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Proteases are frequent pharmacological targets, and their inhibitors
are valuable drugs in multiple pathologies. The catalytic mechanism
and the active-site fold, however, are largely conserved among the
protease classes, making the development of the selective inhibitors
exceedingly challenging. In our departure from the conventional
strategies, we reviewed the structure of known camelid inhibitory
antibodies, which block enzyme activities via their unusually long,
convex-shaped paratopes. We synthesized the human Fab antibody
library (over 1.25 × 109 individual variants) that carried the extended,
23- to 27-residue, complementarity-determining region (CDR)–H3 seg-
ments. As a proof of principle, we used the catalytic domain of matrix
metalloproteinase-14 (MMP-14), a promalignant protease and a drug
target in cancer, as bait. In our screens, we identified 20 binders, of
which 14 performed as potent and selective inhibitors of MMP-14
rather than as broad-specificity antagonists. Specifically, Fab 3A2
bound to MMP-14 in the vicinity of the active pocket with a high
4.8 nM affinity and was similarly efficient (9.7 nM) in inhibiting the
protease cleavage activity. We suggest that the convex paratope an-
tibody libraries described here could be readily generalized to facilitate
the design of the antibody inhibitors to many additional enzymes.
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As key cellular proteinases, matrix metalloproteinase (MMP)
family members control various physiological and patho-

logical processes. Multiple diseases are associated with altered
MMP expression and aberrant proteolysis, including cancer (1),
wound healing (2), inflammatory diseases (3, 4), neurological pain
(5, 6), and hypertension (7). There is consensus among researchers
that the individual MMPs are promising drug targets in diversified
pathologies and that inhibitor specificity is required for selective
and successful MMP therapies (8–10).
However, achieving target specificity and selectivity in small-mol-

ecule MMP inhibitors is remarkably challenging (11, 12). Because
the catalytic mechanism and catalytic domain fold are conserved
among the MMP/ADAM (a disintegrin and metalloproteinase)/
ADAMTS (ADAM with thrombospondin motifs) superfamily
members, the available small-molecule inhibitors (most frequently,
active-site zinc-chelating hydroxamates) target multiple proteinases,
resulting in off-target side effects (8, 12–14). This aspect is prob-
lematic, given that some MMPs (e.g., MMP-14) are always protu-
morigenic, whereas some other MMPs are antitumorigenic in certain
cancer microenvironments (15, 16). As a result, broad-spectrum
hydroxamates failed in cancer clinical trials due to their low overall
efficacy and side effects (13). Alternatively, antibody-based MMP
inhibitors are emerging as both research tools and potential thera-
peutic agents (10, 17–21) because of (i) high affinity and specificity
due to the large antigen–antibody interaction area and multiple
complementarity-determining regions (CDRs), (ii) long half-life and
well-defined action mechanisms, (iii) low immunogenicity and tox-
icity, and (iv) multiple MMPs potentially targetable by antibodies (9).
Natural protease inhibitors exhibit a convex-shaped conforma-

tion that inserts into the enzyme active site and blocks the substrate
access and/or catalytic function (22). However, there is a low prob-
ability of generating antibodies with the convex antigen-binding sites

(paratopes) from naive or immunized human or murine antibody
libraries. The proteolytic pocket is often buried inside a major cleft
or concave enzyme structure, and, as such, it is normally inaccessible
by the cave-like, grooved, or flat antigen-binding surface in human
and murine antibodies (23). In contrast, dromedary antibodies are
enriched in the long CDR-H3s encoding the extended convex-shaped
paratopes and, intriguingly, a large proportion of antibodies isolated
from camels and llamas, compared with human and murine anti-
bodies, bind the active-site pockets and inhibit enzymatic reactions
(24–26). However, the camelid antibodies would evoke an immune
response in humans, and the availability of these animals is limited.
With the hypothesis that convex paratopes are inhibitory, we

designed human Fab libraries in which the long, convex-shaped,
camelid-like paratopes were incorporated into the human antibody
scaffold (27) (Fig. S1). In our current proof-of-principle study, we
screened these libraries for the inhibitors of MMP-14, a proinvasive
and prometastatic human proteinase (28, 29). As a result of our
screens, we isolated a panel of selective Fabs with a high inhibitory
potency against MMP-14. We are now confident that these li-
braries and similar libraries that exhibit the long, convex paratopes
will be a valuable source of the inhibitory antibodies capable of
targeting multiple additional enzymes, the active pockets of which
are not readily accessible by the conventional human antibodies.

Results
Design and Construction of Long CDR-H3 Synthetic Fab Libraries. A
large proportion of camelid heavy-chain antibodies (VHHs) exhibit
enzyme-inhibiting functions (24, 25). Structure studies suggest that
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inhibition is mediated by the extended CDR-H3s coding for the
convex-shaped paratopes that penetrate into the enzyme catalytic
cleft (23, 26). Consistent with the studies by others (30), our in-depth
analysis of over 950 individual camelid antibodies available from the
international ImMunoGeneTics (IMGT), Kabat, and abYsis data-
bases determined that there is a bimodal distribution in their
CDR-H3 length with peaks at 12 and 19 residues (Fig. S2A). It is
likely that these long CDR-H3s compensate for a lack of light chains
(VLs). A similar analysis of over 90,000 human and murine antibody
sequences revealed that the length of their CDR-H3s is character-
ized by a single peak Gaussian distribution at 12 and nine residues,
respectively. In addition, our analysis suggests that relative to mu-
rine/human CDR-H3s, camelid CDR-H3 regions are enriched in
Cys, positively charged (Arg and Lys), and hydrophilic (Gly, Ser,
Thr, and Asn) residues, whereas the level of hydrophobic residues
(Phe, Val, and Ile) is decreased. These amino acid preferences likely
contribute to the additional disulfide bonds in camelid antibodies
and, in general, to the integrity and improved solubility of the
CDR-H3 loops (31, 32).
To mimic amino acid use in the camelid repertoire, a de-

generate codon XYZ containing different proportions of the nu-
cleotides at each of the three codon positions was custom-designed
for insertion into a human heavy-chain (VH) framework (Fig.
S2B). Oligonucleotides encoding the 23-, 25-, and 27-residue-long
CDR-H3s (significantly longer than in humans) were synthesized
(Fig. S3, step 1) and assembled using mesophilic T4 DNA poly-
merase and T4 DNA ligase without amplification to achieve high
fidelity and low bias (33) (Fig. S3, step 2). To remove the truncated
and reading frame-shifted fragments, the assembled CDR-H3
constructs were subjected to full-length selection by their cloning
into the N-terminal sequence of β-lactamase (34) (Fig. S3, step 3).
The diversities of the selected CDR-H3-23, CDR-H3-25, and

