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Abstract

Affinity maturation of U33, a recombinant Fab inhibitor of uPA, was used to improve the affinity 

and the inhibitory effect compared to the parental Fab. Arginine scanning of the six CDR loops of 

U33 was done to identify initial binding determinants since uPA prefers arginine in its primary 

substrate binding pocket. Two CDR loops were selected to create an engineered affinity 

maturation library of U33 that was diversified around ArgL91 (CDR L3) and ArgH52 (CDR H2). 

Biopanning of the randomized U33 library under stringent conditions resulted in eight Fabs with 

improved binding properties. One of the most potent inhibitors, AB2, exhibited a 13-fold decrease 

in IC50 when compared to U33 largely due to a decrease in its off rate. To identify contributions of 

interfacial residues that might undergo structural rearrangement upon interface formation we used 

X-ray footprinting and mass spectrometry (XFMS). Four residues showed a pronounced decrease 

in solvent accessibility, and their clustering suggests that AB2 targets the active site and also 

engages residues in an adjacent pocket unique to human uPA. The 2.9 Å resolution crystal 

structure of AB2-bound to uPA shows a binding mode in which the CDR L1 loop inserts into the 

active site cleft and acts as a determinant of inhibition. The selectivity determinant of this binding 
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mode is unlike previously identified inhibitory Fabs against uPA related serine proteases, MTSP-1, 

HGFA and FXIa. CDRs H2 and L3 loops aid in interface formation and provide critical salt-

bridges to remodel loops surrounding the active site of uPA providing specificity and further 

evidence that antibodies can be potent and selective inhibitors of proteolytic enzymes.

Introduction

Proteases make up 2% of the human proteome [1], and their functional activity is a unique, 

irreversible post-translational modification of their target substrates [2]. Proteases are 

involved in a number of important physiological functions from blood coagulation to 

digestion and pathophysiological activities necessary for activation and propagation of 

cancer cascades and Alzheimer’s disease [3]. More information regarding the biology and 

pathophysiology of proteolysis in addition to new selective therapeutics are important for 

understanding and treating human disease.

The omnipresence of proteases in cancer make them a promising class of enzymes for 

cancer detection [4] and also as activators of prodrugs [5]. Proteolytic processing is 

necessary in nearly every stage of cancer growth and progression including angiogenesis, 

extracellular matrix remodeling, cellular signaling, apoptosis and metastasis [6]. Changes in 

relative levels of proteases or their cognate inhibitors are often associated with cancer, 

suggesting that dysregulation of proteolysis can contribute to malignant growth. Although 

localization of proteases can be studied using various experimental approaches, 

understanding and determining protease activity in particular pathways cannot be achieved 

with simple labels of protease expression. Since proteolytic activity is finely regulated 

through activation, compartmentalization, changes in pH and also interactions with 

endogenous inhibitors, methods to selectively monitor their activity in vivo are needed.

Studying individual proteases and the particular role that each play in different physiological 

and disease pathways has been a challenging endeavor without specific probes. Attempts to 

create selective small molecule tools for proteases have been difficult and are oftentimes 

without additional non-specific inhibition of other protease targets due to the general 

conserved structural features of the protease domain and active site. Antibodies (Abs) are 

ideal tools for selectively targeting and studying individual proteases even within the same 

family since Abs can generate greater binding footprints against targets than small 

molecules. In addition, conformationally selective antibodies that recognize the active form 

of the enzyme over its inactive state provide a powerful approach to monitor enzyme activity 

in vivo [7,8]. The development of specific and inhibitory Abs allows pinpointing of the 

protease of interest to determine what effect protease activity has in the protease signaling 

pathway. Additionally, these inhibitory Abs provide much-needed preclinical tools for 

validating proteases as potential targets for pharmaceuticals in human diseases.

Well-validated and specific Abs are scarce since many commercially available antibodies 

suffer from lot-to-lot variation and provide varying results [9]. While hybridoma technology 

that involves animal immunization is often productive, many antigen targets do not yield 

useful Abs, particularly if unique states or critical non-immunogenic sequences need to be 

recognized by the Abs. Renewable Abs from a recombinant source that are highly 
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reproducible have the potential to increase the access to high quality, reproducible Ab 

reagents that target specific states. We provided initial proof of principle for identifying and 

characterizing recombinant Abs (rAbs) that specifically bind and inhibit particular protease 

targets. Our results for protease production and identification of rAbs to MT-SP1 (aka, 

matriptase), and urokinase plasminogen activator (uPA) showed that conformationally 

selective inhibitory antibodies can be identified from a naïve human Fab library displayed on 

bacteriophage. Several inhibitory antibodies have been developed to other proteases 

including HGFA [10], Factor XIa [11], MMP9 [12] and β-tryptase [13]. Another advantage 

of rAbs is that the antibody sequence of the binder allows for in vitro affinity maturation, 

mimicking an immune response, to select Abs with higher affinity and lower off-rate [14].

