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Matrix metalloproteinases (MMPs) have long been known as
key drivers in the development and progression of diseases,
including cancer and neurodegenerative, cardiovascular, and
many other inflammatory and degenerative diseases, making
them attractive potential drug targets. Engineering selective
inhibitors based upon tissue inhibitors of metalloproteinases
(TIMPs), endogenous human proteins that tightly yet nonspe-
cifically bind to the family of MMPs, represents a promising
new avenue for therapeutic development. Here, we used a
counter-selective screening strategy for directed evolution of
yeast-displayed human TIMP-1 to obtain TIMP-1 variants
highly selective for the inhibition of MMP-3 in preference over
MMP-10. As MMP-3 and MMP-10 are the most similar MMPs
in sequence, structure, and function, our results thus clearly
demonstrate the capability for engineering full-length TIMP
proteins to be highly selective MMP inhibitors. We show using
protein crystal structures and models of MMP-3-selective
TIMP-1 variants bound to MMP-3 and counter-target MMP-
10 how structural alterations within the N-terminal and
C-terminal TIMP-1 domains create new favorable and selective
interactions with MMP-3 and disrupt unique interactions with
MMP-10. While our MMP-3-selective inhibitors may be of
interest for future investigation in diseases where this enzyme
drives pathology, our platform and screening strategy can be
employed for developing selective inhibitors of additional
MMPs implicated as therapeutic targets in disease.

Matrix metalloproteinases (MMPs) are a family of zinc en-
dopeptidases (23 in humans) with important functions in
extracellular matrix remodeling and degradation and play
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central roles in development of many human diseases,
including cancer, pulmonary diseases, and neurological dis-
orders (1–7). Several past efforts to develop efficient thera-
peutics against MMPs failed in the late stages of clinical trials,
in part because of nonselective inhibition of many MMPs and
related metalloproteinases (6, 8). Lack of selectivity was a
critical issue because broad-spectrum metalloproteinase inhi-
bition caused serious dose-limiting musculoskeletal toxicity,
and in some cases, it proved to be counterproductive by
inhibiting MMPs with protective roles in disease alongside
those that drive pathology (9–11). Development of highly se-
lective MMP inhibitors has been extremely challenging.
However, new strategies for developing selective MMP in-
hibitors may lead to much-needed molecular probes for better
defining individual MMP functions in biology and disease, and
ultimately, to more effective therapeutics targeting the specific
MMPs that are underlying causes of disease.

Protein engineering using directed evolution offers a robust
method to define the sequence–structure–function relation-
ships of proteins, and directed evolution was previously used
to develop new proteins with novel desired properties based on
the scaffolds of existing natural proteins (12, 13). MMPs are
regulated in vivo by tissue inhibitors of metalloproteinases
(TIMPs) (14), and although these natural proteins possess
broad specificity for inhibition of many MMPs, we and others
have demonstrated that their inhibitory spectrum can be
altered through protein engineering using yeast surface display
and directed evolution. Prior work has focused primarily on
engineering the N-terminal domain of TIMPs, an indepen-
dently folding and stable domain that retains MMP inhibitory
capability (15, 16). Yeast surface display of the N-terminal
domain of TIMP-2 was used successfully as a directed evolu-
tion platform to develop inhibitors of MMP-9 and MMP-14
with enhanced affinity and selectivity (17–20). Recently, we
demonstrated that full-length TIMPs could offer further ad-
vantages as scaffolds for engineering inhibitors with improved
binding toward target MMPs. Directed evolution of full-length
TIMP-1, containing two domains that together form the
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Engineering MMP-3-selective TIMP-1
MMP-binding interface, revealed that engineered mutations in
its N-terminal and C-terminal domains could work synergis-
tically to enhance binding affinity toward the target MMP-3
(21). Our previous study was designed to identify MMP-3
“ultrabinders,” which demonstrated up to 10-fold improved
binding affinity compared with WT TIMP-1 and inhibited
MMP-3 with equilibrium inhibition constant (Ki) values in the
low picomolar range (21). In the present study, we focused on
developing and evaluating the potential of our yeast surface
display platform for evolving selective TIMP-1 variants
capable of discriminating between very closely related MMPs.

