in vivo molecular 

imaging. The work presented here advances our knowledge of protease-targeting mechanisms of 

antibodies, demonstrates the importance of selective tools for studying proteases, and contributes 

to ongoing work in understanding the role of TTSPs in cancer.   
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Introduction to protease antibodies and their translational applications 
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Proteases encode for 2% of the human proteome and are important in many physiological 

processes like blood coagulation and digestion as well as pathophysiological processes like 

cancer, neurodegeneration and infectious diseases (Fig. 1-1).1 Traditionally, proteases catalyze a 

unique post-translational modification, which is the irreversible cleavage of their target 

substrates. Hydrolysis of the peptide bond is mediated through mechanisms dependent on the 

class of protease involved i.e. serine, threonine, cysteine, aspartate, glutamic acid, or metallo. 

Proteases recognize specific signatures in the substrates that they cleave and protease activity is 

regulated by proximity to substrates and cognate macromolecular protease inhibitors. Proteases 

can cause disease when this balance is disrupted, due to limited proteolysis of substrates, 

increased proteolysis of substrates, or a switch of function.1  

Historically, proteases have been interesting drug targets for the pharmaceutical industry 

with the development of protease inhibitors for hypertension, infectious diseases, thrombosis, 

and cancer just to name a few (Table 1-1). Protease inhibitors include small molecules, peptides, 

macromolecule inhibitors, and even antibodies. One of the main challenges to the development 

of protease inhibitors has been selective targeting since many proteases from the same family 

often share similar substrates specificities2 and have structurally homologous protease domains 

particularly in the active site (Fig. 1-2). Using small molecules, peptides, and macromolecular 

inhibitors, potent inhibitors have been generated for the serine protease matriptase, for example, 

however these molecules lack specificity and inhibit other serine protease targets with similar 

potency.3-7 Medicinal chemists have tried changing the chemical moieties on small molecules to 

improve selectivity, however extensive screening against a panel of proteases is necessary. 

Additionally, protease signaling can be complex and some cascades may not be fully elucidated. 

Early efforts to develop small molecule matrix metalloprotease (MMP) inhibitors showed 
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promise in animal models, however in clinical trials, they encountered multiple challenges, such 

as off-target effects from inhibiting other metalloproteases and no observable clinical benefit, 

which lead to failure of these drugs in development.1   

 To overcome these challenges, antibody-based inhibitors can provide both selectivity as 

well as potency against proteases. Antibodies have large binding surface areas, which allow for 

increased target interaction for specificity and are clinically compatible for downstream 

diagnostic and therapeutic uses. Proteases that are located in the extracellular environment can be 

targeted using antibodies with fairly high potency.8-9 Inhibitory protease antibodies work through 

two general mechanisms: targeting the active site and blocking substrate interaction or disrupting 

protease function and conformation through an allosteric site.10-11 Current protease antibodies in 

development mainly use an allosteric mechanism of inhibition (Table 1-2). Praluent 

(alirocumab), an approved biologic for hypercholesterolemia, inhibits the interaction of 

proprotein convertase subtilisin/kexin 9 (PCSK9) protease with low-density lipoprotein receptor 

(LDLR), but does not directly target the active site and inhibit protease activity.12  

 The protease antibodies currently in development (Table 1-2) include PCSK9 antibodies 

that have reached FDA approval or Phase III clinical trials and are being developed by many 

pharmaceutical companies (Regeneron/Sanofi, Amgen, Pfizer and Roche). The allosteric MMP-9 

inhibitory antibody (GS-5745) from Gilead Sciences is being tested in Phase II trials for gastric 

cancer, ulcerative colitis, and Crohn’s disease. This MMP-9 antibody is also in Phase I studies 

for solid tumors, COPD, and rheumatoid arthritis. Genentech/Roche, a major player in the 

biologics space, is developing an inhibitory, non-active site targeting antibody (lampalizumab) 

against complement Factor D for geographic atrophy associated with age-related macular 

degeneration, which is currently in Phase I/II trials. There are only two companies, Dyax and 
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Bayer, which are developing active site inhibitory antibodies in Phase I clinical trials against 

plasma kallikrein (DX-2930) and Factor XI, respectively. Bayer is also developing a bi-specific 

T-cell engager (BiTe) against prostate-specific membrane antigen (PSMA). In addition to 

therapeutics, protease antibodies are also being developed for imaging diagnostics. ImaginAb 

has a minibody (IAB2M) against PSMA for prostate cancer that is currently in Phase II. 

Although there are a handful of protease antibodies making their way through the clinical 

development pipeline, there are many more protease antibodies in early discovery (Table 1-3). 

Proteases in cancer make up a large majority of the antibody targets due to the important role of 

pericellular proteolysis in promoting aggressive disease. Pericellular proteolysis, a hallmark of 

cancer, involves misregulated proteases, which activate cascades that promote cancer cell 

survival, metastasis, and signaling (Fig. 1-3).13       

 There are three major methods for developing antibodies against proteases. The first two 

methods involve animal immunization with a protease antigen and then isolation of polyclonal 

antibodies from blood or fusion of immunized B-cells with a myeloma cell line to make a 

hybridoma that generates monoclonal antibodies. The third approach uses recombinant antibody 

libraries displayed on phage to identify antibodies through an in vitro panning procedure (Fig. 1-

4) that mimics natural selection. This approach has been used extensively for identifying 

protease antibodies (Tables 1-2 and 1-3), and modifications during selections can be introduced 

to enrich for antibodies that bind to the protease active site14 or to an allosteric site.11,15 One 

group has also grafted a macromolecular inhibitor motif onto the antibody scaffold to develop 

inhibitory protease antibodies.16 However even with these diverse approaches, more efficient 

methods and tools for identifying antibodies that are active site protease inhibitors are needed to 
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expand the repertoire of antibodies used to study the function and activity of disease-related 

proteases.  

This thesis summarizes our work on developing antibody-based tools to study and target 

individual serine protease targets involved in cancer. To achieve selective targeting, we used 

antibody-based modalities and leveraged our knowledge of cancer-specific cellular states and 

environments. One important hallmark of cancer that is of interest to us is the increased 

pericellular proteolysis that occurs in the tumor microenvironment. Proteases that are involved in 

this process include matrix metalloproteases, uroplasminogen activator, tissue plasminogen 

activator, ADAMs, and type II transmembrane serine proteases (TTSP).17 The TTSP family 

consists of twenty different members that are characterized by their short N-terminal cytosolic 

domain, a transmembrane domain, multiple extracellular protein binding domains, and a C-

terminal serine protease domain of the trypsin fold (Fig. 1-5).18 Members of this family are 

implicated in human diseases and seven in particular, matriptase, matriptase-2, hepsin, 

TMPRSS2, TMPRSS3, TMPRSS4, DESC1, have been associated with cancer.19 These proteases 

have very similar substrate specificities with preference for prime side 1 (P1) arginine residues. 

2,20 We are in the early discovery stages with this protease family and are trying to understand 

their pathophysiology using antibody-based tools that can help guide structural and functional 

characterizations of individual members in cancer.  

In the Craik lab, we have studied matriptase extensively from identifying cDNA from 

cancer cells and developing a robust expression system,21 characterizing its substrate 

specificity,22 developing antibody-based inhibitors,4,9,23 and following matriptase activity in 

molecular imaging applications in cancer.24-25 Chapter 2 describes a novel mechanism of 

protease inhibition that we identified from our inhibitory matriptase antibodies. Fab A11 was 
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identified from a human naïve B-cell antibody library26 and shared similarities to previously 

discovered matriptase Fabs E2 and S4 that came from a synthetic scFv library from 

Morphosys.23 Each antibody had complementarity determining region (CDR) heavy chain 3 (H3) 

loops that was much longer than the average length observed in nature and included a number of 

arginine residues as well. The arginine residues were mutated and potent inhibition of matriptase 

was reduced. We also identified a number of protease hotspots that were important for antibody 

binding using a panel of matriptase alanine mutants. The crystal structures of the Fab A11-

matriptase and Fab S4-matriptase antibody-protease complexes were determined and the 

mechanism of potent protease inhibition by antibodies was determined. The long CDR H3 loop 

of Fabs A11 and S4 adopted a reverse binding motif in the protease active site in contrast to Fab 

E2, which used a substrate-like binding motif instead. The cyclized CDR H3 loops alone 

inhibited some matriptase activity, however correct positioning and orientation of the CDR loops 

for protease inhibition required the antibody framework.  

We designed an antibody library around the two inhibitory motifs (reverse and substrate-

like) identified from the potent matriptase Fabs A11 and E2. Chapter 3 summarizes our efforts to 

use this approach to efficiently select targted protease inhibitors. We transplanted the long, 

inhibitory CDR H3 loops into a stable antibody framework VH3-23, VK1 and created libraries 

with large diversity. The biased libraries were tested against matriptase, and more inhibitory 

antibodies were identified using this approach than using a naïve library. Given its important role 

in aggressive metastatic prostate cancer, TMPRSS2 was chosen as the next target for the biased 

libraries. Developing tools that selectively target and inhibit TMPRSS2 activity would be of 

interest to the field. An expression system for TMPRSS2 was developed to generate reagent 

quantities of active, recombinant protein. Using the biased libraries against TMPRSS2, we 
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identified inhibitory antibodies more efficiently during selection than using a naïve library and a 

naïve synthetic library using the same antibody framework. Homology modeling of the antibody-

protease complex was used to guide affinity maturation and design of second generation affinity 

maturation libraries. We focused on two loops (CDR H1 and L1) and created a small library 

based on the best hits from the biased library. Antibodies that had more potency and binding 

affinity were identified using this structure-guided approach, confirming our design hypotheses. 

We also observed potent inhibition of TMPRSS2 activity using the Fab-phage supernatant, 

which suggested that a full length immunoglobulin G (IgG) format may be necessary for 

TMPRSS2 inhibition by antibodies.   

To better understand how our antibodies are targeting TMPRSS2, we wanted to 

determine the crystal structure of TMPRSS2 in complex with our antibodies. An antibody-

TMPRSS2 complex would help elucidate the mechanism of inhibition by our antibodies from the 

biased library and confirm our hypothesis that they are active site binders based on the library 

design. In addition, more structural information about the extracellular protein binding domains 

upstream of the protease domain would be an important contribution to the TTSP field since not 

much is known about their function or structure. Generating a high yield expression system for 

active TMPRSS2 has been extremely challenging. In Chapter 4, we discuss multiple approaches 

to improve expression of TMPRSS2 and by extension any challenging protease that is of interest 

to the scientific community. We explored various protein expression technologies such as yeast 

display, bacterial expression with SHuffle cells, mammalian expression with a protease open 

reading frame (ORF)-eome, and in vitro transcription and translation. The knowledge that we 

learned from designing multiple constructs can be combined into an optimized expression and 

purification scheme for future attempts at large-scale TMPRSS2 production. 
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In Chapter 5, we continue our characterization and development of our TMPRSS2 

antibodies as probes to study its pathophysiology in aggressive prostate cancer. TMPRSS2 plays 

an important role in metastasis as shown in studies by our collaborators in the laboratory of Dr. 

Peter Nelson at the Fred Hutchinson Cancer Research Center.27-28 We started the TMPRSS2 

project with a joint interest in developing inhibitory antibodies that can follow TMPRSS2 

activity in prostate cancer. We used the antibodies identified from the naïve library that had 

modest inhibition of TMPRSS2 activity in cell based assays. These antibodies labeled 

TMPRSS2-positive and not TMPRSS2-negative cell lines, however the amount of labeling was 

lower than expected for an overexpressed cell surface protein. When we looked inside prostate 

cancer cells that had been fixed and permeabilized, we observed robust labeling of a large 

intracellular population of TMPRSS2 in flow cytometry and immunofluorescence microscopy 

applications using our antibodies. Since antibodies work on mainly extracellular targets, we 

explored clinically-relevant treatment scenarios to promote TMPRSS2 expression. TMPRSS2 is 

an androgen receptor (AR)-regulated gene, and stimulating AR signaling through androgen 

treatment should increase TMPRSS2 expression. Indeed, cells treated with androgen had 

increased levels of TMPRSS2, and expression of TMPRSS2 was perturbed back onto the cell 

surface. TMPRSS2 expression on the cell surface appears to require an androgen signal. Given 

this result and the fact that TMPRSS2 is an AR-regulated gene, we wanted to evaluate whether 

we could use TMPRSS2 expression to monitor AR signaling that is important for prostate cancer 

cell survival. Resistance mechanisms often develop against anti-androgen therapy and radiation 

treatment leading to reactivation of the AR signaling pathway. We treated TMPRSS2-positive 

cells with ionizing radiation and observed increased TMPRSS2 protein expression. In our first 

steps toward developing these antibodies as diagnostics, we radiolabeled Fab 13F6 and imaged 
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prostate cancer xenografts in vivo. Although tumor uptake was low, we did observe time-

dependent accumulation of our TMPRSS2 antibody in the tumor. Future work with more 

inhibitory TMPRSS2 antibodies from the biased libraries converted into a full-length IgG format 

and additional animal models for treatment resistance in prostate cancer will be necessary to 

validate these findings and advance these antibodies as imaging diagnostics.  

Here, we have described structural mechanisms of protease inhibition by antibodies, 

design of general purpose synthetic antibody libraries for specific protease inhibition, and early 

development of TMPRSS2 antibodies in prostate cancer for molecular imaging and detection of 

treatment resistance. Eventually, we hope these findings will contribute to the design of more 

selective and potent antibody-based inhibitors of protease targets and these TMPRSS2 antibodies 

will advance in development into translational diagnostics and therapeutics for prostate cancer.  

 

REFERENCES 

1. Turk, B. (2006). Targeting proteases: successes, failures and future prospects. Nat Rev 
Drug Discov. 5, 785-99. 

2. Rawlings, N. D., Waller, M., Barrett, A. J. & Bateman, A. (2014). MEROPS: the 
database of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res. 42, 
D503-9. doi: 10.1093/nar/gkt953. Epub 2013 Oct 23. 

3. Enyedy, I. J., Ling, Y., Nacro, K., Tomita, Y., Wu, X., Cao, Y., Guo, R., Li, B., Zhu, X., 
Huang, Y., Long, Y. Q., Roller, P. P., Yang, D. & Wang, S. (2001). Discovery of small-
molecule inhibitors of Bcl-2 through structure-based computer screening. J Med Chem. 
44, 4313-24. 

4. Farady, C. J., Sun, J., Darragh, M. R., Miller, S. M. & Craik, C. S. (2007). The 
mechanism of inhibition of antibody-based inhibitors of membrane-type serine protease 1 
(MT-SP1). J Mol Biol. 369, 1041-51. Epub 2007 Apr 4. 

5. Kojima, K., Tsuzuki, S., Fushiki, T. & Inouye, K. (2008). Roles of functional and 
structural domains of hepatocyte growth factor activator inhibitor type 1 in the inhibition 
of matriptase. J Biol Chem. 283, 2478-87. Epub 2007 Nov 29. 

6. Steinmetzer, T., Schweinitz, A., Sturzebecher, A., Donnecke, D., Uhland, K., Schuster, 
O., Steinmetzer, P., Muller, F., Friedrich, R., Than, M. E., Bode, W. & Sturzebecher, J. 



10 
 

(2006). Secondary amides of sulfonylated 3-amidinophenylalanine. New potent and 
selective inhibitors of matriptase. J Med Chem. 49, 4116-26. 

7. Stoop, A. A. & Craik, C. S. (2003). Engineering of a macromolecular scaffold to develop 
specific protease inhibitors. Nat Biotechnol. 21, 1063-8. Epub 2003 Aug 17. 

8. Farady, C. J., Egea, P. F., Schneider, E. L., Darragh, M. R. & Craik, C. S. (2008). 
Structure of an Fab-protease complex reveals a highly specific non-canonical mechanism 
of inhibition. J Mol Biol. 380, 351-60. Epub 2008 May 11. 

9. Schneider, E. L., Lee, M. S., Baharuddin, A., Goetz, D. H., Farady, C. J., Ward, M., 
Wang, C. I. & Craik, C. S. (2012). A reverse binding motif that contributes to specific 
protease inhibition by antibodies. J Mol Biol. 415, 699-715. 

10. Farady, C. J. & Craik, C. S. (2010). Mechanisms of macromolecular protease inhibitors. 
Chembiochem. 11, 2341-6. 

11. Ganesan, R., Zhang, Y., Landgraf, K. E., Lin, S. J., Moran, P. & Kirchhofer, D. (2012). 
An allosteric anti-hepsin antibody derived from a constrained phage display library. 
Protein Eng Des Sel. 25, 127-33. 

12. Stein, E. A., Mellis, S., Yancopoulos, G. D., Stahl, N., Logan, D., Smith, W. B., Lisbon, 
E., Gutierrez, M., Webb, C., Wu, R., Du, Y., Kranz, T., Gasparino, E. & Swergold, G. D. 
(2012). Effect of a monoclonal antibody to PCSK9 on LDL cholesterol. N Engl J Med. 
366, 1108-18. doi: 10.1056/NEJMoa1105803. 

13. Affara, N. I., Andreu, P. & Coussens, L. M. (2009). Delineating protease functions 
during cancer development. Methods Mol Biol. 539, 1-32. 

14. Wassaf, D., Kuang, G., Kopacz, K., Wu, Q. L., Nguyen, Q., Toews, M., Cosic, J., 
Jacques, J., Wiltshire, S., Lambert, J., Pazmany, C. C., Hogan, S., Ladner, R. C., Nixon, 
A. E. & Sexton, D. J. (2006). High-throughput affinity ranking of antibodies using 
surface plasmon resonance microarrays. Anal Biochem. 351, 241-53. Epub 2006 Feb 10. 

15. Atwal, J. K., Chen, Y., Chiu, C., Mortensen, D. L., Meilandt, W. J., Liu, Y., Heise, C. E., 
Hoyte, K., Luk, W., Lu, Y., Peng, K., Wu, P., Rouge, L., Zhang, Y., Lazarus, R. A., 
Scearce-Levie, K., Wang, W., Wu, Y., Tessier-Lavigne, M. & Watts, R. J. (2011). A 
therapeutic antibody targeting BACE1 inhibits amyloid-beta production in vivo. Sci 
Transl Med. 3, 84ra43. doi: 10.1126/scitranslmed.3002254. 

16. Liu, T., Fu, G., Luo, X., Liu, Y., Wang, Y., Wang, R. E., Schultz, P. G. & Wang, F. 
(2015). Rational design of antibody protease inhibitors. J Am Chem Soc. 137, 4042-5. 
doi: 10.1021/ja5130786. Epub 2015 Mar 19. 

17. Netzel-Arnett, S., Hooper, J. D., Szabo, R., Madison, E. L., Quigley, J. P., Bugge, T. H. 
& Antalis, T. M. (2003). Membrane anchored serine proteases: a rapidly expanding group 
of cell surface proteolytic enzymes with potential roles in cancer. Cancer Metastasis Rev. 
22, 237-58. 

18. Bugge, T. H., Antalis, T. M. & Wu, Q. (2009). Type II transmembrane serine proteases. J 
Biol Chem. 284, 23177-81. 



11 
 

19. Szabo, R. & Bugge, T. H. (2008). Type II transmembrane serine proteases in 
development and disease. Int J Biochem Cell Biol. 40, 1297-316. doi: 
10.1016/j.biocel.2007.11.013. Epub 2007 Dec 4. 

20. Barre, O., Dufour, A., Eckhard, U., Kappelhoff, R., Beliveau, F., Leduc, R. & Overall, C. 
M. (2014). Cleavage specificity analysis of six type II transmembrane serine proteases 
(TTSPs) using PICS with proteome-derived peptide libraries. PLoS One. 9, e105984. doi: 
10.1371/journal.pone.0105984. eCollection 2014. 

21. Takeuchi, T., Shuman, M. A. & Craik, C. S. (1999). Reverse biochemistry: use of 
macromolecular protease inhibitors to dissect complex biological processes and identify a 
membrane-type serine protease in epithelial cancer and normal tissue. Proc Natl Acad Sci 
U S A. 96, 11054-61. 

22. Takeuchi, T., Harris, J. L., Huang, W., Yan, K. W., Coughlin, S. R. & Craik, C. S. 
(2000). Cellular localization of membrane-type serine protease 1 and identification of 
protease-activated receptor-2 and single-chain urokinase-type plasminogen activator as 
substrates. J Biol Chem. 275, 26333-42. 

23. Sun, J., Pons, J. & Craik, C. S. (2003). Potent and selective inhibition of membrane-type 
serine protease 1 by human single-chain antibodies. Biochemistry. 42, 892-900. 

24. Darragh, M. R., Schneider, E. L., Lou, J., Phojanakong, P. J., Farady, C. J., Marks, J. D., 
Hann, B. C. & Craik, C. S. (2010). Tumor detection by imaging proteolytic activity. 
Cancer Res. 70, 1505-12. Epub 2010 Feb 9. 

25. Lebeau, A. M., Lee, M., Murphy, S. T., Hann, B. C., Warren, R. S., Delos Santos, R., 
Kurhanewicz, J., Hanash, S. M., Vanbrocklin, H. F. & Craik, C. S. (2012). Imaging a 
functional tumorigenic biomarker in the transformed epithelium. Proc Natl Acad Sci U S 
A 17, 17. 

26. Duriseti, S., Goetz, D. H., Hostetter, D. R., LeBeau, A. M., Wei, Y. & Craik, C. S. 
(2010). Antagonistic anti-urokinase plasminogen activator receptor (uPAR) antibodies 
significantly inhibit uPAR-mediated cellular signaling and migration. J Biol Chem. 285, 
26878-88. 

27. Lucas, J. M., Heinlein, C., Kim, T., Hernandez, S. A., Malik, M. S., True, L. D., 
Morrissey, C., Corey, E., Montgomery, B., Mostaghel, E., Clegg, N., Coleman, I., 
Brown, C. M., Schneider, E. L., Craik, C., Simon, J., Bedalov, T. & Nelson, P. S. (2014). 
The Androgen-Regulated Protease TMPRSS2 Activates a Proteolytic Cascade Involving 
Components of the Tumor Microenvironment and Promotes Prostate Cancer Metastasis. 
Cancer Discov 13, 13-1010. 

28. Lucas, J. M., True, L., Hawley, S., Matsumura, M., Morrissey, C., Vessella, R. & Nelson, 
P. S. (2008). The androgen-regulated type II serine protease TMPRSS2 is differentially 
expressed and mislocalized in prostate adenocarcinoma. J Pathol. 215, 118-25. 

29. Rios-Doria, J., Sabol, D., Chesebrough, J., Stewart, D., Xu, L., Tammali, R., Cheng, L., 
Du, Q., Schifferli, K., Rothstein, R., Leow, C. C., Heidbrink-Thompson, J., Jin, X., Gao, 
C., Friedman, J., Wilkinson, B., Damschroder, M., Pierce, A. J., Hollingsworth, R. E., 



12 
 

Tice, D. A. & Michelotti, E. F. (2015). A Monoclonal Antibody to ADAM17 Inhibits 
Tumor Growth by Inhibiting EGFR and Non-EGFR-Mediated Pathways. Mol Cancer 
Ther. 14, 1637-49. doi: 10.1158/1535-7163.MCT-14-1040. Epub 2015 May 6. 

30. Desnoyers, L. R., Vasiljeva, O., Richardson, J. H., Yang, A., Menendez, E. E., Liang, T. 
W., Wong, C., Bessette, P. H., Kamath, K., Moore, S. J., Sagert, J. G., Hostetter, D. R., 
Han, F., Gee, J., Flandez, J., Markham, K., Nguyen, M., Krimm, M., Wong, K. R., Liu, 
S., Daugherty, P. S., West, J. W. & Lowman, H. B. (2013). Tumor-specific activation of 
an EGFR-targeting probody enhances therapeutic index. Sci Transl Med. 5, 207ra144. 
doi: 10.1126/scitranslmed.3006682. 

31. LeBeau, A. M., Sevillano, N., Markham, K., Winter, M. B., Murphy, S. T., Hostetter, D. 
R., West, J., Lowman, H., Craik, C. S. & VanBrocklin, H. F. (2015). Imaging active 
urokinase plasminogen activator in prostate cancer. Cancer Res. 75, 1225-35. doi: 
10.1158/0008-5472.CAN-14-2185. Epub 2015 Feb 11. 

32. Zhang, J., Valianou, M., Simmons, H., Robinson, M. K., Lee, H. O., Mullins, S. R., 
Marasco, W. A., Adams, G. P., Weiner, L. M. & Cheng, J. D. (2013). Identification of 
inhibitory scFv antibodies targeting fibroblast activation protein utilizing phage display 
functional screens. Faseb J. 27, 581-9. doi: 10.1096/fj.12-210377. Epub 2012 Oct 26. 

33. Devy, L., Huang, L., Naa, L., Yanamandra, N., Pieters, H., Frans, N., Chang, E., Tao, Q., 
Vanhove, M., Lejeune, A., van Gool, R., Sexton, D. J., Kuang, G., Rank, D., Hogan, S., 
Pazmany, C., Ma, Y. L., Schoonbroodt, S., Nixon, A. E., Ladner, R. C., Hoet, R., 
Henderikx, P., Tenhoor, C., Rabbani, S. A., Valentino, M. L., Wood, C. R. & Dransfield, 
D. T. (2009). Selective inhibition of matrix metalloproteinase-14 blocks tumor growth, 
invasion, and angiogenesis. Cancer Res. 69, 1517-26. doi: 10.1158/0008-5472.CAN-08-
3255. Epub 2009 Feb 10. 

34. Udi, Y., Grossman, M., Solomonov, I., Dym, O., Rozenberg, H., Moreno, V., Cuniasse, 
P., Dive, V., Arroyo, A. G. & Sagi, I. (2015). Inhibition mechanism of membrane 
metalloprotease by an exosite-swiveling conformational antibody. Structure. 23, 104-15. 
doi: 10.1016/j.str.2014.10.012. Epub 2014 Dec 4. 

35. Basu, B., Correa de Sampaio, P., Mohammed, H., Fogarasi, M., Corrie, P., Watkins, N. 
A., Smethurst, P. A., English, W. R., Ouwehand, W. H. & Murphy, G. (2012). Inhibition 
of MT1-MMP activity using functional antibody fragments selected against its 
hemopexin domain. Int J Biochem Cell Biol. 44, 393-403. doi: 
10.1016/j.biocel.2011.11.015. Epub 2011 Nov 26. 

36. Kwok, H. F., Buick, R. J., Kuehn, D., Gormley, J. A., Doherty, D., Jaquin, T. J., 
McClurg, A., Ward, C., Byrne, T., Jaworski, J., Leung, K. L., Snoddy, P., McAnally, C., 
Burden, R. E., Gray, B., Lowry, J., Sermadiras, I., Gruszka, N., Courtenay-Luck, N., 
Kissenpfennig, A., Scott, C. J., Johnston, J. A. & Olwill, S. A. (2011). Antibody targeting 
of Cathepsin S induces antibody-dependent cellular cytotoxicity. Mol Cancer. 10:147., 
10.1186/1476-4598-10-147. 



13 
 

37. Vazquez, R., Astorgues-Xerri, L., Bekradda, M., Gormley, J., Buick, R., Kerr, P., 
Cvitkovic, E., Raymond, E., D'Incalci, M., Frapolli, R. & Riveiro, M. E. (2015). 
Fsn0503h antibody-mediated blockade of cathepsin S as a potential therapeutic strategy 
for the treatment of solid tumors. Biochimie. 108:101-7., 10.1016/j.biochi.2014.10.025. 
Epub 2014 Nov 5. 

38. Wang, W., Liu, Y. & Lazarus, R. A. (2013). Allosteric inhibition of BACE1 by an 
exosite-binding antibody. Curr Opin Struct Biol. 23, 797-805. doi: 
10.1016/j.sbi.2013.08.001. Epub 2013 Aug 30. 