Accurately imaging metastatic prostate cancer in soft tissue remains an unmet clinical need. 

The plasminogen activation system (PAS) consists of the serine protease urokinase 

plasminogen activator (uPA), the membrane-localized receptor uPAR and the SERPIN-type 

inhibitor PAI-1. All three are overexpressed in primary and metastatic prostate cancer. 

Plasmin-mediated activation of the secreted uPA precursor pro-uPA cascades a series of 

events resulting in dissolution of the cellular membrane. Cleavage of PAI-1 inactivates uPA 

and leads to internalization of the entire uPA-uPAR-PAI-1 complex. Previously an active-site 

binding recombinant antibody termed U33 (Supplemental Figure 1) was discovered by 

phage-display panning against the uPA protease domain using a fully human naïve Fab 

library [15]. U33 mimics PAI-1 because it both inhibits uPA and is internalized with the 

uPA-uPAR complex. However, the fast off-rate of U33 (Supplemental Figure 1B) made 

structural characterization of the U33-uPA complex difficult. Various rAbs we previously 

isolated against MTSP-1 were shown to have differing molecular mechanisms of inhibition, 

which motivated us to uncover how an antibody could inhibit uPA. Therefore, we initiated 

an affinity maturation campaign to isolate antibodies with better binding kinetics to enable 

structural studies.

Here we describe the discovery and the mechanistic properties of the inhibitory Fab, AB2. A 

series of affinity matured Fabs were generated, derived from the parental U33 Fab. After 

characterization of binding affinity and steady-state inhibition kinetics towards uPA, AB2 

was chosen from the affinity matured pool for further structural characterization using 

XFMS and X-ray crystallography.

Results

Affinity maturation

An anti-uPA Fab, U33, was previously identified from a fully human naïve Fab phage 

display library. U33 Fab is a competitive inhibitor of uPA with a KD value of 300 nM [15].

The identification of the U33 Fab loops involved in binding and/or inhibition of uPA is 

crucial for successful affinity maturation; the arginine residues in the CDRs loops of Fab 

U33 were substituted individually by alanine and a panel of U33 alanine mutants were 

generated. Arg residues were selected because uPA is a trypsin-like serine protease with a 

preference for basic residues in the P1 position of the substrate. Furthermore, in the 

previously described anti-MT-SP1 rAbs, Arg residues in the CDRH3 loop are essential for 
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the inhibition of the protease. Based on the KD and IC50 values of the generated U33 

mutants, the CDRL3 and CDRH2 loops were chosen as targets for affinity improvement of 

Fab U33 (Figure 1).

A phage displayed, affinity maturation library was constructed by randomizing the CDRH2 

and CDRL3 loops of the U33 parental Fab. The theoretical diversity of the library was 1.45 

× 1015, and the constructed library had a diversity of ~ 9 × 109. Semi-random degenerate 

codons were introduced that encode the original amino acid plus a small set of residues in 

each of the positions mutated [16,17]. The arginine residue in the two loops was not mutated 

as the mutation of these residues to alanine reduces the inhibitory effect of the parental 

antibody U33.

After three rounds of off-rate selections [18] with the generated affinity maturation library 

using the catalytic domain of uPA as the antigen, 188 individual clones were screened by 

ELISA. Eleven clones showed higher ELISA signal than the parental U33 Fab. A 

preliminary off-rate analysis prior to antibody purification, using Escherichia coli 
supernatants, was performed by biolayer interferometry (BLI) using an Octet RED384 

instrument [19]. All clones showed slower dissociation rates than Fab U33 (data not shown).

Sequencing of the positive clones identified only eight unique Fab sequences (Figure 2A). 

Sequence analysis showed some positions highly conserved in all the identified clones: the 

isoleucine in position L91, the isoleucine in position H51, the glycines in positions H54 and 

H55 and the threonines in positions H56 and H57. Some amino acids were totally conserved 

in all the clones: the glutamic acid in position L93, the proline in position L95 and the 

tyrosine in position L96 indicating an essential role of these residues in the binding to uPA.