Among all MMP catalytic domains, the stromelysins MMP-
3 and MMP-10 are the most similar in sequence (85% iden-
tity), structure, and substrate specificity and thus offer a
rigorous challenge of our strategy to develop highly selective
TIMPs (22, 23). MMP-3 is also a notable therapeutic target.
MMP-3 has a demonstrated role in tumorigenesis and tumor
progression of breast, lung, and pancreatic cancers, in which it
is a driver of epithelial to mesenchymal transition (24–28). It is
also a therapeutic target in several other inflammatory and
degenerative diseases, including rheumatoid arthritis, where
MMP-3 levels in patient serum correlate with progressive joint
damage (29), lung fibrosis, where MMP-3 is consistently
upregulated in patients with idiopathic pulmonary fibrosis
(IPF) and drives pathogenic fibrotic changes (30–32) and in
the acute respiratory distress syndrome (ARDS) where
elevated levels of MMP-3 correlate with high mortality
(33–35). Here, we aimed to engineer TIMP variants capable of
distinguishing between MMP-3 versus MMP-10 to provide
insight into determinants of selective MMP binding and in-
hibition and as a demonstration of the power of our TIMP
engineering platform. Using an innovative counter-selective
strategy, we screened a TIMP-1 yeast surface display library
using fluorescent-activated cell sorting (FACS) and identified
variants that bind selectively to MMP-3 in the presence of
incremental amounts of the competitor ligand MMP-10.
TIMP-1 mutants isolated after five rounds of competitive
screening revealed up to 23-fold improvement in binding
selectivity toward MMP-3 versus MMP-10 compared to WT
TIMP-1. DNA sequencing of TIMP-1 variants with improved
MMP-3 binding selectivity revealed key residues that are
responsible for improvements in selectivity. Protein crystal
structures were solved of the two TIMP-1 variants showing
greatest improvement in MMP-3 binding selectivity in com-
plex with the target MMP-3, and comparison of these struc-
tures with models of complexes with the counter-target MMP-
10 reveal the structural alterations responsible for the newly
evolved selectivity.
Results

A counter-selective screening platform to isolate TIMP-1
variants with selective binding to MMP-3

We previously selected MMP-3 ultrabinders from a targeted
library of human TIMP-1 mutants displayed on the yeast
surface (21). Despite the significant improvement for MMP-3
binding affinity, these TIMP-1 variants were nonselective,
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showing improvement in binding toward MMP-10 as well,
relative to the WT TIMP-1 (Fig. S1). To enhance selectivity
toward MMP-3 versus MMP-10, we next devised a counter-
selective strategy to screen our naïve library of TIMP-1 mu-
tants to identify binders selective for MMP-3 over MMP-10.
This library of TIMP-1 variants incorporates targeted di-
versity at eight residues within the N-terminal domain and
nine residues within the C-terminal domain that are concen-
trated at the MMP-binding interface, with an average of 3 to 4
mutations per variant (Fig. 1, A and B). In our counter-
selective screening strategy, the yeast-displayed library of
TIMP-1 mutants was screened for biotinylated MMP-3 cata-
lytic domain (MMP-3cd) binding in the presence of unlabeled
competitive binder MMP-10 catalytic domain (MMP-10cd).
Bound MMP-3cd was detected with fluorophore-labeled
streptavidin and protein display levels were quantified using
fluorophore-conjugated anti-c-myc antibody followed by
fluorescent-activated cell sorting (FACS) (Fig. 1C). The TIMP-
1 library of targeted mutants went through rounds of
competitive FACS screening while incrementally increasing
the ratio of unlabeled MMP-10cd (competitive ligand) to
biotinylated MMP-3cd (specific target), selecting for variants
with enhanced selectivity toward MMP-3cd versus MMP-
10cd. This approach excluded TIMP-1 variants with signifi-
cant binding affinity toward MMP-10, since they would have
disproportionately bound to the excess quantity of unlabeled
MMP-10cd in preference to MMP-3cd and thus would have
escaped detection and been eliminated during the increasingly
stringent FACS screening rounds. After five rounds of
counter-selective FACS, the population of selected TIMP-1
mutants showed dramatically improved binding selectivity
toward MMP-3cd (up to 23-fold) compared with MMP-10cd,
whereas WT TIMP-1 shows similar binding to MMP-3cd and
MMP-10cd (Fig. 1D).
Individual TIMP-1 variants isolated using the counter-selective
strategy showed significant enhancement of binding
selectivity toward MMP-3cd versus MMP-10cd on the yeast
surface