39. Hayashi, I., Takatori, S., Urano, Y., Miyake, Y., Takagi, J., Sakata-Yanagimoto, M., 
Iwanari, H., Osawa, S., Morohashi, Y., Li, T., Wong, P. C., Chiba, S., Kodama, T., 
Hamakubo, T., Tomita, T. & Iwatsubo, T. (2012). Neutralization of the gamma-secretase 
activity by monoclonal antibody against extracellular domain of nicastrin. Oncogene. 31, 
787-98. doi: 10.1038/onc.2011.265. Epub 2011 Jul 4. 

40. Rezacova, P., Brynda, J., Fabry, M., Horejsi, M., Stouracova, R., Lescar, J., Chitarra, V., 
Riottot, M. M., Sedlacek, J. & Bentley, G. A. (2002). Inhibition of HIV protease by 
monoclonal antibodies. J Mol Recognit. 15, 272-6. 

41. Tremblay, J. M., Kuo, C. L., Abeijon, C., Sepulveda, J., Oyler, G., Hu, X., Jin, M. M. & 
Shoemaker, C. B. (2010). Camelid single domain antibodies (VHHs) as neuronal cell 
intrabody binding agents and inhibitors of Clostridium botulinum neurotoxin (BoNT) 
proteases. Toxicon. 56, 990-8. doi: 10.1016/j.toxicon.2010.07.003. Epub 2010 Jul 14. 

42. Dai, Y. C., Chuang, W. J., Chua, K. Y., Shieh, C. C. & Wang, J. Y. (2011). Epitope 
mapping and structural analysis of the anti-Der p 1 monoclonal antibody: insight into 
therapeutic potential. J Mol Med (Berl). 89, 701-12. doi: 10.1007/s00109-011-0744-4. 
Epub 2011 May 13. 

43. Schwaeble, W. J., Lynch, N. J., Clark, J. E., Marber, M., Samani, N. J., Ali, Y. M., 
Dudler, T., Parent, B., Lhotta, K., Wallis, R., Farrar, C. A., Sacks, S., Lee, H., Zhang, M., 
Iwaki, D., Takahashi, M., Fujita, T., Tedford, C. E. & Stover, C. M. (2011). Targeting of 
mannan-binding lectin-associated serine protease-2 confers protection from myocardial 
and gastrointestinal ischemia/reperfusion injury. Proc Natl Acad Sci U S A. 108, 7523-8. 
doi: 10.1073/pnas.1101748108. Epub 2011 Apr 18. 

44. Lee, Y. C., Chen, W. C., Liang, M. H., Lee, C. H., Tsai, K. C., Chiang, J. R., Chiang, L. 
C., Chen, C. C., Chang, C. Y., Leu, S. J. & Yang, Y. Y. (2015). Single chain antibody 
fragment with serine protease inhibitory property capable of neutralizing toxicity of 
Trimeresurus mucrosquamatus venom. Biochem Biophys Res Commun. 460, 170-6. doi: 
10.1016/j.bbrc.2015.02.169. Epub 2015 Mar 10. 

 

 

 



14 
 

Table 1-1. Proteases in the drug development pipeline.  

Protease target Class Disease indication 

Neutrophil elastase Serine 
acute respiratory distress 

syndrome 
Tryptase Serine asthma 

Complement factor D Serine 
age-related macular 

degeneration 
b- and g-secretases Aspartyl Alzheimer’s disease 

Dipeptidyl peptidase IV Serine diabetes 

Renin Aspartyl hypertension 

ACE/NEP/ECE Metallo hypertension 

PCSK9 Serine hypercholesterolemia 

Cathepsin K Cysteine osteoporosis 

Matrix metalloproteases Metallo cancer / inflammation 

Proteasome Threonine cancer / inflammation 

ADAM17/TACE Metallo inflammation 

Caspases, Granzymes Cysteine, Serine inflammation / stroke 

NAALADase I Metallo stroke /ALS / cancer 

Kallikrein Serine angioedema 

Thrombin Serine thrombosis 

Factor Xa Serine thrombosis 

Factor XI Serine thrombosis 

HIV proteases (resistant) Aspartyl AIDS 

Hepatitis C protease Serine hepatitis C 
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Table 1-2. Translational applications of protease antibodies currently in clinical 
development.  
 

Target Disease 
indication 

Recombinant 
antibody 

Inhibitory  
antibody 

Active 
Site Company/Institution 

PSMA Cancer X   
ImaginAb (imaging), 
Bayer (therapeutic) 

Factor XI Thrombosis X X X Bayer 

Plasma 
kallikrein 

Angioedema, 
inflammation 

X X X Dyax 

Complement 
Factor D 

Geographic 
atrophy 

associated with 
AMD 

 X  Genentech/Roche 

MMP-9 
Cancer, 

inflammation 
 X  Gilead Sciences 

PCSK9 
Hyper-

cholesterolemia 
 X  

Regeneron/Sanofi 
(also Amgen, Pfizer, 

and Roche) 
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Table 1-3. Protease antibodies in early discovery.  
 

Disease 
indication Target Protease 

class 
Recombinant 

antibody Company/Institution 

Cancer ADAM17 Metallo Y MedImmune29 

 Hepsin Serine Y Genentech/Roche11 

 Matriptase Serine Y UCSF9, 23, CytomX30 

 uPA Serine Y UCSF31, CytomX30 

 FAP Serine Y Fox Chase Cancer Center32 

 MMP-14 Metallo Y Dyax33 

 MT1-MMP Metallo N, Y 

Weizmann Institute of 
Science,34 Cancer Research 
UK Cambridge Research 

Institute35 

 Cathepsin S Cysteine N, N 

Fusion Antibodies Ltd, 36 
IRCC-Istituto di Richerche 

Farmacologiche Mario 
Negri37 

Neuro- 
degeneration 

BACE1 Aspartyl Y Genentech15,38 

 
Gamma 
secretase 

Aspartyl N University of Tokyo39 

Infectious 
disease 

HIV-1 protease Aspartyl N 

Institute of Molecular 
Genetics Academy of 
Sciences of the Czech 

Republic40 

 
Botulinum 
neurotoxin 
proteases 

Metallo Y 
Tufts Cummings School of 

Veterinary Medicine41 

IgE-mediated 
disease 

Der p 1 Cysteine N 
National Cheng Kung 

University42 

GI ischemia/ 
reperfusion 

Mannan-binding 
lectin-associated 
serine protease-2 

Serine Y University of Leicester43 

Snake venom 
poisioning 

Serine protease 
in trimeresurus 

mucrosquamatus 
Serine Y Taipei Medical University44 
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Figure 1-1. Types of proteases in normal physiology. 
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Figure 1-2. Alignment of protease domains of available type II transmembrane serine 
protease crystal structures. Matriptase is shown in orange, hepsin is shown in pink, 
enteropeptidase is shown in grey, and DESC1 is shown in green. Protease surface loops are 
labeled and show length variation among proteases.  
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Figure 1-3. Pericellular proteolysis.  
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Figure 1-4. In vitro selection methodology for recombinant antibodies against proteases. 
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Figure 1-5. Type II transmembrane serine protease family. 18 
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ABSTRACT 

The type II transmembrane serine protease (TTSP) family consists of eighteen closely related 

serine proteases that are implicated in multiple functions. To identify selective, inhibitory 

antibodies against one particular TTSP, matriptase (MT-SP1), a phage display library with a 

natural repertoire of Fabs from human naïve B cells was created. Fab A11 was identified with a 

720 picomolar inhibition constant and high specificity for matriptase over other trypsin-fold 

serine proteases. A Trichoderma reesei system expressed A11 with ~200 mg/L yield. The crystal 

structure of A11 in complex with matriptase has been determined and compared to the crystal 

structure of another antibody inhibitor (S4) in complex with matriptase. Previously discovered 

from a synthetic scFv library, S4 is also a highly selective and potent matriptase inhibitor. The 

crystal structures of the A11/matriptase and S4/matriptase complexes were solved to 2.1 Å and 

1.5 Å respectively. Although these antibodies, discovered from separate libraries, interact 

differently with the protease surface loops for their specificity, the structures reveal a similar 

novel mechanism of protease inhibition. Through the insertion of the H3 variable loop in a 

reverse orientation at the substrate-binding pocket, these antibodies bury a large surface area for 

potent inhibition and avoid proteolytic inactivation. This discovery highlights the critical role the 

antibody scaffold plays in positioning loops to bind and inhibit protease function in a highly 

selective manner. Additionally, Fab A11 is a fully human antibody that specifically inhibits 

matriptase over other closely related proteases, suggesting this approach could be useful for 

clinical applications.  
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BACKGROUND 

The use of antibodies as therapeutics has increased significantly over the past decade.1 

The high specificity and tight binding characteristics commonly attributed to antibodies give 

them enormous potential as therapeutics. This specificity allows for precise targeting of protein 

functions, which helps minimize side effects resulting from off-target binding. Currently, 

therapeutic antibodies in clinical use function through three modes of action: (1) as inducers of 

immune system cytotoxicity, (2) as carriers of a specific cytotoxic agent, and (3) as inhibitors of 

the target protein function.2 To date, the majority of therapeutic antibodies have fallen into this 

last group, acting as antagonists of proteins in disease-related signaling pathways such as Avastin 

for vascular endothelial growth factor, Erbitux for epidermal growth factor receptor and Humira 

for tumor necrosis factor.1 By combining selectivity with a large binding footprint, antibodies 

have proven to be ideal for creating sufficient steric hindrance by direct or indirect means to 

block ligand/receptor interactions, thereby inhibiting downstream signaling cascades and 

functions involved in disease progression.   

 Many diseases are dependent upon dysregulated enzyme function for their pathogenesis. 

Proteases in particular have been implicated in a number of functions essential for cancer 

progression from extracellular matrix remodeling and release of cytokines to loss of apoptotic 

response.3-5 For example, certain members of the type II transmembrane serine protease (TTSP) 

family are thought to play a role in cancer progression.5 The localization of these proteases at the 

extracellular surface of the plasma membrane suggests their involvement in the regulation of 

cellular signaling events. One protein from this family that is of specific interest is Membrane 

Type-Serine Protease 1 (MT-SP1) or matriptase.6 Matriptase is over-expressed on the surface of 

epithelial cells involved in breast, colon and prostate cancers. This protease is involved in the 
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activation of other proteases, growth factors and receptors, all of which result in extracellular 

matrix remodeling, angiogenesis and invasive growth.7-10  

 Protease activity is normally regulated post-translationally by zymogen activation, 

cofactor binding or expression of cognate inhibitors. These cognate inhibitors often compete 

with substrates for binding to the protease substrate-binding pocket. Since these binding pockets 

are generally conserved among members of a family of proteases, using the macromolecular 

scaffold of cognate inhibitors to achieve selective inhibition of a single protease is difficult. 

Therefore, recent studies have instead investigated the use of antibodies as selective inhibitors of 

protease function in the clotting cascade and cancer.11-16 These antibody inhibitors block 

substrate-binding through steric hindrance or cause conformational changes after binding at 

allosteric sites.11,13-14,17 Additionally, the molecular basis of inhibition for some of these 

antibodies has been determined from the crystal structures of the antibody/protease complexes 

for matriptase and hepatocyte growth factor activator (HGFA).16-18 These structures show that 

the interactions with protease surface loops are necessary for antibody specificity, while the 

insertion of a heavy chain variable loop into the substrate-binding pocket inhibits enzyme 

machinery in a way reminiscent of small molecule inhibitors. Two of these antibodies, E2 and 

Ab58, inhibit matriptase and HGFA protease activity respectively through direct interaction with 

the substrate-binding pocket.16,18  

 Here we describe two new structures of antibody inhibitors in complex with the target 

protease matriptase. The antibodies are highly potent, selective inhibitors of protease activity: 

one (A11) newly discovered from a fully humanized fragment antigen binding (Fab) phage 

display library; the second (S4) previously discovered from a synthetic single-chain variable 

fragment (scFv) phage display library.15,19 The structures of A11 and S4 in complex with 
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matriptase confirm biochemical studies that the antibodies use different interactions with the 

protease surface loops to selectively inhibit the protease. However, these antibodies directly 

inhibit the substrate-binding pocket with a similar, newly identified mechanism. These studies 

demonstrate the utility of the antibody scaffold to identify different approaches for protease 

inhibition and reveal the significance of a novel reverse orientation inhibitory motif that was 

identified from both the natural and synthetic antibody fragment phage display library. 

Furthermore, the discovery of A11 from a fully humanized Fab library provides a selective agent 

with potential clinical utility for specific protease inhibition in human cancer. 

RESULTS 
 
Identification of a potent matriptase inhibitor from a human Fab library 

 A Fab phage display library created from human naïve B cells was used to identify 

inhibitory antibodies against the protease domain of human matriptase. Seven unique antibodies 

were identified that exhibited inhibitory activity against matriptase in preliminary activity assays 

with purified protein (Fig. 2-1). Of these, Fab A11 demonstrated the most potent inhibition of 

matriptase. Analysis of the amino acid sequence shows that A11 has a VH3 heavy chain template 

and a VN��light chain. The sequences of the hypervariable regions of A11 are shown in Fig. 2-2. 

A11 has a 16 residue heavy chain complementarity determining region 3 (H3) loop, which is 

longer than the average 12-14 residue H3 loop found in most human antibodies.20-21 The unusual 

length of the H3 loop suggested that it may play a key role in binding to matriptase. 

 

Expression and purification of anti-matriptase Fabs  

 S4 was raised from a fully synthetic combinatorial scFv phage display library and 

biochemically characterized previously.15 The scFv construct proved unsuitable for structural 
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studies, so the variable fragment of S4 was transferred to a Fab scaffold by ligating the variable 

region to a human Fab constant region.22 The conversion from a scFv to Fab scaffold had 

minimal effect on the inhibitory potency of the antibody (data not shown). Both recombinant 

A11 and S4 Fabs were periplasmically expressed in E. coli BL21(DE3) cells utilizing the 

original phagemid vector.22 Purification of the periplasmic fraction over a Ni2+ column followed 

by a size exclusion column yielded approximately 3 mg of protein per L of growth media. The 

purified protein was determined to be >98% pure by SDS-PAGE analysis. To boost the 

production levels of the A11 Fab for subsequent structural studies, a Trichoderma reesei system 

was used. This expression system significantly increased the yield of A11 compared to the E. 

coli system by 60-fold, resulting in a final yield of ~200 mg/L of culture from the growth media 

that was >98% pure by SDS-PAGE analysis. The expression level achieved is higher than the 

majority of expression levels reported for Fabs and is at the upper end of Fab expression in T. 

reesei, affirming that T. reesei offers a relatively simple, low cost system for high expression of 

Fab antibodies.23-24  

 

Steady state kinetics show A11 is a potent and specific protease inhibitor  

 Steady state kinetics experiments were performed to investigate the inhibition of 

matriptase by A11. A11 binds tightly to matriptase and competitively inhibits turnover of a 

synthetic peptide substrate (Spectrozyme® tPA) with a KI of 720 pM (Table 2-1). To determine 

the specificity of A11 against a panel of related proteases, assays were performed with the serine 

proteases factor Xa (fXa), thrombin, plasmin, tissue plasminogen activator (tPA), urokinase 

plasminogen activator (uPA), HGFA, hepsin, and prostasin. A11 showed no inhibition of these 

proteases at a concentration of 1 PM. These results confirm the potency and selectivity of A11.  
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 The mouse homologue of matriptase, epithin, shares 93% sequence similarity to 

matriptase in the protease domain; however, the KI of A11 measured against epithin was 87 nM, 

120-fold lower than for matriptase. The surface of matriptase contains six surface loops that 

differentiate it from other TTSPs in sequence and structure (Fig. 2-3a). Epithin contains 

important sequence differences in the 60s, 140s, and 220s protease surface loops, where A11 

binds matriptase (see below), that may contribute to reduced A11 potency. The sequence of the 

60s loop (QDDKNFKYSDYTM) in epithin contains the most differences in comparison with 

matriptase (IDDRGFRYSDPTQ). In the 140s loop, the presence of K145 and E146 charged 

residues in epithin (Q145 and Y146 in matriptase) may affect the potency of A11 due to its 

proximity to the S1 pocket and the H3 loop. In the 220s loop, instead of the D217 residue found 

in matriptase, epithin contains a E217 residue that has been shown previously to be an important 

interaction point for improving the cross-reactivity of the E2 matriptase antibody to epithin.25  

 

Mutational analysis of matriptase reveals surface loop binding by A11  

 In order to map the surface interactions of A11 with matriptase, A11 inhibition of a 

library of matriptase alanine mutants was tested. The differences in the proteolytic activity of 

most of these matriptase mutants versus wild-type were less than twofold.19 The T98A mutant 

was sixfold less efficient than wild-type while the D217A mutant had a threefold decrease in 

proteolytic activity.19 The results indicate that side chains from four of the six matriptase surface 

loops are important for binding (Table 2-2, Fig. 2-3b). Mutations at Asp96 and Phe97 had the 

largest effect on apparent KI, increasing it to >1 μM in both cases which is more than 104-fold 

over wild-type. This partially explains the high selectivity of A11 for matriptase over other 

related serine proteases. Of the nine additional proteases tested, HGFA has a Phe residue at 
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position 97 and tPA has an Asp residue at position 96. The mouse homologue of matriptase, 

epithin, is the only protease tested that contains both Asp96 and Phe97. Additionally, mutation of 

Asp217 showed a large increase in apparent KI to 99 nM, an approximately 250-fold increase. 

Other point mutants revealed that residues Ile60, Asp60a, Asp60b, Asn95, Tyr146, Glu169, and 

Lys224 are important for antibody recognition of matriptase; however, these interactions play a 

much smaller role in A11/matriptase binding, resulting in a change in apparent KI of between 

three and sixfold.   

 The apparent KI values for S4 inhibition against the same library of matriptase alanine 

mutants were significantly different than those from A11 inhibition (Table 2). The results show 

that the S4/matriptase interaction involves a number of important residues on the six protease 

loops surrounding the active site.19 However, unlike A11 no surface loop residue contributes 

critical binding energy. When the fold apparent KI values are mapped onto the surface of 

matriptase, different binding modes and areas of key importance are observed for A11 and S4 

(Fig. 2-3b and 2-3c). While these point mutants indicate that binding to the surface loops of 

matriptase is critical for the antibody inhibitor, this is not the case for the canonical serine 

protease inhibitor bovine pancreatic trypsin inhibitor (BPTI).19 Mutations to the matriptase 

surface loops minimally affect the inhibitory activity of BPTI, allowing for the broad specificity 

of these Kunitz-type inhibitors against serine proteases. The importance of the protease surface 

loops for A11 binding offers an explanation for its highly specific interaction with matriptase. 

 

Point mutations of the H3 loops of A11 and S4 suggest a non-canonical binding motif 

 The longer H3 loop length and presence of an Arg-Arg sequence motif in the H3 loop of 

A11 is similar to that of the E2 Fab, another antibody inhibitor of matriptase (Fig. 2-2). This 
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suggests that ArgH100a and ArgH100b (Kabat numbering) of A11 may play a significant role in 

the binding to matriptase and the direct interaction with the protease S1 substrate-binding pocket 

in a manner reminiscent of E2/matriptase interactions.18 Mutations were made to the Arg-Arg 

motif to investigate the possible role of these residues in matriptase active site binding. The 

mutations ArgH100aAla, ArgH100bAla and ArgH100bLys were made and the KI values were 

measured (Table 2-1). For ArgH100aAla, the KI was determined to be 1.5 nM, about twofold 

greater than the wild-type inhibitor, indicating the limited matriptase binding energy contributed 

by this residue. However, both the ArgH100bAla and ArgH100bLys point mutants had KI values 

of 180 nM against matriptase. These KI values are 250-fold higher than the wild-type A11, 

indicating that ArgH100b plays an important role in matriptase binding.  

 In contrast, the H3 loop of S4 has only one Arg residue ArgH100b that can interact with 

the S1 pocket. Mutation of ArgH100b to Ala and Lys residues also exhibited significant effects 

on protease inhibition with KI values 93- and 110-fold higher, respectively. The change in KI 

resulting from the more extreme Arg to Ala mutation seen with both S4 and A11 demonstrates 

that ArgH100b is the key residue that interacts with the S1 pocket. However, the more 

conservative Arg to Lys mutation for S4 and A11 also increased the KI values 110- and 250-fold, 

respectively. This loss of binding can be related to the fact that the original ArgH100b residue is 

not fully inserted and instead makes a water-mediated hydrogen bond with the Asp residue at the 

bottom of the S1 pocket (see below). Furthermore, the same rigidity in the H3 loop that positions 

the ArgH100b residue in this partially inserted position prevents the shorter Lys residue from 

interacting with the Asp residue.  
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Matriptase does not cleave A11 under digestive conditions 

 To further test whether the H3 loop binds in a substrate-like fashion, A11 was incubated 

with matriptase at both pH 8.0 and pH 6.0. Previous experiments have shown that the incubation 

of standard mechanism inhibitors with the target protease at low pH can result in cleavage.19,26,27 

For A11, matriptase was unable to cleave the Fab at both the standard reaction pH (8.0) and the 

more acidic pH (6.0), indicating that A11 either does not insert a loop into the active site of 

matriptase or that it is not bound in a substrate-like manner. Conditions lower than pH 6.0 were 

not tested because matriptase does not tolerate more acidic pH levels. These results along with 

the findings from the A11 H3 loop mutations suggest that the H3 loop may bind at the active site 

in a non-substrate-like fashion, thereby avoiding cleavage. S4 was also previously shown to be 

not cleaved by matriptase under these conditions,19 further indicating that they may be utilizing 

similar binding mechanisms. 

 

3D structures of the Fab/matriptase complexes confirm surface loop binding and identify 

specificity interactions 

 To understand the molecular basis for the potency and specificity of these antibodies, the 

crystal structures of A11 and S4 in complex with matriptase were determined. Both 

A11/matriptase and S4/matriptase crystallized with one copy of the complex in the asymmetric 

unit. The structure was determined by molecular replacement to 2.1 Å and 1.5 Å for 

A11/matriptase and S4/matriptase, respectively. As suggested by the mutational analysis above, 

the inhibitors bind to matriptase and cap the active site through numerous interactions with the 

protease surface loops (Fig. 2-4a and 2-4b, Table 2-2). Furthermore, binding of the antibodies 
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to matriptase did not result in remote conformational changes at either the oxyanion hole or the 

activating Val16-Asp194 salt bridge.  

Both the light chain and heavy chain loops of A11 make significant contacts with the 

protease surface. In total, A11 buries 1,216 Å2 of surface area (Fig. 2-4c). The light chain buries 

538 Å2 of surface area while the heavy chain is responsible for burying a similar 678 Å2 of 

surface area. For the heavy chain, the long H3 loop is responsible for the majority of contacts 

made with matriptase, burying 466 Å2 of surface area (69% of heavy chain total). S4 on the other 

hand has a total buried surface area of 1080 Å2, and the heavy chain accounts for 71% of the 

total buried surface area (767 Å2) with the H3 loop contributing 89% of this total. Although the 

overall surface area buried for S4 is less than A11, S4 is more potent than A11 (KI for S4 = 70.4 

pM19 and KI for A11 = 720 pM). The potency of S4 could be due to the increased binding of the 

H3 loop surface area (682 Å2) to the protease surface and key interactions between the light 

chain and the 140s loop of the matriptase.  

 The heavy chain loops of A11 make contacts with the 60s and 90s loops of matriptase 

while inserting the H3 loop into the substrate-binding pocket (Fig. 2-4a). The heavy chain 

complementarity determining region 1 (H1) loop interacts mainly with the 60s protease loop 

with the OJ of SerH30 and SerH31 forming hydrogen bonds with the Asp60b side chain. The 

side chain of AlaH33 also in the H1 loop is involved in a hydrophobic interaction with Phe97 

contributing to the importance of this residue within the 90s loop. The heavy chain 

complementarity determining region 2 (H2) loop also makes hydrophobic interactions with 

Phe97 through AlaH50 and TyrH58. Additional hydrogen bonds are made from the OJ of 

SerH52, SerH53 and SerH56 and the side chain of TyrH58 in the H2 loop to the side chains of 

Asn95 and Asp96 in the 90s loop. On the other half of A11, the VN��architecture of the A11 light 
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chain allows for an extended light chain complementarity determining region 3 (L3) loop, which 

binds in a groove between the 90s and 170s loop on the protease. TrpL94 in particular makes 

significant interactions with the protease 170s loop. The indole side chain of TrpL94 interacts 

with Thr177 and the ring of Pro178, while the backbone amide makes a strong hydrogen bond 

with the backbone carbonyl of Gln174 (2.9 Å). In addition, TyrL96 makes a hydrophobic 

interaction with Phe97. The light chain complementarity determining region 1 (L1) loop also 

makes several contacts with the protease 170s and 220s loops. The OJ of SerL31 hydrogen bonds 

to Asp217 2G� (2.6 Å) and makes a water-mediated hydrogen bond to Lys224 on the protease 

220s loop, and the backbone carbonyl of SerL27a forms a 3.0 Å hydrogen bond with NH of the 

protease Gln174. The light chain complementarity determining region 2 (L2) loop is positioned 

so that it makes no interactions with matriptase.  

 Unlike A11, the heavy chain of S4 interacts significantly with the 90s, 140s, and 220s 

protease surface loops while the light chain interacts mainly with the 140s loop and to a small 

extent the 60s loop (Fig. 2-4b). No extensive interactions were observed between the S4 heavy 

or light chain and the 170s loop or the 90s loop, although a hydrogen bond (2.7 Å) is formed 

between SerH31 OJ of the H1 loop and Asp96 OG2 and weak hydrophobic interactions are found 

between IleH53 and PheH54 of the H2 loop and Phe97. The L1 loop binds Tyr146 in the 140s 

loop via a pi-stacking interaction with TyrL32 and a water-mediated hydrogen bond with the 

AsnL31 OG�, while the H3 loop contributes a water-mediated hydrogen bond with the backbone 

carbonyl of ArgH100b to Tyr146. The L1 loop also contributes to 140s loop binding via a strong 

hydrogen bond (2.6 Å) between the TyrL32 OJ  and His143 NG1. 

The A11 structure elucidates why Phe97 and Asp96 are hotspots for inhibitor binding, 

which was suggested by the analysis of the matriptase alanine mutants. The L3 and H2 loops 
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combine to grab the 90s protease loop containing the critical Phe97 side chain in matriptase. 

Phe97 binds into a hydrophobic cavity formed by TyrH58 of H2 and ProL95a of L3 with an 

additional cation-pi interaction made between the ArgL91 of L3 and the phenyl ring of Phe97. 

The A11/matriptase structure reveals that Asp96 is rotated 180º from its position in the apo 

matriptase structure where it forms the bottom of the S4 pocket. The H1 loop has two serine 

residues SerH52 and SerH53 that make hydrogen bonds with Asp96 in the 90s loop. The 

structural basis for the Asp217 hotspot revealed by the matriptase mutational analysis is not as 

clear. Although the residue forms a hydrogen bond with the SerL31 OJ of L1, this single 

interaction alone cannot explain the 250-fold change in the apparent KI; however, the threefold 

decrease in proteolytic activity of this mutant19 may help account for this large change. Structural 

changes to the entire 220s loop from the Ala mutation may explain the interruption of additional 

interactions with A11.  

Unlike the interaction between A11 and matriptase residue Phe97 with the antibody loops 

forming a clamp around this residue, the S4/matriptase complex does not show a similar binding 

hotspot. The Phe97Ala mutation had little effect on inhibition by S419 since the hydrophobic 

interactions of the H1 and H2 loops of S4 were fairly weak. In contrast, matriptase residues 

Phe146 and His143 in the 140s loop appear to be anchor points that interact with residues from 

both the S4 light and heavy chains, which is in agreement with the positions exhibiting the 

largest changes in the mutational studies.19 The interaction of the light chain with the 140s loop 

also explains why the H143A and Y146A mutations exhibit 24- and 20-fold increased apparent 

KI values compared to the wild-type protease. These changes were not observed for A11 and E2. 

