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Degradation of the extracellular matrices in the human body
is controlled by matrix metalloproteinases (MMPs), a family of
more than 20 homologous enzymes. Imbalance inMMP activity
can result in many diseases, such as arthritis, cardiovascular
diseases, neurological disorders, fibrosis, and cancers. Thus,
MMPs present attractive targets for drug design andhave been a
focus for inhibitor design for as long as 3decades. Yet, to date, all
MMP inhibitors have failed in clinical trials because of their
broad activity against numerous MMP family members and the
serious side effects of the proposed treatment. In this study, we
integrated a computational method and a yeast surface display
technique to obtain highly specific inhibitors of MMP-14 by
modifying the natural non-specific broad MMP inhibitor pro-
tein N-TIMP2 to interact optimally with MMP-14. We identi-
fied an N-TIMP2 mutant, with five mutations in its interface,
that has an MMP-14 inhibition constant (Ki) of 0.9 pM, the
strongest MMP-14 inhibitor reported so far. Compared with
wild-type N-TIMP2, this variant displays �900-fold improved
affinity toward MMP-14 and up to 16,000-fold greater specific-
ity towardMMP-14 relative to otherMMPs. In an in vitro and
cell-based model of MMP-dependent breast cancer cellular
invasiveness, this N-TIMP2 mutant acted as a functional
inhibitor. Thus, our study demonstrates the enormous poten-
tial of a combined computational/directed evolution ap-
proach to protein engineering. Furthermore, it offers fun-
damental clues into the molecular basis of MMP regulation

by N-TIMP2 and identifies a promising MMP-14 inhibitor as
a starting point for the development of protein-based anti-
cancer therapeutics.

Matrix metalloproteinases (MMPs)5 are a family of enzymes
consisting of more than 20 homologous proteins that play a
significant role in the degradation of the extracellular matrix, a
crucial step inmany cellular processes.MMPs aremultidomain
proteins that differ in domain architecture and substrate pref-
erences (1), but they all share a catalytic domain with a nearly
identical active site containing a Zn2� ion (2). MMPs are synthe-
sized in an inactive form and are subsequently activated by the
cleavage of a pro-domain, often by other MMPs or by different
proteases (3, 4), thus producing complex protein/protein interac-
tion networks (5). For example, MMP-2 is activated physiologi-
callybyMMP-14;MMP-9 is activatedbyactiveMMP-2andactive
MMP-7; andMMP-1 is also activated by activeMMP-7 (4). Some
MMPs, suchasMMP-3, are “master regulators,” beingable toacti-
vate themselves as well as otherMMPs (6).
Imbalance in MMP activity leads to various diseases, includ-

ing cancers (7), cardiovascular diseases (8), and arthritis (9). In
cancer-related processes, someMMPs play a crucial role in the
promotion of metastasis and other aspects of tumor growth
through cleavage and activation of a variety of different proteins
(10, 11). In particular, there is elevated expression of a mem-
brane-typeMMP,MMP-14 (also known asMT1-MMP), in var-
ious human carcinomas, including uterine, cervical, stomach,
lung, breast, colon, melanoma, head and neck, and brain
tumors (12). Elevated MMP-14 expression is also associated
with early death of patients with various cancers (13) and is
correlated with cancer progression, invasion, lymph node
metastases, a poor clinical stage, larger tumor size, and tumor
stage progression (14). In the laboratory, MMP-14 has been
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shown to play a direct role in the multiplication of tumor cells
inside a three-dimensional collagen matrix (15).
Because of the obvious importance ofMMPs in cancer,many

MMP inhibitors have been designed over the past 30 years. Yet,
because of their high toxicity, all failed in clinical trials (16, 17).
The major drawback of these inhibitors was that they targeted
the conserved active site of MMPs and thus reacted with other
Zn2�-containing proteins in the body, resulting in high toxicity
(2). Moreover, broad inhibition of all MMP family members is
not necessarily desirable, because some MMPs, for example,
MMP-8 and MMP-12, exhibit anti-tumorigenic functions (18,
19). In addition, it has been shown in animal cancermodels that
lack of activity of certainMMPs is correlated withmore aggres-
sive cancers (17). There is currently an understanding that the
correct approach is to target only one MMP family member so
as to prevent the undesired effects caused by inhibition or acti-
vation of otherMMPs. However, such specific MMP inhibitors
are difficult to obtain by starting from small molecules.
Protein-based inhibitors, on the contrary, have an inherent

potential to be highly specific due to their large interaction sur-
face area, which bind not only highly conserved catalytic sites
but also a variety of surrounding residues. In recent years, sev-
eral antibodies obtained against MMP-2/MMP-9 (20) and
MMP-14 (21) have been shown to exhibit high target specificity
and therapeutic potential in pre-clinical models. Nonetheless,
antibodies have several well known limitations, including high
cost of production (22), difficulty in conjugating chemical moi-
eties in a site-specific manner, potential undesired effector
functions (23), and considerable intellectual property barriers
to their development (24). In addition, the large size of antibod-
ies results in poor tissue perfusion, whereas smaller proteins
can permeate a tumor mass far more easily (25). Whereas anti-
MMP antibodies remain promising candidates for targeting
MMPs, non-antibody scaffolds for MMP inhibition could pro-
vide an attractive alternative inMMPdrug development. Alter-
native plausible candidates for MMP inhibitor design are the
tissue inhibitors of metalloproteinases (TIMPs), which are
broad inhibitors of the MMP family. In nature, there are four
such inhibitors (TIMPs 1–4) that show40–50% sequence iden-
tity and exhibit slightly different preferences for variousMMPs,
but they generally possess low selectivity amongMMPs (26). All
TIMPs bind to MMPs using the same interaction mode, coor-
dinating the active site but also interacting with a number of
additional sites onMMPs (27–33) (Fig. 1). As natural effectors,
TIMPs are non-immunogenic and non-toxic to humans. We
chose to work only with the N-terminal domain of TIMP-2,
N-TIMP2, a tractable domain that is easier to produce than the
full-length protein, exhibits a high starting affinity for various
MMPs (Ki� 10�10–10�9 M), and has been shown to be neces-
sary and sufficient for MMP inhibition (34, 35). In addition, by
not having aC-terminal domain,N-TIMP2 cannot play a role in
pro-MMP2 activation by binding to the MMP hemopexin
domain and localizing to the cell surface, where pro-MMP2 is
activated by MMP-14 (36).
To evolve enhanced selectivity of N-TIMP2, here we employ

yeast surface display (YSD), a powerful technique that has been
repeatedly utilized for affinity maturation of various biological
complexes (37–39), although not previously for TIMP/MMP

systems. In the YSD approach, a library of protein mutants is
expressed on the surface of the yeast cell and incubated with a
fluorescently labeled target protein. The selection for binding
can be performed quickly and efficiently using fluorescence-
activated cell sorting (FACS). However, due to the limit in
transformation efficiency, YSD technology is confined to
exploring�108 various protein binder sequences,meaning that
only 6–7 binder positions can be fully randomized with all 20
amino acids. To overcome this limitation and to increase our
chances of success in evolving a potentMMP-14 inhibitor, here
we have designed a focused combinatorial library of the most
promisingN-TIMP2mutants, based on our previous computa-
tional analysis of N-TIMP2/MMP interactions (40).
In our previous study, we computationally explored the

effect of various single mutations on N-TIMP2 binding affinity
and binding specificity toMMP-14 andMMP-9 and found that
N-TIMP2’s binding interface is rich in affinity-enhancing
mutations (40). Our computational predictionswere supported
experimentally: out of 13 N-TIMP2 single mutants chosen for
expression, purification, and binding measurements, 10
showed enhancement in affinity to MMP-14 and 11 showed
enhancement in binding specificity to MMP-14 relative to
MMP-9 (40). Yet, the increase in binding affinity and binding
specificity due to each singlemutation did not exceed a factor of
10, insufficient for obtaining the desired high affinity and high
specificity MMP-14 inhibitor. Introduction of multiple muta-
tions into N-TIMP2 should offer the opportunity for more
extensive improvements, yet the design of such N-TIMP2
mutants has been limited by our ability to computationally pre-
dict the interactive effects of multiple coinciding mutations. In
this study, we have taken a novel approach by integrating our
computational insights with the power of directed evolution to
achieve unprecedented improvements in TIMP selectivity. Our
prior computational results serve as a launching-off point for
designing a YSD library that very efficiently samples the most
relevant areas of sequence space; this formidable combination
of computational and YSDmethodologies succeeds in produc-
ing highly selective N-TIMP2 mutants capable of serving as
potent and specific inhibitors of MMP-14 in vitro and in vivo.