CDR-H3-27 were 2.1 × 108, 0.85 × 108, and 0.80 × 108, respectively.
DNA sequencing verified that 98% of clones (129 of 131 clones)
were functional. Selected CDR-H3s were then incorporated into a
synthetic Fab phage library (35) to generate 1.25 × 109 Fab clones
(4.6 × 108, 3.4 × 108, and 4.5 × 108 for CDR-H3-23, CDR-H3-25,
and CDR-H3-27, respectively; Fig. S3, step 4). The VLs have fixed
sequences in CDR-L1/CDR-L2 and a 3- to 7-aa length variability in
CDR-L3. Sequencing of the constructs indicated that 91% of Fab
clones (92 of 101 clones) exhibited the full-length CDR-H3s with
23, 25, or 27 residues, and that the diversity in the other CDRs,
such as CDR-L3, CDR-H1, and CDR-H2 was still preserved well
in the single VH/VL framework. In addition, 87% of randomly
picked clones (34 of 39 clones) were able to produce detectable
levels of the Fab-pIII fusions suitable for phage panning.

Isolation of Anti–MMP-14 Inhibitory Antibodies. After three rounds
of panning with elution steps that used the N-terminal inhibitory
domain of tissue inhibitor of metalloproteinase-2 (n-TIMP-2),
monoclonal ELISA of 288 randomly picked clones isolated 126
positive Fab clones from which 77 were sequenced, resulting in the
identification of 20 unique Fabs carrying the long CDR-H3 regions
(Table 1). These CDR-H3 regions were enriched in basic (Arg and
Lys) and hydrophilic (Asn, Gln, Thr, and Ser) residues, although
the levels of negatively charged (Asp and Glu) and hydrophobic
(Ala, Ile, Val, Phe, and Trp) residues were decreased (Fig. S4),
likely leading to better solubility of Fabs and more efficient in-
teractions with the negatively charged surface of the MMP-14 ac-
tive-site cavity (22). The CDR-H3 loops of 3D9 and 3A6 constructs
exhibited two Cys residues each and were potentially able to form
intraloop disulfide bonds. The VL sequencing results showed
>95% amino acid sequence identity, supporting the dominant roles
of VHs for binding and inhibition.

Table 1. Isolated MMP-14 binding Fabs from synthetic antibody libraries of long and normal CDR-H3 designs

Library (size) Clone* CDR-H3 sequence (length) Binding affinity Inhibition potency† Selectivity‡

Long CDR-H3
(1.25 × 109)

3A2 VKLQKDKSHQWIRNLVATPYGRYVMDY (27) 3.8 nM 9.7 nM Exclusive
3E2 GIKGLVFTGSQMKMLRRGNYNWYVMDY (27) 47 nM 42 nM Exclusive
3D9 RLMAYHGSCSSRLCQTAISPQRYAMDY (27) 6.4 nM 61 nM Exclusive
2B5 IGVNAWAVKMSQRMLATRGSGWYVMDY (27) 24 nM 240 nM Exclusive
3G9 ATNEKFRRKSLQVRLLMRSWLAYAMDY (27) 160 nM 390 nM 16.7
33D2 SKYGPASRQLASRTSWSGPRGKYGMDY (27) 120 nM 420 nM 9.6
3F3 LYNGWLMVEGIGSAREGPTWYAMDY (25) 34 nM 970 nM n.d.
33F3 GVRGNKLRLLSSRSGLMESHYVMDY (25) 1.0 μM 2.3 μM n.d.
33D4 SVHMKLSNKILSGWSWNNSFYAMDY (25) 460 nM 3.9 μM n.d.
32D1 MSLHRNFNQQGRSRLLGRMPRTYGMDY (27) 350 nM 4.2 μM n.d.
3A6 RPCKACRTRLELVRRGMDSGLRYGMDY (27) 980 nM 4.2 μM n.d.
33C4 PTTSRVNKKLFRVSVLHPGSYGMDY (25) 220 nM 4.6 μM n.d.
3E9 NGRYPGFLKRAHKRLLNFKAYVMDY (25) 51 nM 6.0 μM n.d.
32C2 SQHAKKSTIIRMLEHQSRSGMQYVMDY (27) 150 nM 8.0 μM n.d.
32E10 LDRDRYIHVGRAGNTYSNYYYVMDY (25) 9.7 nM Noninhibitory n.d.
32C11 EIHMLSRQARYLRDGRRPRGSMYVMDY (27) 29 nM Noninhibitory n.d.
2H9 GTSFQVRCVLYRLLSPGRYVMDY (23) 120 nM Noninhibitory n.d.
3B2 STAATTLSRMSRSYWTIQLPYGMDY (25) 590 nM Noninhibitory n.d.
2E4 SARLRLRGNHDRRRSKSVYYRPYVMDY (27) 840 nM Noninhibitory n.d.
33F5 NFRVESAGRPGKTVLRKDGKYAMDY (25) 1.6 μM Noninhibitory n.d.