The moderate increase in the apparent KI (13-fold increase) for D96A is due to the loss of a 

strong hydrogen bond between SerH31 OJ of H1 loop and Asp96 OG2. The mutation to D217A 
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also caused a moderate increase in apparent KI (12-fold) due to the loss of a hydrogen bond with 

ArgH100b carbonyl mediated by two water molecules.  

 

A11 and S4 inhibit matriptase with novel presentation of the H3 loops at the protease 

substrate-binding pocket 

 The H3 loops of both A11 and S4 adopt similar conformations in the protease active site 

(Fig. 2-5a and 2-5b). The H3 loop of A11 forms a E-hairpin turn that reaches into the protease 

active site but makes few contacts with the protease. AlaH99, AlaH100, and ValH100d combine 

to bury 174 Å2 of surface area in hydrophobic interactions with the protease as the E-hairpin 

strand is extended into the active site. At the apex of the turn, A11 has two arginine residues. The 

C-terminal arginine (ArgH100b) binds sub-optimally, relative to a substrate, in the S1 pocket, 

while the N-terminal arginine (ArgH100a) extends towards the prime side of the protease active 

site. This conformation results in the binding of the putative scissile bond in a reverse orientation 

in the active site, thus explaining the lack of cleavage at this position by the protease (Fig. 2-6a 

and 2-6b). In the S1 pocket, ArgH100b makes a 2.8 Å water-mediated hydrogen bond to Asp189 

of matriptase (Fig. 2-5c). This positioning is in contrast to the typical salt bridge formed by P1 

arginine substrates and mimics such as benzamidine,28 and is instead similar to the binding of a 

shorter P1 Lys residue observed in BPTI. The water-mediated interaction explains why the 

ArgH100bLys mutation is so deleterious to A11 inhibition (Table 2-1). The lysine side chain is 

one carbon shorter than the arginine side chain; therefore, ArgH100bLys cannot make a similar 

water-mediated hydrogen bond to the Asp residue at the bottom of the S1 pocket. The H3 loop 

residues do not occupy any additional substrate-binding pockets due to the sharp turn of the loop 
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out of the protease. The potency and specificity of A11 are supplemented by the H1, H2 and L3 

loop interactions with protease surface loops.  

 Similarly, the H3 loop of S4 approaches the matriptase S1 pocket in a way that also 

extends residue ArgH100b into the binding pocket and presents the putative scissile bond in a 

reverse orientation (Fig. 2-5b). The positioning of residue ArgH100b in the active site is nearly 

identical to that seen in the A11/matriptase structure with the side chain making the same water- 

mediated hydrogen bond with Asp189 on matriptase (Fig. 2-5c). S4 has a longer H3 loop than 

A11 and achieves this reverse orientation positioning with a much more gradual turn to allow for 

greater interaction between the side chains and matriptase. This results in a higher total buried 

surface area due to the interactions of the longer side chains of ArgH99, TyrH100a, and 

ArgH100b residues with matriptase (Fig. 2-5d). The C-terminus of the loop approaches the S1 

pocket with ArgH100b followed by a turn that exposes TyrH100a to solvent and extends 

ArgH100 into the prime side at the P2’ pocket. The next residue ArgH99 skips the S2 pocket and 

partially inserts into the S3 pocket before exiting the binding pocket (Fig. 2-6c).  

 This novel presentation of the H3 loop at the protease active site in an orientation reverse 

of that for a standard substrate allows for potent inhibition of matriptase and avoidance of 

proteolytic inactivation of the A11 and S4 Fabs. In the other antibody/protease structures 

available in the PDB (PDB code 2R0K – HGFA and Ab58; PDB code 2R0L – HGFA and 

Fab75; PDB code 2ZCH – prostate specific antigen and activating antibody; PDB code 3BN9 – 

matriptase and E2; PDB code 3K2U – HGFA and Fab-40; PDB code 3R1G – BACE1 and 

exosite-binding antibody), this reverse orientation of the H3 loop is not seen nor is the H3 loop 

involved in inhibition in some cases. The antibodies in 2R0L, 2ZCH, 3K2U, and 3R1G do not 

target the protease substrate-binding pocket, with the 2R0L, 3K2U, and 3R1G antibodies acting 
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as allosteric inhibitors instead. The H2 loop of Ab58 interacts with a portion of the HGFA 

substrate-binding pocket but not the S1 pocket.16 The long H3 loop of E2 inserts into the 

matriptase substrate-binding pocket, but binds in a canonical fashion (Fig. 2-6d) that leads to 

proteolysis of the loop under acidic conditions.18,19 

 

Peptides based on H3 loop sequences reveal the importance of the antibody scaffold for 

matriptase inhibition 

Given the importance of the H3 loops in inhibiting matriptase, peptides containing the H3 

loop sequences of A11, S4, and E2 were synthesized to test for inhibition of matriptase activity 

independently of the Fab scaffold. A circularized version of the H3 loop peptides was 

synthesized for analysis. The IC50 values for the A11, S4, and E2 peptides against matriptase 

indicate that they are generally weak inhibitors in the circularized version at 0.41± 0.01 mM, 

0.032 ± 0.005 mM, and 1.3 ± 0.1 mM, respectively (Fig. 2-7). This inhibition is substantially 

weaker than the Fab version and suggests that the Fab scaffold plays an important role in 

inhibition potency. Follow-up analysis of the peptide IC50 values after 24 hour incubation with 

matriptase showed a marked change for the A11 and S4 peptides. The E2 peptides showed little 

change in IC50 values after 24 hours. Mass spectrometric analysis of the A11 peptides confirmed 

that the change in IC50 was the result of near complete cleavage of the A11 peptide by 

matriptase, with the cleavage event C-terminal to ArgH100a. This result indicates that the A11 

peptide may not bind in a reverse orientation as seen in the A11 Fab. The S4 peptide showed 

modest improvement in inhibition after 24 hours with a decreased IC50 value of 0.010 ± 0.002 

mM. However, partial digestion of the S4 peptide was observed, with the major cleavage event 

C-terminal to ArgH100b. The slight increase in inhibition over time may be a result of product 
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inhibition from the cleaved peptide. The E2 peptide showed no cleavage after 24 hours, 

supporting the unchanged IC50.  

 Since the H3 loop of A11 makes limited contacts with the protease outside the S1 pocket, 

it is unlikely that the A11 peptide would adopt the reverse binding orientation without the 

scaffold and therefore unsurprising that the peptide is cleaved. Furthermore, the H3 loop of A11 

buries a small percentage (38%) of surface area relative to the total buried surface area in the 

matriptase substrate-binding pocket when compared to S4 (63%) and E2 (68%). The H3 loops of 

S4 and E2 are assisted by more extensive interactions with the substrate-binding pocket,18 and 

these contacts make it more likely that the circularized peptide would act as an inhibitor. The 

weak inhibition exhibited by the E2 peptide in the absence of any cleavage indicates that the 

sequence may bind in a similar orientation to that of the H3 loop of the Fab allowing it to avoid 

cleavage, presumably due to the rigidity provided by the proline residues in the sequence. Since 

the S4 peptide was the most potent inhibitor out of the three, this suggests that its interactions 

with the substrate-binding pocket may contribute more significantly to the inhibition of 

matriptase independent of the entire scaffold, though whether it does so in a reverse orientation is 

difficult to determine. The cleavage of some of the S4 peptide by matriptase over time suggests 

that it may not adopt this novel conformation consistently or at all without the aid of the scaffold. 

While the H3 loop alone contributes to a certain degree to protease inhibition, these results 

demonstrate that the antibody scaffold plays a significant role in the correct orientation of the H3 

loop for inhibition and that additional interactions provided by the remaining Fab loops are 

necessary to achieve potent inhibition. 

 

DISCUSSION 
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As antibodies continue to demonstrate their usefulness in many therapeutic areas, one 

particular field of recent interest is protease inhibition for treatment of cancer progression. Since 

proteases have historically been difficult to target selectively with small molecules and 

macromolecular cognate inhibitors, the high affinity and specificity of antibodies are ideal for 

this purpose.29,30 An emphasis of the current study was to identify selective antibodies that 

competitively inhibit proteolytic activity. As a result, three different inhibitory antibodies of 

matriptase that all utilize a long H3 loop with a P1-Arg residue to partially fill the S1 pocket 

were isolated and characterized. The interaction between the Arg and the Asp residue at the 

bottom of the binding pocket is mediated by a water molecule, resulting in a binding mode that 

prevents proteolysis of the Fab. These antibodies are different from the HGFA antibodies that are 

mostly allosteric inhibitors which contain shorter H3 loops.16,17 Here the structural characteristics 

of specific protease inhibition using A11 and S4 Fabs are revealed. As with many enzyme-

inhibiting antibodies, A11 and S4 inhibit substrate binding by capping the active site through 

interactions with the surrounding surface loops (Fig. 2-4).14,16,18 These loops are areas of low 

homology among trypsin-fold serine proteases and can be targeted with high selectivity by 

antibodies. Since these antibodies use the surface loop interactions for specificity, this 

differentiates them from naturally-occurring macromolecular protease inhibitors that bind a 

broader array of proteases by interacting with the highly conserved protease active site.31  

The crystal structures of the A11/matriptase and S4/matriptase complexes reveal a 

number of similarities with other antibody protease inhibitors for which structures have recently 

been reported, in particular the HGFA inhibitor Ab5816 and the matriptase inhibitor E2.18 All of 

these antibodies depend on the protease surface loops for recognition and binding to their target 

protease. For A11, E2, and Ab58, the 90s loop of the protease and the Phe97 residue in particular 
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acts as a key anchor point for these antibodies. However, upon protease capping the buried 

surface area of the Ab58/HGFA interaction is considerably less (890 Å2)16 when compared to 

A11/matriptase (1,216 Å2) and E2/matriptase (1,241 Å2) (Fig. 2-4c), which are both significantly 

greater than a typical antibody/antigen interaction (< 900 Å2).32,33 Ab58 only partially occludes 

the substrate-binding pocket at the S2 and S3 pocket.16 Conversely, the matriptase inhibitors 

fully occlude the substrate-binding pocket and interact with the S1 pocket by inserting a long H3 

loop, resulting in the enhanced interactions.  

Focusing on the antibody inhibitors of matriptase, a closer similarity in antibody/protease 

interactions is observed with A11 and E2. A11 and E2 have identical H1 and H2 loops even 

though A11 was isolated from a naïve human B cell phage display library and E2 from a fully 

synthetic phage display library.15 These loops are critical for anchoring the antibody between the 

60s and 90s loops on the surface of matriptase (Fig. 2-4a), creating very similar binding 

footprints for A11 and E2. Most of the interactions in the A11/matriptase and E2/matriptase 

complexes are made by non-polar residues. In contrast, S4 binds matriptase in a different mode 

and does not utilize the interaction with the 90s loop (Fig 2-4b). S4/matriptase interactions are 

instead formed by polar residues of the H3 and L1 loops interacting with the 140s loop via a 

strong network of hydrogen bonds and pi-stacking interactions. S4 is the most potent matriptase 

inhibitor out of the three and this may be the result of the increased buried surface area localized 

to the H3 loop (682 Å2) found in the substrate-binding pocket (Fig. 2-4c). Instead of relying on 

the S1 pocket for critical binding energy and inhibition as with A11 and E2, S4 adopts a unique 

mechanism where the ArgH99 residue forms a strong salt bridge with Gln175 in the S3 pocket to 

position the H3 loop in the most energetically stable orientation (Fig. 2-5b and 2-5d). On the 

other hand, the H3 loop of E2 is the longest of our matriptase inhibitors and adopts a more 
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extended conformation in the matriptase active site when compared to the A11 H3 loop. As a 

result, the H3 loop of A11 buries less surface area (466 Å2) compared to the H3 loop of E2 (847 

Å2) (Fig. 2-4c). To compensate for this decrease in buried surface area, A11 utilizes a different 

light chain. The Vκ3 light chain of A11 buries 538 Å2 of surface area, while the light chain of E2 

buries just 175 Å2 (Fig. 2-4c). Attempts to make a chimera composed of the A11 light chain and 

E2 heavy chain that should bury a larger total surface area resulted in reduced affinity (data not 

shown), indicating that the loops are precisely positioned for each antibody and not 

interchangeable despite the similarities in the two antibodies.  

The discovery and characterization of antibodies that inhibit through H3 loop interactions 

with the protease active site represent a new approach to specific inhibition of protease activity. 

The novel, reverse orientation of the H3 loop in the protease active site demonstrates that the 

antibody scaffold is capable of revealing completely new inhibition mechanisms, suggesting that 

there are still undiscovered approaches to inhibiting these enzymes. In the case of A11 and S4, 

interactions with the protease surface loops orient the antibody so that the long H3 loop can be 

inserted into the protease active site. Interaction of the H3 loop with the active site occurs in a 

unique fashion, with the H3 loop binding in a reverse orientation while partially inserting an Arg 

residue into the S1 pocket (Fig. 2-6). The reverse orientation combined with the shallow arginine 

binding at the S1 pocket prevents hydrolysis of the H3 loop while at the same time providing 

critical binding energy. A few cases of reverse binding of peptides near the active site have been 

recorded, most notably inhibition of cathepsin pro-peptide and BIR2 domain inhibition of 

caspase 3 and caspase 7.34 Although they share some similarities with A11 and S4, the 

mechanism utilized by our antibodies remains unique, relying upon a direct interaction with the 

primary substrate-binding pocket of the protease. Even so, the resemblance of this reverse 
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orientation in the mechanism used by BIR2 inhibition34 of the cysteine proteases caspase 3 and 

caspase 7 indicates that this approach could also be used in identifying selective active site 

inhibitors of protease classes beyond the serine proteases. For example, this approach could be 

extremely beneficial for the study of metallo- and aspartyl proteases, two classes that have been 

historically difficult to design specific inhibitors against.     

  Selective protease inhibition is particularly useful in the clinic to target misregulated 

protease activity responsible for disease pathophysiology. For example, the FDA-approved 

recombinant polypeptide ecallantide (Kalbitor) is used to specifically inhibit the serine protease 

plasma kallikrein that causes acute hereditary angioedema attacks in patients.35 Moreover, 

selective protease inhibition may be particularly important in treating and monitoring cancer 

progression. Matriptase is over-expressed in breast, colon and prostate cancers. It is normally 

regulated by its cognate inhibitor hepatocyte growth factor activator inhibitor-1 (HAI-1); 

however, dysregulation of matriptase activity promotes cancer progression.36 Using matriptase 

specific antibodies, protease activity can be monitored in disease to develop a novel approach to 

follow early staged malignancies. In the recent work by Darragh et al, the A11 antibody was 

used as a non-invasive imaging probe to characterize protease activity in vivo in order to define 

matriptase as an early biomarker to visualize epithelial cancers in pre-clinical mouse models.37 

Furthermore, the recent discovery of the role of matriptase in squamous cell carcinoma38 

highlights the need for agents that can selectively inhibit protease activity to pharmacologically 

probe the pathophysiological role of the enzyme and to provide potential therapeutic 

applications. Here we have shown that antibodies can provide novel solutions for the selective 

inhibition of proteases. Our discovery highlights the importance of the antibody scaffold to 

uncover unique and unpredictable positioning of the inhibitory loops to bind and inhibit protease 
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function in a highly selective manner. The identification of a fully human, inhibitory 

recombinant antibody A11 validates this approach and reaffirms the use of antibodies for 

selective inhibition of protease targets in cancer.  

 

MATERIALS AND METHODS 

Identification of inhibitory Fabs from a human phage display library 

A Fab library created from naïve B cells was used to identify inhibitory antibodies against the 

human matriptase protease domain (hMT-SP1).39 Active matriptase was immobilized in wells of 

a 96-well ELISA plate. The panning was accomplished in three rounds with increasing 

stringency against hMT-SP1 adsorbed to wells. ELISAs were performed to verify binding of the 

identified Fabs to hMT-SP1. ELISA positive clones were expressed, purified and tested for 

inhibition of matriptase. Individual clones were sequenced to verify their uniqueness. 

 

Protein expression and purification from E. coli 

Matriptase and matriptase mutants were expressed in Escherichia coli and purified as previously 

described.6,19 S4 was cloned into the Fab scaffold following a procedure similar to that described 

in Farady et al.18 A11 and S4 Fabs were expressed in E. coli BL21 DE3 cells. Cultures were 

grown in 1 L of 2xYT containing 100 μg/ml ampicillin and 0.1% glucose at 37 ˚C and 250 rpm 

to an OD600 of 0.6-0.8. The temperature was then reduced to 25 ˚C and the cultures were induced 

with the addition of 0.5 mM IPTG. After 18 hours of growth, the bacteria were harvested and 

pelleted by centrifugation. The cells were resuspended in 25 mL of buffer containing 0.2 M Tris 

pH 8.0, 0.5 mM EDTA and 0.5 M sucrose. The resuspended solution was left on ice for 1 hour. 

The solution was then pelleted and the periplasmic fraction was run over a Ni2+ column 
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prewashed with wash buffer (50 mM Tris pH 8.0, 250 mM NaCl). The Ni2+ column was then 

washed with 10 column volumes of the wash buffer and the Fab was eluted with 250 mM 

imidazole in 50 mM Tris pH 8.0 and 100 mM NaCl. Size exclusion chromatography was carried 

out on the eluted A11 using a Superdex S75 26/60 with a 50 mM Tris pH 8.0, 100 mM KCl and 

5% glycerol buffer. 

 

Site-directed mutagenesis of A11 and S4 antibodies 

A11 mutants ArgH100aAla, ArgH100bAla, and ArgH115bLys and S4 mutants ArgH100bAla 

and ArgH100bLys were all created using the QuikChangeTM kit from Stratagene. Sequences 

were verified by DNA sequencing. Expression and purification of A11 and S4 mutants were 

carried out as described above. 

 

Trichoderma reesei expression vector construction 

Two independent expression vectors were constructed: one for expression of the Fab heavy chain 

(pCBHIxFabA11 H1) and one for the light chain (pCBHIxFabA11 L1). In each case, the Fab chains 

were produced as fusion proteins with the T. reesei CBHI (cellobiohydrolase I, cel7a) catalytic core 

and linker region. A Kex2 cleavage site (Val Ala Val Tyr Lys Arg) was positioned between the 

CBHI and the Fab chain to allow cleavage of the fusion protein after the Arg residue and release of 

the Fab chain during secretion. 

 The following segments of DNA were assembled in the construction of pCBHIxFabA11 H1 

and pCBHIxFabA11 L1. The T. reesei cbh1 promoter and coding region start at a naturally 

occurring XbaI site approximately 1500 bp upstream of the coding region. The synthetic, codon 

optimized coding region for each Fab chain was fused to the end of the CBHI linker region at a 
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created SpeI restriction site (see below). Immediately after the Fab stop codon was an AscI 

restriction site followed by the T. reesei cbh1 terminator region (356 bp). This was followed by a 

2.75 kb fragment of Aspergillus nidulans genomic DNA, including the promoter, coding region and 

terminator of the amdS (acetamidase) gene. The above DNA fragments were inserted in pNEB193 

(New England Biolabs, Inc., USA) between the XbaI and KpnI sites of the multiple cloning site. 

 The following changes were made within the cbh1 open reading frame. The codon for 

amino acid 212 of the mature CBHI protein was changed from GAG (Glutamic acid) to CAG 

(Glutamine) resulting in production of an inactive form of CBHI. Within the coding region for the 

CBHI linker a change was made to create a SpeI restriction site. This altered the DNA sequence 

from ACCCAG to ACTAGT, changing the amino acid sequence at the end of the CBHI linker 

region from Thr Gln to Thr Ser. The Gln in this sequence represents the first amino acid of the 

cellulose binding domain of CBHI. 

 

 T. reesei transformation 

Trichoderma reesei GICC20000150 was derived from strain RL-P3740 by sequential deletion of the 

genes encoding the four major secreted cellulases (cel7a, cel6a, cel7b and cel5a). Transformation 

was performed using a Bio-Rad Laboratories, Inc. (Hercules, CA) model PDS-1000/He biolistic 

particle delivery system according the manufacturer’s instructions. Transformants were selected on 

solid medium containing acetamide as the sole nitrogen source. For antibody production, 

transformants were cultured in a liquid minimal medium containing lactose as carbon source as 

described previously,41 except that 100 mM piperazine-N,N’-bis (3-propanesulfonic acid) 

(Calbiochem) was included to maintain the pH at 5.5. In order to produce Fab, it was necessary for 

transformants to have taken up both the heavy and light chain expression vectors. However, both 
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expression vectors had the same amdS selectable marker so it was not immediately possible to 

recognize co-transformants. Culture supernatants were analyzed by SDS-PAGE under reducing 

conditions and those that contained the highest level of a 25 kDa band (representing heavy and/or 

light chain) and an apparent 60 kDa band (representing the CBHI core and linker) were selected 

for further analysis. 

 

Purification of A11 from T. reesei expression 

Media from the Trichoderma expression was adjusted to pH 5.5. For an initial crude purification, 

the media was run over an SP sepharose column equilibrated with Wash Buffer 1 (100 mM MES 

pH 5.5, 50 mM NaCl). The column was then washed with 5 column volumes of Wash Buffer 1, 

followed by 5 column volumes of Wash Buffer 2 (50 mM Tricine pH 8.0). A11 was eluted with 

3 column volumes of 50 mM Tricine pH 8.0, 500 mM NaCl. The elution was buffer exchanged 

into 100 mM MES pH 5.5, 50 mM NaCl and loaded onto a MonoS HR 5/5 column. The column 

was washed with Wash Buffer 1 followed by Wash Buffer 2. Elution was then carried out in a 0-

100% gradient of Wash Buffer 2 to Wash buffer 2 containing 500 mM NaCl. Further purification 

was carried out on a Superdex 75 26/60 size exclusion column with a 50 mM Tris pH 8.0, 100 

mM KCl, 5% glycerol buffer. 

 

Steady-state kinetics  

Kinetics were carried out as previously described.19 Briefly, all reactions were carried out in 50 

mM Tris, pH 8.8, 50 mM NaCl, 0.01% Tween-20 in a 96-well, medium binding, flat-bottomed 

plate (Corning) where cleavage of substrate Spectrozyme® tPA (hexahydrotyrosyl-Gly-Arg-

pNA, American Diagnostica, Greenwich, CT) was monitored in a UVmax Microplate Reader 
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(Molecular Devices Corporation, Palo Alto, CA.). KI values were measured using the tight-

binding inhibition equations of Williams and Morrison.42 When measuring the effect mutations 

to matriptase had on the strength of the interaction between the protease and inhibitor, IC50 

values were used instead of KI values. Reactions to determine the IC50 values were carried out by 

incubating 0.2 nM enzyme with inhibitor for > 5 hours to assure steady-state behavior of the 

system. Apparent KI values were then calculated from IC50 values as shown previously in order 

to normalize the IC50 with respect to the strength of the protease/substrate interaction.43 

Inhibitory activity against related proteases was measured using a similar assay monitoring the 

cleavage of a p-nitroanilide substrate. 10 nM Thrombin, fXa, and plasmin (Haematologic 

Technologies, Inc., Essex Junction, VT.) were incubated with 1 μM Fab, and the reaction was 

monitored using 1 mM of the substrate T1637 (Sigma, St. Louis, MO.). 10 nM tPA and uPA 

mM Spectrozyme® tPA and 400 mM Spectrozyme® UK (American Diagnostica), respectively. 1 

nM Hepsin and 5 nM Prostasin (R&D Systems, Minneapolis, MN) were incubated wi

Fab, and the reaction was monitored using 0.5 mM Spectrozyme® tPA. Kaleidagraph 3.6 was 

used to fit all graphs and equations (Synergy Software, Reading, PA). 

 

A11 inhibitor digestion 

The digestion of A11 by matriptase was carried out as previously described.19 A11 was 

incubated at 2 μM with 0.1 nM matriptase in either 100 mM MES pH 6.0, 100 mM NaCl buffer 

or 50 mM Tris pH 8.0, 100 mM NaCl. After 120 hours, the samples were run on a 4-20% Tris-

Glycine SDS-PAGE gel (Invitrogen) to visualize. 
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Crystallization and data collection 

A11 and S4 was incubated with matriptase at 1:1 molar ratio and the complex was purified by 

gel filtration using a Superdex S75 26/60 column in a buffer containing 50 mM Tris pH 8.0, 100 

mM NaCl, 5% glycerol. The purified complex (A11/matriptase and S4/matriptase) was then 

concentrated to ~15 mg/ml. Initial crystallization conditions were discovered using a nanoliter-

scale Mosquito robot (TTP Labtech). The A11/matriptase complex was crystallized in 16% PEG 

3350, 0.23 M MgSO4, 0.4% isopropanol, 3% glycerol and 0.12 M AmSO4 in hanging drop by 

vapor diffusion. Crystals belonging to the hexagonal space group P64 (a = b = 130.6 Å and c = 

96.9 Å; β = 90.0°) grew in three days and were cryoprotected in the mother liquor supplemented 

with 30% sucrose. Needles like crystals of the S4/matriptase complex were grown from 0.2 M 

NaCl, 25% PEG 3355 and 1% ethyl acetate as additive at 25qC using the hanging drop vapor 

diffusion technique. These crystals belong to the monoclinic space group P21, (a = 39.2 Å, b = 

84.0 Å, c = 101.4 Å; β = 91.5°), diffract x-rays to beyond 1.5 Å resolution, and have one 

molecule in the asymmetric unit. The S4/matriptase crystals were transferred to 0.2 M NaCl, 

25% PEG 3355, 1.0% ethyl acetate, 25% ethylene glycol. Diffraction data were collected at 

beamline 8.3.1 at the Advanced Light Source at LBNL (see Table 2-3). Diffraction images for 

A11/matriptase and S4/matriptase were reduced and integrated using DENZO and the intensities 

were merged and scaled using SCALEPACK from the HKL-2000 suite.44  

 

Structure determination and refinement  

The structure of A11/matriptase and S4/matriptase were solved by molecular replacement using 

Phaser45 in CCP4,46 first searching for matriptase (using 1EAX.pdb as search model), then 

searching for the Fab fragment with its H3 loop truncated (using 2HFF.pdb as search model). 
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After molecular replacement, automatic building in ARP/wARP47 and manual building followed 

by restrained refinements cycles using REFMAC548 yielded the final structures. TLS refinement 

was applied at the last stage of the refinement for A11/matriptase. In the final model 

building/refinement cycles, water molecules were inserted at stereochemically reasonable sites 

that had features in electron density, and individual restrained B-values were refined. Five 

percent of all reflections were omitted from the refinement to calculate Rfree; the final R and Rfree 

are 18.8 and 22.8%, respectively for S4/matriptase. For A11/matriptase, the final R and Rfree are 

16.0 and 19.4%, respectively. The final model of both complexes converged rapidly, yielding a 

model with excellent parameters (see Table 3). In the final structure of A11/matriptase, there was 

no density for the heavy chain residues 129-133, 213-215, or protease Ala204. There was no side 

chain density for A11 light chain residues Glu1, Glu143, Lys188, and Glu213, or heavy chain 

residues Glu1, Lys201, and Lys210, so the side chains were not modeled. These regions are 

often disordered in Fab structures. The whole main chain of the S4/matriptase catalytic domain is 

in appropriate electron density. In S4/matriptase, the side chain occupancy was set to 0.5 since 

the side chains exhibit two conformations. The quality of the final structures was assessed using 

Molprobity.49 Buried surface area calculations were performed using PISA.33  

 

Synthesis of H3 loop peptides 

The H3 loop sequences of A11 (circularized: GLGIAARRFVSGEG), S4 (circularized: 

GFHIRRYRSGYYEG), and E2 (circularized: GLTYPQRRGPQNVSEG) were synthesized by 

standard solid phase Fmoc chemistry on a Protein Technologies Symphony Quartet automated 

peptide synthesizer using Wang resin preloaded with the C-terminal amino acid (Novabiochem). 

