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Abstract

Macromolecular protease inhibitors and camelid single-domain antibodies achieve their enzymic
inhibition functions often through protruded structures that directly interact with catalytic centers
of targeted proteases. Inspired by this phenomenon, we constructed synthetic human antibody
libraries encoding long CDR-H3s, from which highly selective monoclonal antibodies (mAbs) that
inhibit multiple proteases were discovered. To elucidate their molecular mechanisms, we
performed in-depth biochemical characterizations on a panel of matrix metalloproteinase
(MMP)-14 inhibitory mAbs. Assays included affinity and potency measurements, enzymatic
kinetics, a competitive enzyme-linked immunosorbent assay, proteolytic stability, and epitope
mapping followed by quantitative analysis of binding energy changes. The results collectively
indicated that these mAbs of convex paratopes were competitive inhibitors recognizing the vicinity
of the active cleft, with their significant epitopes scattered across the north and south rims of the
cleft. Remarkably, identified epitopes were the surface loops that were highly diverse among
MMPs and predominately located at the prime side of the proteolytic site, shedding light on the
mechanisms of target selectivity and proteolytic resistance. Substrate sequence profiling and
paratope mutagenesis further suggested that mAb 3A2 bound to the active-site cleft in a canonical
(substrate-like) manner, by direct interactions between 19onNLVATP1ggm Of its CDR-H3 and
subsites S1-S5” of MMP-14. Overall, synthetic mAbs carrying convex paratopes can achieve
efficient inhibition and thus hold great therapeutic promise for effectively and safely targeting
biomedically important proteases.
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Accounting for ~2% of the human genome, proteases are important signaling molecules that
precisely control a wide variety of physiological processes.1* To maintain the body’s
homeostasis, proteases exist in a delicate balance of networks with their endogenous
inhibitors and substrates. Altered protease expression or abnormal substrate proteolysis,
therefore, causes many disorders ranging from inflammation,® cardiac diseases,? and cancer’
to neuropathy,8 degenerative diseases,® and osteoporosis.1? In addition, numerous infectious
diseases rely on proteases for the pathogen to invade the host cell 1 replicate the viral
genome, 12 process polyproteins,13 and release progeny virions.1 It is estimated that 5-10%
targets for drug development are proteases.1> One apparent therapeutic strategy is to block
these abnormal or pathogenic proteolyses by inhibiting their catalytic reactions. Several
protease inhibitors have been approved for the treatment of hypertension, coagulation, viral
infection, cancer, and diabetes.1® Nevertheless, despite decades of intensive effort,
conventional drug discovery has achieved only limited success by targeting a small number
of proteases.

Considering the vast proteolytic landscape and the levels of degradome complexity,216
specificity is highly desired for any protease inhibition therapy. However, achieving target
specificity can be difficult because proteolytic pathways often consist of highly homologous
family members that share the same domain folding and catalytic chemistry.1” Indeed, the
main reasons why numerous matrix metalloproteinase (MMP) broad spectrum compound
inhibitors, e.g., hydroxamates, all failed in clinical trials were a lack of efficacy and severe
side effects caused by nonspecific inhibition of other metalloproteinases.18-20 In contrast,
monoclonal antibodies (mAbs) provide exquisite specificity capable of distinguishing
between closely related protease family members.21-34 Notably, among 569 human
proteases identified, 279 (49%) are extracellular or pericellular, and thus can be accessed by
therapeutic antibodies.”
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Many naturally occurring protease inhibitors exhibit a convex-shaped conformation that
inserts into the enzymatic active site and blocks substrate access and/or catalytic function.
35,36 However, from a molecular immunology perspective, the likelihood of generating
antibodies with convex paratopes is low. In fact, active sites of enzymes have a low
antigenicity for murine or human antibodies,3’ because the catalytic pocket is often buried
inside a major cleft or concave structure and as such is inaccessible and/or incompatible with
the antigen-binding surface topography of native human antibodies, often a cavity, groove,
or flat surface but rarely a convex conformation. Intriguingly, a large proportion of
antibodies isolated from camels and llamas bind the active-site pockets and efficiently
inhibit enzymatic reactions.3”-39 However, camelid antibodies per se can evoke an immune
response when administered to humans. In addition, these animals are usually not available
for most researchers. To overcome these limitations, we designed and constructed synthetic
human antibody libraries by incorporating enzyme-inhibiting paratopes inspired by camelid
antibody repertoires into the human antibody scaffold.33 Using these libraries, panels of
nanomolar potent mAbs inhibiting multiple protease targets with high selectivity were
identified.333% Among these protease targets, MMP-14 is particularly important because of
its roles in cancer progression and metastasis,*?41 neuropathic pain,*2 and obesity.43

Our previous works have proven the concepts that convex library design and functional
selection can facilitate the generation of inhibitory antibodies,33:34 and their proteolytic
stability, inhibitory potency, and selectivity can be further engineered.4-46 This study aimed
for in-depth characterizations of the inhibition mechanism of isolated anti-MMP14 Fabs
(fragments antigen binding) that carry extended CDR-H3s. Numerous biochemical
approaches were exploited, including enzymatic kinetics, a competitive enzyme-linked
immunosorbent assay (ELISA), proteolytic stability, epitope alanine scanning, and
calculation of free binding energy changes. As a result, the types of inhibition and important
epitopes were identified for tested Fab inhibitors. Further analysis and paratope mutagenesis
on the most potent Fab 3A2 revealed direct recognitions between its CDR-H3 and MMP-14
catalytic subsites. The likely mechanisms for high selectivity over other MMPs and
proteolytic stability were also elucidated.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant cdMMP-14 and Its Mutants.