Normal
(3 × 1010)

S2H2 GVWYSSAMDY (10) 2.5 nM noninhibitory n.d.
S3G2 YGYSAYWYALDY (12) 2.6 nM noninhibitory n.d.
S3B5 GYSSYGYALDY (11) 2.7 nM noninhibitory n.d.
S33E8 YSHPFWSAMDY (11) 3.7 nM noninhibitory n.d.
S32A1 FFYGSSSWYYSGAMDY (16) 3.9 nM noninhibitory n.d.
S32A9 SHGYYSGLDY (10) 9.1 nM noninhibitory n.d.

n.d., not determined.
*Clones are ranked based on inhibition potency (or binding affinity for noninhibitory clones).
†Determined by FRET assays. “Noninhibitory” indicates no signs of inhibition when Fab was used at 2–4 μM.
‡Only Fabs with an inhibition potency of IC50 < 500 nM were measured. Exclusive selectivity indicated background ELISA signals with MMP-2/MMP-9 at 500 nM
Fabs. Folds of selectivity were determined by the ratio of Fab concentrations, which gave the same ELISA signals, between MMP-2/MMP-9 and MMP-14.
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The 20 selected Fabs were produced in Escherichia coli peri-
plasmic space with a typical yield of the purified proteins of 0.5–
2 mg/L medium (Fig. S5A). Size exclusion chromatography
confirmed that the isolated Fab samples were highly soluble and
present as monomers in solution, without detectable aggregation
(Fig. S5B). After storage at 4 °C for 1 mo, purified Fab samples were
still stable without visible aggregates or degradation as determined
by SDS/PAGE (Fig. S5C).
The binding affinity of the purified Fabs with MMP-14 was

measured using ELISA. The binding EC50 value of the samples
was in a 3.8 to 1,600 nM range (Table 1). The most efficient binders
included 3A2 (3.8 nM), 3D9 (6.4 nM), and 32E10 (9.7 nM), and the
EC50 values of the additional five Fabs were between 24 and 51 nM
(Fig. 1A, Table 1, and Fig. S6). Fourteen (70%) of the 20 Fabs we
purified inhibited MMP-14 proteolysis of the fluorescent pep-
tide substrate (7-methoxycoumarin-4-yl)Acetyl-Lys-Pro-Leu-Gly-
Leu-(3-[2,4-dinitrophenyl]-L-2,3-diaminopropionyl)-Ala-Arg-NH2,
with IC50 values between 9.7 nM and 8 μM (Table 1). The pres-
ence of 70% of the inhibitory clones among the binders is re-
markably high, especially if compared with previous studies of the
inhibitory antibodies (hit rates of 2.5% and 17%) (17, 36). The
inhibition IC50 values of Fabs 3A2, 3E2, and 3D9 were 9.7 nM, 42
nM, and 61 nM, respectively, and the IC50 values of three addi-
tional Fabs were in 240–420 nM range (Fig. 1A and Table 1). Fab
3E9, the most enriched clone we isolated through phage panning
(22 repeated sequences), showed a moderate, 51 nM binding ca-
pacity, but its inhibitory potency was low (IC50 = 6.0 μM) (Table 1
and Fig. S6A). The enrichment of this clone was likely a result of a
high growth rate and/or high expression level relative to other Fab
clones. Similarly, a few high-affinity Fabs [e.g., 32E10 (EC50 =
9.7 nM)] did not inhibit MMP-14, suggesting that efficient binding

does not directly correlate with high inhibitory potency of the an-
tibody (Fig. S6B). To test whether the most promising inhibitory
Fabs are resistant to MMP-14 proteolysis (37), Fabs 3A2, 3E2,
3D9, and 2B5 were incubated with MMP-14 (at an enzyme/anti-
body molar ratio of 1:5 or 1:10) at pH 7.5 and 37 °C for 1 or 16 h.
No significant degradation of the antibodies was observed under
these conditions (Fig. S7).
In a control experiment, in the course of phage panning, we

used a highly diversified antibody library (3 × 1010 variants)
exhibiting the normal 1- to 17-residue CDR-H3s (35) and phage
elution steps with n-TIMP-2. This experiment resulted in six in-
dividual Fabs bound to MMP-14 with a low nanomolar affinity;
however, none was inhibitory even at 2–4 μM (Table 1). These
findings strongly support the expectation that the convex-shaped
paratopes formed by the long CDR-H3 segments play an essential
role in generating the inhibitory antibodies.
Because selectivity is the prime parameter for the MMP in-

hibitors, we next assessed if the most promising Fabs would cross-
react with other MMPs. According to the ELISA results, all of the
six Fabs we tested were highly selective for MMP-14. Indeed, Fabs
3A2, 3E2, 3D9, and 2B5 were incapable of binding to MMP-2 or
MMP-9 even at a high concentration of 500 nM. The two other
Fabs, 33D2 and 3G9, were ∼10- to 20-fold more selective for
MMP-14 relative to MMP-2 and MMP-9 (Fig. 1B).

Fab 3A2 Is a Highly Potent Competitive Selective Inhibitor of MMP-14.
The most efficient inhibitor, Fab 3A2, was studied in a more detail
to determine both its inhibitory mechanism and its binding mode.
The binding kinetics of Fab 3A2 to MMP-14 were examined using
surface plasmon resonance spectroscopy (Fig. 2A). A concentra-
tion-dependent saturable binding of 10–20 nM Fab 3A2 to
immobilized MMP-14 was observed. Apparent equilibrium binding
constants were determined with an average kinetic association
coefficient (kon) equal to 3.68 × 105 M−1·s−1 and an average kinetic
dissociation coefficient (koff) of 1.79 × 10−3s−1. The equilibrium
dissociation constant (Kd) calculated from the koff/kon ratio was
4.85 nM, and this value agreed well with the ELISA data (Fig. 1A).
The IC50 value of Fab 3A2 was 9.7 ± 1.2 nM and similar to the

IC50 value of n-TIMP-2 (IC50 = 5.1 ± 2.4 nM) and GM6001, a
potent, albeit nonselective, hydroxamate inhibitor of MMPs (IC50 =
2.1 ± 0.6 nM) (Fig. 2B). At 500 nM, Fab 3A2 completely inhibited
MMP-14 (98%), but not MMP-2 or MMP-9 (0.2% and 2.5% in-
hibition, respectively) (Fig. 2C). At the similar conditions, n-TIMP-2
and GM6001 inhibited MMP-2/MMP-9/MMP-14 nonselectively
(83–100% inhibition), confirming that they are broad-spectrum in-
hibitors of the MMP family (38, 39).
Competitive ELISA results (Fig. 2D) indicated that increasing