The TIMP-1 variants isolated after five rounds of counter-
selective MMP-3cd versus MMP-10cd FACS screening were
further individually analyzed via DNA sequencing to identify
mutations compared with WT human TIMP-1. DNA
sequencing analysis and alignments of the genes encoding the
six most prevalent TIMP-1 variants in the selected pool
revealed 4 to 5 mutations per clone located within the five
interacting loops of TIMP-1, as expected per targeted library
design (Fig. 2A). Among the TIMP-1 mutants analyzed by
DNA sequencing of their genes, mutation L34G located in the
AB loop and M66D/G/S and E67N/Y/H located in the
C-connector loop were the most frequent mutations observed
(Fig. 2A). The L34G mutation had been identified from the
high-affinity MMP-3 variants that were isolated previously
(21), suggesting that the L34G mutation has a key role in
improving binding affinity of TIMP-1 toward MMP-3. Further
quantitative measurement of expression on the yeast surface



Figure 1. Counter-selective strategy for engineering TIMP-1 variants with high binding selectivity for MMP-3. A, WT TIMP-1 sequence is shown, with
N-terminal domain residues in gold and C-terminal domain residues in green; MMP-interacting regions are annotated with blue arrows and the name of
corresponding loops in black. Residues diversified in the targeted library in each interacting loop are shown in red and underlined. B, positions of diversified
TIMP-1 loop regions are shown in red in the context of the MMP-3–TIMP-1 crystal structure, PDB ID: 1UEA. MMP-3 is colored purple, and the N-terminal and
C-terminal domains of TIMP-1 are colored gold and green, respectively. C, schematic diagram illustrates yeast surface display screening strategy. TIMP-1 was
genetically fused to the N terminus of Aga2p yeast surface protein via a linker containing the c-myc epitope tag. The yeast displayed library of TIMP-1
variants was screened for binding to biotinylated MMP-3cd in the presence of excess competitor ligand, unlabeled MMP-10cd. TIMP-1 expression was
quantified by immunolabeling of the c-myc tag using Alexa Fluor 488-conjugated anti-cmyc antibody (green sphere); MMP-3 binding was quantified using
Alexa Fluor 647-conjugated streptavidin (purple sphere). TIMP-1 variants with enhanced selectivity for MMP-3cd binding were isolated using FACS. D, flow
cytometry dual scatter plots of TIMP-1 expression (y-axis) versus MMP-binding (x-axis) are shown for WT TIMP-1 (left panel) and the pool of TIMP-1 variants
selected from the library after five rounds of FACS (right panel). MMP-3cd binding is shown in red, and MMP-10cd binding is shown in blue. FACS,
fluorescence-activated cell sorting; MMP-3, matrix metalloproteinase 3; PDB, Protein Data Bank; TIMP-1, tissue inhibitor of metalloproteinases 1.
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and binding to MMP-3cd and MMP-10cd were performed on
these isolated TIMP-1 mutants using flow cytometry (Fig. 2B).
Two of the selected TIMP-1 variant clones in particular, clone
C4 (L34G/M66D/T98G/P131S/Q153N) and C6 (L34G/M66S/
E67Y/L133N/S155L), showed the highest binding selectivity
between MMP-3cd and MMP-10cd (Fig. 2B) and were thus
selected for further study.