The gene encoding the catalytic domain of MMP-14 (cdMMP-14, Tyr112-Pro290,
UniProtKB P50281) was cloned via Sfil sites into a periplasmic expression plasmid
pMoPac16.4” The obtained pMoPac16-cdMMP14 carried a Lac promoter, a pe/B leader, and
a C-terminal polyhistidine tag. Genes of cdMMP-14 site-directed alanine mutants were
constructed by overlapping polymerase chain reaction (PCR) with mutagenic primers.
Transformed Escherichia coli Jude-I cells [DH10B F’::Tn10 (Tet")] harboring cdMMP-14
wild type (wt) and mutants were grown in 2xYT medium supplemented with 34 @g/mL
chloramphenicol at 30 °C for 16 h without addition of isopropy! S-pb-1-thiogalactopyrano-
side.?® The cells were harvested and treated with osmotic shocks to recover periplasmic
fractions as described previously.4® Briefly, 600 mL cell cultures were pelleted and
resuspended in 60 mL of periplasmic buffer [200 mM Tris-HCI (pH 7.5), 20% sucrose, and
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30 units/gL lysozyme] for incubation at room temperature for 10 min. The samples were
then mixed with 60 mL of ice-cold doubly distilled H,O followed by incubation on ice for
10 min. After centrifugation at 10000g for 30 min at 4 °C, cdMMP-14 wt and mutants were
purified from periplasmic preparations by affinity chromatography using Ni-NTA agarose
resin (Qiagen). The homogeneities of purified human cdMMP-14 wt and mutants were
verified by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), and
their concentrations were measured with a NanoDrop (Thermo Scientific).

Cloning, Expression, and Purification of Fabs and nTIMP-2.

Vy and V| genes were cloned into the Fab expression vector containing a Ph0A promoter,
two STII leaders, and a polyhistidine tag at the C-terminus of the heavy chain.?0 Vi genes
of 3A2 site-directed mutants were assembled by overlapping extension PCR and cloned in
the same way. After expression in £. coli BL21 at 30 °C overnight in 2xYT medium, Fabs
were purified from the periplasmic fractions by Ni-NTA chromatography and dialyzed
against 50 mM HEPES and 150 mM NacCl (pH 6.8). The N-terminal domain of tissue
inhibitor metalloproteinase-2 (nTIMP-2, UniProtKB P16035) was produced by £. coli
periplasmic expression and affinity purified as described previously.>! Purified proteins were
analyzed by SDS-PAGE, and their concentrations were determined.

Biolayer Interferometry.

Purified cdMMP-14 wt was biotinylated by using the EZ-Link Sulfo-NHS-LC kit and then
purified following the manufacturer’s instructions (Pierce). Biotinylated cdMMP-14 (100
nM) was loaded onto streptavidin biosensors (ForteBio) for 120 s. After being washed in 50
mM HEPES and 150 mM NaCl (pH 7.5) for 30 s to establish baselines, 50-200 nM Fabs
were associated with cdMMP-14-loaded biosensors for 120 s and then dissociated into 50
mM HEPES and 150 mM NaCl (pH 7.5) for 120 s. Averages of measured association
constant Ay and dissociation constant Ay values were determined for Kp calculations.

Direct and Competitive ELISA.

Microtiter plates were coated with 5 pg/mL streptavidin and blocked with 0.5% gelatin in
assay buffer [50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM CaCl,, and 100 M ZnCls].
In a direct ELISA, 5 pg/mL biotinylated cdMMP-14 wt in assay buffer was added to
streptavidin-coated wells for a 20 min incubation. Purified Fab was serially diluted to 1—
1000 nM and incubated with immobilized cdMMP-14 at ambient temperature for 1 h.
Bound Fabs were detected with an anti-Fab-HRP conjugate, and signals were developed
with a TMB substrate (Thermo Fisher). The half-maximal effective concentration (ECsp)
was calculated from a four-parameter logistic curve-fitting analysis and set as the
subsaturating concentration for each tested Fab. In a competitive ELISA over cdMMP-14
mutants, Fabs at their subsaturating concentrations (e.g., 10 nM Fab 3A2) were first
incubated with 0-2000 nM cdMMP-14 mutants for 2 h and then transferred to streptavidin
wells coated with biotinylated cdMMP-14 wt for a 15 min incubation. Captured Fabs were
measured by using an anti-Fab-HRP and a TMB substrate. For all Fab and cdMMP-14
mutant combinations, 1Csq values were determined and Gibbs free energy changes on
binding were calculated using eq 1
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AAG = RT1 IC50(Alamutant)
= RIIne wildiype) W

where R=1.987 cal mol™t K~1and 7=298 K. In a competitive ELISA with nTIMP-2 or
GM6001, serially diluted nTIMP-2 or GM6001 at 3 nM to 3 M was mixed with fixed
subsaturating concentrations of Fabs and incubated with biotinylated cdMMP-14 wt
immobilized in streptavidin-coated wells, and bound Fabs were detected.

MMP-14 Enzymatic and Inhibition Assays.