concentrations of n-TIMP-2 reduced the binding of Fab 3A2 to
MMP-14, likely suggesting an overlap of their respective binding
sites in MMP-14. To determine the type of inhibition, a series of
kinetic assays in the presence of 0, 250, and 500 nM Fab 3A2 was
performed. The obtained Lineweaver–Burk plots demonstrated
an unchanged maximum velocity (Vmax) and an elevated Michaelis
constant (Km) when the Fab concentration increased, indicating
that Fab 3A2 performed as a competitive inhibitor of MMP-14
proteolytic activity (Fig. 2E).
To identify the binding site of Fab 3A2, we performed Ala

scanning mutagenesis of MMP-14. Eight residue positions (T190,
F198, Y203, F204, N229, N231, S251, and F260) were selected for
Ala substitution, based on the following criteria: (i) distinct in
MMP-14 relative to MMP-2 and MMP-9 (Fig. S8A), (ii) within a
distance of 15 Å from the catalytic Zn2+, (iii) exhibiting an ex-
posed respective side chain, and (iv) near the S1′ subsite (40, 41).
The resulting MMP-14 mutants were expressed in the periplasmic
space of E. coli (42). Compared with wild-type MMP-14, these
MMP-14 mutants exhibited reduced, albeit still substantial, spe-
cific activity (0.4–6.6% relative to the wild type), which was used as
the basis for our inhibition measurements (Fig. S8B). ELISA and

Fig. 1. Biochemical characterizations of representative high-potency in-
hibitory Fabs. (A) Dose–response curves of binding affinity (black) and IC50

(red) values of purified Fabs. Quenched-fluorescent substrate peptide (1 μM)
and 1 nM catalytic domain MMP-14 (1 nM) were used in FRET inhibition
assays. Error bars represent the SD of triplicate experiments. (B) Binding
selectivity toward MMP-14 (black circles) over MMP-2 (red triangles) and
MMP-9 (blue squares) tested by ELISA.
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inhibition assay results showed that the performance of all these
mutants, except F260A, did not differ significantly from the per-
formance of the original MMP-14 (Fig. S8C). In contrast, the
F260A MMP-14 mutant lost its ability to bind to the Fab 3A2 and,
consistently, the catalytic activity of this mutant was resistant to
inhibition by Fab 3A2 (Fig. 2F). Our results, especially when
combined, imply that Fab 3A2 is a competitive selective inhibitor
of MMP-14, that the binding site of this antibody overlaps with the
binding site of TIMP-2, and that the extended CDR-H3 loop of
Fab 3A2 likely accesses the F260 residue from the S1′ subsite in
the MMP-14 active-site pocket.

Fab 3A2 Inhibits MMP-14 Collagenolysis and Activation of the MMP-2
Proenzyme.Activation of the MMP-2 proenzyme is the most well-
known function of cell-surface MMP-14 (43). To evaluate the
effect of the Fab 3A2 on MMP-2 activation, we used human fi-
brosarcoma HT1080 cells, which produce high levels of MMP-2
naturally. To stimulate activation of the MMP-2 proenzyme by
cellular MMP-14, the cells were treated with tetradecanoyl phor-
bol acetate, and then coincubated with Fab 3A2 or 3E9 [a weak
inhibitory Fab (IC50 = 6 μM) as a negative control] or with
GM6001 (a highly potent hydroxamate MMP inhibitor as a posi-
tive control). The status of MMP-2 was next analyzed by gelatin
zymography (Fig. 3A). As expected, 10 μM GM6001 (used at a
high concentration due to its low stability in aqueous solutions of
cellular assays) totally repressed MMP-2 activation. Although
>40% of proMMP-2 was processed when no Fab or Fab 3E9 was
applied, 200 nM Fab 3A2 inhibited 82% of MMP-14–dependent
MMP-2 activation in HT1080 cells. These results were consistent
with the peptide inhibition assays, confirming that Fab 3A2
inhibited MMP-14 with a high potency in HT1080 cells.
Because MMP-14 is a collagenase, we then tested if Fab 3A2

affected MMP-14 collagenolysis. For these purposes, we used
human mammary epithelial 184B5 cells stably transfected with
MMP-14 (44). As a control, we used the original 184B5 cells,
which naturally produce a low level of MMP-14. Cells were plated
on a layer of type I collagen with or without the inhibitors. Fol-
lowing incubation for 5 d, cells were gently detached and the
collagen layer was fixed and then stained using Coomassie Blue
R-250 stain to visualize the degraded, unstained areas. Fig. 3B
shows that collagen was almost completely degraded (<10% of
collagen remained) by 184B5–MMP14 cells. As expected, GM6001,
at a high concentration of 25 μM, blocked 96% of collagenolysis.
Similarly, Fab 3A2, at a low concentration of 250 nM, repressed
93% of collagenolysis in 184B5–MMP14 cells. These data suggest
that Fab 3A2 performs as a potent inhibitor of MMP-14 in cell-
based assays and represses MMP-14 proteolysis of its natural,
physiologically relevant substrates.

Discussion
Monoclonal antibodies (mAbs) are ubiquitous in biomedical re-
search and medicine. A variety of methodologies have been de-
veloped for recombinant antibody discovery. The design of mAbs
with selective proteinase-inhibiting functions, however, remains a
significant challenge because of (i) the low antigenicity of the cat-
alytic centers that are normally buried in the enzyme globule and
(ii) the lack of reliable function-based selection methods. For ex-
ample, in an attempt to isolate the antibodies capable of inhibiting
serpase (a membrane-associated serine protease encoded by the
fibroblast activation protein gene), 40 efficiently binding single-
chain variable fragment (scFv) clones were identified from a human
naive scFv phage display library of over 1 × 1010 variants, but only a
single scFv construct exhibited inhibition function with a micro-
molar range potency (36).
The inhibitor/binder ratio was significantly improved when a

specific selection procedure was added to phage panning (17).
Thus, the use of TIMP-2, a natural protein inhibitor of MMP-14, as
a competitive eluent of the antigen-binding clones from the MMP-
14 bait led to the discovery of 12 inhibitory constructs from 70
affinity clones (17% hit rate). In addition, TIMP-2 binds to the
native MMP-14 enzyme rather than to the misfolded and dena-
tured species of the proteinase. As a result, the use of TIMP-2
allows one to disregard the antibodies that bind to the denatured
MMP-14 species.
Extending these findings, our current methodology combined

this epitope-specific elution with a synthetic antibody library de-
sign. Our approach resulted in the identification of 14 inhibitory
antibodies from the 20 isolated MMP-14 binders [i.e., with a high
(70%) hit rate]. The rationale of our antibody repertoire design
was based on sequence analysis of the inhibitory camelid VHHs