An ODmab protected glutamic acid residue was inserted near the C-terminus (Novabiochem). To 
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circularize the peptide, the ODmab protecting group was selectively removed by 2% hydrazine 

in DMF followed by Fmoc deprotection of the N-terminal residue and a standard coupling 

reaction with HOBt/HBTU/DIPEA. The finished peptides were deprotected and cleaved from the 

resin using 95% TFA and purified by HPLC on a C-18 column. The peptide sequences were 

confirmed by MALDI mass spectrometry. 

 

Peptide IC50 determination 

The IC50 of each peptide were carried out under conditions similar to those for the steady state 

kinetics described earlier. Assays were run containing 200 μM substrate (Spectrozyme® tPA), 

0.2 nM matriptase, and varying peptide concentrations. A 50 mM stock solution of each peptide 

in DMSO was used for all assays. Additional DMSO was added to all assays so that the DMSO 

concentration was equal throughout. Assays were run for 30 minutes and monitored on a 

fluorescent plate reader at 405 nm. Data was plotted using Kaleidagraph. 

 

Accession numbers 

Coordinates and structure factors have been deposited in the Protein Data Bank with accession 

numbers 3SO3 (A11/matriptase complex) and 3NPS (S4/matriptase complex). 
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Table 2-1. KI values for A11 and S4 point mutants against matriptase. 
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Table 2-2. Apparent KI  values for A11 and S4 with matriptase surface mutants.  
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Table 2-3. Summary of crystallographic information, 3NPS and 3SO3. 

 
Data collection and processing                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

S4/matriptase 
3NPS 

A11/matriptase 
3SO3 

Number of crystals used 1 1 
Wavelength (Å) 1 1 
Space group P21 P64 
Unit cell parameters   

a, b, c (Å)                                     39.1, 83.9, 101.4 130.6, 130.6, 96.4 
D��E��J (°) 90.0, 91.4, 90.0 90.0, 90.0, 120.0 

Matthews coefficient (A3/Da) 2.27 3.23 
Solvent content (%) 45.9 61.9 
Molecules per asymmetric unit 3 3 
Beamline ALS 8.3.1 ALS 8.3.1 

   
Diffraction Data   

Resolution range (Å) 43.4 -1.4  (1.46 -1.40) 113.0 - 2.1  (2.21 - 2.10) 
Unique reflections 104800   (2150) 54872  (7998) 
R(I)sym (%)a 5.8   (17.6) 9.4  (93.2) 
Completeness (%) 84.5   (80.0) 100.0  (100.0) 
Redundancy 3.7   (3.1) 7.3  (6.9) 
I/V(I) 16.0   (8.0) 11.7  (2.2) 

   
Refinement   

Resolution range (Å) 
Reflections used in refinement 
(work/free) 

28.6 - 1.5 
88531/4447 

19.88 - 2.1 
51923/2774 

Final R values for all reflections  
(workb / freec) (%) 18.8 / 22.8 16.1 / 19.4 

No. atoms   
       Proteins                                                            
       Ligands / ion d   
       Water                                                               

5157 
46 

676 

5109 
35 

462 
RMSDs   

Bonds (Å) 0.014 0.017 
Angles (°) 1.61 1.64 

   
Ramachandran parameters (%)e   

Residues in most favored regions 89.3 91.6 
Residues in additional allowed 
regions 10.1 8.3 

Residues in generously allowed 
regions 
Residues in disallowed regions  

0.2 (Ser30 B) 
 

0.4 (Asn51 C, Ile93 C) 

0.0 
 

0.2 (Ala51 B) 
Mean B-factor (Å2)   
    Protein 
    Ligand / ion  

19.8 
48.3 

59.6 
57.7 

    Water 31.4 63.4 
 
Numbers in parentheses represents the highest-resolution shell. 
ALS, Advanced Light Source 

   aRsym = (¦ ¸� I - ¢I²�»���¦ I), where ¢I²�is the average intensity of multiple measurements 
  bRwork = (¦¸�Fobs – Fcalc)»���¦¸Fobs »��
��cRfree  = Rwork based on ~ 1000 (at least 10%) of reflections excluded from refinement 
  dLigands/ion are ethylene glycol, Na, Cl in S4/matriptase and glycerol, sucrose in A11/matriptase  
   eCalculated using PROCHECK50 
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Figure 2-1. Inhibition of matriptase by identified Fabs. The relative inhibition of matriptase 
by eight Fabs identified by phage display is shown. The most potent inhibitor A11 was further 
investigated and fully characterized.  
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Figure 2-2. Comparison of the amino acid sequences (Kabat numbering) of the A11, S4, 
and E2 heavy (H1, H2, H3) and light chain (L1, L2, L3) variable loops. 
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Figure 2-3. Matriptase alanine point mutants and their effect on protease inhibition by A11 
and S4. (a) The six matriptase surface loops surround the protease active site, which consists of a 
binding cleft and the catalytic triad (sticks, in yellow). (b) Matriptase surface map of KI changes 
with A11. (c) Matriptase surface map of KI changes with S4. Point mutants that had minimal 
effect on protease inhibition are shaded in gray, mutations that had a three to tenfold increase in 
inhibitor KI are shaded in pink, and point mutants that increased inhibitor KI by more than tenfold 
are shaded in red. Point mutants that decreased inhibitor KI are shaded in green. The point-
mutant/inhibitor KI values are given in Table 2. Structural figures were generated using PyMOL 
(Schrodinger LLC). 
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Figure 2-4. Close-up view of the H3 loop in the (a) A11/matriptase and (b) S4/matriptase 
complexes. The Fab (heavy chain, light pink; light chain, light orange) caps matriptase surface 
loops (space-filling models) with the 60s loop shaded (red), 37s loop (purple), 140s loop 
(orange), 220s loop (dark pink), 170s loop (light blue) and 90s loop (green) as indicated. The H3 
loops (dark blue) of A11 and S4 are inserted directly into the active site of matriptase (catalytic 
triad indicated in yellow) while the remaining variable loops (L1, L2 and L3, red; H1 and H2, sky 
blue) interact with the protease surface loops. Structural figures were generated using PyMOL. 
(c) Buried surface area as determined by PISA33 shows the contribution of the heavy and light 
chains to the antibody-matriptase interactions. The number in parentheses represents the % of the 
total buried surface area.   
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Figure 2-5. Interaction of the H3 variable loops of A11 and S4 with the matriptase 
substrate-binding pocket. (a) The H3 loop of A11 (blue) accounts for the majority of the buried 
surface area contributed by the heavy chain variable loops. The loop inserts ArgH100b into the 
active site at the S1 pocket while making very few additional contacts. A11 is superimposed with 
chloromethylketone inhibitor D-FPR-cmk (purple, PDB code 2FIR). (b) The H3 loop of S4 
(green) inserts into the matriptase substrate-binding pocket and makes contacts with a number of 
the matriptase residues. S4 is superimposed with D-FPR-cmk (purple). (c) ArgH100b makes a 
water-mediated hydrogen bond with Asp189. Benzamidine (red, ball and stick, PDB code 
1EAX) bound to matriptase adapts the expected binding orientation for an arginine containing 
substrate, forming a salt bridge with Asp189 at the bottom of the S1 pocket of matriptase 
(distance of 3.1 Å). H3 loop of A11 in blue and H3 loop of S4 in green. (d) Residue ArgH99 of 
S4 is a critical binding residue for matriptase inhibition and ArgH100b of S4 makes the same 
water-mediated hydrogen bond with Asp189 as A11.  
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Figure 2-6. Cartoon model highlighting the reverse orientation of the H3 loops of A11 and 
S4 at the matriptase active site. (a) BPTI adopts a substrate orientation at the matriptase active 
site. By comparison, the reverse orientation of the (b) H3 loop of A11 and (c) H3 loop of S4 in 
the matriptase active site provides an additional factor to prevent cleavage of the H3 loop. (d) H3 
loop of E2 also adopts a substrate orientation at the matriptase active site. The catalytic serine 
residue (OH) and the matriptase substrate pockets (S4, S3, S2, S1, S1’, S2’) are also shown in 
the schematic. 
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Figure 2-7. IC50 plots for the A11, S4, and E2 circularized H3 peptides against matriptase. 
(a) IC50 of circularized A11 H3 peptide at time zero (red) and 24 hours (blue). The IC50 increases 
over time due to digestion of the peptide. (b) IC50 of circularized S4 H3 peptide at time zero 
(red) and 24 hours (blue). The IC50 improves modestly over time. (c) IC50 of circularized E2 H3 
peptide at time zero (red) and 24 hours (blue). The IC50 remains the same. 
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ABSTRACT 
 

We designed a biased phage display Fab library that would efficiently identify antibody-based 

protease inhibitors. Using key inhibitory motifs found in potent matriptase antibodies as a 

starting point, we built large synthetic libraries with 1010 diversity. The biased library was 

validated against matriptase, and 16 inhibitors were identified that had <100 nM potency against 

matriptase with 100,000-fold improved potency over the circularized inhibitory motif alone. 

TMPRSS2, a serine protease with an important role in aggressive metastatic prostate cancer, was 

chosen as an additional target for this library. Recombinant protein constructs for extracellular 

TMPRSS2 were optimized to generate reagent quantities of active material used in antibody 

selection and characterization. Selection with the biased library against TMPRSS2 identified 

more inhibitory antibodies (24%) than a naïve library (6%) and a general library built with the 

same scaffold (0%). These antibodies achieved selectivity for TMPRSS2 over matriptase but 

lacked potent inhibition of and binding affinity for TMPRSS2. Homology modeling was used to 

guide affinity maturation and rational design of second generation libraries to improve antibody 

affinities for TMPRSS2. Amino acid diversity and length variation were introduced into two key 

antibody loops CDR H1 and L1, and selection with these affinity maturation libraries identified 

Fabs with 10-fold better binding affinities for TMPRSS2. These results highlight the value of 

biased Fab libraries and structure-guided design for efficient identification of protease inhibitors 

and development of selective antibody-based tools for determining the structure and function of 

serine proteases in disease and normal physiology.  
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BACKGROUND 

Proteases encode for two percent of the human gene products and have many important roles in 

normal physiological and pathophysiological pathways like digestion, blood coagulation, 

apoptosis, and cancer.1-2 Since proteases catalyze the irreversible cleavage of their target 

substrates, these enzymes are highly regulated spatially and temporally. Misregulation and/or 

overexpression of extracellular proteases can lead to increased pericellular proteolysis, a 

hallmark of cancer, where proteolytic cascades involving activation of growth factors, receptors, 

and other proteases promote cancer cell survival and metastasis.3-4 Members of the clan PA 

family S1A of the type II transmembrane serine proteases (TTSP), including matriptase, 

matriptase-2, hepsin, TMPRSS2, TMPRSS3, TMPRSS4, and DESC1, have been implicated in 

this process.5 Proteases in this family, which includes about 20 different members, have an 

extracellular trypsin-fold serine protease domain at their C-terminus.6  

Selective tools for studying an individual protease are important for characterizing its 

function and understanding its role in disease. Targeting specific proteases has been challenging 

due to the high structural homology in the active site as observed in an alignment of known 

structures of available TTSP protease domains (PDB IDs: 1EKB, 1Z8G, 2OQ5, and 3BN9). 

Although there are some length differences at the protease surface loops, the active site 

conservation results in very similar substrate specificities, with TTSPs having a strong 

preference for basic residues in the prime side 1 (P1) position that is directly N-terminal to the 

peptide bond that is cleaved.1,6 Attempts have been made to make small molecule and 

macromolecular inhibitors of matriptase using its substrate signature, however despite having 

potent inhibitors, these reagents often inhibit other closely related serine proteases as well.7-11     
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 Antibodies have large binding surfaces, composed primarily of complementarity 

determining region (CDR) loops, allowing them to achieve high affinity and selectivity. 

Antibodies also have great value as diagnostics and therapeutics,12 and protease antibodies are 

being currently developed in hypercholesterolemia, cancer, blood coagulation, and 

neurodegeneration indications.13 Strategies for identifying antibodies that inhibit protease targets 

include protease-specific selection methodologies,14 selection for allosteric inhibitors,15-16 and 

generation of small macromolecular inhibitor domains in antibody scaffolds.17 Our contribution 

to this burgeoning field in this current study is the development of biased antibody libraries using 

structure-guided design to identify antibody-based protease inhibitors more efficiently than an 

approach using a general antibody library.  

Previously, we identified a number of potent antibody-based inhibitors against 

matriptase18-19 that have been used for molecular imaging and understanding matriptase activity 

and overexpression in cancer.20-21 Crystal structures of the fragment antigen binding (Fab)-

protease complex elucidated the mechanism of potent matrtipase inhibition by Fabs A11 and E2. 

The Fab framework occluded substrate binding and the CDR loop interactions with surface loops 

aided in specificity. The main driver of potent inhibition was the long CDR heavy chain 3 (H3) 

loop, containing key arginine residues, that was inserted into the protease active site,19,22 using a 

novel ‘reverse-binding’ motif found in Fab A11 in which the orientation of the peptide bond to 

the catalytic serine was opposite to the substrate-like orientation found in bovine pancreatic 

trypsin inhibitor and Fab E2.19 The long CDR H3 loops were important for inhibition by the 

Fabs; however when the loops were removed from the antibody framework and circularized, 

their potency against matriptase was reduced by over 1,000,000-fold.19  
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In this work, we wanted to determine if a rationally designed, biased antibody library 

built around inhibitory motifs identified from the CDR H3 loops of potent matriptase Fabs could 

be used to identify antibody-based serine protease inhibitors efficiently. Success of the strategy 

was judged in comparison to the use of more general antibody libraries. We also explored 

computational approaches23 to improve antibody affinities and protease interactions and used a 

structural model to expand our library design. Characterizing the improved hits from this 

additional library gave us further insights into the importance of length and amino acid diversity 

in CDR loops for developing selective antibody-based serine protease inhibitors.  

 

RESULTS 

Design of the biased library and validation against matriptase 

To use the inhibitory CDR H3 loops from the matriptase Fabs for more general protease 

inhibition, we constructed new phage display Fab libraries based on the inhibitory motifs 

identified from Fabs A11 and E2. We wanted to introduce these reverse and substrate-like 

binding motifs into a high expressing and clinically validated antibody framework VH3-23, 

VK1-19 that has high stability and reported use in the literature.24-25 As the template onto which 

the library was built, we chose an anti-maltose binding protein Fab that was previously used to 

construct a highly functional naïve synthetic antibody library (Library F).26 Designed degenerate 

oligonucleotides were used to introduce diversity at four of the six CDRs (Fig. 1a) that are most 

important for antibody-antigen interactions, and CDR light chain 1 (L1) and light chain 2 (L2) 

were unchanged from the template. Diversity mimicking the amino acids found in natural 

binding sites was introduced at CDR L3, while limited diversity was introduced at CDR H1 and 

H2 loops. Three sub-libraries were built around each inhibitory CDR H3 motif from Fabs A11 
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and E2.  Sub-library A contained the most conserved sequence from the parental Fab, sub-library 

B contained a conserved six-seven residue turn motif, and sub-library C had a minimal di-

arginine motif (Fig. 1b). Since the arginine residue at position 100b is important for serine 

protease inhibition,8,19 the di-arginine motif was the minimal requirement in the design of CDR 

H3 in the biased library. The diversity of each sub-library was determined to be 4 x 109. Thirty-

six individual clones, 12 from each sub-library, were randomly picked and sequenced at the CDR 

heavy chain site. The sequencing results indicated that ~70% of CDR heavy chain 1 (H1), ~70% 

of CDR heavy chain 2 (H2), and ~50% of CDR H3 were mutated. 

To test the design of the biased library, we performed selections against matriptase and 

panned separately for each of the six sub-libraries. After three rounds of panning, thirty Fabs 

with unique sequences in the CDR H3 loop were identified from all the sub-libraries. An 

enrichment of hits from the B sub-library was observed for both A11 and E2 (Fig. 2a). All 

antibodies were expressed and purified for further characterization. IC50 and relative KI values 

were calculated for the Fabs identified, and 16 out of 30 Fabs (53%) showed double digit 

nanomolar inhibition of matriptase activity (Fig. 2b). The heavy and light chains for each 

antibody were sequenced, and longer loop lengths in CDR H3 were observed (14/16 clones) 

(Fig. 2b). The most potent antibodies containing the substrate-binding motif came from the more 

conserved E2 sub-libraries. By contrast, the most potent antibodies with the reverse-binding 

motif came from the less conserved A11 sub-libraries. These results appear to be consistent with 

the amount of buried surface interaction driven by the heavy and light chains of Fabs E2 and 

A11 in the antibody-matriptase complexes.19 The inhibition values of these biased library hits are 

100-fold less potent than the original parental Fabs A11 and E2 but are 100,000-fold more potent 

than the circularized loops (Fig. 2b). We may be trading affinity in our library design to develop 
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inhibitors with more general use against other proteases. With the biased library validated against 

matriptase for identifying nanomolar inhibitors and selecting a higher ratio of inhibitory 

antibodies than a naïve library,19 we wanted next to determine if this library would identify 

antibody inhibitors of other serine protease targets and identify inhibitors more readily than 

unbiased approaches. 

 

Expression of recombinant TMPRSS2 

TMPRSS2 is a closely-related member of the type II transmembrane serine protease family and 

shares 60% sequence similarity in the protease domain to matriptase. Two expression constructs, 

one containing the entire extracellular region and the second containing only the scavenger 

receptor cysteine-rich and protease domains, were constructed and expressed in yeast. The 

second construct with the truncated extracellular region was designed to match the TMPRSS2 

protein that was observed in prostate cancer cell lines.27 TMPRSS2 expression constructs were 

expressed in Pichia pastoris as a secreted product. Auto-activation of the zymogen TMPRSS2 to 

the active species occurred during expression as determined by immunoblot and activity assay, 

and the secreted protease was purified by protease inhibitor affinity resin and then size exclusion 

chromatography. The identity of the material was confirmed also by mass spectrometry. The 

final yield with this methodology is 50 ug active protein per 1 L preparation.  

 

Selection of the biased library against TMPRSS2  

Active, recombinant TMPRSS2 enzyme was biotinylated and attached onto streptavidin-coated 

plates or beads for the selection with the biased libraries as well as the naïve B-cell library28 and 

the naïve synthetic Library F26 for comparison. With Library F, four rounds of selection were 
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performed on a robotics platform using an automated bead-based phage selection, and three 

ELISA positive clones were identified. Subsequent sequencing determined that all three clones 

shared the same unique sequence (Fab A2) and did not inhibit TMPRSS2 activity (Fig. 3). For 

the biased synthetic and naïve natural libraries, three rounds of selection were sufficient to 

observe enrichment of hits against TMPRSS2. From the naïve library, 32 ELISA-positive clones 

with unique sequences in the CDR H3 loop were identified for TMPRSS2 (Table 1). Semi-

quantitative ELISA was used to prioritize the hits, and Fabs 17A12 and 21H4 were expressed, 

purified, and further characterized. Analyzing the heavy chain sequences of these Fabs, long 16-

residue length CDR H3 loops that contained 2-3 arginine residues were observed (Fig. 3) similar 

to the previously identified matriptase Fabs. Both Fabs 17A12 and 21H4 exhibited modest 

inhibition of TMPRSS2 protease activity (Fig. 3).  

 From the biased library, 39 ELISA positive clones were characterized and seventeen Fabs 

had unique sequences in the CDR H3 loop. These hits came mainly from the least conserved 

sub-library C for both inhibitory motifs. Seven Fabs showed specificity for TMPRSS2 over 

matriptase by ELISA (Fig. 4a) and were prioritized using semi-quantitative ELISA (Fig. 4b). 

Four Fabs (40B2, 41A11, 41B5, and 41D1) were expressed and purified for further 

characterization. All Fabs showed inhibition of TMPRSS2 activity (Fig. 3). The biased library 

was the most efficient approach in identifying inhibitory antibodies from selections (24% of 

unique sequences were inhibitors) than a more general Library F (0%) or the naïve library (6%) 

(Table 1). However, the binding affinities of these antibodies for TMPRSS2 were relatively 

weak from both the biased (2-20 uM) and naïve libraries (2 uM).  

 

Homology modeling to guide affinity maturation of biased library hits  
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To identify areas where the biased library hits could be affinity matured as well as where the 

library design can be improved, we used homology modeling of a biased Fab-TMPRSS2 

protease complex to help provide insights.23 Fab 41E10 from the A11A sub-library bound to 

TMPRSS2 but lacked specificity to the target. The structural model of this Fab was built with 

Protein Localization Optimization Program (PLOP)29 using two antibody templates from the 

expected reverse binding mode. Similarly, the structure of TMPRSS2 was modelled on the basis 

of multiple templates (enteropeptidase and hepsin; PDB ID: 1EKB, 1Z8G). The structural model 

of the Fab-TMPRSS2 complex (Fig. 5a) highlights regions in the CDRs where the binding 

affinity and the specificity could be improved. The 170s loop on the protease surface can make 

potential interactions with the CDR L1 loop, however in the original design, this loop is 

unchanged from the template Fab. Introducing diversity and length variation in this loop may 

improve interactions with TMPRSS2. Also, among TTSP family members, the protease 60s loop 

is very diverse in sequence and length and provides an opportunity for achieving specificity. 

Matriptase has four additional amino acids in the 60s loop than TMPRSS2, suggesting that 

additional length variation in the CDR H1 loop by 1-2 amino acids may improve interactions 

with TMPRSS2 and aid in specificity and affinity. The CDR H1 loop adopts three canonical 

structures (CS1, CS2, and CS3) depending on the length of the loop (7, 8, and 9 residues, 

respectively). Grafting CS2 and CS3 onto the 41E10 CDR H1 moved the antibody loops closer 

to the protease 60s loop (data not shown).  

Using the model as a guide for improving the biased library, we designed additional 

degenerate oligonucleotides that introduce length variation and diversity in the CDR H1 and L1 

loops (Fig. 5b). Fabs 40B2, 41A11, 41B5 and 41D1 were used as the templates onto which 

diversity was introduced using an optimized site-directed mutagenesis protocol described in 
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Chen et al.25 We generated a new library with approximately 1010 transformants, and sequencing 

analysis showed that 85% and 82% of CDR L1 and H1 loops, respectively, were mutated. Two 

additional rounds of panning against TMPRSS2 using reduced protein concentration and more 

stringent, longer washes were completed to select for better binders. Enrichment was observed in 

the last round and 192 colonies were selected for further characterization by ELISA. There were 

138 ELISA positive clones, and the seven clones with the highest signal were selected for 

additional studies. The seven clones came from two parental templates, 41B5 and 41D1 (Fig. 6). 

The clones with increased inhibition of and binding to TMPRSS2 had longer CDR H1 loops 

(1F5 and 5H1), an abundance of larger amino acids in the CDR L1 loop (all Fabs), and an 

additional basic residue in the CDR L1 loop (5H1, 1C1, and 1F12) (Fig. 6). Selectivity for 

TMPRSS2 over matriptase was improved for the 41D1-derived antibodies, and the affinity-

matured clones had 10-fold better binding affinities for TMPRSS2 as determined by 

bioluminescence interferometry (BLI) (Fig. 6).  

 

DISCUSSION 

The development of antibodies that selectively target and inhibit proteases has grown in recent 

years in both academia and industry; however, antibodies that target the protease active site 

directly remain a small percentage of the antibodies currently in development.30-31 Here, we have 

described the use of two different active site inhibitory motifs as a central structure around which 

we designed large synthetic antibody libraries that can aid in the efficient identification of serine 

protease inhibitors. 

 Since the antibody scaffold is important for the presentation of the inhibitory motifs to 

the protease active site,19 we built these loops onto a commonly used IGHV3-23, IGKV1 

framework32 for the biased libraries. Fabs E2 and A11 share the same heavy chain framework as 
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the template. The light chain framework of E2 matches with the template but that of A11 does 

not (IGKV3). In our first test of the library design with matriptase, we identified 16 Fabs with 

low nanomolar KI values for matriptase, and the hits selected from each library were consistent 

with previously described structural characterization of the parental Fab-protease interaction.  

For the E2-derived libraries, we saw an enrichment of hits from the most conserved sub-libraries 

(A and B). Fab E2 interaction with matriptase is driven mainly by the heavy chain (86% of the 

total buried surface area) where the CDR H3 loop alone buries 68% of total surface area in the 

matriptase substrate-binding pocket.22 For the A11 libraries, more hits were identified from the 

less conserved libraries (B and C), which is consistent with the observation that only a small 

percentage (38%) of the total buried surface area is driven by the A11 CDR H3 loop.19 The 

interaction of A11 with matriptase is driven equally by the heavy and light chains (56% and 44% 

of the total buried surface area respectively),19 and thus greater diversity in the heavy chain 

sequence would be necessary to optimize antibody interactions with the protease in the absence 

of sequence variation in the light chain CDR loops.   

For these first generation biased libraries, we focused the design on the CDR H3 loop 

since it was critical for potent protease inhibition, but the other CDR loops may contribute to 

potent inhibition and specificity. We limited the scaffold to one framework because it has been 

used and clinically validated by many groups,24-26 but other antibody scaffolds are also 

available.33-34 In selections using the naïve antibody library against a panel of proteases 

(matriptase, urokinase plasminogen activator, TMPRSS2, cathepsin B, cathepsin L, and site-2 

protease), we identified other frameworks (IGHV1-69, IGHV3-30, IGHV4-4, IGKV3-11, 

IGLV5, and IGLV1) that were commonly used by antibodies that bind and in some cases, inhibit 
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these different proteases (data not shown). Including some of these other frameworks may be 

important for future versions of the biased libraries. 

Nonetheless, the higher ratio of inhibitory antibodies (53% of unique clones were 

inhibitory) identified in the matriptase selection using the single framework biased libraries (16 

inhibitory antibodies) relative to naive Fab libraries or scFv libraries, where only one or two 

inhibitory antibodies, respectively, were found,18-19 validates the design of our biased libraries 

for discovering inhibitory, antibody-based tools for type II transmembrane serine proteases. 

Indeed, when we performed selections with a second protease, TMPRSS2, we identified 

inhibitory antibodies more efficiently using the biased libraries than with a naïve library or a 

naïve synthetic library that uses the same antibody framework Library F (Table 1). TMPRSS2 

inhibitory antibodies from the biased library had additional basic residues (Arg or Lys) in the 

CDR loops, longer CDR H3 lengths, and a preference for Tyr over Ser usage in the CDR H1 and 

H2 loops (Fig. 3). The antibodies that we identified were selective for TMPRSS2 over 

matriptase, but counter-selection during panning and/or screening of antibody hits against the 

original target may be necessary to remove any non-specific clones. There were more inhibitors 

from the biased library, but the binding affinities of these antibodies to TMPRSS2 were 

relatively weak (>2 uM). Optimizing the selection procedure to include longer washes that span 

one to five hours might improve affinities by selecting for antibodies that have slower off rates.  

Because we were unable to pursue a structure of the antibodies in complex with 

TMPRSS2, we used homology modeling of one biased Fab in complex with TMPRSS2 to guide 

affinity maturation in the absence of a crystal structure. The model revealed two areas in the 

CDR H1 and L1 loops where antibody-protease interactions could be improved and optimized 

for better affinity and selectivity for TMPRSS2. Based on this hypothesis, the libraries we 
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designed for affinity maturation introduced amino acid diversity and length variation in the CDR 

H1 and L1 loops. The hits with improved affinities for TMPRSS2 showed enrichment for longer 

loops in CDR H1, larger amino acids like Tyr and Trp in the CDR H1 and L1 loops, and a basic 

Arg residue in the CDR L1 loop (Fig. 6). Furthermore, all clones contained Tyr in position 32 in 

the CDR H1 loop, which can make a potential hydrogen bond with Asp 299 in the protease 60s 

loop. These findings matched our rational design objectives for improving antibody affinities at 

least 5-fold, but the changes resulted in only marginal improvements to protease inhibition. The 

bivalent dimer format of the Fab used for phage display presents the antibody like an 

immunoglobulin G (IgG) to TMPRSS2. This data suggests that TMPRSS2 may be dimeric in 

solution since we observe complete inhibition of protease activity using a dimeric 

macromolecular inhibitor ecotin (data not shown). Conversion of the Fab to the full length IgG 

may be necessary for more potent TMPRSS2 inhibition.  