Activities of cdMMP-14 wt and mutants were measured at 37 °C by monitoring the
hydrolysis of fluorogenic peptide Mca-Lys-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH.
(M-2350, Bachem) using a fluorescence microplate reader Synergy H4 (BioTek). Typically,
1 1M M-2350 was added to 30 nM cdMMP-14 in assay buffer and the initial slopes of
fluorescence signals with an excitation wavelength at 328 nm and an emission wavelength at
393 nm were measured for kinetic calculation. In inhibition assays, 0-1 ¢M Fabs were
incubated with 30 nM cdMMP-14 in assay buffer for 1 h at 37 °C, and then the reaction was
initiated by adding 1 /M M-2350. The fluorescence was recorded continuously for 30 min,
and the initial reaction rates and inhibition constants were calculated by fitting the data to eq
2

&((7) -1 100
Vo T i @

IC50

where Vj is the initial velocity in the presence of the inhibitor, V4 is the initial velocity in the
absence of the inhibitor, and [1] is the inhibitor concentration. To determine the type of
inhibition, the initial velocity of cdMMP-14 wt as a function of substrate concentration (1-
40 M) was measured in the presence of concentrations of Fab (125-5500 nM). The values
of apparent K, and Vpax Were derived by linearization according to the Lineweaver—Burk
equation.

Proteolytic Stability Test.

RESULTS

Purified Fabs (2 4M) were incubated with 2 4M cdMMP-14 wt in 50 mM HEPES and 150
mM NaCl (pH 7.5) at 37 °C for 4 h. Samples were analyzed by using 12% nonreducing
SDS-PAGE and stained with Coomassie blue. Densitometric interpretation was conducted
using a ChemiDoc imager (Bio-Rad).

Long CDR-H3 Potent Fabs Exhibited Competitive Inhibition.

Inspired by camelid repertoires, synthetic human antibody libraries carrying convex
paratopes encoded by CDR-H3 of 23, 25, or 27 amino acids were constructed and applied
for the isolation of Fabs inhibiting the catalytic domain (cd) of MMP-14.33 To understand
their inhibition mechanisms, five representative Fabs of different potencies and/or
postselection abundancies were chosen in this study.>2 Four of them have CDR-H3s of 27
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amino acids, and Fab 3E9 has a 25-amino acid CDR-H3 (Table 1). These Fabs also have
distinct light chains especially on their CDR-L3 sequences. Fabs were produced from E. coli
periplasm with typical yields of 0.5-2 mg of purified Fabs per liter of culture (Figure S1).
Dissociation constants (Kp) measured by biolayer interferometry indicated that Fabs 3E2,
3D9, 2B5, and 3E9 exhibited affinities of 18-45 nM for cdMMP-14, while Fab 3A2 was the
most efficient binder with a Kp of 7.5 nM (Figure S2). Fab 3A2 also gave a high inhibitory
potency (K;) of 8.7 nM, and Fabs 3E2, 3D9, and 2B5 had K values of 38-220 nM.33
Interestingly, as a highly enriched clone after phage panning, Fab 3E9 displayed only weak
inhibition with a K; of 5.4 £iM.33 A potent inhibitory Fab DX-2400 (Kp = 1.9 nM; K] = 4.3
nM) carrying a short CDR-H3 was characterized in this study, as well.23:53 To determine
their inhibition types (except 3E9 due to its weak potency), we measured cdMMP-14
proteolytic kinetics with a FRET peptide substrate in the presence of inhibitory Fabs at
varied concentrations. The results clearly showed that for potent inhibitors 3A2, 3E2, and
DX-2400, cdMMP-14 showed an unchanged maximum velocity (Vi) and an increased
Michaelis constant (K,) with an increasing concentration of Fabs, indicating that these Fabs
inhibited cdMMP-14 proteolytic activity in a substrate competitive manner (Figure 1). For
Fabs 2B5 and 3D9 of moderate potency (K) = 220 and 55 nM, respectively), the kinetics of
cdMMP-14 represented decreases in both V¢ and Ky, values, with unparallel Lineweaver—
Burk plots suggesting a mixed inhibition type; i.e., 2B5 and 3D9 interfered with both
cdMMP-14 as a competitive inhibitor and a cdMMP14—substrate complex as an
uncompetitive inhibitor. Overall, from the synthetic human antibody libraries carrying
extended CDR-H3s, all isolated Fabs exhibited at least partially competitive inhibition
models, and the highly potent Fabs were exclusively competitive inhibitors (Table 1).

Inhibitory Fabs Competed with nTIMP for Binding.

The reaction center of MMP-14 and the flanking subsites form a cleftlike structure on the
protease surface, which accommodates polypeptide substrates for proteolysis (Figure S3).
As endogenous inhibitors of MMPs, tissue inhibitors of metalloproteinases (TIMPs)
accomplish their inhibitory activities by directly binding at the active-site clefts and
vicinities,36 and thus, their competitive ELISA with antibodies can provide perceptions of
antibody’s binding sites. Competitive ELISAs in which each Fab at a fixed subsaturating
concentration was mixed with increased amounts of nTIMP-2 were conducted, and the Fabs
captured on immobilized cdMMP-14 were detected by anti-Fab-HRP for signal
development. The results showed that increasing concentrations of nTIMP-2 reduced the
level of binding of all six tested Fabs on immobilized cdMMP-14 (Figure 2), implying that
overlaps existed between the epitopes of these Fabs and that of nTIMP-2. Notably, 3A2
displayed a sharp sigmoid curve responding to nTIMP-2, suggesting significant interference
of nTIMP-2 on 3A2’s binding to cdMMP-14. As nTIMP-2 makes contacts with numerous
residues on surface loops surrounding the active site of MMP-14 (Figure S4),3¢ some of
these residue positions were considered for alanine substitutions in the following epitope
mapping. In addition, results of a similar competitive ELISA with a broad spectrum
reversible hydroxamate inhibitor GM6001 indicated that the bindings of all tested Fabs on
cdMMP-14 were not affected by this potent inhibitor even at high concentrations of <3 /M
(Figure S5), indicating that the MMP-14 active site is accessible for GM6001 in the
presence of Fabs presumably because Fabs did not intimately contact the catalytic center.
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Design and Preparation of cdMMP-14 Alanine Mutations.