Fig. 2. Binding affinity and inhibition potency measurements, inhibitor type
determination, and epitope mapping of Fab 3A2. (A) Binding kinetics of 10 nM
(blue dotted line), 15 nM (red dashed line), and 20 nM (black solid line) Fab 3A2
to catalytic domain MMP-14 (cdMMP-14) measured by surface plasmon reso-
nance. On average, kon = 3.68 × 105 (M−1·S−1), koff = 1.79 × 10−3 (s−1), and Kd =
4.85 nM. (B) Fab 3A2 inhibited cdMMP-14 proteolytic activity on the peptide
substrate with a potency of 9.7 ± 1.2 nM, the same order of magnitude as
n-TIMP-2 (5.1 ± 2.4 nM) and GM6001 (2.1 ± 0.6 nM). (C) Inhibition selectivity tests
of Fab 3A2, GM6001, and n-TIMP-2 toward MMP-2/MMP-9/MMP-14. In contrast
to GM6001 and n-TIMP-2, Fab 3A2 showed selectivity to MMP-14 and did not
inhibit MMP-2/MMP-9. (D) Competitive ELISA of Fab 3A2 with n-TIMP-2. Serially
diluted n-TIMP-2 samples were incubated with 10 nM Fab 3A2 in streptavidin
wells coated with biotinylated cdMMP-14. The signals were generated by anti-
Fab–HRP. (E, Left) Lineweaver–Burk plots of MMP-14 with 0, 250, and 500 nM
Fab 3A2. RFU, relative fluorescent units. (E, Right) Calculated Vmax and Km are
shown. (F) Epitope determination by competitive ELISA and inhibition assays.
Eight MMP-14 single-site mutants were prepared by periplasmic expression
without refolding. Fab 3A2 (10 nM) was incubated with increasing amounts of
MMP-14 mutant on a surface coated with wild-type MMP-14. An inhibition
assay was performed using 50 nM MMP-14 mutant, 5 μM Fab 3A2, and 1 μM
quenched fluorescent substrate.
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and the crystal structures of the multiple VHH/enzyme complexes.
These analyses revealed that the extended CDR-H3s provided the
enlarged antigen-binding surface and convex paratopes that pen-
etrated into the catalytic cleft and inhibited the enzymatic reaction
(22, 24). In addition to the camelid single-domain antibodies, in-
hibitory antibodies were recently developed using antibody scaf-
folding of the cow. In the latter, the protruding domains encoded
by the ultralong, up to 60-residue, CDR-H3s are frequent (45, 46).
In agreement, structural studies of the inhibitory antibodies iso-
lated from human naive libraries also suggested that insertion of
the long CDR-H3 variable loops (up to 19 residues) into the
substrate-binding pocket is required to achieve efficient inhibition
of membrane type serine protease 1 (matriptase) (37, 47). Al-
though the alternative inhibitory mechanisms are also well known,
including those mechanisms that inactivate enzymes by inducing
conformational changes or by blocking substrate access (48, 49),
multiple inhibitory antibodies exhibit unusually long CDR-H3s,
implying that the extended CDR-H3s are vital for enzyme in-
hibition. Therefore, in this proof-of-concept study, 23- to 27-residue-
long CDR-H3s were arbitrarily designed and synthesized pre-
sumably to form convex-shaped paratopes. The presence of these
long CDR-H3s is infrequent in the natural human IgGs (50). Our
results clearly suggest that the constructed long CDR-H3s (but not
the normal-length CDR-H3s) are inhibitory when MMP-14 was
used as bait (Table 1). However, the optimal CDR-H3 length for
inhibiting certain enzymes probably needs to be adjusted accord-
ing to the targets (i.e., the topology of reaction pockets).
Our current study resulted in 14 inhibitory antibodies of which

Fab 3A2, without any maturation, was highly potent against MMP-
14. The inhibitory potency of this Fab was similar to the inhibitory
potency of n-TIMP-2, the natural inhibitor of MMPs, and GM6001,
one of the most effective, albeit broad-specificity, hydroxamate
MMP inhibitors. However, in contrast to n-TIMP-2 or GM6001,
Fab 3A2 was highly selective and did not exhibit off-target effects
with other MMP family members, such as MMP-2/MMP-9. Im-
portantly, Fab 3A2 efficiently repressed the activity of cellular
MMP-14 on its physiological substrates, including MMP-2 and type
I collagen. In addition to Fab 3A2, our research led to the discovery
of five other potent inhibitors with promising selectivity against
MMP-14, with an IC50 value less than 500 nM. Based on the re-
lationship between binding affinity and inhibition potency, the 14
inhibitory Fabs isolated in this study can be grouped into four
clusters (Fig. S9): group 1, the seven clones with high binding af-
finity and high inhibition potency, having the potential to serve as
leads suitable for further characterizations; group 2, two clones with
high binding affinity and low inhibition potency, presumably which
paratopes partially contribute to inhibition; and groups 3 and 4, five
clones with moderate or low binding affinity and moderate in-
hibition potency, probably binding to inhibitory epitopes with sub-
optimal strengths. Overall, this inhibitory Fab panel provides a rich

pool of lead candidates for the further selection of therapeutics and
fine-tuning of pharmacological properties through affinity matu-
ration and solubility/stability improvement.
Mutagenesis of MMP-14, rather than a linear peptide approach