Soluble TIMP-1 variants isolated using the counter-selective
strategy showed significant selectivity toward MMP-3
compared with MMP-10 and MMP-9 in MMP inhibition assays

The gene sequences for the most selective MMP-3cd
binding variants (TIMP-1-C4 and TIMP-1-C6) were next
subcloned and expressed to produce soluble purified proteins.
The TIMP-1-C4 and TIMP-1-C6 soluble variant proteins were
then evaluated for MMP-3cd, MMP-9cd, and MMP-10cd in-
hibition using a fluorometric substrate in the presence of
increasing concentrations of the inhibitors (TIMP-1 variants).
Fluorescence intensity values were fitted to Morrison’s tight-
binding equation to determine Ki (Fig. 3 and Table 1).

We found up to an order of magnitude improvement for
MMP-3cd versus MMP-10cd binding selectivity for TIMP-1-
C6 (with 8.3-fold improvement) and TIMP-1-C4 (with about
12-fold improvement) (Table 1). The Ki values measured using
soluble TIMP-1 variant proteins are consistent with the yeast
surface display binding results and confirm that the expressed
soluble TIMP-1 variants recapitulate the selectivity enhance-
ments predicted by binding behavior on the yeast surface.
Because WT TIMP-1 is a potent physiological inhibitor of
MMP-9 (36), we also measured MMP-9cd inhibition of the
MMP-3-selective TIMP-1 variants. Measuring the TIMP-1
variant Ki values with high accuracy was not possible using
the tight inhibition-binding assay because of the considerably
weakened inhibition of the selective variants toward MMP-9cd.
Our data demonstrate that engineered MMP-3-selective TIMP-
1 variants C4 and C6 only weakly inhibit MMP-9cd with
considerably reduced Ki compared with WT TIMP-1, sug-
gesting the potential for counter-selective screening with one
MMP competitor to simultaneously decrease binding to other
MMPs not included as competitors in the counterselection.

Crystal structures of TIMP-1-selective variants in complex with
MMP-3cd and molecular models of complexes with MMP-10cd
reveal alterations in TIMP–MMP interactions

To better understand the effect of TIMP-1 mutations on
selective binding to MMP-3cd, we cocrystallized two of the
most selective MMP-3cd binders isolated from counter-
selective FACS, TIMP-1-C4 (L34G/M66D/T98G/P131S/
Q153N), and TIMP-1-C6 (L34G/M66S/E67Y/L133N/S155L),
in complex with MMP-3cd. We solved the TIMP-1-C4–MMP-
J. Biol. Chem. (2022) 298(3) 101654 3



Figure 2. TIMP-1 variants isolated after counter-selective screening for
MMP-3cd binding selectivity. A, TIMP-1 mutations found within the five
MMP-interacting loops (AB, C-connector, EF, GH, and multiple-turn [MT]
loops) for the most prevalent clones that were isolated and sequenced after
five rounds of counter-selective screening for MMP-3cd versus MMP-10cd. B,
the ratio of MMP-3cd binding to expression divided by MMP-10cd binding
to expression for each clone tested on the yeast surface, normalized to WT
TIMP-1 (WT, shown in blue). The clones with highest binding selectivity to
MMP-3cd versus MMP-10cd (C4 and C6) are highlighted in magenta. MMP-3,
matrix metalloproteinase 3; TIMP-1, tissue inhibitor of metalloproteinases 1.