Results

Combinatorial Library Design Based on Computational Sat-
uration Mutagenesis Analysis—To maximize our chances of
selecting the best MMP-14 inhibitors, we designed a focused
library of N-TIMP2mutants that containedmutations at seven
positions with the highest probability of mutations for enhanc-
ing affinity and specificity of N-TIMP2 toward the catalytic
domain of MMP-14 (MMP-14CAT). The library was designed
based on in silico saturation mutagenesis analysis (41, 42) of
N-TIMP2 interacting with eight different MMPs performed in
our previous study (40). We selected seven N-TIMP2 positions
for this study to be randomized in theN-TIMP2 library, namely
positions 4, 35, 38, 68, 71, 97, and 99 (Fig. 1). All seven positions
lie in the direct binding interface of N-TIMP�MMP complexes,
and six of themare coupled in pairs as a result of close proximity
(no greater than 5.7Å) to one another (35 and 38, 68 and 71, and
97 and 99), suggesting that a mutation at one such position is
likely to influence the effect of a mutation at another position
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that is paired with it. Among these chosen positions, positions
4, 35, 38, 68, and 99 were included because they contained a
large number of mutations with predicted improvement in the
affinity of N-TIMP2 forMMP-14CAT. The other positions were
chosen because they have high potential for improving binding
specificity, i.e. for facilitating interactions that are mostly neu-
tral for MMP-14 but destabilize complexes with other MMPs.
Rather than focusing the library further by restricting the
amino acid choices at each position, we allowed full random-
ization to 20 amino acids at all seven positions, thus producing
a librarywith a theoretical diversity of 1.3� 109mutants, which
is slightly larger than the limit for YSD. The N-TIMP2 library
was then experimentally constructed as detailed under “Exper-
imental Procedures.”
Sorting of the N-TIMP2 Focused Library—We used a YSD

platform to select N-TIMP2 variants that bind with high affin-
ity to MMP-14CAT. For this purpose, we cloned the coding
region ofN-TIMP2WT into twodifferent YSDplasmids, namely
pCTCON or pCHA, for presentation of the proteins on the
Saccharomyces cerevisiae yeast surface as a fusion with the
Aga2p/Aga1p system (Fig. 2). In thepCTCONplasmid,N-TIMP2
is placed between the Aga2 protein and the c-Myc epitope tag,
whereas the pCHAplasmid allows theN terminus ofN-TIMP2 to
be freely exposed. Expression of N-TIMP2WT in both pCHA and
pCTCON was verified by using FACS. Binding of expressed
pCHA/N-TIMP2WTbut not of the pCTCON/N-TIMP2WT clone
to the fluorescently labeledMMP-14CATwas then detected, dem-
onstrating the critical role of a freeN terminus forN-TIMP2bind-
ing to MMPs. We therefore continued all our selection experi-
ments using the pCHA construct with the N-TIMP2WT gene
being substituted by the designed N-TIMP2 library.
The designed N-TIMP2 library, termed S0, was subjected to

an initial round of expression enrichment, based on c-Myc
detection, to yield the S1 library (Fig. 2C). Five subsequent
rounds of affinity maturation were then performed with
decreasing concentrations of MMP-14CAT (ranging from 1 �M

in S2 to 5 nM in S6). In sorting rounds 2–6, diagonal sorting
gates were used to select cell populations having high target
affinity levels relative to protein expression levels, with about

1.5% of the library size being selected each time (Fig. 2C). Such
a selection protocol allowed us to dramatically decrease the bias
of selecting variants because of their high expression level but
possibly low binding level.
Identification of N-TIMP2 Clones with Improved MMP-

14CAT Affinity—After each round of selection, we sequenced
15–20 different N-TIMP2 clones and analyzed their sequences
with the aim to follow the progression of the selection (Fig. 3).
Sequence analysis showed increased amino acid conservation
as the selection progressed, indicating convergence upon a
small set of high affinity sequences. Computationalmodeling of
the selected sequences in the context of N-TIMP2/MMP-
14CAT structure confirmed that the average change in free
energy of binding,��Gbind, did indeed decrease as the selection
progressed (Fig. 3, right). Sequencing of 15 clones from the final
round of selection (S6) led to the identification of four different
N-TIMP2 variants, N-TIMP2A–D (Fig. 2E). Clone N-TIMP2B
was repeated 12 out of 15 times in S6 and N-TIMP2D was
repeated twice. N-TIMP2C included one unexpectedmutation,
K116E, that is located far from the binding interface. We fur-
ther confirmed that each of the individual clones identified
in S6 bound with higher affinity to MMP-14CAT than to
N-TIMP2WT when expressed on the yeast surface (Fig. 2D).
Affinity-matured N-TIMP2 Variants Show Improved Selec-

tive MMP-14 Inhibition in Solution—To assess in vitro
N-TIMP2 affinity to MMP-14 and other MMPs, we expressed
and purified soluble forms of N-TIMP2WT and the four
N-TIMP2 variants (Fig. 4). The expression was performed in
Pichia pastoris yeast, which facilitates the correct disulfide bond
formation of the N-TIMP2 variants (43) without the need for
refolding, as in the case of expression from Escherichia coli (44).
For expression, we used the pPICZ�A vector that produces the
protein with a free N terminus and C-terminal His and c-Myc
epitope tags.We purified the proteins using affinity chromatogra-
phy, followed by size-exclusion chromatography (Fig. 4A). Mass
spectrometry analysis confirmed the correct mass for each of the
purified variants (Fig. 4B), whereas SDS-PAGE analysis (Fig. 4C)
confirmed their high expression level and purity.
To determine the binding affinity of each of the purified

N-TIMP2 variants toMMP-14 and otherMMPs, we utilized an
enzyme activity assay. In such an assay, MMP-14CAT was incu-
bated with increasing concentrations of N-TIMP2WT or an
N-TIMP2mutant, and the cleavage of theMMP-14 fluorogenic
substrate was determined as a function of time. The slope of each
reaction was calculated and fitted to Morrison’s tight binding
equation (seeEquation1) todetermine theKivalue (Fig. 4,DandE,
and Table 1). To determine binding specificity of our N-TIMP2
mutants, we also measured Ki values for five additional MMPs
belonging to different MMP subgroups, namely gelatinases
(MMP-2CAT and MMP-9CAT), collagenases (MMP-1CAT and
full-length MMP-8), and stromelysin (MMP-10CAT).
N-TIMP2WT bound to MMP-14 with a Ki of 780 � 80 pM

(Table 1), a finding consistentwith previous studies (45). All the
selected N-TIMP2 variants showed picomolar affinities for
MMP-14CAT, exhibiting �500- to �900-fold improvement in
Ki compared with theKi for N-TIMP2WT (Tables 1 and 2). This
outstanding enhancement in binding affinity, by almost 3
orders of magnitude, which was due to only a few mutations,

FIGURE 1. Library design. Structure of N-TIMP2 (shown in cyan) in complex
with MMP-14CAT (shown in gray) (adapted from Protein Data Bank code 1BUV
(28)) with positions that were chosen for full randomization shown as red
spheres. Purple sphere represents the Zn2� atom found in the active site of
MMP-14CAT.
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validates the potency of our combined computational/directed
evolution methodology.
We found that although our mutants showed greatly

improved binding affinity toward MMP-14 vis à vis N-
TIMP2WT, affinity improvements toward MMP-9CAT, MMP-
2CAT,MMP1CAT, and full-lengthMMP-8 were relatively small,
and for N-TIMP2C and N-TIMP2D, affinity was substantial-
ly weakened toward the physiological target MMP-10CAT.
Thus, the mutations present in N-TIMP2C and especially

N-TIMP2D resulted in enhancement of specificity toward
MMP-14CAT over other MMPs by 2–4 orders of magnitude
(Table 2). These results demonstrate the high potency and
selectivity of all the tested variants toward MMP-14CAT, with
N-TIMP2D showing the highest promise as a candidate for in
vivo applications targeting MMP-14.
N-TIMP2 Variants Bind with Higher Affinity to MMP-14CAT

Because of a Low Off Rate—We next measured the direct bind-
ing constants (KD) for N-TIMP2 variants binding to MMP-