(51), followed by the expression of mutants in the periplasm of
E. coli (42), allowed us to map the Fab 3A2 epitope roughly in the
MMP-14 catalytic domain. Our data indicate that Fab 3A2 targets
the S1′ pocket of MMP-14 and directly competes with both sub-
strate and n-TIMP-2 binding (Fig. 4A). Approximately 22% of the
Fab 3A2 CDR-H3 residues are positively charged (Lys/Arg/His),
suggesting potential interactions between the CDR-H3 loop and
the negatively charged active-site vicinity of MMP-14 (Fig. 4B).
The MMP family members are promising drug targets in pa-

thologies ranging from atherosclerosis and stroke to cancer and
arthritis. The long CDR-H3 synthetic Fab libraries we constructed
have already been applied for the identification of inhibitory anti-
bodies to other MMPs, including MMP-2 and MMP-9. It is highly
likely that the general methodology we developed and successfully
used in our study could be readily reused to design the selective
antibody inhibitors to additional individual MMPs. These selective
inhibitors can also be exploited as research tools to shed more light
on MMP functionality in normal and pathophysiological conditions.
Furthermore, our antibody design technology could be generalized
and applied to other targets outside of the MMP family. Overall,
our proof-of-principle study suggests that the synthetic antibody

Fig. 3. Inhibition function of Fab 3A2 on MMP-14 proteolytic activities toward physiological substrates. (A) Gelatin zymography of MMP-14–dependent
activation of proMMP-2. (B) Fab 3A2 inhibition on degradation of type I collagen mediated by cellular MMP-14. The intensity of the bands and collagen was
quantified using the digitized images and ImageJ (NIH) software. In gelatin zymography, a proenzyme/activation intermediate ratio was expressed as the
percentage of the proenzyme and the intermediate, each relative to their total amount.

Fig. 4. Inhibition mechanisms by structure interpretation. (A) Top view of
the cdMMP-14 reaction site. Three His residues (yellow) of the catalytic
motif (HEXXHXXGXXH) coordinate the catalytic zinc (purple). P259, F260,
and Y261 (green) form the specific S1′ cleft. Eight mutation sites for epitope
mapping are shown in red. Competitive ELISA and inhibition assays (Fig. 2F)
suggested that Fab 3A2 bound at F260 (black dotted circle). (B) Side view
of MMP-14 reaction cleft and vicinity as an electrostatic surface model.
Protruding F260 is responsible for the formation of a relatively deep S1′
cleft with the catalytic zinc (purple) at the bottom of the cleft. The
concave active site is predominantly negatively charged. Images were
generated using PyMOL based on the MMP-14 crystal structure (Protein
Data Bank 1BQQ).
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libraries with the extended CDR-H3 segments have a potential to
generate selective function-blocking antibodies to multiple enzymes
in which druggable pockets are buried deeply inside the protein
globule and which cannot be accessed by the antibodies designed by
current methodologies.

Methods
Degenerate polynucleotides encoding the randomized 23-, 25-, and 27-residue-
long CDR-H3 segments were chemically synthesized. To mimic the camelid
antibody CDR-H3 repertories, customized XYZ codons were designed (Fig. S2B).
The long CDR-H3 fragments were assembled by overlap extension without PCR

amplification (33). Functional full-length CDR-H3 fragments were selected and
cloned into phagemids to generate synthetic human Fab libraries. The con-
structed phage libraries were subjected to three rounds of panning against the
immobilized catalytic domain of MMP-14. The isolated Fab clones were bio-
chemically characterized by ELISA, FRET assays, and epitope mapping. Inhibi-
tory function in the cellular context was also tested. Detailed experimental
procedures are provided in SI Methods.
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Construction of Long CDR-H3 Fab Phage Libraries. Six degenerate
polynucleotides encoding the randomized 23-, 25-, and 27-residue-
long CDR-H3 segments and the partial framework region 3 (FR3)
and FR4 were synthesized by IDT. To mimic the camelid antibody
CDR-H3 repertories, customized XYZ codons were synthesized
using the following proportion of nucleotides: X = 38% G, 19% A,
26% T, and 17% C; Y = 31% G, 34% A, 17% T, and 18% C; and
Z = 24% G and 76% C. The XYZ codons were used to construct
the 23-residue-long CDR-H3 fragments. The standard NNS co-
dons were used for constructing the 25- and 27-residue-long
CDR-H3s. The long CDR-H3 fragments were assembled by
overlap extension without PCR amplification using T4 DNA po-
lymerase and T4 DNA ligase (33). The assembled long CDR-H3
fragments were gel-purified, digested with AflII/HindIII, and
cloned into the N terminus of the β-lactamase gene. CDR-H3 li-
braries were transformed into Escherichia coli Jude-I (DH10B
harboring the F′ factor derived from XL1-Blue) and incubated on
2× YT agar plates supplemented with 0.5 mM isopropyl β-D-1-
thiogalactopyranoside and 50 μg/mL ampicillin to remove stop
codons and reading frame shifts (34). Selected in-frame long
CDR-H3 fragments were cloned into AflII/BsmBI sites on phagemids
of a synthetic Fab antibody library (35). The constructed Fab
phage libraries carrying long CDR-H3s were transformed into
E. coli XL1-Blue by electroporation, and library quality was vali-
dated by DNA sequencing. The expression profile of 39 randomly
picked Fab phage clones was tested by Western blotting using
anti-Fab–horseradish peroxidase (HRP) conjugates.

Production and Biotinylation of MMP-2, MMP-9, MMP-14, and n-TIMP-2.
The catalytic domains of MMP-2 and MMP-14 were cloned, ex-
pressed, purified, and refolded as described previously (52). The
catalytic domain of MMP-9 was produced without refolding by
soluble expression in the periplasmic space of E. coli (42). Enzy-
matic activities of MMPs were analyzed by cleavage assays using a
quenched fluorescent peptide substrate Mca-Lys-Pro-Leu-Gly-Leu-
Dap(Dnp)-Ala-Arg-NH2 (Bachem). The reactions were performed
in Tris-buffered saline [TBS; 50 mM Tris·HCl (pH 7.5), 150 mM
NaCl, 5 mM CaCl2, 100 μM ZnCl2] in the presence of 1–40 μM
substrate and 10 nMMMP. Fluorescent signals (relative fluorescent
units) with the excitation at 328 nm and the emission at 393 nm
were monitored continuously at 10-s intervals using a Synergy H4
microplate reader (BioTek) to determine the Km and kcat. The
purified MMP-2, MMP-9, and MMP-14 catalytic domains were
biotinylated using EZ-Link Sulfo-NHS-LC-Biotin reagent (Pierce)
and applied in phage panning and ELISA. MMP-14 mutant genes
were constructed by overlapping PCR and similarly expressed and
isolated from the periplasm of E. coli. The n-TIMP-2 was produced
by E. coli periplasmic expression and affinity-purified as described
in a previous study (42).