Figure 3. TIMP-1-C6 variant selectively inhibits MMP-3 in preference to
MMP-10. A, schematic diagram shows inhibited cleavage of fluorogenic MMP
substrate by increasing inhibitor concentrations in MMP activity assays. Initial
velocities of substrate cleavage, measured over a 120 min time course, were
plotted versus TIMP-1-C6 variant concentration for inhibition of MMP-3cd
(B) and MMP-10cd (C). Data were fitted by multiple regression to Morrison’s
tight-binding inhibition equation todetermineequilibrium inhibition constants
(Ki). Data from representative experiments are shown; independent experi-
ments were conducted in duplicate with Ki reported as average ± SD. MMP-3,
matrix metalloproteinase 3; TIMP-1, tissue inhibitor of metalloproteinases 1.

Engineering MMP-3-selective TIMP-1
3cd and TIMP-1-C6–MMP-3cd structures by molecular
replacement and refined against diffraction data extending to
resolutions of 3.00 and 2.34 Å, respectively. Data collection and
refinement statistics are summarized in Table 2. The structures
have been deposited in the Protein Data Bank (PDB) with
accession numbers 7S7M and 7S7L, respectively. Each complex
shows the expected protein architecture of TIMP-1 and MMP-
3cd as described previously for MMP-3 complexes with WT
TIMP-1 (PDB ID: 1UEA) (37) and other TIMP-1 variants
engineered with improved binding affinity (PDB ID: 6MAV,
6N9D) (21). To enable structural comparisons capable of
explaining the enhanced specificity of the variants for inhibition
of MMP-3 in preference to MMP-10, we also modeled the
complexes of these TIMP-1 variants with MMP-10cd using in
silico mutagenesis and molecular dynamics simulations based
upon our previously reported crystal structure of the complex
of MMP-10cd with WT TIMP-1 (PDB ID: 3V96 (22)). Struc-
tural alignments and comparisons among the experimental and
computational models highlighted multiple regions of variance
at the intermolecular interface, as described later.
TIMP-1 mutation L34G in the AB-loop promotes formation of
a tyrosine clasp uniquely with MMP-3

The single most common mutation among the selected and
sequenced variants was L34G, a mutation found previously
4 J. Biol. Chem. (2022) 298(3) 101654
among TIMP-1 variants with enhanced MMP-3 affinity, and
for which structural consequences have been previously
described (21). In the new crystal structures of MMP-3cd
complexes with TIMP-1-C4 and TIMP-1-C6 variants, we
confirmed that this mutation in each case facilitates closer
interaction between the MMP-3 S-loop and the TIMP-1 AB-
loop (Fig. 4A). While hydrophobic contacts between TIMP-1
Leu34 and MMP-3 Phe154 are lost because of the mutation,
this loss is more than compensated by formation of a



Table 1
Inhibition constants of soluble TIMP-1 variant proteins for inhibition
of MMP-3cd, MMP-9cd, and MMP-10cd using tight-binding assays

TIMP-1 variant

Ki (pM)

MMP-3 MMP-9 MMP-10

WT TIMP-1 96.4 ± 8.9 1640 ± 260 153 ± 11
TIMP-1-C6 445 ± 121 >>10,000a 5647 ± 148
TIMP-1-C4 255 ± 18 >>10,000a 4827 ± 32

Reported values represent mean ± SD for duplicate independent experiments.
a TIMP-1 C4 and C6 variants showed minimal inhibition of MMP-9cd such that Ki

could not be determined in the tight-binding assay.

Engineering MMP-3-selective TIMP-1
reciprocal tyrosine (Tyr) clasp in which TIMP-1 Tyr35 and
MMP-3cd Tyr155 side chains each cross the intermolecular
interface to form short H-bonds (range = 2.6–2.8 Å) with the
partner protein backbone. The two Tyr residues simulta-
neously form favorable hydrophobic and edge-to-face π in-
teractions with each other, bridging the interface (Fig. 4A).
Consistent with the importance of this Tyr clasp for affinity,
mutagenesis studies have shown that the TIMP-1 L34G single
mutation confers approximately threefold enhanced affinity
and inhibition toward MMP-3cd (21). The situation is
different with MMP-10. Because of small differences in
backbone positioning in the MMP-10cd–TIMP-1 complex,
TIMP-1 Tyr-35 is not in close enough proximity to H-bond to
the Phe154 carbonyl; it is 4.3 Å away in the crystal structure of
MMP-10cd–WT TIMP-1 and is predicted to drift further
away in MMP-10 complexes with TIMP-1-C4 and TIMP-1-C6
variants (Fig. 4B). As in the complex with MMP-3, the TIMP-1
Table 2
X-ray crystallographic data collection and refinement statistics