 The biased library approach works with members of the same protease family. This 

approach should be tested with other serine proteases to determine if this technology can be 

applied more generally for selecting inhibitory antibodies and identifying inhibitors against other 

classes of proteases like aspartyl and metallo proteases, which play important roles in infectious 

disease, neurodegeneration, and cancer.2 Selective tools for studying individual proteases will be 

extremely important for understanding their underlying biology and function as recombinant 

antibody technology continues to demonstrate its value for targeting proteases in discovery and 

clinical applications.  

In conclusion, we have developed a tool for efficient identification of selective antibody-

based protease inhibitors and leveraged structural insights from homology modeling for affinity 

maturation. This strategy has contributed to the identification and characterization of a number of 
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inhibitory antibodies for TMPRSS2 that are compatible for downstream translational 

applications and will be important in functional and structural studies to understand its activity 

and localization in disease.  

 

MATERIALS AND METHODS 

Library construction 

The library was constructed using a phagemid (pHP153) designed for the phage display of a 

highly stable human Fab framework, as described previously.25 A set of mutagenic 

oligonucleotides were designed to introduce diversity at CDR L3, CDR H1 and CDR H2 loops 

(Supplemental Table 1). CDR L3 was mutagenized with the oligonucleotides L3-3, 3-4, L3-5, 

L3-6 and L3-7. CDR H1 was mutagenized with oligonucleotide H1a-4 and CDR H2 was 

mutagenized with H2a. The template Fab CDR H3 was replaced with the CDR H3 sequence of 

A11 or E2. For each parent Fab, three sub-libraries were constructed with different length and 

variability in the CDR H3 sequence: A11A, A11B and A11C for Fab A11 and E2A, E2B and 

E2C for Fab E2. The oligonucleotides used were A11-A, A11-Aa, A11-Ab, A11-B, A11-Ba, 

A11-Bb, A11-C, A11-Ca, A11-Cb, E2-A, E2-Aa, E2-Ab, E2-B, E2-Ba, E2-Bb, E2-C, E2-Ca, 

E2-Cb. To check the quality of the libraries, mid-log phase Escherichia coli XL1-blue (Agilent 

Technologies) were infected with phage and the infected culture was plated on LB with 100 

ug/ml carbenicillin plate. Colonies from each sub-library were selected and the heavy chains 

were sequenced.  

 

Selection against matriptase 
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The panning was done in three rounds as described previously.18-19 Each sub-library was used 

separately. Briefly, recombinant matriptase35 was adsorbed to the surface of a Nunc Maxisorp 

plate. Increasing stringency and decreasing protein concentration were conducted after each 

round, and individual colonies were selected and Fab-phage were produced in a 96-well plate. 

ELISA was performed with Fab-phage supernatant to verify binding of individual clones to 

matriptase. The sequences of the clones that bound matriptase were determined using VL 

Forward (5’- TGT AAA ACG ACG GCC AGT CTG TCA TAA AGT TGT CAC GG -3’) and 

VH Forward (5’- TGT AAA ACG ACG GCC AGT GGA CGC ATC GTG GCC CTA -3’) 

primers.  

 

Biased Fab expression and purification 

The phagemid DNA of the ELISA positive clones were purified. A stop codon was introduced 

after the heavy chain constant domain using QuikChange® Site-Directed Mutagenesis Kit 

(Stratagene). Fabs were then expressed in Escherichia coli 55244 cells (ATCC) as described 

previously.36 Each Fab was freshly transformed to inoculate an overnight culture. The overnight 

culture was used to inoculate 1 L of low phosphate CRAP-Pi sAB expression media 

supplemented with 100 μg/ml of ampicillin at 30˚C and 230 rpm. After 18 hours of growth, the 

bacteria were harvested and pelleted by centrifugation. The cells were resuspended in 40 ml of 

lysis buffer (B-PER from Pierce supplemented with 1 U/ml DNaseI). An equal volume of PBS 

pH 7.4 was added to the resuspended solution and the entire volume was transferred to a 250 ml 

centrifuge bottle. The solution was then heated at 65˚C for 30 minutes and centrifuged at 

27,000g for 30 minutes. Fab supernatant was incubated with pre-washed Protein L Plus agarose 

(Pierce) for at least 1 hour at 4˚C. Beads were spun down and purified over a gravity column. 
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The column was washed with 100 mM phosphate pH 7.2, 0.15 M NaCl buffer, and the protein 

was eluted with 50 mM glycine pH 2 and immediately neutralized with 1 M Tris pH 9. Fabs 

were dialyzed against PBS pH 7.4 overnight, concentrated, and then purified with size exclusion 

chromatography. Fractions were collected and concentrated for storage at 4˚C. 

 

Steady-state kinetics for matriptase inhibition 

IC50 and relative KI values were calculated for all the Fabs identified. The inhibition of 

matriptase and the kinetic parameters were calculated using the same protocols described before 

for A11 and E2.8 Briefly, all reactions were carried out in 50 mM Tris pH 8.8, 50 mM NaCl, 

0.01% Tween-20 in a 96-well, black, medium binding, flat-bottomed (Corning) where cleavage 

of substrate 200 uM Spectrozyme® tPA (hexahydrotyrosyl-Gly-Arg-pNA, American 

Diagnostica) was monitored in a UVMax Microplate Reader (Molecular Devices Corporation). 

IC50 values were determined by pre-incubating 0.2 nM matriptase with Fabs for 5 hours to ensure 

steady-state kinetics. Relative KI values were calculated from IC50 values according to equation 

1.  

KI = IC50/(1+[S]/Km)  (1) 

All graphs and equations were fit using GraphPad Prism v5 (GraphPad Software).  

 

Construction of TMPRSS2 expression vectors 

TMPRSS2 DNA was a generous gift from the Nelson lab.37 Two extracellular constructs of 

TMPRSS2 were generated using this template and a potential glycosylation site was mutated to 

N249G. The first construct included the entire extracellular region (LDL-receptor class A, 

SRCR, and serine protease) from amino acids 108-492; the second construct only contained the 
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SRCR and serine protease domain from amino acids 150-492. A stop codon was inserted after 

the protease domain and no additional purification tags were included. These constructs were 

cloned into the pPICZαB construct from Invitrogen’s EasySelect Pichia Expression Kit 

according to the manufacturer’s protocol, transformed into Pichia pastoris strain X33, and 

selected on plates containing increasing concentrations of Zeocin to identify multi-copy 

recombinants. Clones were screened via small scale expression measuring TMPRSS2 activity in 

the supernatant daily with a chromogenic substrate after induction. Protein expression was also 

analyzed by immunoblot blot using a polyclonal anti-TMPRSS2 antibody PH59 from the Nelson 

lab27 and confirmed with proteomics analysis using mass spectrometry as described previously.38 

 

TMPRSS2 expression and purification 

The expression and purification were modified from a previous report.37 Briefly, a single colony 

was grown in 10 ml buffered medium with glycerol (BMGY) overnight at 30˚C and 230 rpm. 

The overnight culture was used to inoculate 1 L BMGY and grown until OD 2-6. Cells were 

pelleted and resuspended in 100 ml buffered medium with methanol (BMMY). Cells were 

induced with 5% methanol every 24 hours for 72-96 hours. To harvest TMPRSS2 protein, cells 

were centrifuged and the supernatant was precipitated with 70% ammonium sulfate at 4˚C 

overnight. Protein was harvested at 27,000 xg for 45 minutes, resuspended in 50 mM Tris pH 8, 

0.5 M NaCl, 0.01% CHAPS, and solubilized for 2 hours at 4˚C. The solubilized protein was then 

purified over a gravity column containing soybean trypsin inhibitor immobilized agarose 

(Pierce). The column was washed with 50 mM Tris pH 8, 150 mM NaCl buffer and the protein 

was eluted with 50 mM glycine pH 2 and neutralized 1:10 with 1 M Na-acetate. TMPRSS2 was 

concentrated and then purified with size exclusion chromatography using 50 mM potassium 
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phosphate buffer pH 6, 150 mM NaCl, 1% glycerol to prevent auto-proteolysis. Fractions were 

collected, concentrated and stored at 4˚C for immediate use or flash frozen with liquid nitrogen 

and stored at -80˚C for longer term. 

 

TMPRSS2 inhibition assay 

All reactions were carried out in 50 mM Tris pH 9.5, 0.05% Brij-35 in a 96-well, black, medium 

binding, round-bottomed plate (Corning) where cleavage of substrate 100 uM SpectroFluor® tPA 

(methylsulfonyl-D-Phe-Gly-Arg-AMC, American Diagnostica) was monitored in a SpectraMax 

Gemini EM Plate Reader (Molecular Devices Corporation). 30 nM active TMPRSS2 diluted in 

50 mM Tris pH 8, 150 mM NaCl was pre-incubated with Fab for 1 hour at room temperature 

without shaking. The assay was initiated by the addition of substrate into each well. Velocities 

from the linear portion of the curves were determined and used to calculate % protease activity. 

 

Identification of Fabs against TMPRSS2 

Recombinant TMPRSS2 was biochemically biotinylated with EZ-Link® NHS-Chromogenic 

Biotinylation Kit (Thermo Scientific) to obtain 1-2 biotin molecules per protein and then buffer 

exchanged over a PD-10 desalting column. The automated selection with Library F was 

conducted on streptavidin beads as described in Hornsby et al. (in review, Molecular and 

Cellular Proteomics). Binding selections with the biased and naïve libraries were conducted with 

active biotinylated TMPRSS2 immobilized to streptavidin-coated wells in Nunc Maxisorp plates. 

Three rounds of selection with decreasing protein concentration (20, 10, and 5 ug/ml) and 

increasing wash stringency were completed. After enrichment in the third round, single colonies 

were selected, and Fab-phage supernatant or Fab supernatant for biased and naïve library 
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respectively was used in ELISA to identify TMPRSS2 positive clones with 1:5000 anti-M13 

peroxidase (GE Healthcare Life Sciences) and 1:1000 anti-c-myc peroxidase (Roche) used as a 

secondary antibody. Semi-quantitative ELISA was performed using serial dilutions of the 

supernatant to prioritize individual clones as described previously.39 Individual clones were 

sequenced with VL Forward and VH Forward primers for the biased library and JS-1 (5'-AGC 

GGA TAA CAA TTT CAC ACA GG -3') and JS-2 (5'-TTT GTC GTC TTT CCA GAC GTT 

AGT-3') primers for the naïve library. 

 

Expression and purification of Fabs from naive library 

Fabs from the naïve library were expressed in Escherichia coli BL21-Gold (DES) and purified as 

previously described.40 A single colony from a fresh plate was used to inoculate an overnight 

culture. The overnight culture was used to inoculate 1 L of 2xYT with 0.1% glucose and 100 

ug/ml ampicillin and grown until log phase. When OD600 reached between 0.5-0.8, the cells were 

induced with 1 mM IPTG and grown at 20˚C at 200 rpm overnight. The bacteria were harvested 

and pelleted by centrifugation. The pellet was subjected to osmotic shock for periplasmic protein 

purification. The periplasmic fraction was loaded onto a gravity column with Ni-NTA resin 

(Thermo Scientific) and washed. Protein was eluted with buffer containing 500 mM imidazole. 

Protein was dialyzed against PBS pH 7.4 overnight at 4˚C. Fabs were concentrated and then 

purified with size exclusion chromatography. Fractions were collected and concentrated for 

storage at 4˚C. 

 

Homology modeling 
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The homology model of TMPRSS2 was constructed using both the enteropeptidase (PDB ID: 

1EKB, 2.30 Å resolution)41 and hepsin (PDB ID: 1Z8G, 1.55 Å resolution)42 structures as 

templates. The alignments were built with the local pairwise sequence alignment method 

EMBOSS Matcher.43 The model was generated with PLOP29 on the basis of a composite 

alignment, where the 170s loop (sequence ETQRCNSRYVYDNLITPA) and 220s loop 

(sequence GSGCAKAYRPG) were matched to hepsin, while the rest of the TMPRSS2 sequence 

was matched to enteropeptidase (sequence identity = 42%, sequence similarity = 61.5%). The 

structure was then prepared with Maestro Protein Preparation Wizard,44 assigned bond orders, 

added hydrogens, created disulfide bonds, and energy minimized.  

 The biased Fab 41E10 model was built using Fab A11 (PDB ID: 3SO3, 2.10 Å 

resolution)19 and an anti-TDR Fab (PDB ID: 3PNW, 2.05 Å resolution)26 as templates. The 

conformation of the CDR H3 loop sequence (KDLGIAARRFVSGAAFDI) was predicted using 

the A11 template while the remainder of the heavy chain and the entire light chain were modeled 

based on the 3PNW template. The relative orientation of 41E10 and TMPRSS2 was obtained by 

superimposing their structures to the similar protease-antibody complex of matriptase with Fab 

E2 (PDB ID: 3BN9).22 Side chains involved in steric clashes between 41E10 and TMPRSS2 

were deleted and then rebuilt with PLOP. The structure was prepared and refined with Maestro 

Protein Preparation Wizard. An additional Prime45 loop refinement was also performed for the 

antibody CDR L1, H2, and H3 loops. 

 

Second generation biased library construction and affinity maturation selections 

The library was constructed as described previously.25 Phage pools from a small set of biased 

hits (40B2, 41A11, 41B5, and 41D1) were used to infect CJ236 cells to create dU-ssDNA. A set 
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of mutagenic oligonucleotides were designed to introduce diversity at CDR L1 and CDR H1: L1-

11, L1-12, L1-16, L1-17, H1-7, H1-8, H1-9 (Supplemental Table 1), ordered from Trilink 

Biotechnologies (San Diego, CA). CCC-dsDNA was transformed into electrocompetent SS3200 

co-infected with helper phage M13K07 (NEB). To check the mutation rate of the library, mid-

log phase Escherichia coli TG1 cells (Lucigen) were infected with phage from the library and 

plated on LB with 100 ug/ml ampicillin plate. Colonies were selected and the heavy and light 

chains were sequenced.  

 Two additional rounds of selection against TMPRSS2 with the affinity maturation library 

were conducted. In each round, decreasing protein concentration (1 ug/ml, and 0.1-0.5 ug/ml) 

and increasing wash stringency were used to select for more potent Fabs. Individual clones were 

characterized as described in the previous section. 

 

KD determination for Fabs 

Kinetic constants for each Fab were determined using an Octet RED384 instrument (ForteBio). 

Three concentrations of each Fab (10 uM, 1 uM, and 100 nM) were tested for binding to 

biotinylated TMPRSS2 immobilized on a Streptavidin SA biosensors (ForteBio). All 

measurements were performed at room temperature in black Grenier 384-well microplates in 

running buffer PBS pH 7.4 with 0.1% (w/v) bovine serum albumin (BSA) and 0.02% (v/v) 

Tween-20. Biotinylated TMPRSS2 was loaded for 100 s from a 50 nM solution onto the 

biosensor and then the baseline was equilibrated for 60 s in buffer. The association phase for 

Fabs was 300 s followed by 120 s disassociation in buffer. Between each Fab sample, the 

biosensors were regenerated in three cycles of 10 mM glycine pH 1.5 for 5 s followed by buffer 



87 
 

for 5 s. Data were analyzed using a 1:1 interaction model on the ForteBio data analysis software 

8.2. 
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Table 3-1. Comparison of selection efficiencies for TMPRSS2 inhibitors using different 
antibody libraries. The combined biased library, naïve synthetic Library F, and naïve B-cell 
library were used in selections against TMPRSS2. The starting diversity of all the libraries was 
the same. ELISAs were used to screen binders and clones that gave 5-fold greater signal than a 
background control were determined to be ELISA positive. Antibody heavy chains were 
sequenced and unique clones were identified using the CDR H3 sequence. Each unique antibody 
was tested at a single concentration in a TMPRSS2 activity assay and antibodies that had greater 
than 10% inhibition were considered TMPRSS2 inhibitors 
 

 
Biased Fab 

Library 
Library F Naïve B-Cell 

Library 

Initial Diversity 1010 1010 1010 

ELISA Positive 
Clones 

98/192 
51% 

3/48 
6% 

76/384 
20% 

Unique CDR H3 
Sequences 

17/39 
43% 

1/3 
33% 

32/76 
42% 

TMPRSS2 Inhibitors 
4/17 
24% 

0/1 
0% 

2/32 
6% 
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Table 3-2. Degenerate oligonucleotides for biased library construction. Sequences of 
oligonucleotides used for generating the biased libraries and second generation affinity 
maturation libraries. 
 

 
 

 

X indicates trimer mix 
Y indicates C, T wobble site  
W indicates A, T wobble site 
M indicates A, C wobble site 
R indicates A, G wobble site 
S indicates C, G wobble site 
Lower case = soft randomization 
with 70/10/10/10 nucleotide mix  
VNT codon ([GAC][GACT]T) 
ZZZ indicates amino acid mixture 
with 11:10:4:3:3:2:2:2:1:1:1 
(S/Y/G/W/D/A/H/P/F/V/R) 
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Figure 3-1. Biased library design. (a) Three-dimensional view of the key antigen binding 
region formed by the heavy (light green) and light (light pink) chain variable domains. The 
backbones are shown as tubes. The CDR loops are numbered using Kabat definition and colored 
as follows: CDR L1, yellow; CDR L2, orange; CDR L3, red; CDR H1, green, CDR H2, blue; 
CDR H3, purple. Spheres represent positions that were diversified. The figure was generated 
using PyMOL with the crystal structure coordinates (PDB ID: 1FVC). (b) CDR diversity design. 
Positions shaded in dark grey were flanking framework residues. Positions shaded in light grey 
were fixed as the parental sequence. Positions shaded in blue were soft randomized using a 
70/10/10/10 nucleotide mix that on average allows for 50% of the wildtype amino acid. The red 
shaded X indicates the position where one or two amino acids were added to obtain CDR H3 
loops with different lengths. Dashes indicate gaps in the alignment. Z denotes nine amino acids 
(Y, S, G, A, F, W, H, P, and V) in a ratio of 5:4:4:2:1:1:1:1:1.  
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Figure 3-2. Validation of libraries with matriptase. (a) Matriptase protease activity inhibition 
by biased hits. (b) Characterization of biased library hits through sequencing and inhibition 
assays. The sequences of CDR L3, CDR H1, CDR H2 and CDR H3 loops are shown for Fabs 
with KI values in the double-digit nanomolar range. Positions shaded in dark grey were flanking 
framework residues. Positions shaded in light grey indicate amino acids from the parenteral 
sequence. Ser, Tyr, Gly, and Ala are shown in red, yellow, green, and blue, respectively. Basic 
amino acids important for serine protease inhibition (Arg and Lys) are shown in orange.  Dashes 
indicate gaps in the alignment. The KI values were calculated from the IC50 value. The KI values 
for parental Fabs A11 and E2 and the circularized CDR H3 loops were reported previously.19 
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Figure 3-3. Characterization of TMPRSS2 antibodies from all libraries. The sequences of 
CDR L3, CDR H1, CDR H2 and CDR H3 loops are shown for Fabs with high ELISA signal 
from Library F, naïve B-cell library, and the biased libraries. Fabs that had saturating, 
concentration- dependent curves from the semi-quantitative ELISA were purified and tested for 
inhibition of TMPRSS2 activity at 1 uM. The Fab sequences are colored in the same manner as 
Figure 3-2. Dashes indicate gaps in the alignment. The KD values for Fabs were determined by 
bioluminescence interferometry. 
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Figure 3-4. Characterization of biased library hits against TMPRSS2. (a) Selectivity of 
biased library hits. TMPRSS2 and matriptase ELISAs were conducted using the Fab-phage 
supernatant for each clone to screen for selective binders. E2 was included as a positive control 
for matriptase. Some clones (40A7, 40D12, 40D2, 40E3, and 41A2) lacked selectivity and bound 
to both targets, while others (40B2, 41E10, 41C4, 41E1, 41D1, 40A11, 41A11, and 41B5) 
recognized only TMPRSS2. (b) Prioritizing biased library hits using semi-quantitative ELISA. 
Serial dilutions of Fab-phage supernatant were used to rank antibodies for downstream 
characterizations.  All clones showed concentration-dependent binding of TMPRSS2, and 41B5, 
40B2, 40A11, 41D1, and 41A11 were selected for expression and purification. 
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Figure 3-5. Homology model of TMPRSS2 and biased Fab complex as a guide for affinity 
maturation. (a) Model of TMPRSS2 in complex with biased Fab 41E10. The heavy and light 
chain variable domains for 41E10 are shown in light green and light pink, respectively. The 
TMPRSS2 homology model is shown in blue and the matriptase three-dimensional structure 
(PDB ID: 3SO3) is shown in orange. The complex highlights potential interactions between the 
protease 170s loop and the CDR L1 loop as well as the protease 60s loop and the CDR H1 loop. 
(b) Diversity design in the CDR H1 and L1 loops for affinity maturation. Positions shaded in 
dark grey were flanking framework residues. Positions shaded in light grey were fixed as the 
parental sequence. Z denotes eleven amino acids (S, Y, G, W, D, A, H, P, F, V, and R) in a ratio 
of 11:10:4:3:3:2:2:2:1:1:1. Dashes indicate gaps in the alignment. 
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Figure 3-6. Affinity matured Fabs for TMPRSS2. The sequences of the CDR L1 and CDR H1 
loops are shown for the affinity matured Fabs with the highest ELISA signals and their parental 
templates (41B5 and 41D1). The Fab sequences are colored in the same manner as Figure 3-2. 
Dashes indicate gaps in the alignment. The % of protease inhibition of TMPRSS2 and matriptase 
activity using 1 uM purified Fab is shown. The KD values for each Fab were determined by 
bioluminescence interferometry. 
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ABSTRACT 
 

Transmembrane serine protease 2 (TMPRSS2) is a member of the type II transmembrane serine 

protease (TTSP) family. TMPRSS2 is a validated target for aggressive, metastatic prostate 

cancer, and we have developed a number of inhibitory antibodies that have potential as 

translational applications in cancer. Since our antibodies were identified from biased antibody 

libraries of active-site serine protease inhibitors, we expect our antibodies to inhibit through this 

mechanism; however, we currently do not have any structural evidence to support this. We are 

interested in determining the structure of the antibody-protease complex to guide the design of 

more potent antibodies as well as antibodies that can deliver non-specific active site inhibitors to 

cancer cells that overexpress this protease. Additionally, not much is known structurally about 

TMPRSS2 and its upstream protein binding domains, and this information would be important 

for understanding the role and functions of the protein binding domains. One of the major 

challenges to structure determination is a low yield expression system for active TMPRSS2. In 

this chapter, we explore multiple platforms including yeast, bacteria, mammalian cells, and cell-

free in vitro transcription and translation for expressing and purifying challenging proteases like 

TMPRSS2. The strategies that we have explored and optimized can be applied to generate a high 

yield TMPRSS2 expression system and adapted to other members of the TTSP family that are of 

interest.  

 
 
 
 
 
 
 
 



104 
 

 

BACKGROUND 

The type II transmembrane serine protease (TTSP) family contains about twenty different 

members. Proteases in this family are structurally characterized by a short N-terminal cytosolic 

domain, a transmembrane region, an extracellular region containing multiple protein binding 

domains of different types, and a C-terminal trypsin-fold serine protease domain.1 Over the 

years, we have started to learn more about the TTSP family due to the relevance of some 

members in maintaining normal physiology or promoting disease (Table 4-1). Despite the 

number of papers studying TTSP biology, there are only a few structural studies involving these 

proteases. Crystal structures for four proteases from this family: matriptase,2-11 DESC1,12 

enteropeptidase,13 and hepsin14-16 are available in the RCSB Protein Data Bank. All structures 

contain the serine protease domain alone except for hepsin, which has its upstream protein 

binding domain included. Not much is known about these upstream protein binding domains 

both structurally and functionally. 

 One of the challenges to structural studies has been protein production. Typically 

milligram quantities of protein are necessary to start condition screening for crystallography. 

This is challenging for proteases in particular because active material may not fold and be 

processed properly in some expression systems and uncontrolled protease activity may lead to 

degradation of the protein. Most approaches for protein expression have been through trial-and-

error and involve conditions that tend to be target specific. In this work, we will explore 

approaches that can be applied generally to the entire TTSP family for greater throughput in 

protease expression and purification. For TTSP proteases, yeast expression systems have worked 

best in the studies with available crystal structures. Deglycosylated protease mutants in a 
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pPIC9K vector expressed in Pichia pastoris with a fermentation reactor are most frequently 

used12,14-15 to produce large quantities of active protein. The protease is subsequently purified 

using benzamidine or macromolecule protease inhibitor-conjugated resins that select for active 

forms of the protease over the zymogen.  

We are interested in improving TMPRSS2 expression and protein purification for 

downstream structural studies of extracellular TMPRSS2 with its upstream protein domains and 

in complex with identified inhibitory antibodies. We started with the P. pastoris yeast expression 

system and explored additional expression systems and constructs as well. General approaches 

that have worked best with TMPRSS2 may be applicable to other members of this family and 

lead to a higher throughput workflow in the lab for expressing additional protease targets.      

 
RESULTS 

Expression of TMPRSS2 in Pichia pastoris as a secreted protein 

We started our TMPRSS2 expression efforts through a collaboration with Dr. Peter Nelson’s lab 

at the Fred Hutchinson Cancer Research Center in Seattle, Washington. The Nelson lab was 

interested in identifying inhibitory antibodies against TMPRSS2 and had developed an 

expression system in Pichia that expresses active TMPRSS2.17 We tried to express TMPRSS2 

from their pPIC9K vector but were unsuccessful in generating active protease. We decided to re-

design an expression construct and optimize a purification scheme for our own TMPRSS2 

construct in-house. The extracellular region of TMPRSS2 contains a LDL-receptor class A 

(LDLR) domain, a scavenger receptor cysteine-rich (SRCR) domain, and a C-terminal serine 

protease (PROT) domain (Fig. 4-1). There are two potential glycosylation sites, and one (N249) 

was mutated in the Nelson lab construct. Two initial constructs containing the LDLR-SRCR-

PROT (LPS) and SRCR-PROT (SPS) domains without any purification tags were designed and 
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cloned into a yeast vector pPICZα-B that secretes the target protein into the media. These 

constructs were transformed into P. pastoris strain X33, expressed in small scale, and screened 

for protease activity using the supernatant and a commercially available fluorescent substrate.  

Clones SPS-B and LPS-C showed robust protease activity and conversion of the zymogen to the 

active protease during induction (Fig. 4-2). Clone SPS-B was further characterized for 

optimizing purification conditions.   

 Media from P. pastoris expression was concentrated 10-fold in a tangential flow unit. 

Titration of the media to the optimal purification pH and filtering before concentration are not 

recommended since protein precipitation occurs around its isoelectric point leading to protein 

loss. Concentration of the media is necessary to reduce the volume used in ammonium sulfate 

precipitation, which is important for protein purification since excess glycosylation impedes 

protease interaction with the affinity resin. Precipitated protein is then solubilized in a detergent 

(CHAPS) containing buffer at high pH and high salt concentration. In other applications, 

solubilization for four hours or overnight is necessary for protease folding and activation. 

However, since our constructs are already active during expression, longer solubilization times 

decrease protein yield due to increased proteolytic activity and degradation. Purification of the 

active, solubilized protein can be done using soybean trypsin inhibitor agarose, ecotin agarose, or 

benzamidine agarose. All methods work equally for purifying active protease, and a low pH 

elution followed by immediate neutralization to a range of pH 6 is sufficient to purify the 

protease without much loss of protein. Size exclusion chromatography (SEC) is included in the 

final step to separate any high molecular weight oligomers or small degradation products. With 

the TMPRSS2 SPS-B construct, a doublet appears in SEC around the expected protease elution 

volume. If the protease is incubated with ecotin, the protease-ecotin complex forms and a single 



107 
 

peak is observed instead (Fig. 4-3). Both TMPRSS2 peaks are active and a dimeric conformation 

may be forming, however, additional experiments with SEC coupled to multi-angle light 

scattering (MALS) are necessary to confirm the size of the larger TMPRSS2 protein species. 