Phage Panning and Monoclonal ELISA. Standard protocols were
applied for phage preparations and ELISA, with modifications (53,
54). Briefly, ∼1013 phage particles of the constructed long CDR Fab
library were depleted by incubation in wells of a microtiter plate
coated with streptavidin at ambient temperature for 1 h. The
streptavidin-depleted phage library was then transferred to wells of
a microtiter plate coated with streptavidin, followed by biotinylated
MMP-14. Incubation was continued at ambient temperature for 1 h.
After washing 10 times with TBS containing 0.1% Tween 20
(TBST) and five times with TBS, MMP-14 binders were eluted by
incubation with 6 μM n-TIMP-2 at ambient temperature for 1 h.

The remaining phages were further eluted with 100 mM triethylamine.
In the second and third rounds of selection, to increase stringency,
the wells were washed 20 times with TBST, followed by five times
with TBS. The antigen concentration was reduced to twofold in the
third round. Monoclonal phage ELISA was performed in wells of a
microtiter plate coated with streptavidin in 0.5% gelatin, followed
by biotinylated MMP-14. The wells coated with biotinylated BSA,
but not with MMP-14, were used as a control. The coated plates
were incubated with the supernatant aliquots of the monoclonal
phage cultures. Anti-M13–HRP conjugate and 3,3′,5,5′-tetrame-
thylbenzidine (TMB) were added to the wells. The reaction was
stopped by acidification using sulfuric acid. The absorbance was
measured at 450 nm. The clones with signal ratios of MMP-14 to
BSA over 5 were considered positive.

Cloning, Expression, and Purification of Fabs. Selected Fab genes
were cloned into the Fab expression vector containing the PhoA
promoter, a STII leader peptide, and a His tag at the C terminus of
the VH (54). After expression in E. coli BL21 at 30 °C overnight,
Fabs were purified from the periplasmic fraction by nickel-nitri-
lotriacetic acid chromatography, dialyzed against 50 mM Hepes
and 150 mM NaCl (pH 6.8), and analyzed by SDS/PAGE. The
concentrations of Fabs were measured with a NanoDrop 2000
instrument (Thermo Scientific).

Fab ELISA. Purified Fab was serially diluted in MMP-14–coated
wells, followed by incubation at ambient temperature for 1 h.
Bound Fabs were detected using the anti-Fab–HRP conjugate. The
EC50 was calculated from a four-parameter, logistic, curve-fitting
analysis. In the competitive ELISA for epitope mapping, 10 nM
Fab 3A2 was incubated with 0–2,000 nM MMP-14 mutants for 2 h
and transferred to the streptavidin-coated wells with biotinylated
wild-type MMP-14 for 15 min. Bound Fab 3A2 was detected using
the anti-Fab–HRP conjugate.

MMP Inhibition Assay. The enzymatic activity of the wild-type and
mutant MMP-14 in the presence of inhibitory Fabs was measured
at 37 °C by monitoring the hydrolysis of the fluorogenic peptide
with the excitation at 328 nm and the emission at 393 nm (55).
Typically, 0–8,000 nM Fab was incubated with 1 nM MMP-14 in
TBS buffer for 1 h at ambient temperature, and the reaction was
then initiated by adding the substrate to a final concentration of
1 μM. Fluorescence was recorded continuously for 30 min, and the
initial reaction rates and inhibition constants were calculated by
fitting the data to Eq. S1, where Vi is the initial velocity in the
presence of inhibitor, Vo is the initial velocity in the absence of
inhibitor, and [I] is the inhibitor concentration:

Vi

Vo
%=

1

1+ ½I�
IC50

× 100. [S1]

To determine the type of inhibition, the initial velocity of MMP-14
was measured as a function of substrate concentration (0–40 μM)
at several fixed concentrations of Fab (0–500 nM). The values of
apparent Km and Vmax were derived by linearization according to
the Lineweaver–Burk equation.

Surface Plasmon Resonance Analysis Using Biacore. MMP-14 was
immobilized on a CM5 sensor chip via amine coupling. Fab
samples (5–20 nM each) were injected over the surface for the
binding experiments performed at 25 °C. The data were processed
using a monophasic model for nonlinear curve fitting with possible
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mass transport considered. The rate constants kon and koff were
calculated using the BIAevaluation version 4.1 package (Pharmacia).

Gelatin Zymography. Fibrosarcoma HT1080 cells, which expressed
MMP-14 on the cell surface, were stimulated for 24 h in serum-free
DMEM supplemented with 50 ng/mL tetradecanoyl phorbol ac-
etate (Sigma–Aldrich) alone or in the presence of the indicated
20–200 nM concentration of Fabs. The status of MMP-2 in the
conditioned medium aliquots was analyzed using a precast 10%
(wt/vol) acrylamide gel copolymerized with 0.1% gelatin (Life
Technologies). After electrophoresis, the gel was incubated twice
for 30 min at ambient temperature in 2.5% (wt/vol) Triton X-100
and then for 16–18 h at 37 °C in 50 mM Tris·HCl (pH 7.4) con-
taining 10 mM CaCl2, 1 μM ZnCl2, and 0.02% NaN3. The gel was
then stained with Coomassie Blue R-250 to visualize the bands
with gelatinolytic activity. The broad-spectrum hydroxamate
MMP inhibitor GM6001 (10 μM) was added to the cells and used
as a positive control to inhibit MMP-14 catalytic activity.