Structure name TIMP-1-C4–MMP-3cd TIMP-1-C6–MMP-3cd

PDB ID 7S7M 7S7L
Data collection
Resolution range (Å) 15.63–3.00 47.60–2.34
Space group P6522 P6522
a, b, c (Å) 69.28, 69.28, 318.98 69.33, 69.33, 312.22
α, β, γ (�) 90, 90, 120 90, 90, 120
R-merge 0.125 (0.772) 0.183 (0.951)
R-measure 0.152 (0.915) 0.190 (0.995)
R-pim 0.084 (0.485) 0.0477 (0.281)
CC1/2 0.943 (0.469) 0.987 (0.656)
Multiplicity 3.1 (3.4) 13.7 (10.7)
Completeness (%) 94.58 (99.64) 97.99 (93.77)
Mean I/sigma (I) 6.7 (1.2) 12.6 (1.9)

Refinement
Unique reflections

used in refinement
9264 (920) 19,481 (1811)

R-work/R-free 0.205/0.249 0.206/0.239
Number of

nonhydrogen atoms
2559 2722

Macromolecules 2505 2614
Ligands 5 29
Solvent 49 79

Protein residues 333 340
RMSD bonds (Å) 0.008 0.005
RMSD angles (�) 1.29 1.02
Ramachandran

favored (%)
95.4 96.4

Ramachandran
outliers (%)

0.0 0.0

Average B-factor 79.9 55.6
Macromolecules 80.5 55.8
Ligands 66.3 53.0
Solvent 49.1 48.2

Values from highest resolution shell are shown in parentheses.
L34G mutation results in loss of favorable hydrophobic in-
teractions with Phe154 of MMP-10 as well, but in this case,
without any compensating new intermolecular interactions
involving the AB-loop. Thus, it appears that Tyr clasp for-
mation enabled by the L34G mutation uniquely stabilizes the
interaction of TIMP-1 variants with MMP-3 (but not MMP-
10), contributing to selectivity in addition to affinity. The
role of this mutation in selectivity is further supported by the
observation of enhanced binding selectivity of the TIMP-1–
L34G single mutant toward MMP-3cd versus MMP-10cd in
the yeast display format (Fig. 2B).
TIMP-1 mutations in C-connector loop residues Met66 and
Glu67 disrupt favorable interactions with MMP-10

Most of the selected and sequenced TIMP-1 variants
possessed mutations in the C-connector loop at Met66, alone,
or in combination with mutation of adjacent Glu67 (Fig. 2A).
In the WT TIMP-1 complexes, Met66 does not form any in-
teractions with MMP-3 but does form multiple hydrophobic
contacts with MMP-10 that are not present in the MMP-3
complex. Whereas there is nonoptimal packing with no con-
tact at the interface between Met66 and MMP-3 residues
Ala169 and Asn175 (Fig. 5A), the analogous residues in MMP-
10 are Pro185 and Tyr191, with which the TIMP-1 Met66 side
chain forms hydrophobic contacts of 3.6 and 4.1 Å, respec-
tively (Fig. 5B). The M66S mutation found in the TIMP-1-C6
variant is easily accommodated at the interface without sig-
nificant impact on the complex with MMP-3, whereas the
replacement with the smaller serine side chain disrupts
the favorable packing of Met66 with Pro185 and Tyr191 in the
complex with MMP-10 (Fig. 5, A and B). Replacement of
Met66 with Asp in the TIMP-1-C4 variant similarly disrupts
these favorable interactions with MMP-10, while having little
impact on the looser interaction with MMP-3 in this region. In
our crystal structure of TIMP-1-C4 bound to MMP-3, electron
density for the Asp66 side chain was absent beyond the beta-
carbon, reflective of an absence of interactions to stabilize this
side chain in a single conformation. Modeling of potential
conformations of Asp66 in both MMP-3 and MMP-10 com-
plexes confirms the lack of potential interface interactions with
this residue.