To identify the binding epitopes of inhibitory Fabs, site-directed mutagenesis to alanine was
used to footprint on the surface of cdMMP-14 (Figure 3). The positions for alanine scanning
were selected on the basis of the cdMMP-14 structure. Considerations are (i) on the surface
loops flanking its active cleft, (i) within 15 A of the catalytic Zn?*, (iii) exhibiting an
exposed respective side chain, (iv) overlapped with an epitope of nTIMP-2 (Figure S4), and
(v) unigue to membrane-type (MT) MMPs but not found in soluble MMPs. In particular, the
200s and 230s loops are located at the nonprime and prime sides of catalytic center,
respectively. Loop 260s forms the south rim of the active cleft at the prime side, while loop
190s is at the north rim across both nonprime and prime subsites. Three positions in the MT
loop (160s), displaying a high degree of sequence divergence among MMPs, were also
selected for Ala substitution. A total of 20 single-point alanine mutants of cdMMP-14 were
cloned and expressed in the periplasmic space of £. coliwith yields of 60 zg to 5.1 mg of
purified proteins per liter of culture (Figure S6). Notably, mutations around the active cleft
led to a significantly reduced, albeit still substantial, specific activity of 0.4-8.6% relative to
cdMMP-14 wt. Unsurprisingly, these mutations away from the reaction center, e.g., Y166A
and E169A, or at far end of the nonprime subsites, e.g., S189A and 1209A, did not
drastically affect the activity. Prepared in their soluble and active form without refolding,
these alanine mutants of cdMMP-14 facilitated epitope mapping with isolated antibodies.

Quantitative Mapping of Inhibitory Fab Epitopes.

At their predetermined subsaturating concentrations, Fabs bound to immobilized cdMMP-14
wt were measured in the presence of increasing amounts of cdMMP-14 alanine mutants.
Such competitive ELISAs were also performed with soluble cdMMP-14 wt to obtain
ICs0wt) Values for each Fab. Compared to 1Csqwt), the sigmoid curves associated with
cdMMP-14 alanine mutants exhibited four scenarios (Figure 4): (a) abolished, e.g., Fab 3A2
completely abandoned its binding to mutant F260A, (b) weakened, e.g., Fab 3E2 showed a
decreased affinity for F198A compared to cdMMP-14 wt; (¢) unchanged, e.g., Fab DX-2400
had similar binding profiles with respect to D252A and wt; and (d) enhanced, e.g., Fab 3E9
bound actually better with V236A than wt. Like the additional exemplary results shown in
Figure S7, 120 total competitive ELISAs for all of the combinations of 6 Fabs with 20
cdMMP-14 alanine mutants were performed for the associated 1Csomyt) determination
(Figure 5). For a direct comparison disregarding the disparity of the absolute affinity
between Fabs, the effect of each alanine substitution was calculated as a change in Gibbs
free energy of binding relative to that of wt: AAG(myt-wt) = AG(mut) =~ AGw) = RT
In[1Cs0(muty/ICsonl->* Specifically, a significant positive value of AAGymyt-wi), i.€., >0.5
kcal/mol, indicates a disruptive alanine substitution that leads to a reduced binding strength,
while a significant negative AAGimyt-wt) Value, i.e., less than 0.5 kcal/mol, indicates that
the associated alanine substitution in fact enhances the binding strength. When the absolute
value |AA Gmyt-wt)l is <0.5 keal/mol, equivalent to a <2.3-fold difference in ICsg, the change
is considered as nonsignificant. Among all tested alanine substitutions, the most disruptive
ones were at the 190s and 260s loops, e.g., F260 for 3A2, F198 and P259 for 3E2, and F260
for 3E9, with their associated AAG(myt-wt) Values being >2.0 kcal/mol (corresponding to
>28-fold increases in 1Csp), suggesting that the side chains of these residues significantly
contributed to binding. In addition, all Fabs except 3E9 exhibited moderate interactions with
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D193 and E195 on the 190s loop with AAGmyt-wt) Values of 0.5-2.0 kcal/mol (Figure 5).
Interactions with these acidic residues can be possibly mediated with the basic residues in
CDR-H3s of tested Fabs (Table 1). Notably, for inhibitory Fabs with high potencies (like
3A2, 3E2, and DX-2400), alanine substitutions mainly resulted in reduced affinities [positive
AAG(myt-wt) Values]. In contrast, for low-potency Fabs 2B5 and 3E9, many alanine
substitutions gave negative energy changes, e.g., 9 of the 10 significant AA G(myt-wt) 0f 3E9
were less than —0.5 kcal/mol, indicating these alanine mutations improved the associated
bindings.