The eight unique clones were expressed, purified, and tested for binding to uPA (full-length 

and catalytic domain) and also tested for inhibition of uPA. All the identified clones showed 

off-rate improvements over the parental U33 Fab, therefore all of them have improved KD 

values. All the clones also showed more potent inhibition of uPA compared with parental 

U33 Fab (Figure 2A). All the affinity matured Fabs block binding of uPA to its endogenous 

inhibitor PAI-1 more potently than parental U33 Fab (Figure 2C). Clones BB7 and AB2 had 

the lowest KD to the catalytic domain of uPA, and because AB2 had a lower KD to full-

length uPA between the two, it was selected for crystallization in complex with the catalytic 

domain of uPA.

Mapping the binding epitope of AB2 Using XFMS

Comparative analysis of XFMS data from the uPA-AB2 complex and uPA alone suggests 

that AB2 interacts with the uPA active site and engages other residues that are not conserved 

in similar proteases. The rate constant of footprinting (kfp) was identified for 11 residues 

distributed on the uPA surface (Supplementary Figure 4). From a pattern of protection from 

radical attack, four residues, His99, His100, Asn101, and Met180 were selected as possible 

participants in the uPA-AB2 binding interface because they had the highest change in kfp 

(dkfp) and clustered near the uPA active site (Figure 3B). The dose-response plots for these 

residues (Figure 3A) demonstrate that they are dramatically protected from modification 
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when AB2 is bound to uPA. A crystal structure of the AB2-uPA complex was solved to 

elucidate a potentially novel mode of inhibition.

Mode of inhibition - Structural Determinants

Modes of inhibition exhibited by antibodies against serine proteases fall into two broad 

subcategories: allosteric or active-site directed. The uPA-AB2 co-crystal structure revealed 

that AB2 recognizes a surface-contiguous, three-dimensional epitope encompassing the 

active site of uPA (Figure 4A). Critical contacts are made by light-chain variable loops CDR 

L1 and CDR L3 as well as heavy-chain loop CDR H2 (Figure 4B). The resulting interface 

covers a surface area of 564 Å2 on uPA. The interface involves five distinct elements of 

secondary structure on the uPA surface. Residues from loop 90–104, loop 168–179, loop 

185–197, loop 215–225 and His57 are directly involved in forming an intermolecular 

interface.

In the substrate binding pocket, the L1 loop inserts in a substrate-like manner and occupies 

the S1 subsite using ArgL30B (Figure 5A, lower panel). The active-site carboxyl oxygen 

donated by Ser195 is 5.7Å removed from the carbonyl carbon of what might serve as the 

scissile bond in a bound substrate, rendering the enzyme unable to catalyze proteolysis. A 

system consisting of adjacent asparagine residues in CDR L1 positions amine side chains as 

a main chain surrogate, enabling donation of a hydrogen bond by AsnL30C to His57 and 

Ser195 (Figure 5A). In this unique mode of inhibition, the gamma-carbon of AsnL30C, 

being only 4.7 Å removed from the carboxyl oxygen of Ser195, appears to serve as a 

surrogate for the carbonyl carbon. uPA residue Asp102, which is part of the catalytic triad 

and normally serves as a proton acceptor during substrate cleavage, is not directly involved 

in interface formation.

Effect of Affinity Maturation – Determinants of Specificity

Select residues in CDR L3 and CDR H2 aid in extending the binding surface beyond the 

substrate binding pocket. The crystal structure of uPA-AB2 provides additional insights into 

the effects of affinity maturation. Affinity maturation did not introduce new residues making 

interactions and expanding the binding surface but instead aids in optimization of contacts 

made by CDRs L3 and H2 and truncation of residues with bulky side-chains relative to the 

ancestral Fab U33. Residues GluL93 in CDR L3 and ArgH52 in CDR H2 form critical 

contacts with uPA residues Arg217 and Glu175, respectively. Those interactions remained 

conserved through the process of affinity maturation. In U33 CDR L3, GluL93 is flanked by 

PheL94, a rather bulky side chain that needs to be accommodated within the interface. 

During affinity maturation AlaL94 was selected to replace PheL94, increasing flexibility in 

positioning of GluL93. A similar observation can be made in CDR H2, where the loop 

containing ArgH52 is centered around TyrH53 which was selected against in favor of 

AlaH53.