MMP-14–Mediated Degradation of Type I Collagen. Twenty-four-well
plates were coated with neutralized, chilled rat tail type I collagen
(300 μg/mL, 350 μL in PBS) for 3 h at 37 °C and air-dried for 16 h.
The collagen coating was washed with water and rehydrated for
2 h at 37 °C in 500 μL of serum-free DMEM. The human mam-
mary epithelial 184B5 cells, which did not produce MMP-14,
served as a negative control. The 184B5-MMP14 cells were
obtained by transfecting 184B5 cells with the full-length MMP-14
gene (44). Cells (5 × 104) in DMEM/2% (vol/vol) FBS were
seeded onto the collagen-coated wells and allowed to attach for
3 h. The medium was then removed and replaced with 350 μL of
serum-free DMEM alone or DMEM containing 250 nM Fab or
50 μM GM6001. The cells were incubated for 5 d. On day 3, the
medium was replaced with fresh serum-free DMEM alone or
containing the molecules of interest. On day 5, cells were detached
with 2 mM EDTA, and the collagen was then fixed with 4%
(wt/vol) paraformaldehyde and stained with Coomassie Blue R-250.

Fig. S1. Scheme shows that a convex antibody paratope formed by an extended CDR-H3 mediates enzyme inhibition. The active site of the MMP-14 catalytic
domain (cdMMP-14; gray) has a concave structure, with the catalytic Zn2+ at the bottom of the pocket (magenta). Fab 3A2 (VH, cyan; VL, pink) binds to the
cdMMP-14 reaction pocket through its long 27-residue CDR-H3 loop (blue). A model of Fab 3A2 was generated using the antibody structure prediction server
SAbPred (56), based on the 3A2 CDR-H3 sequence (Table 1). Images were generated using PyMOL.
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Fig. S2. Human, murine, and camelid antibody repertoire analysis. (A) CDR-H3 length distributions. The CDR-H3 length of camelid antibodies shows a bimodal
distribution, distinctly different from Gaussian distribution of human and murine antibodies with averages at 12 and nine residues, respectively. The sequences
of antibodies were obtained from the IMGT (international ImMunoGeneTics), Kabat, and abYsis antibody databases, with the numbers of available sequences
used for statistics indicated in the inserted table. (B) Amino acid compositions of human and camelid CDR-H3s and a customized degenerate codon called XYZ.
Camelid antibodies carry more Cys, less hydrophobic residues (Phe, Val, and Ile), more positively charged residues (Arg and Lys), and more hydrophilic residues
(Gly, Ser, Thr, and Asn). To mimic these features, a degenerate codon XYZ was custom-designed to bias the diversity toward the amino acid use in camelid
CDR-H3 sequences. The inserted table indicates nucleotide proportions of XYZ at each of the three codon positions.
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Fig. S3. Construction of synthetic antibody libraries with long CDR-H3s. (Step 1) Hybridization of degenerate oligonucleotides encoding long CDR-H3s with
23, 25, and 27 aa. (Step 2) CDR-H3 fragment assembly by T4 DNA polymerase and T4 DNA ligase. (Step 3) Assembled long CDR-H3 genes were subjected for full-
length in-frame selection by fusing with β-lactamase. CDR-H3s (3.8 × 108) were generated after in-frame selection. (Step 4) Cloning of the in-frame CDR-H3s
into an existing Fab library to construct a synthetic antibody library carrying long CDR-H3s with 23, 25, and 27 aa. The final library diversity was 1.25 × 109.

Fig. S4. CDR-H3 amino acid frequency in the constructed library (100 clones) and selected ELISA-positive Fabs (77 clones).
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Fig. S5. Purity and storage stability of produced Fabs and size exclusion chromatography (SEC) analysis of Fab 3A2. (A) Nonreducing SDS/PAGE of purified long
CDR-H3 Fabs. Typical yields of Fabs were 0.5–2 mg/L in E. coli after purification. Trace amounts (typically <2%) of unassembled VHs are presented at ∼27 kDa.
(B) SEC of purified Fab 3A2 using an analytical Superdex 75 10/300 GL column (GE Health). Fab 3A2 was eluted as a monomer, without any detectable level of
aggregates. (C) Nonreducing SDS/PAGE of purified Fabs after storage for 1 mo at 4 °C.

Fig. S6. Dose–response curves of EC50 (black) and IC50 (red) values of representative low-potency inhibitory Fabs (A) and noninhibitory Fabs (B). Quenched-
fluorescent substrate peptide (1 μM) and cdMMP-14 (1 nM) were used in FRET inhibition assays.
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Fig. S7. Stability of purified Fabs in the presence of MMP-14 at an enzyme/Fab ratio of 1:5 or 1:10. Mixtures at pH 7.5 were incubated at 37 °C for 1 h or
overnight (O/N; 16 h). Except for the Fab 3A2 overnight sample at the 1:5 ratio, none of the other tested conditions resulted in significant cleavage of Fabs by
MMP-14. M, molecular weight standard.
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Fig. S8. MMP-14 mutants for epitope mapping. (A) Sequence alignment of catalytic domains of human MMP-2, MMP-9, and MMP-14. The active site
(HEXXHXXGXXH) and the S1′ region are underlined. The mutation sites chosen for epitope mapping are boxed. Identity residues are shown in red and marked
with an asterisk. The residues of strong similarity are shown in green and marked with a colon. The residues of weakly similarity are shown in blue and marked
with a period. The residues of nonidentity are shown in black. Sequence identity in these three MMPs is 37.43%. Sequence similarity in these three MMPs is
29.05%. (B) Activity of each mutant (10 nM) was monitored in the presence of 1 μM quenched fluorescent substrate. The slope of each mutant was measured,
and the relative activity was calculated using wild-type (WT) MMP-14 as 100%. (C) Inhibition assay was performed using 50 nMMMP-14 mutant, 5 μM Fab 3A2,
and 1 μM quenched fluorescent substrate. The inhibition percentage was derived from the relative activities of MMP-14 in the presence and absence of Fab
3A2. RFU, relative fluorescent units.
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Fig. S9. Relationship between binding affinity and inhibition potency. The 14 inhibitory clones isolated in this study form four clusters: group 1 (seven of 14
clones), high inhibition potency and high binding affinity; group 2 (two of 14 clones), high binding affinity and low inhibition potency; group 3 (three of 14
clones), moderate binding affinity and moderate inhibition potency; and group 4 (two of 14 clones), low binding affinity and moderate inhibition potency.
Clones in group 1 can serve as leads for further characterizations. Clones in group 2 presumably have their paratopes partially contribute to inhibition. Clones
in groups 3 and 4 probably bind to inhibitory epitopes with suboptimal strengths and are therefore suitable for further affinity maturation.
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