Residues Surrounding the Active Cleft at the Prime Side Were Important Epitopes.

3A2.—Visualization of alanine scanning data on the cdMMP-14 structure suggested that
3A2 made strong contacts with residues on the 190s and 260s loops in the vicinity of the
active site (Figure 6). Interactions of 3A2 with D193, E195, and Y261 side chains accounted
for a binding energy of 1.2-1.8 kcal/mol each, corresponding to 7.5-21-fold decreases in
affinity when these residues were mutated to alanine. The strongest interaction between 3A2
and cdMMP-14 was mediated by F260, because alanine mutation at this position eliminated
binding activity completely (Figure 4A). Weak interactions also occurred with the side
chains of E169, N229, and S250, with decreases in the free energy of binding of 0.6-0.8
kcal/mol. Notably, residues that strongly interact with 3A2 are all located at the prime side
of the cdMMP-14 active center on the north and south rims of the reaction cleft. In contrast,
alanine substitutions at the nonprime side of cdMMP-14, including Y203, F204, and 1209 on
the 200s loop and S189 and T190 on the 190s loop, did not cause significant changes in
AAGmyt-wt), suggesting these residues made little contribution to 3A2’s recognition. In
addition, alanine mutations at N231 and V236, which lie in the bottom of the catalytic cleft,
also did not affect the binding affinity, suggesting that Fab 3A2 did not tightly contact with
the cleft bottom of cdMMP-14, consistent with the results of the competitive ELISA with
GM6001 (Figure S5). Overall, 3A2 recognizes the prime side surface loops of cdMMP-14 in
the vicinity of its active cleft.

3E2.—Epitope mapping with Fab 3E2 also demonstrated the importance of the prime side
(Figure 6). 3E2 exhibited strong interactions with F198 and P259; both are close to the S1”
subsite located on the north and south rims, respectively. Their alanine substitutions
increased the ICsq values to >0.9 1M, corresponding to substantial changes in binding
energy of >2.4 kcal/mol (Figure 5). In addition, alanine mutations of numerous prime side
residues, including D193 and E195 on the 190s loop, N229 and V236 on the 230s loop, and
F260 and Y261 on the 260s loop, all had significant effects on 3E2 binding (0.5-2.0
kcal/mol each). In contrast, S189 and the 200s loop, located at the nonprime side, had no
significant contributions. Different from 3A2, 3E2 also formed moderate interactions with
S251 and D252 on the 250s loop (1.7 kcal/mol collectively) and a weak interaction with
T190 close to the S1 subsite, indicating a large binding footprint compared to that of 3A2,
though their epitopes were mainly overlapped at the prime side of the cleft rims.

2B5 and DX-2400.—These Fabs shared their epitopes on the prime side surface loops of
190s (D193 and E195 for both), 230s (229N for DX-2400 and 231N for 2B5), and 260s
(F261 for both) mostly through combinations of these minor interactions (0.5-1.0 kcal/mol
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each) (Figure 5). The only exception was the N231A variant that generated a moderate
change in free energy on 2B5 binding (1.6 kcal/mol, equivalent to a 14-fold weakened ICsgp).
In addition, neither 2B5 nor DX-2400 made contact with nonprime side residues S189,
Y203, F204, and 1209 or the 250s loop (Figure 6). Notably, several alanine substitutions on
cdMMP-14 improved their recognition by the Fabs, e.g., Y166, R168, and T190 for 2B5 and
F198 and P259 for DX-2400. These modest decreases in binding energy (0.5-0.7 kcal/mol)
suggested that interactions via the side chains of these residues were suboptimal. As a potent
inhibitor with a high binding affinity of 1.9 nM, Fab DX-2400 surprisingly made only four
contacts of modest strength among the tested positions, implying that an epitope other than
the mapped area may exist for DX-2400.

3E9 and 3D9.—3E9 gained much of its binding energy from a strong interaction with the
side chain of F260, as an alanine mutation at this position led to a 33-fold increase in ICsg
(2.1 kcal/mol) (Figure 5). Centered at F260, low-affinity Fab 3E9 also made suboptimal
contacts [negative AAGmyt-wr) Values] with nine residues scattered on the 160s, 190s, 230s,
250s, and 260s loops (Figure 6). Markedly, a majority of these residues and F260 were
located at the prime side related to the cdMMP-14 active site. In contrast, 3D9 formed
significant interactions with the side chains of two residues, D193 (1.1 kcal/mol) at the
prime side and F204 (0.7 kcal/mol) at the nonprime side (Figure 5). Notably, 3D9 also
exhibited a negative AAG(myt-wt) With T190 at the prime side and weak interactions with
N231 and P259 at the nonprime side (Figure 6). All of these observations made 3D9 the
only exception that had epitopes across both sides of the reaction center, different from all
other tested Fabs.

Contribution of 3A2 CDR-H3 to Inhibition and Stability.