FIGURE 2. Random mutagenesis library screening. A, schematic representation of N-TIMP2WT expressed using the pCTCON construct, with MMP-14CAT as a
soluble target (left panel), and flow cytometry analysis of yeast expressing N-TIMP2WT in the pCTCON construct labeled with both 1�M MMP-14CAT conjugated
to DyLight-488 (emission 525 nm) and with mouse anti-c-Myc antibody followed by sheep anti-mouse secondary antibody conjugated to PE (emission 575 nm)
for detection of expression (right panel). B, schematic representation of N-TIMP2WT expressed using the pCHA construct, with MMP-14CAT as its soluble target
(left panel), and flow cytometry analysis of the yeast expressing N-TIMP2WT in the pCHA construct under the same conditions as the N-TIMP2WT in the pCTCON
construct. C, FACS results showing sorting of focused N-TIMP2 libraries. Sort round 1 (S1) represents a sort for protein expression in which the library is labeled
only for detection of expression, and a population with a high expression level is selected from the representative gate. In sort round 2 (S2), 1 �M MMP-14CAT
conjugated to DyLight-488 was used to select 1.5% (gated pool) of the high affinity population. In Sort 4 (S4) and Sort 6 (S6), 50 and 5 nM, respectively, of
MMP-14CAT conjugated to DyLight-488 were used as targets to select the high affinity pool of clones. The x axis shows c-Myc expression, and the y axis shows
receptor binding. Polygons indicate sort gates used to select the desired yeast cell population.D, titration curves of the yeast surface displayed N-TIMP2WT and
four selected N-TIMP2 clones (N-TIMP2A–D). The yeast cells expressing four different clones and wild-type N-TIMP2 were labeled with MMP-14CAT conjugated
to DyLight-488 at a concentration of 1–1000 nM. The binding signal (DyLight-488, emission 525 nm) was normalized to the expression of each clone (PE,
emission 575 nm). E, sequences of the N-TIMP2 variants identified after the sixth sort (S6).
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14CAT by using surface plasmon resonance (SPR). The KD for
N-TIMP2WT binding to MMP-14CAT was determined to be
34.9 nM, although for the selected N-TIMP2 variants it was
improved to�1nMforN-TIMP2A-Cand to0.6nMforN-TIMP2D.
The SPR sensorgrams (Fig. 5) show that the improvement in KD
for the selected N-TIMP2 variants was mostly achieved due to a
slower dissociation rate than that for N-TIMP2WT (Table 3).
Improvement in the dissociation rate rather than the association
rate is expected for variants selected in YSD experiments, and the
slow dissociation rate is indeed one of themost important charac-
teristics of a drug candidate molecule.
N-TIMP2 Variants Inhibit Gelatinolytic Activity of MMP-2

and MMP-9—To test the inhibitory activity of N-TIMP2 vari-
ants on the gelatinolytic function of MMP-2 and MMP-9, a
gelatin zymography assay was performed with pure full-length
MMP-2 and MMP-9 proteins. In this assay, activated MMP-2
and MMP-9 were resolved on gelatin SDS-PAGE incubated
with the N-TIMP2 inhibitors, and the gelatinase activity was

visualized as clear bands on a dark background (Fig. 6A). Both
N-TIMP2WT and the four tested N-TIMP2 variants showed a
significant 40–80% inhibition of MMP-2 and MMP-9 activity,
as expected (Fig. 6B). The inhibitory activity shown by
N-TIMP2WT and all the tested N-TIMP2 variants was similar,
in agreement with no significant improvement in Ki values for
MMP-9 andMMP-2 of N-TIMP2WT relative toN-TIMP2 vari-
ants as shown by in vitro activity assays (Table 2). In addition,
inhibition of MMP-9 was stronger than that for MMP-2 for all
the proteins, again in agreement with the betterKi values of the
N-TIMP2 variants for this enzyme.
N-TIMP2 Variants Inhibit MMP-14 Type I Collagen —To

test the inhibitory activity of N-TIMP2 variants on the col-
lagenolytic function of MMP-14, a type I collagen degrada-
tion assay was performed with MMP-14CAT. Bovine type I
collagen was incubated with MMP-14CAT and N-TIMP2
variants. Samples were loaded on an SDS-polyacrylamide
gel, and the cleavage products were detected. All N-TIMP2
variants, but not N-TIMP2WT, showed a significant inhibi-
tion of MMP-14CAT (Fig. 6C), with type I collagen cleavage
products (TCA fragment) being observed only for the
untreated and N-TIMP2WT-treated samples (lanes 2 and 3)
but not for the rest of the samples treated with the engi-
neered N-TIMP2 variants (lanes 4–7). This result correlated
with the binding affinity (Ki) values.
Binding of Soluble N-TIMP2 Variants to Cancer Cells—To

test whether our molecules could potentially inhibit cell inva-
sion by binding to cell surface MMP-14, we measured binding
of N-TIMP2WT and the engineered N-TIMP2 variants to
MDA-MB-231 breast cancer cells, which endogenously express
MMP-14 (46). First, we measured binding of the fluorescently
labeled N-TIMP2 variants to the human breast cancer MDA-
MB-231 cell line (Fig. 7A). Control experiments showed that
MDA-MB-231 cells endogenously expressed MMP-14 (Fig.
7B), and fluorescent labeling of N-TIMP2 variants did not alter
the anti-MMP-14 activity of the inhibitors (data not shown).
The binding levels were similar for N-TIMP2WT and the
engineered variants N-TIMP2A–D. The specific binding of
N-TIMP2D to cellular MMP-14 was further validated by per-
forming a competitive assay with LEM-2/63.1, an antibody
that selectively binds the MMP-14 catalytic domain and
inhibits its activity in vitro and in cells (Fig. 7B) (47). Detec-
tion of LEM-2/63.1 with a fluorescently labeled secondary
antibody revealed that the binding of LEM-2/63.1 was
reduced to a greater extent in the presence of N-TIMP2D
versus N-TIMP2WT, supporting the superior specificity of
the former toward MMP-14.
N-TIMP2D Variant Is the Best Inhibitor of in Vitro Cell

Invasion—Previously described Matrigel invasion assays
showed that MMP-14, MMP-9, and MMP-2 expression and
catalytic activity are essential for the invasiveness of different
types of cancer cells (21, 48–50), in particular for MDA-MB-
231 cells (21, 51). To test the effect of N-TIMP2 inhibitors on in
vitro invasion of MDA-MB-231 cells, a Boyden chamber che-
moinvasion assay was employed (47). In such assays, the cells
were allowed to migrate through a Matrigel-coated membrane
and were visualized by light microscopy (Fig. 7C); the number
of invading cells was counted (Fig. 7D). Addition of the

FIGURE 3. Logo summaries of all N-TIMP2 clones sequenced after each selec-
tive round of sorting. Theheight of each letter is proportional to its frequency at
that position. The total height of the stack represents conservation at that posi-
tion. Green, purple, blue, red, and black letters, respectively, represent polar, neu-
tral, basic, acidic, and hydrophobic amino acids. The identity and position num-
bers of N-TIMP2WT are denoted at the bottom of the figure. To the top leftof each
logo, numbers S1–S6 represent the sort number. To the right, the average
��Gbind value in kcal/mol is shown (see “Experimental Procedures” for calcula-
tion details). The logos were generated by the WebLogo sever.
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N-TIMP2WT, N-TIMP2A, N-TIMP2B, andN-TIMP2C variants
resulted in about 40% inhibition of invasion (Fig. 7D). Signifi-
cantly more effective inhibition of invasion was observed for
N-TIMP2D, which inhibits invasion of about 70% of cells, thus
making this variant the most promising candidate for drug
design. Note that this candidate showed the highest inhibitory
activity for both MMP-14 and MMP-9 (but not for MMP-2)
among all the tested variants.

Discussion

In this work, we engineered four N-TIMP2 mutants with
single-digit picomolar Ki values for binding to MMP-14,

improving affinity toward this target by nearly 900-fold and
improving binding specificity relative to other MMP family
members by 100–16,000-fold. These impressive results
demonstrate the enormous potential of the combined com-
putational/directed evolution methodology for protein engi-
neering (39). In this study, we used computational methods to
reduce the library size to�108 of the most promising N-TIMP2
variants, a number that is tractable by the YSD technique. Our
strategy allowed full randomization of seven N-TIMP2 positions
most critical to MMP-14 binding affinity and binding specificity,
thusgreatly increasingour chancesof selectingvariantswith supe-
rior affinity and specificity.