This protocol diagramed in Fig. 4-2 is the best system for expressing and purifying active 

recombinant TMPRSS2 and produces about 50-100 ug of active protein per one liter preparation 

over a period of two weeks. Alternative purification methods using ion exchange 

chromatography may give higher yields especially for the purification of zymogen TMPRSS2 or 

untagged protein constructs. Initial efforts using ion exchange for TMPRSS2 yielded promising 

results, but this process requires further optimization. 

 In addition to the two initial active TMPRSS2 constructs, we constructed a number of 

variants to increase TMPRSS2 protein yield (Fig. 4-4a). Purification tags added only to the N-

terminus and not to the C-terminus of the protease domain are tolerated. 6X-histidine (his) tags 

do not work well for purification, but active protease can still be made (clones His-LPS 24 and 

His-LPS 25). Zymogen TMPRSS2 protein (clone LPS1-7 and LPS1-8) can be expressed and 

purified in moderate quantities. Fully deglycosylated TMPRSS2 (N213G and N249G double 

mutant) produces more protein than the single deglycosylated mutant (Fig. 4-4b). The N213 

glycosylation site overlaps with the conserved N-X-S/T motif that is glycosylated in yeast. 

Protease-dead mutants (S441A, clones SA1 and HA3) express greater levels of TMPRSS2 

protein since uncontrolled auto-activation during expression can reduce protein yield. This result 

matched anecdotal reports that controlled protease activation via transactivation by another 

protease generates more protein. Given this information, we also engineered two transactivation 

constructs using the cleavage sequence of enterokinase (DDDDK) immediate adjacent to the 

start of the protease domain. There appears to be more expressed TMPRSS2 protein in SPS-EK 
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(C2) versus SPS (A1) constructs shown in Fig. 4-4b, but activation of this construct by 

enterokinase need to be characterized to determine if active material can be generated in this 

manner.      

  

Displaying TMPRSS2 and extracellular domains on the surface of yeast 

As an alternative to recombinant protein produced by yeast, we wanted to see if we could display 

TMPRSS2 on the surface of yeast for selections and generation of active material that can be 

cleaved off the cell surface. We used yeast display technology developed and optimized in the 

Marks lab. Five constructs were designed to be fused to the C-terminal portion of Aga2, which 

forms a disulfide bond with membrane protein Aga1. A SV5-tag was present in the vector and 

used to determine the amount of display when coupled to immunofluorescence flow cytometry. 

The designed constructs contained the full extracellular region LDLR-SRCR-PROT (LSP), 

SRCR-PROT domains (SP), PROT domain alone (P), upstream protein domains LDLR-SRCR 

(LS), and SRCR domain alone (S). For the protease containing constructs, LSP and P constructs 

(Fig. 4-5a) displayed a similar level of TMPRSS2 (102) as detected by an anti-SV5 AF-647-

conjugated antibody while the SP construct (103) had 10-fold higher display (Fig. 4-5b). Display 

of the upstream protein binding domains (S and LS) without the protease domain was 100-fold 

higher (Fig. 4-5b). Having the protease domain reduces the amount of protein that is displayed 

on yeast potentially due to folding difficulties or toxicity. Introducing the protease-dead mutation 

(S441A) into the protease domain improved the display of protease-containing constructs, 

however levels of TMPRSS2 on the cell surface were still low (Fig. 4-5c).    

 

Selection of antibodies against yeast displayed TMPRSS2 and SRCR domain 
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Using the TMPRSS2 SP and S yeast display constructs, three rounds of selection with a human 

naïve Fab phage-display library18 were performed to identify antibodies that could inhibit 

TMPRSS2 either through an active (targeting the protease domain) or allosteric (interacting with 

the SRCR domain to cause a conformational change) mechanism. Since the display of the SP 

construct was low, it was difficult to determine if any of the antibody binders were real. 

Therefore, we focused on characterizing the antibodies from the selection with the SRCR 

domain. We saw enrichment of binders against the SRCR domain in the third round (Fig. 4-6a) 

and characterized individual antibody clones (Fig. 4-6b). We identified 13 antibodies that had 

strong binding to the SRCR domain and used semi-quantitative flow analysis to prioritize the 

antibody hits (Fig. 4-7a). Six unique sequences were identified and half of the antibodies 

contained the same complementarity determining region (CDR) heavy chain 2 (H2) loop 

sequences (Fig. 4-7b). This result suggests that the CDR H2 sequence VISYDGSNKY may be 

important for antibodies that recognize the SRCR domain of TMPRSS2.  

 

Chaperone technology for enhancing display of difficult proteins 

Since we were still interested in using yeast display for expressing TMPRSS2, we developed 

technology to introduce yeast chaperones that may help improve folding and display of 

challenging proteins. We built on previously unpublished results that co-transformation of a 

moving open reading frame (mORF) library into yeast could improve display of urokinase 

plasminogen activator receptor (uPAR) that was detectable using an anti-uPAR antibody 2G10 

(Fig. 4-8). YIR020C was identified as the chaperone that was important for improving yeast 

display of uPAR and we wanted to determine if we could use the same chaperone for other yeast 

display constructs. TMPRSS2 P and SP constructs were co-transformed with YIR020C. Multiple 
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rounds of selection using fluorescence assisted cell sorting (FACS) were performed to sort for 

populations of cells that had higher TMPRSS2 display. After five rounds, we did not observe any 

improved display using this approach. We next tried co-transformation of the entire mORF 

library using our TMPRSS2 yeast display constructs and included an uPAR construct as a 

control. After seven rounds, we identified a population of cells that had high TMPRSS2 display 

(Fig. 4-9a). Sequencing verified that were no mutations in the displayed protein sequence. Cell 

lysates were analyzed by immunoblot to determine if there were any chaperones co-expressed. In 

the samples from the later rounds of TMPRSS2 and uPAR sorting where improved display was 

observed, expression of chaperone proteins is present (Fig. 4-9b). Identification of the 

chaperones involved has not been determined. 

 

Bacteria expression of proteases using SHuffle cells 

Since bacteria are commonly used for expression protocols that are shorter in duration and can 

produce large quantities of protein, we expressed some TMPRSS2 constructs in bacteria. 

Matriptase, a closely related family member of TMPRSS2, is produced in bacteria but requires 

extensive refolding from inclusion bodies to generate active material.19 Anecdotally, we heard 

that high expression of serine protease trypsin was obtained using SHuffle T7 Escherichia coli 

cells. These cells have been engineered to form disulfide bonds in the cytoplasm.20 TMPRSS2 

protease domain was cloned into a pQE30 vector containing a T7 promoter and an N-terminal 

6X-his tag. The construct was cloned, sequenced, and transformed into SHuffle cells. Cells were 

grown in auto-induction media for optimal protein production. The induction temperature and 

period were optimized through testing and determined to be 16˚C for 72 hours. Although the 

construct has a his tag, purification off the Ni-NTA agarose was not specific (Fig. 4-10a) and 
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TMPRSS2 protein was found in the wash and flow through (Fig. 4-10b). These fractions were 

pooled and purified over a SBTI column and active material was observed in the elution, 

appearing in oligomeric states (Fig. 4-10c). We also tried an enterokinase transactivation 

protease construct to control activation and improve expression. A catalytic amount of 

enterokinase was added to the transactivation constructs and activated TMPRSS2 samples at 1, 

3, 6, and 24 hour time-points were analyzed by SDS-PAGE (Fig. 4-11a). Increased protease 

activity above the catalytic amount of enterokinase used was observed at the 24 hour time-point 

compared to the inactive material in the 0 h time-point (Fig. 4-11b). Although it appears that this 

method is feasible for controlling activation of the protease, yields of active material are still low 

and additional experiments with the SRCR-PROT transactivation construct should be performed.         

 

Mammalian expression of full-length TMPRSS2 from protease ORFeome 

Next we explored more natural systems for human protein expression. Full-length TMPRSS2 

cDNA in a PLX304 vector was obtained from a protease ORFeome. Gateway cloning was used 

to transfer the sequencing into a vector that could be used for transient transfection into a 

mammalian HEK293T expression system. Although this system produced full length TMPRSS2, 

the protein was not active and a small amount of protein was produced (Fig. 4-12). We did not 

explore this option further since we could not produce active material. Nonetheless, this protein 

may be useful in more biological characterization of TMPRSS2 function. We also considered a 

TMPRSS2-Fc fusion protein with a TEV cleavage site in between but did not have the 

opportunity to explore this option.  

 

Alternative expression system using in vitro transcription and translation 
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Finally, we explored an in vitro transcription and translation (IVTT) system provided through 

our on-going collaboration with the P41 Antibody Technology Research Center and Sutro 

Biopharma. This method uses a fully reconstituted bacteria system that only requires DNA of the 

protein construct whose expression is under the control of a T7 promoter.21 An N-terminal his 

tag was appended to extracellular TMPRSS2 constructs with three different C-terminus as well 

as the sequence for the extracellular region of hepsin. Truncations of the TMPRSS2 C-terminus 

(construct 1: 110-477, construct 2: 110-489, construct 3: 110-492) were tested to determine if 

better TMPRSS2 expression could be achieved by removing some dynamic protein structures 

that could affect protein expression and folding. Plasmids were incubated with the proprietary 

IVTT mix from Sutro for 2 and 6 hours, purified, and analyzed by SDS-PAGE. Some protein 

expression is observed using the 2 hour incubation in the elution fraction for hepsin and the most 

truncated TMPRSS2 construct 1 (Fig. 4-13). Construct 2 expresses the most TMPRSS2 but is 

found in the precipitated pellet. Construct 3, which is the most similar to the TMPRSS2 

constructs described so far in other expression system, does not appear to express much 

TMPRSS2. Conditions for IVTT need to be optimized so that expressed protein does not 

aggregate out of solution.   

 
DISCUSSION 

In this chapter, we have explored multiple expression systems and learned some tips from each 

to optimize expression of TMPRSS2 and potentially other TTSPs. P. pastoris is still the best 

system for expressing active material and with some modifications and a fermentation reactor, 

milligram quantities of protease expression may be possible. First, a fully deglycosylated 

construct (N213G and N249G) for TMPRSS2 containing one or both upstream protein binding 

domains with a slightly truncated C-termius at residue 489 would be best for expression. Codon 
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optimization of the protein sequence would eliminate bottlenecks from low-use amino acid 

codons in yeast. If purification tags are used, larger ones like FLAG, MBP, or 12X-His might 

work better than 6X-His but only when attached at the N-terminus. Cleaner induction methods 

such as completely removing glycerol from the overnight media and using fresh media 

containing methanol at 1/10th the starting volume would improve expression and allow for a 

shorter induction period 24-48 hours without degradation of protein product. Additional 

engineering to the expression vector can be included to allow for different signal peptides for 

protein secretion and different promoters like AOX-2 that is 5-10 fold weaker but may work 

better for certain proteins. Alternatively, an intracellular expression construct may work best for 

and trying both intracellular and secretion constructs at the same time would be worthwhile.  

 Yeast display is best for the upstream protein binding domains only. Display of the entire 

extracellular region containing the protease domain will require further exploration of the mORF 

chaperone library technology. Currently the selection marker (URA3) for the chaperone library 

is the same as the yeast display vector. Converting one vector to LEU2 resistance for example 

would help select for yeast containing both the display construct and chaperone through selective 

growth media conditions. Our initial efforts to co-transform the mORF chaperone library appear 

to improve display of yeast displayed TMPRSS2 and uPAR but only after multiple rounds of 

sorting. This result suggests that a rare event involving the insertion of the chaperone into the 

yeast genome is necessary for this technology to work. Deeper understanding of yeast genetics 

would be necessary to move this technology forward.  

   As an alternative to yeast which involves a longer expression period, SHuffle cells are a 

great system to express the protease. In the lab, we have been able to use these cells for the 

expression of cathepsin B, cathepsin L, and urokinase plasminogen activator. Successful 
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expression of the protease domain alone must contain at least the pro-peptide and a sequence that 

can be cleaved by another protease for transactivation. Controlled activation of the protease will 

be important for generating high protein yields from this system.  

 Although we have tested many expression systems available in the lab, there are still a 

few more that might work better for protease expression. Insect cells are commonly used to 

express proteases and this method was attempted on a very small scale for TMPRSS2. The 

greatest hurdle to insect cell expression is the upfront cost of setting up and obtaining all the 

components necessary to work with insect cells. Luckily, the neighboring Gross and Shokat labs 

are setup to do insect cell expression and have extensive experience with this system. Another 

technology that may help with TTSP expression are nanodiscs and other detergent-based 

reagents that mimic the plasma membrane. TTSPs are membrane proteins and having a 

membrane-like environment may be important to protein expression and folding. We have not 

explored this approach for TMPRSS2 or TTSPs in general, but other lab members have 

experience working with these technologies for membrane proteins.  

 In conclusion, we have learned a lot about expressing TTSPs through our work with 

TMPRSS2. With these key optimizations in the design of the expression construct and 

purification strategies, future structural work with TMPRSS2 will be more approachable. 

Insights into the structure of TMPRSS2 as well as other TTSPs will greatly advance design of 

selective protease inhibition as well as understanding of their biological functions.    

 
MATERIALS AND METHODS 

Expression and purification of TMPRSS2 in Pichia pastoris 

Multiple expression constructs were generated from a pPIK9 vector containing an extracellular 

TMPRSS2 sequence with N249G mutation from the Nelson lab.17 Constructs without tags 
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contained a stop codon after the protease domain (residue 492): LPS (LDLR-SRCR-PROT-stop), 

SPS (SRCR-PROT-stop), PS (PROT-stop). Three protease constructs contained a myc and 6X-

hisitidine tag present in the expression vector at the C-terminus of the protease domain: LP 

(LDLR-SRCR-PROT-tag), SP (SRCR-PROT-tag), P (PROT-tag). A N-terminal 6X-hisitine tag 

was added to the LPS construct. Two constructs with a protease dead mutant (S441A) were made 

for His-LPS and SPS. A fully deglycosylated construct for SPS was made by introducing the 

N213G mutation. Two trans-activated constructs containing enterokinase (EK, “DDDDK”) 

cleavage site immediately before the protease domain (residue 256) were also made.  

Constructs were cloned into pPICZα-B expression vector (Invitrogen), screened, and 

scaled-up according to the manufacturer’s protocol. Prior to electroporation, Pichia pastoris 

strain X33 was grown to OD 1.6 and then washed 2X with cold sterile water and then 1M 

sorbitol, treated with 100 mM Li-acetate and 10 mM DTT for 30 minutes with shaking at 30C, 

and washed again with cold sterile 1M sorbitol. 10-20 ug of DNA incubated with washed X33 in 

a pre-chilled cuvette and electroporation was performed using a BioRad GenePulser with 25 uF, 

200 ohms, and 1.5 V settings. Cells were recovered in 1 ml 1M sorbitol and incubated at 30˚C 

for 2 hours with shaking. 1 ml YPD was added and the cells were incubated for an additional 4 

hours at 30˚C with shaking. Cells were plated at multiple volumes on 100, 500, and 1000 mg/ml 

Zeocin YPDS plates and incubate at 30˚C for a week.   

 The expression and purification of TMPRSS2 protein were modified from a previous 

report.17 Briefly, a single colony or tip of glycerol stock was grown in 10 ml buffered medium 

with glycerol (BMGY) with 25 ug/ml Kan and 10 ug/ml Tet overnight at 30˚C and 230 rpm. The 

overnight culture was used to inoculate 1 L BMGY and grown until OD 2-6. Cells were induced 

with 5% methanol every 24 hours for 72-96 hours. To harvest TMPRSS2 protein, cells were 
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centrifuged and the supernatant was concentrated to 100 ml. The concentrated supernatant was 

precipitated with 70% ammonium sulfate at 4˚C overnight. Protein was harvested at 27,000 xg 

for 45 minutes, resuspended in 50 mM Tris pH 8, 0.5 M NaCl, 0.01% CHAPS, and solubilized 

for at least 2 hours at 4˚C. The solubilized protein was then purified over a gravity column 

containing soybean trypsin inhibitor immobilized agarose (Pierce). The column was washed with 

50 mM Tris pH 8, 150 mM NaCl buffer and the protein was eluted with 50 mM glycine pH 2 

and neutralized 1:10 with 1 M Na-acetate. TMPRSS2 was concentrated and then purified over a 

size exclusion chromatography column. Fractions were collected, concentrated, buffer 

exchanged into 50 mM potassium phosphate pH 6, 150 mM NaCl, 1% glycerol buffer to prevent 

auto-proteolysis, and stored at 4˚C for immediate use or flash frozen in liquid nitrogen and store 

at -80˚C for longer term. 

 

Yeast display of TMPRSS2 and upstream protein constructs 

The cloning and display of TMPRSS2 on the surface of EBY100 yeast cells was described 

previously22 using a pYD4 yeast display vector (Marks lab). Five constructs were made 

containing LDLR-SRCR-PROT, SRCR-PROT, PROT, LDLR-SRCR, and SRCR domains. 

Clones with the correct constructs verified by sequencing were inoculated in SD-CAA+Tet+Kan 

overnight, and OD = 1 of culture was transferred into a new tube for induction in SG-

CAA+Tet+Kan media at 30˚C for 48 hours. Cells were washed with FACS buffer, stained with 

anti-SV5-AF647 antibody, and analyzed on a FACS LSRII flow cytometer. Constructs that 

contained the protease domain were also doubly stained with an anti-TMPRSS2 antibody PH59 

(Nelson lab)23 and detected with an anti-mouse PE-conjugated antibody.  
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Antibody selection with yeast display TMPRSS2 constructs 

A naïve B-cell human Fab phage-display library18 was used in the selection of antibodies against 

TMPRSS2 and upstream SRCR domain. Three rounds of selection were used to identify 

antibodies using a method similar to Zhao et al.22 Individual antibodies bound to yeast display 

TMPRSS2 constructs were analyzed by flow cytometry using an anti-SV5 AF-647 conjugated 

antibody and an anti-M13 phage antibody with an anti-mouse PE-conjugated antibody. The best 

clones were then serially diluted to prioritize hits that had concentration-dependent binding with 

the yeast display TMPRSS2 construct. Individual clones were sequenced with JS-1 (5'-AGC 

GGA TAA CAA TTT CAC ACA GG -3') and JS-2 (5'-TTT GTC GTC TTT CCA GAC GTT 

AGT-3') primers. 

 

Chaperone library co-transformation and sorting with yeast display constructs 

TMPRSS2 yeast display constructs were co-transformed with a moving open reading frame 

(mORF) library (H. Madhani lab) to identify chaperones that may improve display of TMPRSS2 

proteins. Transformation, growth, and induction were done as described previously.22 Cells were 

washed with FACS buffer, stained with anti-SV5-AF647 antibody, and sorted on FACS Aria II 

for high display clones. These clones were grown and propagated through additional 5-6 rounds 

of sorting. Sorted output was grown overnight in SD-CAA+Tet+Kan at 30˚C, plated on SD-

CAA+Tet+Kan plates for single colonies, and sequenced. Individual colonies were grown and 

induced. Cell lysates were analyzed by western blot using an anti-HA antibody and secondary 

anti-rabbit HRP-conjugated antibody to identify chaperones from the library.  

  

Shuffle cell expression of TMPRSS2 
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TMPRSS2 constructs (PROT, SRCR-PROT, EK-PROT) were cloned via SalI and SphI sites into 

pQE30 expression vector with a N-terminal his tag. Constructs were verified by sequencing and 

transformed into SHuffle T7 competent E. coli cells (NEB) according to the manufacturer’s 

protocol. A single colony was used to inoculate an overnight cultures and then 1 L auto-

induction media (0.5% yeast extract, 1% NZ-amine, 25 mM KH2PO4, 25 mM Na2HPO4, 5 mM 

Na2SO4, 50 mM NH4Cl, 2 mM MgSO4, 1% glycerol, 0.2% lactose, 0.05% glucose) with 100 

ug/ml ampicillin in a baffled flask. Cultures were induced at 16-18˚C for 72 hours. Cells were 

pelleted, resuspended in 50 mM Tris, pH 8, 0.5M NaCl, 10% glycerol, 1 mM BME buffer, and 

frozen at -80˚C. Pellets were rapidly thawed in a 37˚C water bath and additional buffer was 

added to fully resuspend the cells. Cells were sonicated and then spun to collect cleared 

supernatant. Protein was purified by gravity flow using Ni-NTA agarose column followed by 

SBTI agarose as described above.  

 

Mammalian expression of full length TMPRSS2  

Full length human TMPRSS2 in PLX304 vector was obtained from an ORFeome library. 

Gateway cloning was used to insert TMPRSS2 into a pCDNA3.1 FLAG 3X expression vector. 

TMPRSS2 constructs were transformed into XL-10 Gold E. coli cells and sequence verified. 

DNA of the correct clones was scaled-up for transfection into HEK293T cells grown in DMEM 

high glucose media with 10% FBS and 1X P/S. Cells were seeded into a 6-well plate and 

changed into media without FBS immediately prior to transfection. PolyJet reagent (SignaGen) 

was used according to the manufacturer’s protocol and cells were incubated for 48 hours before 

harvesting. Cytosol and membrane fractions from 1 x 106 cells were separated using Mem-PER 
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Plus Protein Extraction Kit (Life Technologies) and analyzed by western blot using an anti-

TMPRSS2 antibody PH59 (Nelson lab) detected with an anti-mouse HRP-conjugated antibody. 

 

In vitro transcription and translation expression of TTSPs  

TMPRSS2 constructs containing C-terminal truncations (residues 110-477, 110-489, 110-492) 

were introduced into pBL926 vector with SfiI/NotI sites for testing in IVTT. An additional 

construct for hepsin (residues 45-417) was also made. Plasmids were incubated with proprietary 

IVTT mixture from Sutro Biopharma for 2 and 6 hours at 30˚C. Extracts were purified using the 

N-terminal his tag and analyzed by SDS-PAGE.  
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Table 4-1. Members of the TTSP family involved in normal physiology and disease. 
 
Normal physiology Disease 

Epithelial homeostasis 
HAT, HAT-like 2, 
TMPRSS2, matriptase 

Cancer 
Hepsin, TMPRSS2, 
TMPRSS4, matriptase, 
DESC1, HAT-like 5 

Digestion Enteropeptidase Infectious diseases 
TMPRSS2, TMPRSS4, 
DESC1, MSPL 

Cardiac function and 
blood pressure 
regulation 

Corin   

Hearing TMPRSS3   

Iron metabolism Matriptase 2   
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Figure 4-1. Protein sequence of TMPRSS2 used in the design of expression constructs.  Full 
length amino acid sequence of human TMPRSS2 from UniProtKB (O15393). Colored in 
magenta is the LDL-receptor class A (LDLR) domain, in blue is the scavenger receptor cysteine 
rich (SRCR) domain, in green is the serine protease (PROT) domain, and in yellow are the 
additional sequences in Nelson construct. Asparagine residues in bold underline are putative N-
glycosylation sites. 
 

        10         20         30         40         50 
MALNSGSPPA IGPYYENHGY QPENPYPAQP TVVPTVYEVH PAQYYPSPVP  
        60         70         80         90        100 
QYAPRVLTQA SNPVVCTQPK SPSGTVCTSK TKKALCITLT LGTFLVGAAL  
       110        120        130        140        150 
AAGLLWKFMG SKCSNSGIEC DSSGTCINPS NWCDGVSHCP GGEDENRCVR  
       160        170        180        190        200 
LYGPNFILQV YSSQRKSWHP VCQDDWNENY GRAACRDMGY KNNFYSSQGI  
       210        220        230        240        250 
VDDSGSTSFM KLNTSAGNVD IYKKLYHSDA CSSKAVVSLR CIACGVNLNS  
       260        270        280        290        300 
SRQSRIVGGE SALPGAWPWQ VSLHVQNVHV CGGSIITPEW IVTAAHCVEK  
       310        320        330        340        350 
PLNNPWHWTA FAGILRQSFM FYGAGYQVEK VISHPNYDSK TKNNDIALMK  
       360        370        380        390        400 
LQKPLTFNDL VKPVCLPNPG MMLQPEQLCW ISGWGATEEK GKTSEVLNAA  
       410        420        430        440        450 
KVLLIETQRC NSRYVYDNLI TPAMICAGFL QGNVDSCQGD SGGPLVTSKN  
       460        470        480        490  
NIWWLIGDTS WGSGCAKAYR PGVYGNVMVF TDWIYRQMRA DG  
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Figure 4-2. Protein production of active TMPRSS2 in P. pastoris. TMPRSS2 constructs were 
expressed in yeast and induced over 96 hours with 5% MeOH daily. Activation of the zymogen 
into active TMPRSS2 occurs during expression at 48 hours post-induction with measurable 
protease activity occurring at 24 hours post-induction. To increase yield, Pichia supernatant is 
concentrated and protein is precipitated with 70% ammonium sulfate. After resuspending the 
protein in solubilization buffer, the active protease is purified over a soybean trypsin inhibitory 
column followed by size exclusion chromatography. The final yield with this process is 30-100 
ug active TMPRSS2 per 1 L prep.  
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Figure 4-3. Complex of TMPRSS2 and ecotin-RR. (a) Size exclusion chromography shows 
two peaks when purifying active TMPRSS2 post-affinity purification. This higher molecular 
weight species disappears when complexed 1:1 with ecotinRR. (b) The complex is visible in lane 
2 and separates into its components (TMPRSS2, ecotinRR) under reducing conditions (lane 3). 
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 Figure 4-4. Comparing expression constructs and effects of glycosylation and auto-
activation in yeast. (a) TMPRSS2 protease activity from the supernatant of different Pichia 
clones containing TMPRSS2 constructs are measured. SPS-B is a positive control containing an 
active TMPRSS2 sample.  SPS constructs (A1-A4) are shown in blue, LPS-EK constructs (B1-
B4) are shown in green, SPS-EK constructs (C1-C4) are shown in purple, His-LPS constructs 
(D1-D4) are shown in orange, and SPS fully deglycoslyated constructs (E1-E4) are shown in 
red. (b) Western blots using the same samples were used to determine TMPRSS2 protein 
concentration and conformation in the Pichia supernatant.  
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Figure 4-5. Yeast display levels of different TMPRSS2 protease constructs and 
extracellular domains. Yeast display of TMPRSS2 was detected using an anti-SV5 AF-647- 
conjugated antibody in flow cytometry analysis. Histogram for all constructs shown. In red and 
orange are the unlabeled, negative control samples. (a) Yeast display constructs for LDLR-
SRCR-PROT (in green) and PROT (in blue) show similar levels of displays. (b) Yeast display 
construct for SRCR domain alone (in green) shows 100-fold greater display against the best 
protease containing construct SRCR-PROT (in blue). (c) Protease-dead S441A mutant (right 
panel) has improved display than the active SRCR-PROT construct (left panel). 

(a)          (b) 

 

(c) 

 

0 102 103 104 105

<APC-A>

0

20

40

60

80

100

%
 o

f M
ax

Sample Count

Ctr_S_S1_A03.fcs 10000
SV5-647_S_S8_H04.fcs 10000
SV5-647_S_S1_A04.fcs 10000
SV5-647_S_S6_F04.fcs 10000

0 102 103 104 105

<APC-A>

0

20

40

60

80

100

%
 o

f M
ax

YD-PROT and 
YD-LDLR-
SRCR-PROT  
constructs 

DISPLAY 

YD-SRCR  
construct 

YD-SRCR-PROT  
construct 



128 
 

Figure 4-6. Naïve library selection for antibodies that target the SRCR domain. (a) After 
each round of selection, phage were incubated with yeast display SRCR construct (x-axis: anti-
SV5 AF-647 antibody) to determine if phage binders (y-axis: anti-M13 PE antibody) were 
identified. In Round 3, enrichment for binders was observed (right panel). (b) Individual phage 
clones from Round 3 were screened for binding to the SRCR domain.   