Discussion

There is a significant interest in specific antibodies to proteases based on the success of anti-

proteolytic agents in the clinic and the lack of specific small molecule drugs and reliable 
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western blot and antibody reagents. Identifying inhibitory rAbs is often a bottleneck and 

novel selection methodology is aiming to specifically identify functionally relevant 

candidates. Using one of our recombinant antibody phage-displayed libraries, we have 

identified and characterized a number of antibody binders and inhibitors of protease targets 

and protease receptors. The development of specific and inhibitory rAbs allows pinpointing 

of the protease of interest to determine what effect protease activity has in the protease 

signaling pathway. Additionally, these inhibitory rAbs have potential to be translated into 

much-needed clinical therapeutics in human diseases.

The urokinase plasminogen activator (uPA) system is functionally involved in many steps in 

cancer progression. The over-expression of uPA and uPAR has been documented in 

numerous cancer types and is highly associated with poor disease prognosis [20,21]. uPA is 

a diagnostic marker for breast and prostate cancers. Inhibition of uPA was proposed as an 

efficient strategy for cancer treatments [22].

The development of potent and selective inhibitors of the serine protease domain of 

urokinase has been a difficult process [23]. Several uPA inhibitors have been identified as 

potential treatment of cancer and other pathologies, mainly small molecule uPA inhibitors 

(amino acid derivatives and small peptides) [22–25]. We have used several strategies to 

identify specific inhibitory antibodies of uPA. Based on previously identified potent 

antibody inhibitors against serine proteases [26,27], and matrix metallopeptidases (MMPs) 

[12], where the main driver of inhibition is the long CDRH3 loop inserted into the protease 

active site [27,28], we designed a set of synthetic antibody libraries based on the long 

CDRH3 loops of two potent MTSP-1 inhibitory Fabs (Unpublished results). Several uPA 

antibodies were identified using these biased antibody libraries but none showed an 

inhibitory effect, and some behaved as substrates of urokinase (Supplemental Figure 2).

We also used a fully human naïve Fab phage display library as a source of antibodies and 

several Fabs were identified with only one being an inhibitor of uPA namely, Fab U33. U33 

selectively binds the active form of human uPA and is a potent inhibitor of soluble uPA and 

uPA bound to uPAR. This anti-uPA antibody prevents uPA binding to PAI-1 and after 

binding to uPA the uPA-U33 complex internalizes. The IgG form of U33 was shown to be 

useful tool for detecting active uPA in vivo [15]. The analysis of the Fab U33 sequence 

showed that the CDRH3 loop is shorter than the CDRH3 loop of previously identified serine 

protease inhibitors (Supplemental Figure 1A) suggesting that the mechanism of inhibition 

could be different.

Since structural efforts with U33 and uPA were thwarted by non-diffracting crystals, we 

generated an affinity matured U33 antibody to improve its off-rate with the hopes of 

stabilizing the complex. The H2 and L3 CDRs loops were shown to be critical to the binding 

and inhibition of uPA in single point mutation experiments. Since uPA prefers arginine in the 

S1 site we focused our mutational analysis on these residues. Mutation of the arginine 

residue in these loops showed increasing KD values and a concomitant decrease of the 

inhibitory effect in the variants generated (Figure 1). One affinity matured library with 

randomized H2 and L3 CDR loops was constructed. After three rounds of affinity-driven 

selections using the biotinylated catalytic domain of uPA and with off-rate washes of 1–5 
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hours with the non- biotinylated catalytic domain of uPA, eight unique Fabs with slower 

dissociation rates and lower KD values than the parental Fab U33 were identified. All of 

them are more potent inhibitors of uPA (Figure 2). All the affinity matured Fabs prevent uPA 

binding to PAI-1 coated plates as the parental U33 Fab, indicating that the mechanism of 

action would be the same (Figure 2C).