FIGURE 4. Purification, characterization, and MMP-14 inhibitory activity of N-TIMP2 variants.A, size-exclusion chromatography for clone N-TIMP2B.
B, mass spectrometry analysis for clone N-TIMP2B after size-exclusion chromatography. C, SDS-PAGE analysis on 15% polyacrylamide gel under reducing
conditions for the purified clones N-TIMP2WT, N-TIMP2A, N-TIMP2B, N-TIMP2C, and N-TIMP2D. D, MMP-14 inhibition by N-TIMP2WT. E, MMP-14 inhibition
by N-TIMP2 variants. D and E, MMP-14CAT was incubated with N-TIMP2WT and N-TIMP2 variants at various concentrations. The substrate Mca-Lys-Pro-
Leu-Gly-Leu-Dpa-Ala-Arg-NH2 was added, and the fluorescent signal upon substrate cleavage by MMP-14CAT was measured. The slopes (cleavage
velocities) at each inhibitor concentration were measured, and the curves were fitted by the Morrison equation (Equation 1) to obtain the Ki values.

TABLE 1
Inhibition constants (Ki) of MMPwith N-TIMP2 variants

Clone/MMP
Ki

a

MMP-1CAT MMP-2CAT MMP-8 MMP-9CAT MMP-10CAT MMP-14CAT
pM

N-TIMP2WT 100� 7 1400� 400 1300� 50 100� 8 2260� 150 780� 80
N-TIMP2A 10� 2 1159� 10 928� 50 58� 10 700� 20 1.6� 0.1
N-TIMP2B 50� 2 2730� 400 200� 3 20� 5 350� 40 1.0� 0.1
N-TIMP2C 96� 0.8 16550� 3 336� 30 68� 3 32600� 2755 1.5� 0.4
N-TIMP2D 30� 9 1300� 140 510� 300 13� 4 42150� 900 0.9� 0.1

a Values (pM) were obtained from fitting the data shown on Fig. 4 to the Morrison tight binding equation.

TABLE 2
Inhibition specificity of N-TIMP2 variants

Clone/MMP MMP-1CAT MMP-2CAT MMP-8 MMP-9CAT MMP-10CAT MMP-14CAT
N-TIMP2A
K

i
(fold)a 10 1.2 1.4 1.7 3.2 487

Specificityb 48 406 348 286 152 1
N-TIMP2B
Ki(fold) 2 0.5 6.5 5 6.5 780
Specificity 390 1560 120 156 120 1

N-TIMP2C
Ki(fold) 1 0.1 4 1.5 0.07 520
Specificity 520 5200 130 346 7428 1

N-TIMP2D
Ki(fold) 3 1 2.5 8 0.05 867
Specificity 260 867 340 113 16164 1

a Ki(fold) is calculated as the ratio between the Ki of N-TIMP2WT and Ki of N-TIMP2 variant.
b Specificity is calculated as the ratio between the fold of improvement toward MMP-14 in comparison with MMPs. (Ki(fold) for MMP-14CAT/Ki(fold) for MMP-X.)
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Our evolved N-TIMP2 mutants by far surpass all previous
MMP inhibitors based on TIMP and other scaffolds in terms of
their binding affinities and binding specificity shift toward
MMP-14CAT (32, 35, 45, 52). Anti-MMP-14 antibodies previ-
ously developed by Sagi and co-workers (53) and by Devy et al.
(21) exhibited specific MMP-14 inhibition with nanomolar
affinity. Another MMP-14-specific inhibitor, a short peptide
(namely peptide G) developed by Suojanen et al. (54), exhibited
micromolar affinity toward MMP-14. Previously explored
N-TIMP2-based MMP inhibitors usually resulted in 10�10–
10�9 M Ki values toward the desired MMP (45, 52, 55) com-
pared with 10�12 Ki value reported here.

Previously reported N-TIMP2-based designs mostly increased
its binding specificity by reducing N-TIMP2’s affinity to alterna-
tive MMPs while maintaining the affinity to the desired MMP
at the same or even slightly reduced value (45, 52, 55).We, on the
contrary, were able to significantly enhance N-TIMP2’s binding
affinity toward MMP-14CAT while slightly increasing or decreas-
ing its affinity toward other MMPs, thus making molecules that
potentially are much more potent in vivo inhibitors of MMP-14
compared with the previously designed candidates. In addition,
N-TIMP2 residuesmutated in this studydonot include theN-ter-
minal residues 1–3 that have been used in most of the previous
N-TIMP2 designs (35, 45, 56), proving that residues that are dis-
tant to the catalyticMMPsite couldbe successfully used tomodify
N-TIMP2’s binding specificity.
Our study demonstrates that introduction of a fewmutations

into the N-TIMP2 sequence is necessary and sufficient to con-
vert this broad MMP inhibitor into a high affinity and high
specificity inhibitor of MMP-14. Although the introduction of
single mutations in various studies resulted in 10–100-fold
specificity enhancements toward the desiredMMP (35, 40, 52),
introduction of 2–3 mutations in other studies enhanced spec-
ificity of N-TIMPs by several hundredfold (45, 52), and intro-

FIGURE 5. SPR measurements of MMP-14CAT and N-TIMP2 variants interactions. A, N-TIMP2WT; B, N-TIMP2A; C, N-TIMP2B; D, N-TIMP2C; E, N-TIMP2D. The
binding response (y axis) was measured for MMP-14CAT at different concentrations, 20 nM (blue), 10 nM (green), 5 nM (purple), 2.5 nM (yellow), and 0 nM (red).

TABLE 3
Kinetic rates and binding affinity constants for N-TIMP2 variantsmea-
sured by SPR

Clone kon koff KD

104 M�1s�1 10�5 s�1 nM
N-TIMP2WT 1.41� 0.02 49.1� 0.1 34.9� 0.6
N-TIMP2A 5.43� 0.01 4.65� 0.01 0.857� 0.002
N-TIMP2B 6.14� 0.01 6.65� 0.01 1.08� 0.002
N-TIMP2C 4.72� 0.01 5.20� 0.01 1.10� 0.01
N-TIMP2D 6.20� 0.01 3.74� 0.01 0.603� 0.001
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FIGURE 7. Binding of N-TIMP2 variants to MDA-MB-231 cells and inhibition of cancer cell invasion. A, binding of the N-TIMP2 inhibitors, conjugated to
DyLight-488 fluorescent dye, to the cells. B, binding of LEM-2/63.1 anti-MMP-14 antibody in the absence and presence of N-TIMP2 inhibitors. *, p	 0.05 for t
test comparisons of the indicated condition versus LEM-2/63.1 binding. C, representative micrographs of invading MDA-MB-231 cells treated with 7.5 nM

N-TIMP2 inhibitors; the cells were stained with Dipp Kwik Differential Stain and visualized as dark forms on light background by light microscopy using�40
magnification lenses. D, calculated fold of invasion. The experiment was repeated three times; means and standard error are given. ***, p	 0.001 for t test
comparisons of the indicated condition versus N-TIMP2WT.

FIGURE 6. Inhibition of gelatin and collagen degradation by N-TIMP2 variants.A, representative gelatin zymography of 1 nM MMP-2 and MMP-9 full-length
proteins resolved on SDS-PAGE and treated with 100 nM N-TIMP2 inhibitors. Left lane of each gel represents pro-MMP2 (upper) and active MMP-2 (lower), and
the right lane represents active MMP-9. B, quantification of band intensity normalized to the intensity of the control (untreated) gel. The average values for the
percentage of inhibition for MMP2 are as follows: N-TIMP2WT, 51%; N-TIMP2A, 57%; N-TIMP2B, 51%; N-TIMP2C, 41%; N-TIMP2D, 55%; and for MMP9 as follows:
N-TIMP2WT, 61%; N-TIMP2A, 68%; N-TIMP2B, 68%; N-TIMP2C, 79%; N-TIMP2D, 74%. Error bars represent S.E. Statistical analysis was performed by Student’s t test
compared with untreated control *, p 	 0.05; **, p 	 0.01 n � 3. C, representative degradation products of bovine type I collagen. Collagen (1.5 �g) was
incubated with (lane 2) or without (lane 1) 2.2�g of MMP-14CAT, or with 2.2�g of MMP-14CAT along with 2.5�M of inhibitors (N-TIMP2WT, N-TIMP2A, N-TIMP2B,
N-TIMP2C, and N-TIMP2D, lanes 3–7, respectively). The labels �1 and �2 indicate the �1(I) and �2(I) chains of type I collagen, and the � chains indicate the
cross-link between two �1 chains or between �1 chain and �2 chain. The 3⁄4 cleavage product of type I collagen by MMP-14CAT is indicated as TCA (3⁄4)
fragment. Note the reduction in collagen degradation in the presence of the N-TIMP2 variants.
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duction of five mutations in this study resulted in up to 16,000-
fold specificity enhancement towardMMP-14 relative to other
tested MMPs.
Structural modeling of the N-TIMP2 sequences that