The mechanism of inhibition of highly potent Fab 3A2 was further characterized by
paratope alanine mutations. Previous study has suggested that although ineffective as a
substrate, Fab 3A2 can be slowly cleaved by MMP-14 with the scissile peptide bond
between residues N100h (P1) and L100i (P1") within its CDR-H3 (Figure 7A).* Large-
scale substrate profiling has identified MMP-14’s subsite amino acid preference:%® Ala at
P2, Gly/Asn/Ala at P1, Leu/lle/Val at P1’, Val/lle/Leu at P2’, Gly/His/Ala at P3’, and
Pro/Asp/Val at P5’. Remarkably, these underlined residues are well matched with the central
portion of the 3A2 CDR-H3 sequence (100hNLVATP100m). These observations together with
epitope mapping results (Figure 6) imply that this portion of CDR-H3 of 3A2 complements
MMP-14 subsites S1-S5” and thus encourage us to introduce alanine substitutions into 3A2
CDR-H3. More specifically, two positions at the C-terminus of the scissile bond, L100i and
T100I, correspond to the prime substrate residues P1” and P4’, respectively, and two
residues, R100g and W100e, at the nonprime (N-terminal side of the scissile bond) P2 and
P4 positions were selected for alanine mutations (shaded in Figure 7A). Notably, mutant
R100gA flipped P2 from an under-represented substrate residue of MMP-14 to an over-
represented one,>® and in contrast, mutant L100iA changed the P1” residue from MMP-14
preferred to disfavored. These four Fabs of 3A2 alanine mutants were produced (Figure S8).
Biolayer interferometry indicated that 3A2 mutants R100gA(P2) and W100eA(P4) kept
their binding affinities for cdMMP-14 with Kp values of 5.7 and 6.6 nM, respectively
(Figure S9), similar to that of 3A2 wt. Assays with a FRET peptide substrate suggested that
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these two nonprime paratope mutants also effectively retained their inhibitory potency
(Figure 7B). In contrast, alanine substitutions at two prime paratope sites, L100iA and
T100IA, exhibited reduced affinities with Kp values of 21 and 27 nM, respectively (Figure
S9 and Figure 7B). In addition, mutant L100iA at position P1” dramatically decreased its
inhibitory potency 290-fold, and mutant T100IA at P4, distant from the cleavage site,
compromised the inhibitory function to a lesser but still significant degree with a 3.3-fold
weakened K; (Figure 7C). These results not only echoed the importance of prime subsites as
binding epitopes (Figure 6) but also suggested a direct contribution of the 3A2 CDR-H3
prime portion for inhibition function. To understand the possible role of the nonprime
portion of 3A2 CDR-H3, we further measured the proteolytic liability of Fabs 3A2 wt,
W100eA, and R100gA. After incubation of 2 M Fab (3A2 wt or its alanine mutants) with 2
LM cdMMP-14 for 4 h at 37 °C and pH 7.5, densitometric analysis by nonreducing SDS—
PAGE revealed that compared to 3A2 wt, W100eA and R100gA resulted in significantly
more truncated Fab fragments, i.e., 1.9- and 1.6-fold increases for LC-CH1 and 3.0- and 2.0-
fold increases for Vi, respectively (Figure 7D), suggesting the nonprime portion of CDR-H3
was important for proteolytic stability.

DISCUSSION

This study has identified the molecular mechanisms by which Fabs of convex paratopes,
isolated from synthetic human antibody libraries carrying long CDR-H3s, inhibit proteolytic
activity of MMP-14. In addition to enzyme kinetics and a competitive ELISA over
physiological or synthetic inhibitors, binding landscapes have been quantitatively mapped by
using series of cdMMP-14 alanine mutants. Collectively, the results indicate that these Fabs
of extended H3s are competitive inhibitors recognizing the vicinity of the active cleft
especially on the prime side of the active site. The most significant epitopes are scattered
across the north and south rims of the cleft, i.e., 190s and 260s loops, respectively (Figure
6), but less pronounced at the bottom of the cleft. These results are consistent with
observations that nTIMP-2 but not GM6001 can replace Fabs on binding to cdMMP-14
(Figure 2 and Figure S5). Indeed, Fab epitopes overlap with that of nTIMP-2 but cannot
block potent GM6001 to access the active site, implying that a void may exist between Fabs
and cdMMP-14 in their complexes. Nevertheless, Fab 3A2 can be inefficiently and slowly
cleaved at its CDR-H3 by cdMMP-14 (Figure 7D),** suggesting that its H3 loop must
possess a certain flexibility to be able to approach the catalytic center. Analysis of the
scissile bond on Fab 3A2 and profiles of the MMP-14 substrate preference?*>° implies that
the middle part of 3A2 CDR-H3, 19onNLVATP10om, complements MMP-14 subsites S1-S5
(Figure 8A). Although recognized by MMP-14 in a substrate-like manner, Fab 3A2 behaves
as a strong inhibitor and/or poor substrate, presumably because its interactions with cleft
rims are limited primarily to one side of the catalytic zinc, unlike real substrates with
intimate contacts with subsites at the bottom of the cleft on both sides. This understanding of
3A2 CDR-H3 function is further supported by paratope mutagenesis studies. Changing P1’
to an unfavorable residue, L100iA, causes the P1” residue to detach from subsite S1” (Figure
8B) and thus exposes the catalytic center for substrate access and dramatically decreases the
inhibitory potency (Figure 7C). On the contrary, paratope mutation R100gA changes P2 to a
MMP-14 preferred substrate residue and thus promotes subsite occupation at S2 and extends
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the recognition covering S2-S5” (Figure 8C). Like a substrate, R100gA binds both prime
and nonprime subsites and thus is more vulnerable to cdMMP-14 cleavage than 3A2 wt
(Figure 7D). Overall, Fab 3A2 is a canonical (substrate-like) inhibitor, achieving its function
via direct interactions with the active-site cleft of MMP-14 by using its 27-amino acid
extended CDR-H3 likely forming a convex-shaped paratope. For other Fabs of long CDR-
H3s tested in this study, however, no clear substrate patterns can be identified within their
CDRs.