Comparison with other inhibitory antibodies

In recent years several crystal structures of antibody fragments inhibiting serine proteases in 

an active-site directed manner have been determined. Comparing buried surface areas among 

different complexes of serine proteases and active-site directed inhibitory antibody 

fragments reveals that contributions made by heavy and light chains form a surface-

contiguous interface (Figure 6). The largest interface by buried surface area is made between 

FXIa and the inhibitory Fab called DEF (976.4 Å2 and 276.6 Å2 made by the light and 

heavy chains, respectively). The comparatively small surface area covered by AB2 correlates 

with the weaker binding affinity exhibited in biophysical assays when compared with other 

inhibitory antibody fragments. A comparative analysis of the druggable pocket shape 

between uPA, MT-SP1, HGFA1 and FXIa substrate binding sites allows assessment of 

variations in modes of inhibiting different serine proteases (Figure 6). While the overall fold 

between the proteases is conserved, the pockets surrounding the active sites differ in shape, 

markedly. For all proteases except uPA, the pockets are almost fully enclosed within the 

binding epitope of the respective inhibitory antibody fragment. The pocket analysis shows 

all other proteases besides uPA feature a contiguous groove spanning the active site, yet in 

the case of uPa is interrupted by a ridge. XFMS revealed four residues in distinct pockets 

separated by this ridge. This suggested a binding mode bridging critical determinants across 

both pockets. A notable exception to this active-site directed paradigm is the anti-uPA 

Fab-112, which was shown by Jiang et al. [29] to “rezymogenyze” uPA by closing its active 

site via an allosteric rearrangement. Shared between binding modes of the different 

complexes is occupation of the S1 subsite with an arginine in a substrate-like manner. Both, 

the anti-MT-SP1 fragment A11 as well as the anti-FXIa fragment DEF use a reverse binding 

motif to present the putative scissile bond in an inverted configuration (see Figure 5). The 

main difference in modes of inhibition between A11 and DEF is in the use of loop H3 and 

L1 to present the reverse binding motif, respectively. Similar to DEF, AB2 uses loop L1, but 

presents it in a substrate-like but non-cleavable configuration. Instead of a scissile bond, an 

asparagine head group serves as a surrogate peptide backbone to engage the catalytic triad 

non-productively.

The structure of AB2 bound to uPA provides an understanding at the atomic level of how 

antibodies can use different mechanisms to inhibit proteolytic enzymes. Recombinant 

antibodies are versatile and specific binders and by showcasing another example of an anti-

proteolytic antibody, it is clear that a variety of CDR loops can be employed to inactivate 

proteases. Whether it is uPA or other members of this class, these principles can be used to 

design highly selective inhibitors to the numerous proteases involved in different biological 

functions to better understand them.
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Materials and Methods

uPA expression and purification

We produced a LMWuPA (low molecular weight uPA) mutant C122A that lose the A-chain 

after activation [30]. LMWuPA-C122A was expressed in Shuffle cells (C3026H, New 

England Biolabs). Briefly, transformed cells were grown in 1 L of LB containing 100 μg/mL 

ampicillin at 37 °C and 250 rpm to an OD600 of 0.8. The enzyme expression was induced 

with 1 mM IPTG and the induced cultures were grown 16h at 20°C. The bacteria were 

harvested by centrifugation and resuspended in lysis buffer (50 mM Tris base, 300 mM 

NaCl, pH 7.8) containing protease inhibitor cocktail (complete EDTA-free, Roche). The 

cells were lysed by sonication and the cell debris was removed by centrifugation at 4°C for 

20 min at 18,000 g. The LMWuPA-C122A was purified by affinity chromatography using 

Ni2+-NTA agarose resin (QIAGEN) and a standard protocol recommended by the 

manufacturer. Pure LMWuPA-C122A was dialyzed overnight at 4 °C against activation 

buffer (50 mM NaCl, 15 mM Tris-HCl pH 8.0, 1mM BME).

LMWuPA-C122A was activated with Plasmin (Roche) during 4 h at 37°C. Active 

LMWuPA-C122A was purified by affinity chromatography with benzamidine agarose beads 

(Sigma) using 0.1 M Tris-HCl, 0.5M NaCl pH 8.0 as binding and washing buffer: 0.1 M 

Tris-HCl, 0.5M NaCl pH 8.0. and eluting with 0.1 M Glycine-HCl, 0.05M NaCl pH 2.0–2.5. 

LMWuPA-C122A was then further purified by size exclusion chromatography on a 

Superdex 75 column in PBS. The yield was around 0.1mg for 1L of cells.

The purified uPA was analyzed by SDS-PAGE and the enzymatic activity was tested with 

Spectrozyme®uPA substrate, the activity values were similar to the commercial uPA 

(Supplemental Figure 2).

uPA biotinylation

Pure uPA was biotinylated using EZ-Link NHS-Chromogenic-Biotin (Pierce) as described 

previously [31].

Affinity maturation

The CDRL3 and CDRH2 loops were chosen as targets for affinity improvement of Fab U33. 