appeared after the 6th round of YSD selection in complex with
MMP-14CAT (Fig. 8) allows us to explain how each of the indi-
vidual mutations affects binding affinity for MMP-14 (see Figs.
3 and 8). At position 4, an Arg predominates in the selected
sequences, although an Ala and a Met are also present. Wild-
type Ser at this position has sub-optimal interactions with
MMP-14 (40) (Fig. 8A), and single mutations to Arg and Ala at
this position were previously shown to result in an �2- and
4-fold increase in N-TIMP2 affinity to MMP-14, respectively
(40). Here, the Arg is predicted to improve intermolecular
interactions by introducing additional hydrogen bonds to Asn-
229 and Asn-231 onMMP-14 (Fig. 8A). At position 35, various
hydrophobic amino acids (Leu, Met, and Pro) substitute for
hydrophobic Ile; such mutations might provide better packing
against MMP-14 and against Tyr-36 on N-TIMP2. At position
38, an Asp predominates in the selection; this Asp is predicted
to form an intramolecular salt bridge to Lys-41 on N-TIMP2,

thus stabilizing the interacting loop in the MMP-14-bound
conformation. Another Asp predominates in the selection at
position 68. ThisAsp packs tightly against Phe-204 onMMP-14
and against Ile-71 on N-TIMP2; it is also expected to form a
new intramolecular H-bond with the backbone of Ala-70 on
N-TIMP2 (Fig. 8B), thus contributing to the stability of the
N-TIMP2 loop. At position 71, a Val is substituted by an Ile,
improving packing against MMP-14 (Fig. 8B). Mutation H97R,
predominating in all the selected sequences, replaces a small
residue that does not contactMMP-14 (Fig. 8C) by a larger one,
thereby introducing new polar interactions and intermolecular
hydrogen bonds with Asp-193 and the backbone of Pro-191 (Fig.
8C). This mutation has also been previously shown to increase
N-TIMP2 affinity for MMP-14 by 14-fold and is also likely to
increase its affinity to other MMPs (40). Finally, at position 99,
either a wild-type Thr or a Ser was observed. Themutation to Ser
at this position is predicted to lead to a new hydrogen bond with
Asp-193ofMMP-14 (Fig. 8C); despite thisAsp residuebeingpres-
ent in most MMPs at this position, this interaction may not be
possible in otherMMPsdue todifferences inbackbone conforma-
tion. In summary, there appear to be two scenarios for improve-
ment of binding to and specificity for MMP-14, as have been
observed in other studies on TIMP/MMP interactions (32, 45).
Some of the acquired mutations are predicted to facilitate favor-
able intermolecular interactions with MMP-14, although others
are expected to stabilize the loops on N-TIMP2 in the MMP-14-
bound conformations.
Interestingly, some of the mutations appearing after affinity

maturation to MMP-14 recapitulate evolutionary trends in
TIMP homologues. For example, mutations to Asp at positions
38 and 68 are present in wild-type human TIMP-4 as well as in
other mammalian homologues of TIMP-4, as observed in the
HOVERGEN database (57), and from a structural alignment
with a model of TIMP-4. TIMP-4 is a tissue-specific TIMP,
whose expression is normally restricted to the heart, kidney,
ovary, pancreas, colon, testes, brain, and adipose tissue, and it is
also evident in breast cancer tumors (58, 59). According to
Greene et al. (59), the highest expression levels of TIMP-4 are
seen in the heart, and this may be biologically significant as
cancer metastasis is rare in heart tissue. Zhao et al. (56)
reported a Ki value for TIMP-4 binding to MMP-14CAT of 340
pM, compared with 70 pM for TIMP2, indicating that TIMP-4 is
a strong inhibitor of MMPs up-regulated in cancers, such as
MMP-14. Additionally, Ser at position 99 is observed in verte-
brate homologues of TIMP-1 (57). It is known that TIMP-1
exhibits very low affinity for MMP-14 and is not effective in
inhibiting its activity (58); therefore, this may indicate that the
T99S mutation that we obtained is not effective alone in
increasing binding to MMP-14 and may only be significant
when coupled with neighboring mutations, such as at position
97 (namely H97R), as we obtained in this work.
Although our results prove that the engineered N-TIMP2

mutants are very potent inhibitors ofMMP-14, thesemolecules
might produce undesired effects through interactions with
other proteins in the human body. It is known that TIMPs
exhibit non-metalloproteinase inhibition-related functions and
may act as direct ligands for receptors involved in cell signaling
(60–62). For example, TIMP2 was reported to inhibit angio-

FIGURE 8. Structural analysis of MMP-14 affinity enhancing mutations.
Computationally modeled interactions of mutations that are common after
the 6th round of selection for enhancement of affinity of binding of N-TIMP2
for MMP-14. N-TIMP2 is shown in cyan, and MMP-14 is shown in green. A,
interactions at position 4 of N-TIMP2; B, interactions at positions 68 and 71 of
N-TIMP2; C, interactions at positions 97 and 99 of N-TIMP2. Residues involved
in an interaction are shown in stick representation. Mutant residue identities
are labeled in red, and WT identities of residues in all panels are labeled in
black. Polar interactions are shown as dotted red lines.
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genesis by binding to �3�1 integrin on human endothelial cells.
However, this effect may be strictly limited to the C-terminal
domain of TIMP2 (C-TIMP2), which is absent from our con-
structs, as TIMP2 bound via its C-terminal domain to the
hemopexin domain ofMMP-2 does not exhibit these inhibitory
effects on angiogenesis (4, 60). The importance of the C-termi-
nal domain of TIMP2 in inhibiting angiogenesis and endothe-
lial growth in a non-MMP-dependent manner was further
proven by Fernández et al. (43) that showed that C-TIMP2
alone facilitates MMP-2 activation enhancement in cancer cell
invasion. In addition to its effects on angiogenesis, TIMP2 is
also known to inhibit cellmigration and induce arrest of the cell
cycle (62). These effects have not been linked exclusively to the
either theN- or C-terminal domains of TIMP2, and therefore it
is possible that our N-TIMP2 mutants may have unexpected
effects on these biological processes and thereby produce
adverse effects in cancer treatment. Yet, our constructs lacking
the C-terminal domain and containing several mutations in the
MMP-binding site are likely to lose at least some of the natural
TIMP2 interactions as was discussed in our theoretical study
(63) and thus are less likely to participate in undesired interac-
tions compared withWT full-length TIMP2. Nevertheless, fur-
ther studies are needed to prove this unambiguously.
In conclusion, our best MMP-14 inhibitor, namely N-

TIMP2D, possessed 900-fold higher affinity than the parent
molecule, making it by far the most potent specific inhibitor of
MMP-14 catalytic activity reported to date (21, 53). The muta-
tions present in N-TIMP2 variants resulted in enhancement of
specificity toward MMP-14 over other MMPs by 2–5 orders of
magnitude in in vitro experiments (Table 2). Importantly, our
novel inhibitors, N-TIMP2A–C and particularly N-TIMP2D,
also reduced cellular invasion at nanomolar concentrations
(Fig. 8). These results suggest that our engineered N-TIMP2
variants may indeed constitute suitable candidates for in vivo
applications targeting MMP-14.

Experimental Procedures

TIMP-4 Structure Modeling—A homology model of human
TIMP4 was built using the I-TASSER server (64); the input
sequence was that deposited in the UNIPROT database (acces-
sion no. Q99727) and was modified by removing the signal pep-
tide and truncating the sequence to residue 184. The server
produced one output structure.
Preparation of DNA Constructs and Library in Yeast—The

gene encoding human N-TIMP2WT (residues 1–127) (40, 65)
was expressed in a YSD system in two constructs. For expres-
sion in the pCTCONvector (66),N-TIMP2WTwas amplified by
PCR with Phusion DNA polymerase (New England Biolabs)
with primers containing homology regions to pCTCON and
recognition sites for the restriction enzymes Nhe and BamHI
(forward, 5
-GGTGGTTCTGGTGGTGGTGGTTCTGGTGG-
TGGTGGTTCTGCTAGCTGCAGCTGCTCCCCGGTG-3
, and
reverse, 5
-GCTATTACAAGTCCTCTTCAGAAATAAGCT-
TTTGTTCAGATGGATCTTGGAAAGCCAATGGTTTATC-
TGGCAAGGATCCCTCGCAGCCCATCTGGTAC-3
).
For the construction of yeast-displayed N-TIMP2WT with a

free N terminus, the pCHA-VRC01-scFv vector was used
(obtained from Dane Wittrup, Massachusetts Institute of