Numerous mAbs targeting a variety of proteases have been biochemically and/or structurally
elucidated. On the basis of their inhibition mechanisms, a majority of these mAbs can be
classified as active-site or exosite inhibitors.56:57 Binding to epitopes other than the catalytic
center, an exosite inhibitor usually triggers conformational changes at or around the active
cleft and thus interferes with access to the substrate.2125:58 |nterestingly, such allosteric
effects are also feasible for accelerating proteolytic reactions for certain substrates.>%:60 In
contrast, an active-site inhibitor forms intimate contacts with the protease reaction center
that is located in the middle of the active cleft.35° To reach the reaction pockets, prolate
structures are often observed among the paratopes of active-site inhibitors.3° Isolated from
synthetic libraries, anti-matriptase mAbs E2, A11, and S422:27 and anti-pKal DX-293028 all
carry extended length CDR-H3s that form protruded conformations to insert into the
protease active sites. On the contrary, anti-FXla DEF5! and anti-MMP9 SDS3,24 isolated
from naive and immunized libraries, respectively, have short H3s but intriguingly use their
L1 or H2 on the edge of their overall concave paratopes for active-site penetration.
Alternatively, substrate access can be blocked without intimate contacts at the active site, as
demonstrated by anti-HGFA Ab58, for instance.?! In this study, inhibitory Fabs of long H3s
exhibit their main epitopes in the vicinity of the active cleft; e.g., 3E2 strongly interacts with
subsite S1”, and 3D9 has epitopes across both prime and nonprime sides of the cleft (Figures
5 and 6). Considering their 25- or 27-amino acid extended CDR-H3s, convex paratopes are
probably formed for direct interactions with the active cleft. However, these interpretations
can be confirmed only by determining the structures of the Fab—cdMMP-14 complex.

Various strategies for decreasing the proteolytic liability have been exploited by active-site
inhibitors: (i) a cleavage—resynthesis equilibrium, e.g., bovine pancreatic trypsin inhibitor,62
(ii) reverse orientation of inserted loops, e.g., anti-matriptase A11 and S4,27 and anti-FXla
DEF,%1 and (iii) occupation of one but not both sides of the catalytic center, e.g., anti-pKal
DX-2930.28 More specifically, CDR-H3 of DX-2930 binds S1-S3 and abruptly turns away
from the prime subsites, thereby preventing cleavage by the catalytic serine of pKal. In
contrast, camelid anti-uPA Nb4 inserts its CDR-H3 into the entire S4-S3” substrate-binding
pocket, leading to substantial proteolytic cleavage.® This study indicates that most tested
Fabs of MMP-14 inhibition dominate their recognition on the prime side of the cleft (Figure
6). In addition, binding of Fab 3A2 to cdMMP-14 is unaffected even with high
concentrations of GM6001 (Figure S5), implying an unintimate contact between its H3 and
the catalytic site. Presumably, the two reasons mentioned above cause Fab 3A2 to be an
inefficient substrate. Paratope mutagenesis supports this notion as extending subsite
occupation to S2 makes Fab 3A2 mutant R100gA more sensitive to proteolysis (Figure 7D).
On the contrary, converting P1 and/or P3” to MMP-14 unfavored residues significantly
improves the stability without compromising the inhibitory potency.#* In addition to
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proteolytic stability, specificity is another required property for protease inhibition-based
therapies. The catalytic domains of MMP family members share a homologous protein
folding and secondary structures.54 Despite their highly conserved catalytic Zn2* and
associated motifs, sequential and conformational diversity does exist among MMPs,
especially at their surface loops surrounding the active cleft to determine their substrate
specificity.5® This study indicates that these surface loops are important epitopes for all
tested Fab inhibitors (Figure 6), explaining at least partially why these Fabs are highly
selective as reported previously.33

Because of their pivotal roles in extracellular matrix remodeling, MMPs have been regarded
as one of the most important regulatory enzymes for a variety of conditions (e.g., tumor
invasion and metastasis, development of obesity, and neuropathy),#1-43 and thus striking
therapeutic targets for associated treatments.6:67 Isolated from synthetic libraries carrying
convex paratopes, MMP inhibitory mAbs have demonstrated significant therapeutic
efficacies in mouse models. (i) Fab 3A2 reduced both the frequency and the size of
melanoma metastatic nodules.*? (ii) 1gG 3A2 markedly inhibited growth of the primary
breast tumor and more importantly reduced the metastatic spread to the lungs and liver by
>90%.41 (iii) Treatment with 1gG 3A2 improved glucose intolerance and decreased the body
weight in both mice with obesity induced by a high-fat diet and ob/06 mice (unpublished).
(iv) Anti-MMP-9 IgG L13 exhibited neuropathic pain attenuation efficacy in chemotherapy-
induced pain34 and diabetic neuropathy (unpublished). In addition, pharmacokinetic analysis
further suggested that IgG 3A2 had an /n vivo half-life of ~4.8 days,*! similar to that of
serum IgGs in adult mice.