One U33 affinity maturation library with randomized CDRH2 and CDRL3 loops was 

constructed by Kunkel mutagenesis as described previously [32].

Two primers containing degenerate codons were designed in order to introduce mutations in 

selected positions on the CDRs following the four-amino-acid code [16,17], so each selected 

amino acid can be replaced by Ala, Ser, Tyr, Asp or the parental amino acid. While other 

amino acids may also be introduced due to degenerate codon usage, these ones were chosen 

because they represent a broad range of chemical diversity and introducing only a handful of 

amino acids keeps the library size smaller. The arginine residues on the CDRs were not 

mutated (Table 1). To avoid the parental U33 Fab in the final library, unique SalI restriction 

sites were introduced to each CDR-loop in the template gene, so parental clone was 
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eliminated by restriction enzyme digestion of the plasmid before the transformation of the 

library in TG1 cells.

Off-rate selections [18] were performed in three rounds using streptavidin magnetic beads 

(Invitrogen) coated with biotinylated-uPA and off-rate washes with non-biotinylated-uPA. 

The stringency of panning was increased after each round by decreasing the concentration of 

biotinylated-uPA (200 nM in first round, 100 nM in second round and 10 nM in third round) 

and by increasing the concentration excess of non-biotinylated-uPA and duration of the off-

rate washes (10 μM in first and second rounds and 5 μM in the third round, with incubation 

times of 1, 3, and 5 h respectively).

ELISA

Binding ELISA screening was performed with phage free Fabs that leaked into the cell 

culture media as described previously [31].

Fab expression and purification

Fabs were expressed in Escherichia coli BL21 (DE3) Gold (Stratagene) and purified from 

the periplasmic fraction as described previously [31]. Briefly, cultures were grown in 1 L of 

2x YT containing 100 μg/mL ampicillin and 0.1% glucose at 37 °C and 200 rpm to an 

OD600 of 0.6. The protein expression was induced with the addition of 1mM IPTG and 

grow overnight at 20°C. The cells were harvested by centrifugation and the cell pellet was 

resuspended in ice-cold 1X TES (0.2 M Tris pH 8, 0.5 mM EDTA, 0.5 M sucrose). The cell 

suspension was mixed with the same volume of ice cold ddH2O and incubated on ice for 30 

min. The solution was then pelleted and the supernatant (periplasmic fraction) was used for 

the purification.

The Fabs were purified from the periplasmic fraction by affinity chromatography using 

Ni2+-NTA agarose resin (QIAGEN) and a standard protocol recommended by the 

manufacturer. Pure Fabs were dialyzed overnight at 4 °C against PBS buffer pH 7.4 and 

analyzed by SDS-PAGE.

KD calculation

Kinetic constants for uPA-Fabs were determined using an Octet RED384 biolayer 

interferometer (BLI) (ForteBio). Five concentrations of each Fab (500 nM, 200 nM, 100 nM, 

50 nM and 10 nM) was tested for binding to the biotinylated antigen (human uPA) 

immobilized on ForteBio streptavidin SA biosensors. All measurements were performed at 

room temperature in 384-well microplates and the running buffer was PBS with 0.1% (w/v) 

bovine serum albumin (BSA) and 0.02% (v/v) Tween 20. Biotinylated human uPA (full-

length or catalytic domain) was loaded for 180 s from a solution of 150 nM, baseline was 

equilibrated for 60 s, and then the Fabs were associated for 120 s followed by 300 s 

disassociation. Between each Fab sample, the biosensor surfaces were regenerated three 

times by exposing them to 10 mM glycine, pH 1.5 for 5 s followed by PBS for 5 s. Data 

were analyzed using a 1:1 interaction model on the ForteBio data analysis software 8.2.
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IC50 calculation

For IC50 calculations, 6.2 nM of human uPA were incubated with serial dilutions of Fab 

(from 1μM to 0.12 nM) in assay buffer (50 mM Tris pH 8.8, 0.01% Tween 20), after 1 hour 

of incubation at room temperature, the enzyme activity was initiated by adding the 

chromogenic substrate Spectrozyme®uPA (American Diagnostica Inc) at a final 

concentration of 50 μM. The reaction velocity was monitored by reading the absorbance at 

405 nm during 30 min. The Vmax values were then plotted against log of Fab concentration 

to obtain the IC50. Enzymatic assays were done in triplicate with all standard deviations 

being 10% or less of the reported values. The data were analyzed using Graphpad Prism 

version 5.0 for Windows, GraphPad Software, San Diego, CA, USA.