Technology) (67). In this construct, the C terminus of the gene
of interest is fused to the N terminus of Aga-2 (68), leaving the
N terminus of the displayed protein exposed to the solvent. The
gene was amplified with a forward primer (5
-TACCGTCG-
GTTCCGCTGCAGAAGGCTCTTTGGACAAGAGATGCA-
GCTGCTCCCCGGTG-3
) containing the KR sequence at
the N terminus of N-TIMP2, which results in a free N termi
nus after post-modification cleavage by the Kex-2 protease.
The reverse primer (5
-GTCTTCTTCGGAGATAAGCTT-
TTGTTCTGCACGCGTGGATCCCTCGCAGCCCATCTGG-
TACC-3
) contains homologous regions to the vector and
the BamHI restriction site at the 3
 end of the reverse primer.
The pCT and pCHA vectors were linearized with BamHI-HF
and Nhe-HF enzymes (New England Biolabs) and, together with
the respective N-TIMP2WT insert, were transformed by homo-
logous recombination into a competent EBY100S. cerevisiae yeast
strain using a MicroPulser electroporator (Bio-Rad), as described
previously (69).The transformedyeastwas first grownonselective
SDCAA plates (0.54% Na2HPO4, 0.856% Na2HPO4H2O, 18.2%
sorbitol, 1.5% agar, 2% dextrose, 0.67% yeast nitrogen base, 0.5%
BactoTMcasamino acids) at 30 °C.A single colonywas then grown
in selective SDCAA culture medium (2% dextrose, 0.67% yeast
nitrogen base, 0.5% BactoTM casamino acids, 1.47% sodium cit-
rate, 0.429% citric acid monohydrate, pH 4.5) at 30 °C, and the
correct sequencewas confirmed byDNA sequencing (sequencing
laboratoryof theNational Institute forBiotechnology in theNegev
(NIBN), Ben-Gurion University of the Negev, Israel).
The YSD-focused N-TIMP2 library was designed on the

basis of positions that were previously shown to be tolerant to
mutation by Sharabi et al. (40) and purchased from GenScript.
Briefly, the focused library was prepared using NNS (where N
represents A, C, T, or G nucleotides, and S represents C and G)
degenerate codons at positions 4, 35, 38, 68, 71, 97, and 99 of the
N-TIMP2WT gene. The focused library was amplified with for-
ward and reverse primers (forward, 5
-CCGGTTATTTCTA-
CTACCGTCGGTTC-3
, and reverse-5
-GTCAGTTCCTG-
CAAGTCTTCTTCG-3
) and transformed into competent
EBY100 S. cerevisiae along with the linear pCHA vector. The
transformed yeast was grown in selective SDCAA culture
medium (2% dextrose, 0.67% yeast nitrogen base, 0.5% BactoTM
casamino acids, 1.47% sodium citrate, 0.429% citric acidmono-
hydrate, pH 4.5). A library size of 8� 106 clones was confirmed
by performing serial dilutions of the transformed yeast on
SDCAA plates and counting after 48 h of growth.
Flow Cytometry Analysis and Cell Screening—The yeast con-

taining the gene forN-TIMP2WTwas grown in the selective and
protein expression-inducing SGCAA medium (2% galactose,
0.67% yeast nitrogen base, 0.5% BactoTM casamino acids, 1.47%
sodium citrate, 0.429% citric acid monohydrate) overnight at
30 °C to a density of 108 cells/ml (OD600 nm� 10.0). The yeast
cells (106 cells) were then collected and washed with a buffer
containing 50 mM Tris, pH 7.5, 100 mMNaCl, 5 mM CaCl2, and
1% bovine serum albumin (BSA). For the detection of protein
expression, the yeast was incubated with mouse anti-c-Myc
antibody (Abcam, Cambridge, UK) at a ratio of 1:50 at room
temperature for 1 h. Thereafter, the cells were washed and
incubated with sheep anti-mouse secondary antibody conju-
gated to phycoerythrin (PE) (Sigma) at a 1:50 ratio for 30min on
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ice. The catalytic domain of MMP-14 (MMP-14CAT) was puri-
fied (see details below) and labeled for 1 h at room temperature
with DyLight-488 Amine Reactive Dye, which contains a
hydroxysuccinimide ester that forms a covalent bond with pri-
mary amines (Thermo Fisher Scientific, Waltham, MA), at a
ratio of 1:5 (protein/dye). For the detection of binding toMMP-
14CAT, the cells were incubated with 1�MMMP-14CAT labeled
with DyLight-488 for 30min on ice. The yeast was then washed
and analyzed using an Accuri C6 flow cytometer (BD Biosci-
ences). In the flow cytometry plots, the horizontal axis provides
an indication of the expression of the displayed protein (PE
signal), and the vertical axis shows the binding of the displayed
protein to the soluble targetMMP-14CAT (DyLight-488 signal).
A similar labeling process was performed for yeast express-

ing the N-TIMP2 focused library for enrichment of the high
affinity cell population. For the first sort (c-Myc-clear, S1), 108
cells (10 timesmore than the library diversity size) were labeled,
and for the following sorts, 2–20 � 106 cells were labeled,
depending on the library size. In the S1 sort, the high-express-
ing cells were selected. In the subsequent sorts (S2–S6), the
cells were labeled for both detection of expression and binding
to MMP-14CAT conjugated to DyLight-488, with decreasing
concentrations of labeled MMP-14CAT for each round of sort-
ing, beginning with 1 �M of labeled MMP-14CAT for S2 and
ending with 5 nM in the final sort (S6). The affinity maturation
screens were performed on an iCyt Synergy FACS apparatus
(Sony Biotechnology, San Jose, CA). For each sort, about 1.5%
of the binding population normalized to expression was
selected using a polygonal gate.
To obtain the YSD-based affinity titration curves, the same

labeling process was implemented, and the levels of binding of
N-TIMP2WT and the selected N-TIMP2 variants were mea-
sured by incubating the yeast cells with different concentra-
tions (1, 5, 10, 20, 50, 100, 500, 750, and 1000 nM) of labeled
MMP-14CAT for 30 min at room temperature.
DNA Sequencing—To sequence the pre- and post-sorted

N-TIMP2 libraries, the plasmid DNA was purified from the
yeast using the ZymoprepTM yeast plasmid miniprep I kit
(ZymoResearch, Irvine, CA). The plasmid was then trans-
formed into electro-competent E. coli bacteria and grown on
ampicillin (100�g/ml) LB agar plates. Thereafter, about 20 col-
onies were transferred to liquid ampicillin/LB culture medium
and grown overnight at 37 °C. The plasmid was purified from
the bacteria according to the manufacturer’s protocol with the
HiYield plasmid mini kit (RBC Bioscience, Taiwan). The plas-
mids were sequenced using the Sanger sequencing method
(Genetics Unit, NIBN, Ben-Gurion University of the Negev,
Israel), and the sequences were analyzed using Geneious R7
software (Biomatters, New Zealand).
In Silico Thermodynamic and Structural Analysis of Affinity-

enhanced Variants—��Gbind was calculated for each variant
for which DNA sequencing was performed after each sorting
round. Multiple mutations were computationally inserted into
the structure, and a��Gbind valuewas determined as described
above for single mutations (saturation mutagenesis). This cal-
culation provided both ��Gbind values and structural models
for these variants. The average ��Gbind value for each sorting
round was determined by multiplying the ��Gbind value of

each variant present in the sorting round by the number of
times it appeared in the sorting round. The sum of these values
was then divided by the total number of sequences obtained for
each sorting round. The standard deviations of those values
were calculated in a likewise manner. Variants containing a
proline residue at position 35 were excluded, because they
exhibited unusually high energy values, indicative of artifacts
resulting from inaccuracies of our energy function or the need
to account for backbone flexibility.
Protein Expression and Purification—The human MMP-14

catalytic domain gene (MMP-14CAT, residues 112–292) in a
pET3a vector with a C-terminal His6 tag was expressed in Bl21
(DE3) E. coli bacteria and purified as described previously (32,
70). The humanMMP-9 catalytic domain (MMP-9CAT) lacking
the fibronectin-like domain (residues 107–215, 391–443) was
purified as described previously (20), with the following modi-
fications: the gene was expressed in Bl21 (DE3) pLysS bacteria
cells in a pet28 vector (with an N-terminal His6 tag) and
induced with 1 mM isopropyl �-D-1-thiogalactopyranoside
(IPTG) overnight at 30 °C.
The MMP-2 catalytic domain (MMP2CAT) without the