The impact of the E67Y mutation may be modestly dele-
terious for both MMP-3 and MMP-10 binding, with poten-
tially greater disruption of interactions with MMP-10cd. In the
complex of WT TIMP-1 with MMP-3, Glu67 forms a single
H-bond with the backbone N of MMP-3 His211 (Fig. 5A). In
the complex with MMP-10, Glu67 forms this same H-bond
with the analogous His227 and also forms an intramolecular
salt bridge with TIMP-1 Arg75 (Fig. 5B). Mutation of Glu67 to
Tyr eliminates the H-bond in both MMP complexes. In the
complex of TIMP-1-C6 with MMP-3, shape complementarity
at the intermolecular interface is roughly maintained in this
region because of stabilization of the conformation of Tyr67 by
an intramolecular edge-to-face π interaction with the aromatic
ring of Phe73 (Fig. 5A). The E67Y mutation may have a greater
deleterious impact on MMP-10 binding since in this complex
J. Biol. Chem. (2022) 298(3) 101654 5



Figure 4. TIMP-1 L34G mutation strengthens interactions uniquely with
MMP-3. A, crystal structures of TIMP-1-C4 (orange) bound to MMP-3cd
(purple) and TIMP-1-C6 (yellow) bound to MMP-3cd (magenta) reveal for-
mation of a reciprocal Tyr clasp characterized by two short interfacial
H-bonds (gray dashed lines) combined with π interactions between the two
involved Tyrs, TIMP-1 Tyr35 and MMP-3 Tyr155. The looser interaction be-
tween WT TIMP-1 (peach) and MMP-3cd (pink) is shown for comparison,
from PDB: 1UEA. Mutational ablation of the Leu34 side chain enables subtle
backbone shifts that align the two Tyr residues to engage the clasp.
B, molecular modeling of the complexes of TIMP-1-C4 (orange) and TIMP1-
C6 (yellow) bound to MMP-10cd (blue and periwinkle, respectively)
compared with the WT TIMP-1 and MMP-10cd crystal structure (peach and
gray, respectively; PDB: 3V96) predict no comparable new interactions with
the TIMP-1 variants to compensate for loss of hydrophobic interactions
between TIMP-1 Leu34 and MMP-10 Phe170. MMP-3, matrix metal-
loproteinase 3; PDB, Protein Data Bank; TIMP-1, tissue inhibitor of
metalloproteinases 1.

Figure 5. TIMP-1 C-connector loop mutations disrupt interactions more
important for MMP-10 binding. A, crystal structure of TIMP-1-C6 (yellow)
bound to MMP-3cd (magenta) compared with WT TIMP-1 (peach) and MMP-
3cd (pink) from PDB: 1UEA show no interaction with the enzyme of either
Met or serine (Ser) at position 66. Glu67 of WT TIMP-1 forms a single H-bond
with the backbone amide of MMP-3 His211, whereas Tyr67 is stabilized in a
sterically similar position via hydrophobic and ring-stacking interactions
with TIMP-1-C6 Phe73. B, the WT-TIMP-1–MMP-10cd crystal structure (peach
and gray, respectively; PDB: 3V96) shows close hydrophobic packing of
TIMP-1 Met66 with MMP-10 residues Pro185 and Tyr191 and a network of
H-bonds positioning TIMP-1 Glu67 between the backbone amide of MMP-
10 His227 and side chain of TIMP-1 Arg75. All interface interactions with
MMP-10cd (periwinkle) in this region are predicted to be disrupted by the
M66S and E67Y mutations present in TIMP1-C6 (yellow); the sole new
interaction is an intramolecular H-bond between TIMP-1-C6 Ser66 and
Ser68. MMP-10, matrix metalloproteinase 10; PDB, Protein Data Bank; TIMP-
1, tissue inhibitor of metalloproteinases 1.