(a)  

 

(b) 
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Figure 4-7. Characterization of Fabs that recognize the SRCR domain of TMPRSS2. (a) 
Semi-quantitative binding using flow cytometry to prioritize different SRCR antibody clones. (b) 
Heavy chain sequence analysis of SRCR antibodies.  

(a) 
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Figure 4-8. mORF technology development. A moving open reading frame (mORF) library of 
chaperones is co-transformed into yeast with the protein display construct and selected on plates. 
Yeast from the entire plate are grown and induced for display. Sorting for a population P2 of 
yeast with high protein display is carried over multiple rounds until enrichment is observed. 
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Figure 4-9. Sorting for better TMPRSS2 yeast display constructs using mORF technology. 
(a) Sorting for higher display TMPRSS2 clones. In Round 6, a population of cells with improved 
display was observed. (b) In lane 8, yeast lysate from Round 7 TMPRSS2 yeast display cells 
were analyzed by immunoblot using an anti-HA antibody, and chaperone expression was 
observed compared to the no chaperone control in lane 9. uPAR co-transfected with the mORF 
library was used as a positive control in lanes 6 and 7.   

(a) 

 

(b) 
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Figure 4-10. Expression of TMPRSS2 in SHuffle cells. (a) Coomassie-stained gel showing Ni-
NTA purification of N-His PROT construct in SHuffle cells. Lanes 1-3 are the load, flow-
through, and wash samples. Lanes 5-6 contain the protein elution either as non-reduced or 
reduced samples. (b) Immunoblot of the same samples described in (a) using a polyclonal anti-
TMPRSS2 antibody. (c) Purification of the Ni-NTA flow-through using SBTI resin. Lanes 2-3 
are flow-through and wash. Lanes 4-5 contain the protein elution either as non-reduced or 
reduced samples.  
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Figure 4-11. Transactivation of TMPRSS2 protease construct in SHuffle cells. (a) 1 ug of 
transactivation TMPRSS2 protease (EKP) protein was incubated with a catalytic amount of 
enterokinase. At 0, 1, 3, 6, and 24 hours, samples were prepared for SDS-PAGE analysis. (b) 
TMPRSS2 activity was measured for EKP 0 and 24 hour time-points using a fluorogenic 
substrate. Catalytic concentration of enterokinase was included as a control for potential 
background activity.  
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Figure 4-12. Mammalian expression of full-length TMPRSS2. One million HEK293T cells 
with and without transfection construct were separated into cytosol and membrane fractions and 
analyzed on an immunoblot using a polyclonal anti-TMPRS2 antibody. In lanes 2-3 are the 
cytosol and membrane fractions of the 293T transfection negative control. In lanes 4-5 are the 
cytosol and membrane fractions of the 0.5 ug matriptase 293T transfected construct. In lanes 6-7 
are the cytosol and membrane fractions of the 0.5 ug TMPRSS2 293T transfected construct. In 
lanes 8-9 are the cytosol and membrane fractions of the 1 ug TMPRSS2 293T transfected 
construct. 
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Figure 4-13. In vitro transcription and translation system for TMPRSS2 expression. Protein 
samples from the in vitro transcription and translation reaction were purified. Truncation 
constructs of TMPRSS2 are labeled as 1, 2, and 3 for construct 1, construct 2, and construct 3 
respectively. Hepsin was also included. The elution, flow-through, and pellet samples were 
reduced and loaded for SPS-PAGE analysis. (a) Samples after 2 hour incubation. (b) Samples 
after 6 hour incubation.  
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ABSTRACT 

Transmembrane protease serine 2 (TMPRSS2) is an androgen receptor-regulated protease in the 

type II transmembrane serine protease family. Recent findings have shown that knocking out 

TMPRSS2 reduces prostate cancer metastasis in the transgenic adenocarcinoma of the mouse 

prostate model. A small molecule TMPRSS2 inhibitor also confirmed this result. To identify 

physiologically relevant TMPRSS2 substrates in prostate cancer, we characterized the substrate 

specificity of TMPRSS2 and synthesized new fluorogenic substrates to develop better substrates 

for measuring TMPRSS2 activity and identifying inhibitors. To study the role of TMPRSS2 

protein in metastatic prostate cancer, we set out to develop selective antibody-based tools to 

overcome the high structural homology in the protease active site among family members. Using 

fully human, recombinant antibodies from biased and naïve Fab phage display libraries, 

antibodies against recombinant TMPRSS2 were selected and characterized. To understand the 

role of TMPRSS2 in prostate cancer, antibodies specific for TMPRSS2 were used in flow 

cytometry and immunofluorescence microscopy to study expression and localization. Clinically 

relevant treatment scenarios involving androgen and ionizing radiation treatment were tested to 

promote TMPRSS2 expression were tested, and increased labeling of TMPRSS2 in treated cells 

was observed using these antibodies. Preliminary experiments in prostate cancer xenografts 

showed tumor uptake of our TMPRSS2-specific antibody. These results highlight the potential of 

using TMPRSS2 protein expression as a marker of androgen receptor signaling to identify 

treatment resistance in prostate cancer.  
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BACKGROUND 

 

Despite advances in prostate cancer treatment, some men have reoccurrence of their disease and 

will develop advanced prostate cancer and metastatic disease. For these patients, there are 

limited therapeutic options and early detection methods for tumor resistance. An increasing rate 

of the blood biomarker prostate specific antigen (PSA) is commonly used to diagnose prostate 

cancer but can give false positives and lead to unnecessary treatment. Currently, there are a 

couple molecular imaging diagnostics 18F-fluorodeoxyglucose (FDG) with positron emission 

tomography (PET) and radionuclide bone scan with 99mTc-methylene diphosphonate (MDP) that 

are used to identify distant metastases, however these approaches are not prostate cancer-specific 

and can be confounded by other factors such as inflammation.  

Prostate cancer most commonly arises from a dysregulation of the epithelial cells lining 

the ducts of the prostate. In tumor growth and progression, a number of androgen receptor (AR)-

regulated genes, mutations that sustain proliferative signaling, mislocalized and dysregulated 

enzymes, and hormones play a major role in advancing disease. Proteases in particular have been 

implicated in a number of functions essential for cancer progression from extracellular 

remodeling, loss of apoptotic response, regulation of chemokine and cytokine release, 

modulating availability of growth and proangiogenic factors to processing cell-cell and cell-

matrix adhesion molecules.1 One family that has generated recent interest in playing an initiating 

role in these processes is the type II transmembrane serine protease (TTSP) family.  

TMPRSS2 is an AR-regulated member of the TTSP family implicated in prostate cancer 

aggressiveness. The protease TMPRSS2 is abundantly over-expressed on prostate cancer cells.2-4 

TMPRSS2 follows AR regulation, and its expression decreases with castration and reemerges in 
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castration-resistant prostate cancer (CRPC).3 In tissue cores of primary tumors and metastases 

from patients with advanced prostate cancer, TMPRSS2 protein expression levels are high.4 

Recent findings have shown that hepatocyte growth factor and zymogen precursors of tissue 

plasminogen activator and human glandular kallilkrein 2 are putative substrates of TMPRSS2 

that can be activated in proteolytic cascades promoting prostate cancer metastasis.5 The 

importance of these interactions has not been tested in a more comprehensive physiological 

system.   

In an attempt to understand the function of TMPRSS2, a knockout mice Tmprss2-/- was 

developed by the Nelson lab. The mice developed normally and there was no observable 

phenotype; moreover, at the molecular level, transcriptional compensation by related TTSPs did 

not occur to account for this phenotype.6 These results suggested that TMPRSS2 may contribute 

to a specialized function only in the context of disease. More recently, TMPRSS2 has been 

evaluated in an aggressive, highly metastatic mouse model of prostate cancer, the transgenic 

adenocarcinoma of the mouse prostate (TRAMP).5 Tmprss2-/-; TRAMP mice had larger primary 

tumors and fewer metastases to distant solid organs. Primary tumors excised from these mice and 

placed into a wild-type recipient generated no metastasis and expansion in the bone when 

compared to Tmprss2+/+; TRAMP tumors.5 Bromhexine was identified in a small molecule 

screen against TMPRSS2 and treatment with compound replicated the phenotype observed in the 

Tmprss2-/-; TRAMP mice.5 These results validate TMPRSS2 as an important target in aggressive 

prostate cancer, however more specific tools need to be developed.  

 With its strongly suggestive biological relevance in prostate cancer metastasis, targeting 

TMPRSS2 with inhibitors would be important for studying its activity and function as well as 

development into more translational application as a diagnostic or therapeutic.  Since there is 



140 
 

high structural homology in the protease active site among the TTSP family members, the 

identification of selective inhibitors for a single protease is difficult using small molecules. 

Efforts to date have had difficulty with specificity and potency. Due to this limitation, large 

molecules like antibodies can achieve better selectivity and specificity over small molecules.  A 

number of fragment, antigen binding (Fabs) that bind and inhibit a related TTSP, matriptase, 

were identified and characterized previously.7-9 These antibodies are potent inhibitors with high 

selectivity.  

To understand the role of TMPRSS2 protease activity and overexpression, we developed 

inhibitory antibodies specific for TMPRSS2 that can be used for flow cytometry, 

immunofluorescence, and imaging applications in prostate cancer. Additionally, since TMPRSS2 

is an AR-regulated gene, we wanted to determine if our TMPRSS2 antibodies could be used to 

monitor AR signaling in clinically relevant scenarios of treatment-resistant by detecting 

upregulated TMPRSS2 protein expression. The identification and validation of novel tools to 

prostate cancer-specific biomarkers and therapeutic targets like TMPRSS2 are greatly need to 

improve the management and treatment of prostate cancer. 

 

RESULTS 

 

Development of TMPRSS2 fluorogenic substrates 

To develop fluorogenic substrates to measure TMPRSS2 activity, we used multiplex substrate 

profiling coupled to mass spectrometry10 to further characterize the substrate specificity of 

TMPRSS2 and identify substrates with high turnover. TMPRSS2 has a preference for basic 

residues lysine and arginine in the P1 position and hydrophobic amino acids (glycine, valine, 
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tryptophan, and isoleucine) in the P1’ position (Fig. 5-1a). Using this method, we identified a list 

of peptide cleavages (Table 5-1) and selected one peptide (RVGK|WSYR) that was rapidly 

cleaved by TMPRSS2 within 15 minutes. We converted this peptide into an internally quenched 

(IQ) fluorogenic substrate. Four additional IQ substrates for TMPRSS2 were synthesized based 

on the sequences for TMPRSS2 auto-activation (RQSR|IVGG), two physiologically-relevant 

TMPRSS2 substrates in prostate cancer human kallikrein 2 (IQSR|IVGG) and hepatocyte growth 

factor (KQLR|VVNG),5 and an infectious disease substrate influenza hemagglutinin 

(IQSR|GLFG).11 Kcat/Km were determined for each substrate and compared to a commercially 

available substrate SpectroFluor tPA (CH3SO2-D-Phe-Gly-Arg-AMC). The IQ substrate 

identified from the MSP-MS data was the most readily cleaved by TMPRSS2 (Fig. 5-1b) and 

had a Km of 2 uM. The synthesized IQ substrates were 10-fold better in catalytic efficiency than 

the commercially available substrate. 

 

Selection for TMPRSS2-specific antibodies 

Biased antibody libraries based on the inhibitory loops of matriptase Fabs A11 and E2 were 

designed to identify of selective antibody-based inhibitors of type II transmembrane serine 

proteases. This biased libraries were used in three rounds of selection against TMPRSS2, and 

one Fab 13F6 was identified that bound tightly to TMPRSS2 in a concentration-dependent 

manner as determined by semi-quantitative ELISA (Fig. 5-2a). Fab 13F6 bound specifically to 

TMPRSS2 and not to a panel of closely-related serine proteases (Fig. 5-2b). Although Fab 13F6 

forms a complex with TMPRSS2 as determined by size exclusion chromatography (Fig. 5-2c), 

no inhibition of TMPRSS2 protease activity was observed. Instead, slight activation of protease 

activity was observed at higher Fab concentrations (Fig. 5-2d). As a result, Fab 13F6 was used to 
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constrain TMPRSS2 in a more active conformation for additional selections (Fig. 5-3a). With 

this approach, three rounds of selection with the naïve phage display Fab library identified Fabs 

with high binding to TMPRSS2. Fabs 17A12 and 21H4 were further characterized. Both Fabs 

bound to TMPRSS2 in a concentration-dependent manner as determined by semi-quantitative 

ELISA experiments. Additionally, heavy chain sequence analysis revealed long 16 amino acid 

length complementary determining region (CDR) H3 loops, similar to the inhibitory matriptase 

antibodies. Fabs 17A12 and 21H4 were expressed and purified. In TMPRSS2 activity assays, 

these antibodies had modest inhibition (< 20%) against TMPRSS2 (Fig. 5-3b).  

 

Characterization of TMPRSS2 Fabs on prostate cancer cell lines 

Flow cytometry was used to determine the ability of these Fabs to bind to TMPRSS2 in a 

physiologically relevant setting on prostate cancer cells. LNCaP C4-2, LNCaP-AR, and PC3 cell 

lines were labeled with the TMPRSS2 antibodies. All TMPRSS2 antibodies labeled a 

subpopulation of TMPRSS2-positive cells, LNCaP C4-2 and LNCaP-AR, and not TMPRSS2-

negative cells, PC3 (Fig. 5-4a). The mean fluorescence intensities for the labeled cells were 

lower than expected for an overexpressed cell surface antigen and a cell line that has high 

TMPRSS2 mRNA expression.12 TMPRSS2-positive cells were fixed and permeabilized, and 

robust labeling of a large intracellular population of TMPRSS2 was observed by flow cytometry 

using these antibodies (Fig. 5-4b). We used immunofluorescence to visualize and confirm these 

results. TMPRSS2-positive cells were seeded on microdishes and stained with α-TMPRSS2 

Fabs, detected using an anti-Fab fluorescein isothiocyanate (FITC) secondary. In cells that were 

not fixed and permeabilized, labeling at the tips of the plasma membrane tips or in dying cells 

was observed (Fig. 5-5b-d, top panel). In contrast, fixed and permeabilized cells showed 
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intracellular punctate staining using our TMPRSS2 antibodies (Fig. 5-5b-d, bottom panel). 

These results match the flow cytometry data where a small sub-population of cells are labeled on 

the cell surface and complete labeling of the entire population occurs with intracellular straining. 

A summary of the characterized TMPRSS2 antibodies, Fabs 13F6, 17A12, and 21H4, is included 

in Table 5-2.  

  

Promoting TMPRSS2 expression using two clinically relevant treatment scenarios  

Since our antibodies recognize an extracellular target, we explored different methods to increase 

TMPRSS2 expression such as treating prostate cancer cells to an androgen stimulus and ionizing 

radiation. Since TMPRSS2 is an AR-regulated gene, signaling thru AR should promote 

downstream protein expression. LNCaP C4-2 prostate cancer cells were androgen deprived and 

then treated with a small dose of androgen, dihydrotestosterone. Treated and untreated LNCaP 

C4-2 cells were analyzed by flow cytometry and immunofluorescence microscopy. Increased 

TMPRSS2 expression on the cell surface of treated cells versus untreated cells was detectable 

using our TMPRSS2 antibodies (Fig. 5-6a). Visualization with immunofluorescence microscopy 

also confirmed these results and revealed an interesting phenotype. A small population of 

androgen-treated cells was labeled and the antibody probe is intracellular, potentially from 

internalization (Fig. 5-6b). These results suggest that TMPRSS2 expression on the cell surface 

requires an androgen signal.  

 Androgen receptor signaling and TMPRSS2 expression can be turned on in response to 

radiation therapy. AR signaling promotes radioresistant prostate cancer due to its role in 

regulating the transcriptional program of DNA repair genes.13 Goodwin et al. also reported 

upregulation of AR-genes post-radiation therapy, and TMPRSS2 mRNA was used a 



144 
 

measurement of AR signaling.14 Given this information, we wanted to determine if increase AR 

signaling post-radiation treatment translated into increased TMPRSS2 protein expression as well. 

LNCaP C4-2 cells were treated with 2 and 12 Gy ionizing radiation (IR) and cultured for 

additional 48 hours to allow for protein transcription and translation. These cells were analyzed 

by flow cytometry and immunoblot. Mean fluorescence intensities increased in irradiated cells 

relative to untreated cells (Fig. 5-7a), and this was observed most robustly with Fab 13F6. In 

immunoblot analysis of the membrane fraction of a million LNCaP C4-2 cells treated with 12 Gy 

radiation, increased TMPRSS2 protein expression was observed compared to the untreated 

control (Fig. 5-7b). These results demonstrate the feasibility of using TMPRSS2 protein 

expression as a readout for AR signaling and our TMPRSS2 antibodies as diagnostics for 

monitoring AR status.  

 

Molecular imaging of prostate cancer xenograft with a TMPRSS2 antibody 

To test the feasibility of using TMPRSS2 antibodies as diagnostics for monitoring ionizing 

radiation and anti-androgen resistance in prostate cancer, Fab 13F6 and 17A12 IgG were scaled-

up in production for use in molecular imaging studies. Initial cellular uptake experiments with 

22Rv1 and LNCaP-AR cells were conducted with 125I-labeled antibodies in triplicates. Greater in 

vitro cellular uptake of the radiolabeled probes was observed (Fig. 5-8a) at 37˚C than at 4˚C. 

Encouraged by the uptake data, we tested these TMPRSS2 antibodies with prostate cancer 

xenograft in mice using nuclear imaging. Chelation of radiolabel 89Zr to Fab 13F6 was done 

using desferrioxamine molecules conjugated non-specifically thru lysine labeling. 89Zr-Fab 13F6 

was introduced via tail vein injection into 22Rv1-bearing mice. The animals were imaged at 24 

and 48 hours post-injection in a micro PET-CT system. We observed time-dependent 
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accumulation of 89Zr-Fab 13F6 in the tumor, but only calculated 1.8% injected dose per gram in 

the tumor (Fig. 5-8b). Imaging experiments with 89Zr-IgG 17A12 in LNCaP-AR bearing mice 

were inconclusive (data not shown).   

 

DISCUSSION 

 

With these initial TMPRSS2 antibodies, we have demonstrated the potential for monitoring AR 

status using TMPRSS2 protein expression. AR upregulation following androgen treatment and 

ionizing radiation leads to increased TMPRSS2 expression. Interestingly, TMPRSS2 expression 

on the cell surface appears to be dependent on an androgen signal. This result suggests that 

TMPRSS2 is trapped inside the cells and/or requires a companion that is also AR-regulatged to 

traffic to the cell surface. The intracellular localization of TMPRSS2 in untreated cells is similar 

to the cytosolic staining observed by our collaborators using a polyclonal antibody.4 In 

preliminary follow-up studies, TMPRSS2 localization inside the cell may be at the golgi or 

endoplasmic reticulum, however more conclusive studies with confocal microscopy need to be 

performed. Since we detected punctate staining with a modest inhibitory antibody, these results 

suggest that there are potentially pools of active TMPRSS2 inside the cells. If TMPRSS2 is 

functional inside the cells, what are its role and potential substrates? We previously determined 

the substrate signature for TMPRSS2 using a positional scanning synthetic combinatorial library 

and used an informatics approach based on that signature to identify potential extracellular and 

zymogen protease substrates relevant in prostate cancer.5 Our initial search did not include 

intracellular targets but future searches could be broadened to find additional intracellular 

substrates of TMPRSS2.  
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 Having improved TMPRSS2 antibodies that bind with greater affinity and inhibit more 

potently would clarify our initial findings and determine the localization of active protease. We 

recently described the development of inhibitory antibodies from a biased library of protease 

inhibitors for TTSP. We identified many inhibitory, active site TMPRSS2 antibodies that should 

be further characterized in prostate cancer cells. Conversion of these Fabs to full-length IgG 

would improve their inhibition of TMPRSS2 and increase its compatibility with downstream 

clinical applications. Additionally, the two hits from naïve library Fabs 17A12 and 21H4 

described here can also be affinity maturated to improve inhibition. Along these lines, we have 

developed affinity maturation libraries for Fab 21H4 by converting its scaffold to a more stable 

clinically validated framework and introducing variations into the antibody CDR H1 and L1 

loops. The small 21H4 affinity maturation library has been made and will be used in additional 

rounds of selection to identify antibodies with improved affinities for TMPRSS2.  

With more potent TMPRSS2 antibodies, in vivo molecular imaging studies can be 

optimized and refined. The data shown here involved a primary tumor-derived cell line 22Rv1 

that expresses low TMPRSS2 mRNA levels.12 Repeating the initial imaging studies with a 

LNCaP C4-2 xenograft that expresses the most TMPRSS2 mRNA12 may yield more conclusive 

results. Additionally, treating mice with androgen may boost TMPRSS2 cell surface expression 

and increase the probability of labeling using our TMPRSS2 antibodies. We can also confirm the 

phenotype observed by our collaborators in the Nelson lab with the Tmprss2-/-; TRAMP mice 

using our inhibitory antibodies in the same model. Eventually, we would like to validate the use 

of our TMPRSS2 antibodies for monitoring AR signaling in animal models of prostate cancer 

that develop AR-dependent resistance to anti-androgen treatment and ionizing radiation.  
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In conclusion, we developed TMPRSS2 antibodies that recognize a large intracellular 

population of TMPRSS2 in prostate cancer cells. The expression of TMPRSS2 is perturbed onto 

the cell surface in the presence of an androgen signal. TMPRSS2 expression is also upregulated 

after ionizing radiation treatment. Further experiments to characterize the use of our TMPRSS2 

antibodies for monitoring AR signaling will be important for developing these tools as useful 

imaging diagnostics for detecting treatment resistance in prostate cancer.  

 

MATERIALS AND METHODS 

TMPRSS2 substrate characterization 

An expanded library of 14-mer peptides that incorporates pair-wise relationships of amino acids 

residues was developed previously in the lab to characterize exopeptidases and 

endopeptidases.10,15 TMPRSS2 was added to this peptide library, and the resulting cleaved 

products were readily monitored by peptide sequencing using tandem mass spectrometry on a 

LTQ-FT mass spectrometer (Thermo) coupled to a nanoACQUITY (Waters) Ultra Performance 

Liquid Chromatography (UPLC) system. Substrates that were fully cleaved by 15, 60, 240, and 

1200 min were identified and an IceLogo16 was generated to represent the substrate signature for 

TMPRSS2.  

 Peptides containing sequences from natural TMPRSS2 substrates and MSP-MS data that 

were cleaved with high efficiency were synthesized into internally quenched (IQ) fluorogenic 

reagents with the commercially available donor-quencher pair (7-methoxycoumarin-4-acetic 

acid, MCA, and 2, 4-dinitroaniline, DNP, AnaSpec) at the N- and C- termini, respectively, on an 

automated Symphony Quartet 4-channel peptide synthesizer (Protein Technologies, Inc.) as 

described previously.10 These substrates were subsequently purified using reversed-phase high 
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performance liquid chromatography on a C18 column (Varian) and confirmed by matrix assisted 

laser desorption ionization (MALDI) on an AXIMA Performance MALDI TOF/TOF (Shimadzu) 

to obtain pure samples. Kinetics for each IQ substrate were determined using 30 nM TMPRSS2 

and varying concentrations (0.75 uM to 300 uM) of substrate. Catalytic efficiency was solved as 

described previously15 in GraphPad Prism v6 and reported as kcat/Km.  

 

TMPRSS2 inhibition assay 

All reactions were carried out in duplicates in 50 mM Tris pH 9.5, 0.05% Brij-35 in a 96-well, 

black, medium binding, round-bottomed plate (Corning) where cleavage of substrate 100 uM 

SpectroFluor® tPA (methylsulfonyl-D-Phe-Gly-Arg-AMC, American Diagnostica) or 5-30 uM 

FRET substrates was monitored in a SpectraMax Gemini EM Plate Reader (Molecular Devices 

Corporation) at ex/em 360/440 nm and 328/393 nm, respectively. 30 nM active TMPRSS2 

diluted in 50 mM Tris pH 8, 150 mM NaCl was pre-incubated with Fab for 1 hour at room 

temperature without shaking. The assay was initiated by the addition of substrate into each well. 

Velocities from the linear portion of the curves were determined and used to calculate % 

protease activity. 

 

Selection for TMPRSS2 antibodies 

Recombinant TMPRSS2 was biochemically biotinylated with EZ-Link® NHS-Chromogenic 

Biotinylation Kit (Thermo Scientific) to obtain 1-2 biotin molecules per protein and then buffer 

exchanged over a PD-10 desalting column. Selection with the biased and naïve libraries were 

conducted with active biotinylated TMPRSS2 immobilized to streptavidin-coated wells in Nunc 

Maxisorp plates. Three rounds of selection with decreasing protein concentration (20, 10, and 5 
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ug/ml) and increasing wash stringency (6x PBST, 6X PBS; 10X PBST, 5X PBS; 20X PBST, 5X 

PBS) were completed. After enrichment in the third round, single colonies were selected, and 

Fab-phage supernatant or Fab supernatant for biased and naïve library respectively was used in 

ELISA to identify TMPRSS2 positive clones with 1:5000 anti-M13 peroxidase (GE Healthcare 

Life Sciences) and 1:1000 anti-c-myc peroxidase (Roche) used as a secondary antibody. Semi-

quantitative ELISA was performed using serial dilutions of the supernatant to prioritize 

individual clones as previous described.17 Individual clones were sequenced with VL Forward 

and VH Forward primers for the biased library and JS-1 (5'-AGC GGA TAA CAA TTT CAC 

ACA GG -3') and JS-2 (5'-TTT GTC GTC TTT CCA GAC GTT AGT-3') primers for the naïve 

library. 

 

Expression and purification of Fabs from naive library 

Fabs from the naïve library were expressed in Escherichia coli BL21-Gold (DES) and purified as 

described previously.18 A single colony from a fresh plate was used to inoculate an overnight 

culture. The overnight culture was used to inoculate 1 L of 2xYT with 0.1% glucose and 100 

ug/ml ampicillin and grown until log phase. When OD600 reached between 0.5-0.8, the cells were 

induced with 1 mM IPTG and grown at 20˚C at 200 rpm overnight. The bacteria were harvested 

and pelleted by centrifugation. The pellet was subjected to osmotic shock for periplasmic protein 

purification. The Fabs were purified over a gravity column with Ni-NTA resin (Thermo 

Scientific) and washed. Protein was eluted with buffer containing 500 mM imidazole. Protein 

was dialyzed against 1X PBS pH 7.4 overnight at 4˚C. Fabs were concentrated and then purified 

with size exclusion chromatography. Fractions were collected and concentrated for storage at 

4˚C. 
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IgG production 

Biased library Fabs were re-formatted into full length IgG using a method described 

previously.19 Briefly, heavy and light chain sequences were cloned into pTT5 vector and 

transformed into Turbo Competent E. coli (NEB). Clones were verified by sequencing. Large 

scale plasmid preps were performed using overnight cultures grown in Superbroth medium 

supplemented with 100 ug/ml ampicillin and GenElute Endotoxin-Free Plasmid Midiprep Kit 

(Sigma).  HEK-293-EBNA1 cells were transfected using jetPEI (Polyplus) according to the 

manufacturer’s protocol. After 5 days, the media was collected and purified over a HiTrap 

Protein A HP column (GE Healthcare). Fractions containing IgG were concentrated, buffer 

exchanged into 1X PBS, and stored at 4˚C.  

 

Flow cytometry 

Confluent flasks of LNCaP C4-2 (American Type Culture Collection - ATCC), LNCaP-AR 

(Sawyers lab), and PC3 (ATCC) cells were treated with Cell Dissociation Buffer (GIBCO). 