fibronectin-like domain (residues 110–226 and 395–446) was
cloned into the pET3a vector with a C-terminal His6 tag and
purified from the Rosetta E. coli strain. Induction was per-
formed with 1 mM IPTG for 18 h at 18 °C. The cells were then
harvested, and three rounds of sonication and centrifugation at
12,000� gwere performed. Thereafter, the protein was loaded
onto a nickel column and eluted with 20 mM Tris, pH 7.5, 150
mMNaCl, and 500 mM imidazole. The protein was then loaded
on a Mono Q ion-exchange column (GE Healthcare) and
washed with low-salt buffer (50 mM Tris, pH 7.5, 50 mM NaCl,
10% glycerol, 5 �M �-mercaptoethanol, and 0.1% EDTA). The
protein was eluted using a gradient up to 1 MNaCl. The protein
was then washed with 20 mM Tris, pH 7.5, and 150 mM NaCl
buffer and purified on a gel filtration Superdex 200 followed by
Superdex 75 column (GE Healthcare) with 20 mM Tris, pH 7.5,
and 150 mM NaCl buffer. The catalytic domains of MMP-1 and
MMP-10 (MMP-1CAT andMMP-10CAT, respectively) were puri-
fied as described previously (33, 71). Pro-MMP-2, pro-MMP-9,
and pro-MMP-8 (residues 21–467) were purchased from R&D
Systems (Minneapolis, MN) and were activated before use ac-
cording to the manufacturer’s instructions. The concentrations
of MMP-14CAT, MMP-2CAT, MMP-9CAT, MMP-1CAT, MMP-
10CAT, andMMP-8were determined byUV-visible absorbance at
280 nm, with extinction coefficients (�280) of 34,500, 33,920,
18,934, 17,928, and 79,885 M�1 cm�1, respectively.
N-TIMP2WT and its variants were expressed and produced

in the methylotrophic X33 P. pastoris yeast strain. The genes
were first amplified with forward primers for N-TIMP2WT
(5
-GGTATCTCTCGAGAAAAGATGCAGCTGCTCCCCG-
3
) and the N-TIMP2A–D variants (5
-GGTATCTCTCG-
AGAAAAGATGCAGCTGCGCGCCG-3
, 5
-GGTATCTC-
TCGAGAAAAGATGCAGCTGCAGGCCG-3
, 5
-GGTAT-
CTCTCGAGAAAAGATGCAGCTGCATGCCG-3
, and 5
-
GGTATCTCTCGAGAAAAGATGCAGCTGCTCGCCG-3
,
respectively), and the reverse primer (5
-GCTGGCGGCCGC-
CTCGCAGCCCATCTGGTA-3
). The pPICZ�A vector, en-
coding for the Zeocin resistance gene, containing the AOX1

Engineering of High Affinity MMP-14 Inhibitors

FEBRUARY 24, 2017 •VOLUME 292•NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3491



promoter at its N terminus and a His6 tag at the construct’s C
terminus, and the amplified N-TIMP2 insert clones were
digestedwithXhoI andNotI restriction enzymes (NewEngland
Biolabs). Thereafter, the inserts and the vector were ligated and
transformed into E. coli electro-competent cells. The trans-
formed bacteria were plated on LB agar plates containing 50
�g/ml Zeocin (Invitrogen). The plasmid was extracted from
several colonies, and the correct sequence was verified (Genet-
ics Unit, NIBN, Ben-Gurion University of the Negev, Israel).
Thereafter, 100 �g of plasmids with the correct sequence were
linearized by treatment with the SacI restriction enzyme (New
England Biolabs). The N-TIMP2 variants containing the plas-
mids were transformed into electro-competent X33 P. pastoris
according to the pPICZ� protocol (Invitrogen). The trans-
formed yeast was grown on YPDS plates (2% peptone, 1% yeast
extract, 2% D-glucose, 1 M sorbitol, 2% agar) for 72 h at 30 °C.
Thereafter, expression levels of several colonies from each
N-TIMP2 variant transformation were determined; for this
purpose, four colonies from each variant were taken from the
plates and grown in 5 ml of BMGY medium (2% peptone, 1%
yeast extract, 0.23% K2H(PO4), 1.1812% KH2(PO4), 1.34% yeast
nitrogen base, 4 � 10�5% biotin, 1% glycerol). After overnight
growth at 30 °C, the cultures were grown in inductive BMMY
medium (2% peptone, 1% yeast extract, 0.23% K2H(PO4),
1.1812% KH2 (PO4), 1.34% yeast nitrogen base, 4� 10�5% bio-
tin, 0.5% methanol) for 72 h at 30 °C, with the addition of 1%
methanol each day. Overexpression of the secreted proteins
was determined byWestern blotting, using a 1:3000 dilution of
mouse anti-His6 antibody (Abcam, Cambridge, UK) primary
antibody, followed by a 1:5000 dilution of anti-mouse second-
ary antibody conjugated to alkaline phosphatase (Jackson
ImmunoResearch, West Grove, PA) and detection by incuba-
tion in 2 ml of 5-bromo-4-chloro-3-indolyl phosphate reagent
(Sigma). Large scale production of the proteins was performed
by growth of the N-TIMP2-expressing yeast exhibiting the
highest protein overexpression in 50 ml of BMGY medium
overnight, followed by 72 h of growth in BMMYmedium, with
daily additions of 1% methanol. The proteins were purified by
centrifugation of the yeast cell suspension at 3800 � g for 10
min and filtration of the supernatant, followed by addition of
500 mM NaCl and 10 mM imidazole, pH 8.0. The supernatant
was incubated for 1 h at 4 °C and then loaded onto nickel-nitri-
lotriacetic acid-Sepharose beads (Invitrogen), washed with 50
mM Tris, pH 7.5, 100 mM NaCl, and 10 mM imidazole, eluted
with 20 ml of 50 mM Tris, pH 7.5, 100 mM NaCl, 300 mM imid-
azole, and 5mMCaCl2, and concentrated using a Vivaspin cen-
trifugal concentrator with a 3-kDa cutoff (GE Healthcare). The
proteinswere further purified using a Superdex 75 columnwith
elution buffer (50 mM Tris, pH 7.5, 100 mM NaCl, and 5 mM

CaCl2) in an ÄKTA pure instrument (GE Healthcare). SDS-
PAGE analysis on a 15% polyacrylamide gel under reducing
conditions for the purified proteins was then performed. Bands
were visualized by staining with Instant Blue (CBS Scientific).
Protein sampleswere concentrated using aVivaspin centrifugal
concentrator with a 3-kDa cutoff (GE Healthcare) and sub-
jected to mass spectrometry analysis (Ilse Katz Institute for
Nanoscale Science and Technology, Ben-Gurion University of
the Negev, Israel). Protein concentrations were determined by

UV-visible absorbance at 280 nm, using a NanoDrop spectro-
photometer (Thermo Fisher Scientific), with an extinction
coefficient (�280) of 13,500 M�1 cm�1 for N-TIMP2WT and all
its variants. The production yielded an average of about 1mg of
protein for all variants.
MMP Inhibition Studies—N-TIMP2WT and its variants were

tested for inhibitory activity against 0.0075 nM MMP-14CAT,
0.0075 nM MMP-9CAT, 6.25 nM MMP-2CAT, 0.2 nM MMP-
1CAT, 0.2 nM MMP-10CAT, and 0.075 nM full-length MMP-8
enzymes. MMP-14CAT was incubated with 0.4–25 nM

N-TIMP2WT and with 0.015–0.125 nM N-TIMP2 variants in
TCNB buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM CaCl2,
and 0.05% Brij) for 1 h at 37 °C.MMP-9CAT was incubated with
0.03–1.25 nM N-TIMP2 inhibitors for 1 h at 37 °C in TCNB
buffer.MMP-2CATwas incubatedwith 50–500 nMof inhibitors
in 50mMTris, pH 7.5, and 10mMCaCl2 for 1 h at 25 °C. MMP-
1CAT, MMP-10CAT, and MMP-8 were incubated in TCNB
buffer with inhibitor concentrations of 0.2–12.5 nM for 1 h at
37 °C. Thereafter, the fluorogenic substrate Mca-Pro-Leu-Gly-
Leu-Dpa-Ala-Arg-NH2�TFA (where Mca is (7-methoxycou-
marin-4-yl)acetyl and Dpa is N-3-(2,4-dinitrophenyl)-L-2,3-di-
aminopropionyl and TFA is trifluoroacetic acid) (Merck
Millipore), at a final concentration of 7.5 �M for MMP-14 or
12.5�M for the otherMMPs, was added to the reaction, and the
fluorescence was monitored (with 340/30 excitation and
400/30 emission filters) using a Synergy 2 plate reader (BioTek,
Winooski, VT) at 37 °C. Reactions were followed spectroscop-
ically for 120 min, and initial rates were determined from the
linear portion of the increase in the fluorescence signal caused
by the cleavage of the fluorescent substrate Mca-Pro-Leu-Gly-
Leu-Dpa-Ala-Arg-NH2�TFA. Data were globally fitted by mul-
tiple regression toMorrison’s tight binding inhibition equation
(72) (see Equation 1) using Prism (GraphPad Software, San
Diego). Ki values were calculated by plotting the initial veloci-
ties against different concentrations of the inhibitors. Reported
inhibition constants are average values obtained from three
independent experiments. Calculations were performed using
Km values of 1.31 � 0.2 �M for MMP-14CAT, 2 � 0.57 �M for
MMP-9CAT, 14 � 0.7 �M for MMP-2CAT, 19 � 4.3 �M for
MMP-1CAT, 13.8 � 1.9 �M for MMP-10CAT, and 38 � 7 �M

for MMP-8, as determined from at least three Michaelis-Men-
ten kinetic experiments in our laboratory.