PAI-1 competitive ELISA

Active human uPA (5 ng/mL) was pre-incubated overnight with 1 μM of each Fab, 

HUPAKT kit (Molecular Innovations) was used for measure active uPA in the samples 

following the manufacturer’s instructions. Only free active uPA reacts with the biotinylated 

PAI-1 immobilized on plates, inactive or complexed uPA not binds to the plate and is not 

detected. The uPA bound to the plate is detected with an anti-uPA antibody and a secondary 

antibody conjugated to peroxidase, TMB is used for color development at 450nm. The 

absorbance at 450 nm is directly proportional to the concentration of active uPA in the 

sample.

Crystallography

For crystallization purposes, uPA was co-incubated with AB2 in a 1:1 stoichiometric ratio 

for 1h and co-purified using size-exclusion chromatography. The complex co-eluted was 

concentrated to 15 mg/mL. Crystallization drops were produced by mixing 0.1 μL of uPA-

AB2 solution with 0.1 μL of the respective crystallization solution. A single crystal was 

produced using a solution containing 0.2 M (NH4)2HCit (Salt) and 20% PEG 3350 and 

incubating the experiment for 14 days at room temperature. The crystal was flash frozen in 

liquid nitrogen and diffracted at beamline 8.3.1 at the Advanced Light Source. Reflections 

were processed using xia2 in space group P43 and a 2.9 Å structure could be solved using 

the anti-MT-SP1 Fab (PDB code: 3SO3 [27]) and a structure of uPA (PDB code: 4DW2 

[29]) as a search model for molecular replacement. Iterative rounds of model building and 

refinement with phenix.refine [33] were necessary to unambiguously place interfacing loops 

and residue sidechains. Model statistics are shown in table 2.

Data Analysis

Interfaces were analyzed using the pisa web server [34]. Coordinates of other serine protease 

models in complex with inhibitory antibody fragments were found under PDB codes 3SO3, 

2R0K and 6AOD. Binding pockets were analyzed using Schrodinger SiteMap (Schrodinger, 

Inc.) within a 10 Å radius of the catalytic residue [35]. Cartoons were generated using 

PyMOL (Schrodinger, Inc.).
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XFMS

All samples were buffer exchanged into Dulbecco’s phosphate buffered saline (Gibco) using 

a 10k MWCO concentrator (Millipore). Protein concentrations and beam parameters were 

optimized using an Alexa-488 fluorophore assay [36]. Purified uPA and uPA-AB2 complex 

at concentrations of 0.1–1 μM were exposed to a focused synchrotron X-ray white beam for 

0–150 ms at beamline 3.2.1 at the Advanced Light Source in Berkeley, CA. Samples were 

immediately quenched post exposure and overnight digestion with trypsin or glu-c was 

initiated on the same day. Oxidation sites were detected by liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) carried out at Joint BioEnergy Institute, Berkeley, CA and 

analyzed as previously described [37]. The amount of unmodified peptide is calculated by 

dividing the unmodified peak area by the sum of unmodified and modified peak areas. As 

the dose of X-ray radiation is increased, the fraction of unmodified peptide decreases, and 

fitting this dose-response relationship to single exponential decay reveals the rate of 

footprinting (dkfp). This rate is dependent on both the intrinsic reactivity of the specific side 

chain and its accessibility to solvent. The ratio R of the rate constants at specific amino acid 

sites between samples reveals changes in relative solvent accessibility. The R values 

determined in this study were mapped onto the presented crystal structure for comparative 

structural analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Identification of U33 Fab loops involved in binding and/or inhibition of uPA.
A. Sequence of the CDR loops of Fab U33, the arginine residues mutated to alanine are 

shown in red. B. Effect of U33 point-mutations on the inhibition of uPA protease activity. 

The proteolytic activity of human uPA was read in absence and presence of 1 μM of each 

U33 alanine mutants. The enzyme activity is expressed as percentage of the uPA activity in 

absence of Fab (100 %). Enzymatic assays were done in triplicate with all standard 

deviations being 10% or less of the reported values. IC50 values were calculated on the 

GraphPad Software 5 using a non linear log(inhibitor) vs. response fitting.
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Figure 2. Characterization of U33 affinity matured Fabs.
A. Sequences of CDRL3 and CDRH2 loops of affinity maturation Fabs: residues not 

mutated are shown in red and residues identical to the parental U33 Fab are shown in blue. 