Harvested cells were wash two times with wash buffer (1X PBS pH 7.4 with 1% BSA), and 5 x 

106 cells were transferred to eppendorfs for staining. TMPRSS2 Fabs were incubated with cells 

at 4˚C for 1 hour with rotation. Samples were washed once with wash buffer and resuspended 

with wash buffer containing 1:50 dilution of anti-human IgG (Fab-specific)-FITC (Sigma 

F5512). Cells were incubated on ice for 45 minutes. Samples were washed two times with wash 

buffer, resuspended in wash buffer, and strained before being run on a FACSCalibur flow 

cytometer (BD Biosciences). Data analysis was performed with FlowJo Version X.  

 



151 
 

Immunofluorescence microscopy 

Cells were grown to confluence in cm2 glass bottom microdishes in complete media. Cells were 

washed two times with Hank’s Buffered Salt Solution (HBSS). Cells were stained with 300 nM 

TMPRSS2 Fab for 1 hour on ice. Cells were wash once with HBSS and then incubated with 1:50 

Anti-Human IgG (Fab-specific)-FITC (Sigma) for 45 minutes on ice. 100 uM DRAQ5 and 7.5 

ug/ml WGA-TRITC were added to cells and incubated at 37˚C for 10 minutes. Cells were 

washed two times with HBSS and then fixed with 4% formaldehyde in PBS. Cells were washed 

again in PBS. Fluorescence microscopy was carried out using a Nikon Ti-E in the UCSF Nikon 

Imaging Center. Images were processed with NIS-Elements 4.2 and Adobe Photoshop to 

assemble multicolor image files.  

 

Androgen treatment 

LNCaP C4-2 cells were grown in androgen deprivation media RPMI 1640 + 10% charcoal 

stripped fetal bovine serum (FBS) + 1X penicillin-streptomycin until 60% confluency. Media 

was changed with and without 10 nM dihydrotestosterone (DHT) diluted in DMSO and 

incubated for an additional 48 hours. Cells were treated as described previously for flow 

cytometry and immunofluorescence microscopy.  

 

Ionizing radiation treatment 

LNCaP C4-2 cells were grown until 60% confluency, changed into fresh media, and then 

exposed to 2 or 12 Gy radiation using a cesium irradiator (UCSF Preclinical Therapeutics Core). 

The cells were incubated for an additional 48 hours and treated as described previously for flow 

cytometry. One million cells were used for extracting cell lysates using 1X RIPA buffer. Cytosol 
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and membrane fractions from 1 x 106 cells were also separated using Mem-PER Plus Protein 

Extraction Kit (Life Technologies). All samples were analyzed by immunoblot using an anti-

TMPRSS2 antibody PH59 (Nelson lab)4 detected with an anti-mouse HRP-conjugated antibody. 

 

Radiolabeling of antibodies 

Radiolabeling with 125I was done using Iodination Tubes (Pierce) according to the 

manufacturer’s protocol. Radiolabeled antibody was purified on a PD10 column with 1X PBS. 

Purity of the radiolabeling was determined by instant thin layer chromatography (iTLC) in PBS 

and greater than 98% yield was obtained. For 89Zr radiolabeling, desferroxamine B (Df-NCS) 

was first conjugated to the antibodies via lysine residues as described previously.20 89Zr solution 

was incubated with the DFO-antibody in HEPES buffer pH 7.2 at 37˚C for 1h with gentle 

shaking. Radiolabeled antibody was purified on a PD10 column with gentisic acid solution (5 

mg/ml gentisic acid + 0.25 M sodium acetate). Purity of the radiolabeling was determined by 

iTLC in PBS and greater than 98% yield was obtained. 

 

Cellular uptake experiments 

LNCaP-AR or 22Rv1 cells were seeded at a density of 4 x 105 cells per well in 12-well plates 

(Corning,USA) and grown at 37˚C, 5% CO2 for 24 h. On the day of the experiment, the media 

was removed and replaced with RPMI 1640 media without FBS.  One µCi of each radioactive 

compound (125I-Ab) was added. The cells were incubated at 37˚C, 5% CO2 for 30 min. 

Following incubation, the cells were washed twice with ice cold PBS and retained for analysis 

(externalized fraction). The cells were lysed with 1 ml of 1M NaOH and collected (cell 

associated fraction). The externalized and cell associated fractions were counted in a gamma 
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counter and expressed as a percentage of the total activity added per equal relative number of 

cells. Experiments were performed in triplicate.  

 

Prostate cancer xenograft mice 

All mice were handled according to the Guide for the Care and Use of Laboratory Animals and 

accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. 

Mouse studies were carried out following the procedures approved by the Laboratory Animal 

Resource Center facilities of UCSF. For inoculation into nude mice, 22Rv1 or LNCaP-AR cells 

were washed with PBS, digested with trypsin, resuspended in DMEM containing FBS, and 

pooled. After centrifugation, cells were resuspended in Matrigel (BD Biosciences Discovery 

Labware, Bedford, MA)-PBS (1:1) at a concentration of 5 x 106 cells per 100 μL. Cell/Matrigel 

mixture of 100 μL was injected subcutaneously into 6-week-old male nu/nu mice (Charles River, 

Wilmington, Massachusetts) on the right shoulder surface. Tumor volumes and body weights 

were monitored the day of the imaging experiments. Mice were sacrificed after the imaging and 

tumors and several essential organs were removed. 

 

Nuclear imaging of prostate cancer xenograft 

Under isofluorane anesthesia, a tail vein catheter was placed. 125 – 200 μCi of 89Zr-Ab was 

injected via the tail vein catheter. At 24 hour and 48 hour post-injection, the animals were 

transferred to a Siemens Inveon micro PET-CT system (Siemens, Erlangen, Germany), and 

imaged using a single static time frame of 10 minutes for 24 hour time-point and 20 minutes for 

48 hour time-point. A micro-CT scan was then obtained for attenuation correction and 

anatomical coregistration. No adverse events were observed during or after injection of any 
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compound. Anesthesia was maintained during imaging using isofluorane. All spectra were 

viewed using open source Amide software (amide.sourceforge.net). Quantification of uptake was 

performed by drawing regions of interest over indicated organs on the CT portion of the exam, 

and was expressed as % injected dose per gram. 
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Table 5-1. List of peptide cleavages from MSP-MS for TMPRSS2. 
 
 

15 min 60 min 240 min 
AFnKWHEG WSYRnXXX YLGRSVPQ LIAKWVGF AFnKWHEG NTSRQAEX 
AnnKIGEV WVARGXXX XXXRKWQS KARSAFAE AnnKIGEV NWYKRAPN 
AQLRIQNR XGPKLTYD XXRKWQSP IHFKFDWR AQLRIQNR PGIHDVLL 
ASHRnGKN XGWKTnAD XXKARSAF HYHRKXXX ASHRnGKN PGnRHSAV 
DQVRRnNX XKARSAFA XWQKSNDG HTNKRISQ DNSKFQPX PHSKVNFQ 
EKQRFHPX XQnKKTLV XQnKKTLV HPFKVHXX DQVRRnNX PKDRWHTW 
FDNRVGKW XVHSDAYV XPAKVWST HNGRVPDX EKQRFHPX PPNRDEGW 
FRIRSGTX XWQKSNDG XLFNDVNI HIVKWASX ELPKTNXX PQRRGnXX 
GEDRNTFY XXRnENYn XKARSAFA HGTPKFAW EQTHNYRP PSFNnYGY 
GIYRnHVQ XXXPAKVW XGWKTnAD GQHRISDA ETVYADSS PSGHGXXX 
GQHRISDA XXXRKWQS XGPKLTYD GIYRnHVQ FDNRVGKW PVSRGLYF 
GVWKAILS YLGRSVPQ WVARGXXX GEDRNTFY FWIQNLPX QnIRWHFS 
HGTPKFAW  WSYRnXXX FDNRVGKW GEDRNTFY RDLVDHIG 
HIVKWASX  WPQRRGnX EQTHNYRP GIYRnHVQ RVGKWSYR 
HNGRVPDX  WAFRIRSG ELPKTNXX GQHRISDA SLYRnIRQ 
HPFKVHXX  VLTKAAPV EKQRFHPX GSWKGVRN SYEKQRFH 
HTNKRISQ  VHnRYINV DQVRRnNX GVWKAILS TASRGXXX 
IHFKFDWR  TYGRLWIH ASHRnGKN HDVnGSRG TWnKIFNT 
LIAKWVGF  TYFHDLNP AnnKIGEV HGTPKFAW TWPSGHGX 
LREKQYDP  TSRQAEXX AFnKWHEG HIVKWASX TYFHDLNP 
nFLREKQY  TASRGXXX  HNGRVPDX TYGRLWIH 
nGSRGLYT  SYEKQRFH  HPFKVHXX VHnRYINV 
nLDKLnNW  SLYRnIRQ  HTNKRISQ VLTKAAPV 
nYFKYIWY  RVGKWSYR  HYHRKXXX VPVKHEGP 
NPTRLHSX  QVRRnNXX  IGARSDXX WAFKPTGP 
NTSRQAEX  QnIRWHFS  IGPTAAYH WAFRIRSG 
NWYKRAPN  PVSRGLYF  IHFKFDWR WPQRRGnX 
PKDRWHTW  PSGHGXXX  ILWRTEHH WSYRnXXX 
PQRRGnXX  PQRRGnXX  KARSAFAE WVARGXXX 
PSGHGXXX  PPNRDEGW  LIAKWVGF XGPKLTYD 
PVSRGLYF  PKDRWHTW  LNHYHRKX XGWKTnAD 
QnIRWHFS  PGnRHSAV  LREKQYDP XKARSAFA 
QVRRnNXX  NWYKRAPN  nAFnKWHE XLFNDVNI 
RVGKWSYR  NTSRQAEX  nFLREKQY XPAKVWST 
SLYRnIRQ  NPTRLHSX  nFVKISTT XQnKKTLV 
SYEKQRFH  NFLRGPXX  nGSRGLYT XVHSDAYV 
TASRGXXX  nYYKRFnA  nLDKLnNW XWQKSNDG 
TYFHDLNP  nYFKYIWY  nYFKYIWY XXRKWQSP 
TYGRLWIH  nLDKLnNW  nYYKRFnA XXRnENYn 
VHnRYINV  nGSRGLYT  NFLRGPXX XXXRKWQS 
VLTKAAPV  nFVKISTT  NITREWLH YLGRSVPQ 
WAFRIRSG  nFLREKQY  NLSEDWAF YTLKGEHX 
WPQRRGnX  LREKQYDP  NPTRLHSX  
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Table 5-2. Summary of properties of TMPRSS2 antibodies. Abbreviations: FC, flow 
cytometry; MFI, mean fluorescence intensity.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Assay  13F6 17A12 21H4 

qELISA (EC50) ++ 
(< 100 nM) 

+++                
(< 100 nM) 

+++          
(< 100 nM) 

TMPRSS2 inhibition  0% 9.40% 16.70% 

Fab expression  ++ 
(0.4 mg/L) 

+               
(0.1 mg/L) 

+                  
(0.2 mg/L) 

FC extracellular 
(MFI) 

+++ 
(76.2) 

++         
(17.8) 

+        
(11.7) 

FC intracellular 
(MFI) 

+++ 
(266) 

+++        
(645) 

++        
(71.9) 
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Figure 5-1. TMPRSS2 substrate specificity and activity assay development. (a) IceLogos for 
the peptides cleaved by TMPRSS2 at 15, 60, and 240 minutes. (b) Activity assay with different 
IQ fluorogenic substrates were used to determine catalytic efficiency (kcat/Km) and Km values of 
each substrate.  
 
(a) 

 
(b) 
 

 SpectroFluor tPA 
FGR 

MSP-MS 
RVGKWSYR 

TMPRSS2 
RQSRIVGG 

Human KLK2 
IQSRIVGG 

HGF 
KQLRVVNG 

kcat/Km 0.02 0.81 0.40 0.30 0.38 

Km (uM) 200 1.5 3.2 5.6 4.3 
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Figure 5-2. Characterization of biased library Fab 13F6.  (a) Semi-quantitative ELISA to 
prioritize TMPRSS2 Fabs. (b) Selectivity of Fabs against a panel of closely-related serine 
proteases. (c) Complex formation of TMPRSS2 with Fab 13F6 determined by size exclusion 
chromatography. (d) TMPRSS2 inhibition assay. Fabs 13E6 and 13F6 showed increased 
TMPRSS2 activity at 300 and 1000 nM concentrations. Macromolecular inhibitor ecotinRR was 
used as a positive control.  
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Figure 5-3. Identification of TMPRSS2 Fabs using a stabilizing antibody. (a) Schematic of 
Fab 13F6 stabilization of TMPRSS2 during selection. Streptavidin coated plates were used to 
capture biotinylated TMPRSS2. During incubation of naïve phage-display Fab library with 
TMPRSS2-streptavidin plates, stabilizing Fab 13F6 was included at 1 uM in the well. (b) 
TMPRSS2 inhibition assay. 300 nM Fabs were pre-incubated with TMPRSS2 for one hour prior 
to the initiation of the reaction. Fab 21H4 inhibits TMPRSS2 activity by 16.7% (starred). 
Macromolecular inhibitor ecotin was used a positive control for inhibiting protease activity. 
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Figure 5-4. Extracellular and intracellular staining of TMPRSS2-positive cells by flow 
cytometry. Histograms of TMPRSS2-positive cells stained with TMPRSS2 antibodies. Control 
antibody is shown in blue, Fab 13F6 is shown in orange, Fab 17A12 is shown in green, and Fab 
21H4 is shown in purple. (a) Extracellular labeling of LNCaP C4-2 cells using TMPRSS2 
antibodies. (b) Intracellular labeling of fixed and permeabilized LNCaP-AR cells using 
TMPRSS2 antibodies.  (c) Mean fluorescence intensities of extracellular stained PC3 cells and 
extracellular and intracellular stained LNCaP C4-2 cells using a control antibody in blue, Fab 
17A12 in orange, and Fab 21H4 in blue. 
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Figure 5-5. Extracellular and intracellular staining of TMPRSS2-positive cells by 
immunofluorescence microscopy. LNCaP-AR cells were imaged using extracellular staining 
(top row) or intracellular staining with fixed and permeabilized cells (bottom row) in the 
presence of (a) secondary antibody control, (b) Fab 13F6, (c) Fab 17A12, and (d) Fab 21H4. Cell 
membranes were stained with tetramethylrhodamine-conjugated wheat germ agglutinin (false 
colored green), nucleus was stained with DRAQ5 (blue), and Fab-labeled TMPRSS2 was stained 
with anti-Fab FITC (false colored red).  
 
(a)           (b) 

 
 
(c)           (d) 
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Figure 5-6. Analysis of androgen-treated cells using TMPRSS2 Fabs in flow cytometry and 
immunofluorescence microscopy. (a) TMPRS2 Fabs 17A12 and 21H4 were used to label 
androgen (10 nM DHT) treated and untreated (DMSO) cells. Control antibody staining is shown 
in blue, Fab 17A12 staining is shown in orange, and Fab 21H4 staining is shown in green. Fab 
21H4 was used to label (b) untreated and (c) treated LNCaP C4-2 cells. Cell membranes were 
stained with tetramethylrhodamine-conjugated wheat germ agglutinin (false colored green), 
nucleus was stained with DRAQ5 (blue), and Fab-labeled TMPRSS2 was stained with anti-Fab 
FITC (false colored red).  
 
 
      (a)             

 
 
      (b)             (c)  
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Figure 5-7. TMPRSS2 expression in prostate cancer cells post-ionizing radiation treatment. 
(a) Fab 13F6 was used to label LNCaP C4-2 cells (blue), LNCaP C4-2 cells treated with 12 Gy 
ionizing radiation (green), and LNCaP-AR cells treated with 12 Gy ionizing radiation (purple). 
Unstained and control cells are stained in red and orange, respectively. (b) Immunoblot of 
cytosol and membrane fractions of TMPRSS2-positive cells treated with ionizing radiation and 
in combination with androgen deprivation. 10 ng recombinant TMPRSS2 was loaded as a 
control.  
 
(a) 

 
(b) 
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Figure 5-8. Molecular imaging of prostate cancer xenografts using radiolabeled TMPRSS2 
antibodies. (a) Internalization uptake study with Fab 13F6 and IgG 17A12 in LNCaP-AR and 
22Rv1 cells. (b) Imaging 22Rv1 xenografts with 89Zr-Fab 13F6. 
 
 
(a) 

 
(b) 

 

 



167 
 

Chapter 6 

 

Conclusions and future directions for biased antibody libraries for protease targets and 

TMPRSS2 antibodies 

 

Melody S. Lee1 and Charles S. Craik2 

 

 

1Graduate Group in Chemistry and Chemical Biology, University of California, San Francisco, 

600 16th Street, San Francisco, CA 94158 

2Department of Pharmaceutical Chemistry, University of California, San Francisco, 600 16th 

Street, San Francisco, CA 94158 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



168 
 

CONCLUSIONS 

 

I wanted to do it all in graduate school from early discovery to developing translational 

applications of my research. As a result, I worked on a number of different projects over the 

years and learned a variety of skills. However, through graduate school and the guidance of my 

PI, I gradually concentrated my efforts on engineering antibodies as selective tools for studying 

cancer-related proteases, which has been the major focus of my thesis work. Although there are a 

handful of protease antibodies in development described in Chapter 1, only two directly target 

the protease active site. Therefore, we started off this project with the goal of developing potent, 

active site inhibitory antibodies that were selective for individual proteases so that we could use 

these tools to study the role of a particular protease and its activity in disease.    

First, we identified a novel reverse binding motif for potent inhibition of protease activity 

used by Fab A11 and S4 as described in Chapter 2. Although these Fabs shared similar 

characteristics in the CDR H3 loop to another previously identified matriptase antibody E2, the 

orientation of this key loop in the active site was unique and important for preventing proteolysis 

and inactivation of the antibody. Additionally, Fab A11 was identified from a fully human, naïve 

library of recombinant antibodies, making it clinically compatible in a number of downstream 

applications. Using these two different inhibitory motifs, we developed a new tool for efficient 

identification of selective antibody-based protease inhibitors in Chapter 3. We leveraged 

structural insights from homology modeling for affinity maturation using rational design, and 

this strategy contributed to the identification and characterization of a number of inhibitory 

antibodies for TMPRSS2, which plays an important role in aggressive metastatic prostate cancer. 

We optimized an expression and purification scheme in Chapter 4 for producing active 
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recombinant TMPRSS2 and gained insights into construct design and expression systems to use 

for expressing challenging proteases like those from the type II transmembrane serine protease 

(TTSP) family. We learned a lot about expressing TTSPs through our work with TMPRSS2 

where transactivation, deglycosylation, expression systems, and protein domains included in the 

construct play an important role for producing a high yield of active protein. These key 

optimizations for designing the expression construct and purification strategies will greatly aid 

future structural work with TMPRSS2.  

Using our TMPRSS2 antibodies, we observed predominantly intracellular staining of 

TMPRSS2 in prostate cancer cells as described in Chapter 5. When we treated cells with an 

androgen, TMPRSS2 expression was perturbed onto the cell surface, which was detected using 

our TMPRSS2 antibodies. We have also demonstrated that monitoring androgen receptor (AR) 

signaling using TMPRSS2 protein expression as a downstream readout marker may be feasible, 

and additional experiments will be necessary to characterize the use of these antibodies as useful 

molecular imaging diagnostics for detecting treatment resistance in prostate cancer.  

 

FUTURE DIRECTIONS 

 

The biased library in its first iteration has worked the way we expected it to although the library 

requires some modifications to transform it into a more robust tool to use in the lab. Introducing 

amino acid diversity and loop length variations in the CDR H1 and L1 loops were useful in the 

affinity maturation of our initial TMPRSS2 hits, and these improvements should also be applied 

to the entire libraries at large as well. Initial efforts to introduce these modifications into the most 

conserved A sub-libraries, which contain the least CDR H3 diversity, have been completed and 
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require sequencing verification. The two remaining B and C sub-libraries will need to be updated 

to contain these modifications in the CDR H1 and L1 loops, requiring appropriate scaling during 

kunkel mutagenesis to account for the higher theoretical diversity of these libraries due to the 

CDR H3 loop. As of now, we have not explored the CDR L2 loop. This loop may be important 

in protease interactions and introducing some amino acid diversity in this loop may lead to a 

more complete library. Additionally, the libraries in their current form require some processing 

to remove the template sequences. Digestion of the library using the BamH1 site in the CDR H3 

loop of the template prior to selection or ELISA screening will help remove >70% false positives 

attributed to the template Fab. Another modification that would improve the quality of hits that 

come out of selection includes using longer washes for 1 – 5 hours to enrich for binders that have 

slower off rates. Reverse homology modeling can also be used to find proteases that may be 

better suited for use with the biased libraries. This was initially attempted by Sam Ivry during his 

rotation in the lab. Proteases that are more matriptase-like, particularly in the surface loops like 

matriptase-2 and TMPRSS4, may work better with the biased libraries. Our work so far with the 

biased libraries has demonstrated that this approach works with serine proteases and in particular 

proteases from the same family. Initial selections with urokinase plasminogen activator (uPA) by 

Dr. Natalia Sevillano yielded biased library hits that bound to uPA but were not inhibitory due to 

cleavage of the Fab by the protease. Therefore expanding the panel of proteases from the TTSP 

family for testing with the biased library would further validate its use, and eventually this 

approach may potentially be applied to other serine protease folds and families (chymotrypsin, 

elastase-like) as well as other classes of protease (aspartyl and metallo).  

 The TMPRSS2 antibodies that have been identified from both the naïve and biased 

libraries have demonstrated their usefulness in characterizing the expression and localization of 
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TMPRSS2 in prostate cancer cell lines and clinically-relevant treatment scenarios. From the 

naïve library, both Fabs 17A12 and 21H4 showed labeling of TMPRSS2 in prostate cancer cells 

and inhibition of TMPRSS2 activity, however additional affinity maturation will be necessary to 

improve their potency for future uses. Similar to what was done in Chapter 3 with the biased 

libraries, initial efforts to affinity maturate Fab 21H4 were attempted by introducing the 21H4-

specific CDR loops into the VH3-23, VK1 framework and varying the amino acids and loop 

lengths in the CDR H1 and L1 loops. The small 21H4 affinity maturation library was used in two 

additional rounds of selection with TMPRSS2 and enrichment was observed. Individual clones 

were screened for binding by ELISA, however there were many ELISA-positive clones, which 

made screening difficult. Additional characterization of these clones should be completed or 

instead repeating the selection with more stringent conditions (i.e. longer washes) may yield 

better hits. Nonetheless, Fab 21H4 showed an interesting phenotype in a subset of prostate 

cancer cells where androgen treatment helped to promote TMPRSS2 expression on the cell 

surface. These experiments are worth repeating with Fab 21H4 to verify these findings as well as 

with the newer, more potent TMPRSS2 antibodies identified from the biased libraries. From the 

biased libraries, there are five affinity-matured TMPRSS2 hits (Fabs 5H1, 1C1, 1F5, 6D4, and 

6F7) that require additional characterization and reformatting into the full length 

immunoglobulin G (IgG). These five Fabs along with nine additional clones (Fabs 40B2, 7D10, 

41A11, 41B5, 1E5, 5E6, 41D1, 1G1, and 5F6) have been introduced into the pTT5 vector used 

for transient transfection of IgG heavy and light chains in HEK293E cells. Current IgG 

expression yields are low and protein production optimization and/or development of a stable 

cell line will be necessary for generating sufficient quantities for any in vivo imaging work.  
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Insights into the structure of TMPRSS2 by itself and in complex with our Fabs will 

greatly advance design of selective protease inhibitors as well as understanding the role of 

upstream protein binding domains. Since the TMPRSS2 antibodies from the naïve library are not 

as potent as we would like and may not be binding completely in the protease active site, 

conjugating a potent, non-selective active site small molecule or peptide inhibitor to the antibody 

may lead to more selective and targeted TMPRSS2 inhibition. This alternative approach to 

affinity maturation of the antibody would be greatly aided by the structure of the TMPRSS2-Fab 

complex to identify key residues where the inhibitor could be attached. Using the approaches 

discussed in Chapter 4, a high yield TMPRSS2 expression system can be obtained by combining 

a transactivation-controlled, fully deglycosylated construct of the extracellular region of 

TMPRSS2 in yeast with a fermentation reactor. This combination of features to improve 

TMPRSS2 expression in Pichia has yet to be constructed and tested. Although the current 

construct for TMPRSS2 expression produces active material, a doublet peak in size exclusion 

chromatography (SEC) consistently appears during purification. The higher molecular weight 

peak may be a protease dimer or a glycosylated form. Confirmation with SEC-multi angle light 

scattering (MALS) would be necessary to determine its identity. Additionally, if the protease is a 

dimer, determining the KD for dimerization would be useful. All antibody selections and 

inhibition assays with TMPRSS2 were performed with the lower molecular weight peak 

“monomer” from the SEC. If the protease is truly a dimer in solution, it would explain why 

incomplete inhibition using our TMPRSS2 Fabs is observed while a dimeric macromolecular 

inhibitor like ecotin completely inhibits TMPRSS2 activity. These results again suggest that 

conversion of the Fab into the IgG will be important for inhibiting TMPRSS2 and studying its 

activity.  
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The most interesting questions that arise from this work come from the intracellular 

localization of TMPRSS2 in prostate cancer cells and TMPRSS2 expression on the cell surface 

after androgen treatment. Intracellular TMPRSS2 has been observed to be both cytosolic and 

punctate staining. Colocalization studies using confocal microscopy and commercially available 

organelle-specific stained cells were attempted, however these dyes were not compatible for 

fixed and permeabilized cells. Given the punctate staining observed, localization of TMPRSS2 

should be either golgi or endoplasmic reticulum. Since the majority of TMPRSS2 is intracellular, 

is TMPRSS2 functional in this environment? Both full-length and active protease were observed 

in immunoblot analysis of cellular and membrane fractions from prostate cancer cells, however 

protease activity was not measured. Immunoprecipitation of the proteases in the cell lysate using 

our TMPRSS2 antibodies and testing protease activity would help answer this question. If 

TMPRSS2 is active inside cells, what are its potential substrates and its underlying biology? 

Since we characterized the substrate specificity of TMPRSS2 using both the PS-SCL and MSP-

MS libraries, an informatics approach using the substrate signature can help identify intracellular 

targets of TMPRSS2. This information may aid in explaining why TMPRSS2 expression is 

promoted to the cell surface in the presence of an androgen signal. Alternatively, TMPRSS2 

expression on the cell surface may require a chaperone or accompanying protein whose 

expression is dependent on AR signaling. Understanding TMPRSS2 localization and function 

will be extremely important to the prostate cancer field and for the development of prostate 

cancer-specific targeting tools. Our initial efforts to monitor AR signaling with TMPRSS2 

antibodies show some progress. In vivo studies in different prostate cancer models with AR-

dependent mechanisms of treatment resistance will be important for validating the use of 

TMPRSS2 antibodies to follow AR status in prostate cancer patients. The on-going collaboration 
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with the Evans lab will help to move this project forward towards developing our TMPRSS2 

antibodies as an imaging diagnostic for prostate cancer.  

The projects encompassed by my thesis work have been extremely challenging but over 

the years we have developed a better understanding of our antibody libraries, protease expression 

systems, and TMPRSS2 pathophysiology in prostate cancer. There are many interesting 

directions to follow-up from antibody engineering with the biased libraries as well as elucidating 

TMPRSS2 pathophysiology and developing molecular imaging probes in prostate cancer with 

our TMPRSS2 antibodies. Although the work described here involves specific members of the 

type II transmembrane serine protease (TTSP) family associated with pericellular proteolysis, 

many of the research insights that we’ve learned can be readily applied to other protease targets 

that are of interest and help expand the number of protease antibodies that are in clinical 

development. We hope that using some of the strategies, which we identified from potent 

matriptase antibodies and the biased antibody libraries, more useful tools, diagnostics, and 

therapeutics will be developed in the future against disease-related proteases.   

 

 