Vi

V0
�

1 � ��E
 � �I
 � Ki
app� � ���E
 � �I
 � Ki

app�2 � 4�E
�I


2�E


(Eq. 1)

where Vi is enzyme velocity in the presence of inhibitor; V0 is
enzyme velocity in the absence of inhibitor; E is enzyme con-
centration; I is inhibitor concentration; S is substrate concen-
tration;Km isMichaelis-Menten constant; andKi

app is apparent
inhibition constant, which is given by Equation 2.

Ki
app � Ki�1 �

�S


Km
� (Eq. 2)

Binding Measurements between MMP-14CAT and N-TIMP2
Variants Using SPR—Binding affinity between the N-TIMP2
variants and MMP-14CAT was detected using surface plasmon
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resonance (SPR) spectroscopy on a ProteOn XPR36 system (Bio-
Rad) (73). An HTG chip (Bio-Rad) was loaded with 150 �l of 10
mMNiSO4, pH6.3, at a rate of 30�l/min for 5min.Then, 150�l of
0.033 �g/�l N-TIMP2 variants (tagged with His6) were immobi-
lized at flow rate of 30�l/min for 5min via polyHis-Ni2� interac-
tions; an empty channel was used as control. MMP-14CAT was
diluted in elution buffer to 2.5, 5, 10, and 20 nM andwas circulated
at a flow rate of 25 �l/min for 200 s, followed by 20 min of disso-
ciation.The responsewasmonitoredas a functionof timeat 25 °C.
The rate binding constants, kon and koff, and the equilibriumaffin-
ity constant KD between N-TIMP2WT and MMP-14CAT were
determined using the Langmuir model.
Gelatinase Zymography Assay—The gelatinolytic inhibitory

activity of theN-TIMP2 variantswas tested in a gelatinase zymog-
raphy assay, as was described previously (47), with the following
modifications. Inhibition of gelatinolytic activity of MMP-2 and
MMP-9 full-length proteins was performed on 8% SDS-PAGE
with embedded 1% gelatin. The proteins were first activated
according to the manufacturer’s protocol and then resolved on
SDS-PAGE at a concentration of 1 nM. Afterward, the gels were
rinsed for 1 h with gentle agitation in 2.5% Triton X-100 at room
temperature and then incubated overnightwith 100nMN-TIMP2
inhibitors in 50 mM Tris-HCl, pH 7.5, 10 mM CaCl2, and 200 mM

NaCl at 37 °C.After incubation, the gelswere stainedwith Simply-
Blue SafeStain (Thermo Fisher Scientific), and the gelatinolytic
activity was visualized as clear bands. The signal was quantified
using ImageJ software.
Type I Collagen Degradation Assay—Inhibition of MMP-

14CAT activity on type I collagen was performed as described
previously (74), with the following modifications. Briefly, bovine
type I collagen (1.5 mg) (Sigma) was incubated with 2.2 �g of
MMP-14CATwith or without 2.5�Mof each inhibitor in 100�l of
50mMTris-HCl, pH7.5, 0.15MNaCl, 10mMCaCl2, 0.05%Brij 35,
and 0.02% NaN3 for 24 h at 27 °C. Each reaction was loaded onto
8% SDS-polyacrylamide gel, and the bands were visualized by
InstantBlue staining (CBSScientific). The activity ofMMP-14CAT
was detected by the characteristic 3⁄4 fragments (TCA) of type I
collagen, which represent the degradation products of �1 and �2
collagen type I chains.
Cell Culture—MDA-MB-231 human breast cancer cell line

(kindly provided by Smadar Cohen, Ben-Gurion University of
the Negev, Israel) was maintained in RPMI 1640 (Roswell Park
Memorial Institute) medium (Biological Industries Israel Beit-
Haemek Ltd., Israel) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific), 1% L-glutamine (Biological
Industries Israel Beit-Haemek Ltd., Israel), and 1% penicillin/
streptomycin (Biological Industries Beit-Haemek Ltd., Israel).
Murine fibroblast NIH-3T3 cells (American Type Culture Col-
lection, Manassas, VA) were maintained in DMEM (Biological
Industries Israel Beit-Haemek Ltd., Israel) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, MA), 1%
L-glutamine (Biological Industries, Beit-Haemek Ltd., Israel),
and 1% penicillin/streptomycin (Biological Industries, Beit-
Haemek Ltd., Israel).
Cell Binding Assay—N-TIMP2 proteins were labeled with

DyLight-488 (Thermo Fisher Scientific) at a ratio of 1:5 (pro-
tein/dye) for 1 h at room temperature and washed three times
with 50 mM Tris-HCl, pH 7.5, 5 mM CaCl2, and 100 mM NaCl

using Vivaspin centrifugal concentrators with a 3-kDa cutoff
(GE Healthcare). The inhibitory activity of the labeled
N-TIMP2 inhibitors was determined as described above.
Briefly, MMP-14CAT was incubated with the labeled and non-
labeled inhibitors for 1 h at 37 °C.Thereafter, the cleavage of the
fluorescent substrate Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-
Arg-NH2 was measured. For the binding assays, various con-
centrations ofN-TIMP2proteins (10 nM to 1�M)were added to
1� 105 cells in volumes that were appropriate to prevent ligand
depletion. Cells were incubated at room temperature for 2 h
with gentle agitation, centrifuged at 150 � g at 4 °C for 5 min,
washed twice with 50 mM Tris-HCl, pH 7.5, 5 mM CaCl2, 100
mMNaCl, and 0.1% BSA, and analyzed by flow cytometry using
an Accuri flow cytometer (BD Biosciences). Mean fluorescence
values weremeasured using theAccuri C6 software (BDBiosci-
ences) andwere plotted against the log of the concentration of the
inhibitors. Error is reported as the standard deviation of triplicate
measurements. MMP-14 expression on the membrane of MDA-
MB-231 cells and N-TIMP2D binding specificity for cellular
MMP-14 were determined by incubation of 1 � 105 MDA-MB-
231 cells with 10 �g/ml of Ms-anti-MMP-14 antibody LEM-2/
63.1 (Abcam, Cambridge, UK) (47). These mixtures were in the
presence or absence of 1 �M N-TIMP2 variant for 1 h at room
temperature with gentle agitation. Thereafter, the cells were
washed and incubated with goat anti-mouse secondary antibody
conjugated to FITC (Sigma) to detect the LEM-2/63.1 antibody
and analyzed using Accuri C6 as above.
Invasion Assay—The Boyden chamber chemoinvasion assay

was performed as described previously (75) with the following
modifications. The experiment was performed with polycar-
bonate 8-�m filters (Neuoro Probe, Inc., Gaithersburg, MD)
coated with Matrigel inside Transwell chambers (Neuoro
Probe, Inc.). The bottom part of each chamber was filled
with conditioned medium containing DMEM collected from
NIH-3T3 fibroblast cells after 24 h of culture and supple-
mented with 0.1% of BSA. The upper part of the chamber was
filled with 200 �l of MDA-MB-231 (1� 105). Then, 600 �l of
DMEMwithout serum was added to the control chamber, or
7.5 nM of inhibitors was added to the sample chambers. The
cells were incubated for 4 h at 37 °C. Thereafter, the invasive
cells were fixed and stained using the Dipp Kwik Differential
Stain kit (American Mastertech Scientific). The cells that
had migrated were counted using EVOS FL Cell Imaging
System (Thermo Fisher Scientific), at �40 magnification in
2.2-mm2 fields. The experiment was performed in triplicate,
and 10 fields were counted for each sample.
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