CONCLUSIONS

In this study, MMP-14 inhibitory Fabs carrying 25- or 27-amino acid CDR-H3s have been
biochemically characterized. The results indicate that these Fabs recognize the highly
diverse region among MMPs and dominantly target the prime side of the active cleft and its
vicinity. The canonical (substrate-like) mechanism of Fab 3A2 and the exact contribution of
its CDR-H3 to inhibition have also been revealed. These findings suggest the underlying
principles for selectivity and proteolytic resistance of these Fabs. Understanding the
molecular mechanism and previous preclinical results mutually support the idea that
synthetic antibody libraries encoding extended CDR-H3s are a valuable resource, from
which isolated human mAbs hold great therapeutic promise to effectively and selectively
inhibit biomedically important proteases.
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Figure 1.
Mode of inhibition determined by kinetics. Reaction rates were measured with 30 nM

cdMMP-14 and 1-40 ¢M FRET peptide substrate M-2350 in the presence of Fabs at various
concentrations. With unchanged Vpax and increased apparent K, values, 3A2, 3E2, and
DX-2400 exhibited competitive inhibition, while 2B5 and 3D9 were mixed model inhibitors
(competitive and uncompetitive).
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log1o [NTIMP-2 (nM)]

Figure 2.
Competitive ELISA with nTIMP-2. Immobilized cdMMP-14 was incubated with Fabs (3A2,

3D9, and DX-2400 at 10 nM; 3E2, 2B5, and 3E9 at 20 nM) in the presence of 3 nM to 3 ©/M
nTIMP-2. Anti-Fab-HRP was used to detect the captured Fabs.
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160s loop

Figure 3.
Design of cdMMP-14 alanine point mutants. Structures of cdMMP-14 displayed as a

cartoon (left) and in a surface mode (right) show the loops and residues selected for alanine
point mutations. The catalytic zinc and its coordinating histidines (sticks) are colored yellow.
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Figure 4.

Exemplary results of a competitive ELISA with wt and alanine-substituted cdMMP-14.
Immobilized cdMMP-14 wt was incubated with Fabs (3A2, 3D9, and DX-2400 at 10 nM;
3E2, 2B5, and 3E9 at 20 nM) in the presence of 1 nM to 3 M cdMMP-14 mutants.
Captured Fabs were detected with anti-Fab-HRP for signal development. Four scenarios
were observed. (A) Binding was abolished with the cdMMP-14 mutant. (B) The binding
affinity was weakened with the mutant compared to cdMMP-14 wt. (C) The binding affinity
was unchanged. (D) The binding affinity was enhanced with the cdMMP-14 mutant.
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Figure 5.
Gibbs free energy changes (AAG) upon binding with mutant cdMMP-14 over wt. Values of

ICsp (nanomolar) were measured by a competitive ELISA, and AAGmyt-wt) (Kilocalories per

mole) values were calculated by the equation 44G = RTIn

1C50(Alamutant)
IC5(wildtype) '

where /#=1.987

cal KT mol~ and 7= 298 K. A positive AAG (>0.5 kcal/mol, red) indicates that the binding
affinity is weakened with the mutant; a negative AAG (less than —0.5 kcal/mol, blue)
indicates that the binding affinity is enhanced with the mutant, and a |JAAG| of <0.5 kcal/mol
(white) suggests a nonsignificant change.
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Figure 6.
Epitope mapping by alanine scanning mutagenesis. Point mutants that had a positive

AAGmyt-wt) (increased ICsp) are colored pink (0.5-1.0 kcal/mol), red (1.0-2.0 kcal/mol),
and brown (>2.0 kcal/mol), and mutants that had a negative AAGmyt-wt) (decreased 1Csp)
are colored blue. Point mutants that had a minimal effect on 1Csq [|AA Gmut-wt)| < 0.5 keal/
mol] are colored gray. The space-filling models are oriented in the same manner as in Figure
3, with the catalytic center colored yellow.
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Figure 7.

Characterizations of Fab 3A2 alanine point mutants. (A) CDR-H3 amino acid sequence of
3A2, showing the residues that match with the MMP-14 preferred substrate sequences
(underlined, positions P1-P5"), cleavage site (arrowhead), and paratope positions chosen for
alanine substitution (highlighted). (B) Binding kinetics and inhibitory potency data of 3A2
mutants. (C) Dose-response curves of inhibition measured with 30 nM cdMMP-14 and 1
UM FRET peptide substrate M-2350. (D) Fab stability assays with 3A2 wt and mutants
W100eA and R100gA. Purified Fabs (2 M) were incubated with 2 xM cdMMP-14 in 50
mM HEPES and 150 mM NaCl (pH 7.5) at 37 °C for 4 h and then analyzed by SDS-PAGE.
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A. wt 3A2 is a potent inhibitor and a poor substrate

@ P1
S2 S1 S1
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access

\V
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C. R100gA (P2) compromises proteolytic stability

Figure 8.

PN
O/

\__/

Schematic drawing of the mechanism of inhibition of 3A2. (A) 3A2 is a canonical inhibitor
recognizing MMP-14 subsites mainly via the prime portion with its CDR-H3. (B) Paratope
alanine substitutions at the prime side, e.g., L100iA at P1”, weaken the inhibitory potency.
(C) Paratope alanine substitutions at the nonprime side, e.g., R100gA at P2, compromise

proteolytic stability.
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