The KD values of affinity matured Fabs values for Fabs were determined by 

bioluminescence interferometry using an Octet RED384 instrument. Samples were run in 

triplicate and IC50 values were calculated on the GraphPad Software 5 using a non linear 

log (inhibitor) vs. response fitting. B. BLI traces of U33 affinity matured Fabs compared 

with U33 parental Fab. C. U33 affinity matured Fabs prevent uPA binding to PAI-1 coated 

plates: 1μM of each Fab was pre-incubated overnight with active human uPA (5 ng/mL) and 

added to PAI-1 coated plates. All samples were run in triplicate. The amount of uPA bound 

to PAI was determined by ELISA and standard deviations were 10% or less of the reported 

values.
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Figure 3: Mapping of the binding epitope of AB2 using XFMS.
A. Dose-response graphs of the four residues with highest dkfp for AB2-uPA complex (red) 

and native uPA (black). Oxidation of His99 and His100 was detected on the same peptide. B. 
Residues from 3A (pink) mapped to structure of uPA and residues forming the catalytic triad 

(red).
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Figure 4: Co-crystal structure of AB2-uPA complex.
A. Cartoon and surface representation of the AB2-uPA complex. Region emphasized by 

black square shown in B. B. Close-up of the AB2-uPA interface with critical loops CDRL1, 

CDRL2 and CDRH3 highlighted in red. Region emphasized by black square shown in C. C. 
Electron density and stick representation of the interface between the inhibitory loop 

CDRL1 (specifically residue Asn30C) and the catalytic site of uPA.
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Figure 5: Modes of serine protease inhibition exhibited by active-site targeting antibody 
fragments.
A. Inhibitory loop L1 of the Fab AB2 shown in relation to the catalytic triad of uPA. B. 
Inhibitory loop H3 of the Fab A11 shown in relation to the catalytic triad of MT-SP1. 

Illustration highlighting the reverse binding motif. C. Inhibitory loop L1 of the Fab DEF 

shown in relation to the catalytic triad of FXIa. Schematic illustration highlighting 

conserved placement of Arginine residues in S1 subsite and the reverse binding motifs (red 

arrows). In all panels the catalytic triad comprises residues His57, Asp102 and Ser195.
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Figure 6: Epitopes targeted by active-site directed inhibitory antibody fragments and their 
relation to druggable pockets.
Binding epitopes shown in red (defined as protease residues within 4 Å of the antibody 

fragment), druggable pockets centered on S1 substrate pocket identified using sitemap 

shown in wireframe (grey). PDB codes are 3SO3, 2R0K and 6AOD.

Sevillano et al. Page 20

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sevillano et al. Page 21

Table 1:

Primers used for generation of affinity maturation library.

Primer name Sequence (IUB code)

CDRL3 Degenerate Codon DHK BMK CGT DHT KMK KHT BMT KMT DMT

CDRH2 Degenerate Codon KHT DHT AGA DMT DMK KMT KMT KVT KVK DMT DMT KMK
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Table 2

Crystallographic statistics for uPa-AB2 co-crystal structure

uPa_AB2

Resolution range 86.7 – 2.9 (3.0 – 2.9)

Space group P 43

Unit cell 86.74 86.74 172.42 90 90 90

Total reflections 2,062,816 (96556)

Unique reflections 28,202 (2814)

Multiplicity 73.1 (34.3)

Completeness (%) 93.57 (94.31)

Mean I/sigma(I) 10.81 (1.47)

Wilson B-factor 69.5

R-merge 0.36 (2.36)

R-meas 0.36 (2.39)

R-pim 0.04 (0.40)

CC1/2 0.998 (0.833)

CC* 0.999 (0.953)

Reflections used in refinement 26,388 (2654)

Reflections used for R-free 1270 (140)

R-work 0.23 (0.40)

R-free 0.30 (0.46)

CC(work) 0.91 (0.75)

CC(free) 0.92 (0.70)

Number of non-hydrogen atoms 7644

macromolecules 7600

solvent 44

Protein residues 1105

RMS(bonds) 0.011

RMS(angles) 1.41

Ramachandran favored (%) 80.26

Ramachandran allowed (%) 13.04

Ramachandran outliers (%) 6.7

Rotamer outliers (%) 21.43

Clashscore 22.38

Average B-factor 93.55

macromolecules 93.79

solvent 51.7

Number of TLS groups 31
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