Engineering MMP-3-selective TIMP-1
the mutation results in elimination of both the intermolecular
H-bond and the intramolecular salt bridge, which in this case
is not predicted to be compensated by stabilizing aromatic
interactions (Fig. 5B).

TIMP-1 mutations in the GH-loop and MTL-loop of the C-
terminal domain disrupt favorable interactions with MMP-10
and create new interactions with MMP-3

Protein crystal structures and structural models of com-
plexes with TIMP-1-C6 and TIMP-1-C4 also provide insight
6 J. Biol. Chem. (2022) 298(3) 101654
into how mutations in the TIMP-1 C-terminal domain modify
selectivity of these selected variants. The TIMP-1-C6 variant
contains the L133N mutation within the GH-loop, and the
TIMP-1-C4 variant contains the nearby P131S mutation.
Because of differences between MMP-3 and MMP-10 back-
bone conformations in this part of the interface, Leu133 shows
different positioning and interactions in these complexes. In
the complex of WT TIMP-3 with MMP-3, Cγ of Leu133 shows
a single hydrophobic close contact (4.0 Å) with Tyr223 C

ε1,
and this packing is little changed by the L133N mutation
(Fig. 6A). In TIMP-1-C4 containing the P131S mutation,
subtle shifts in backbone conformation enhance intra-
molecular hydrophobic interactions between Leu133 and Val4,
but interactions of Leu133 with MMP-3 Tyr223 are still
limited to a single hydrophobic close contact (3.9 Å). In the
complex of WT TIMP-1 with MMP-10, however, Leu133 is
hugged in closer to both the MMP and the N-terminal domain



Figure 6. TIMP-1 L133N and P131S mutations weaken more extensive
interactions with MMP-10. A, structure of WT TIMP-1 (N-terminal and
C-terminal domains in peach and aqua, respectively) bound to MMP-3cd
(pink) from PDB: 1UEA reveals a single close hydrophobic contact be-
tween TIMP-1 Leu133 Cγ and MMP-3cd Tyr223 C

ε1 and little interaction
between the two TIMP domains in this region. This packing is little
changed by the L133N mutation in the crystal structure of TIMP-1-C6 (N-
terminal and C-terminal domains in yellow and lime, respectively) bound
to MMP-3cd (magenta). The crystal structure of TIMP-1-C4 containing the
P131S mutation shows closer packing between Val4 of the N-terminal
domain (orange) and Leu133 of the C-terminal domain (forest) but minimal
interaction with Tyr223 of MMP-3 (purple). B, the WT-TIMP-1–MMP-10cd
crystal structure (TIMP-1 colored as aforementioned and MMP-10cd in gray;
PDB: 3V96) shows extensive close hydrophobic interactions between
TIMP-1 C-terminal domain residue Leu66, MMP-10 Tyr239, and TIMP-1 N-
terminal domain residues Val4 and Pro5. Pro131 forms close intra-
molecular contacts with Val4 and Leu133. Here, mutation L133N in TIMP-1-
C6 (colored as aforementioned) is predicted to fully disrupt the extensive
hydrophobic interactions between TIMP domains and with MMP-10
(periwinkle). Mutation P131S in TIMP-1-C4 (colored as aforementioned)
disrupts intramolecular hydrophobic interactions between the TIMP-1
domains, loosening the interaction with MMP-10 Tyr239 (blue). MMP-10,
matrix metalloproteinase 10; PDB, Protein Data Bank; TIMP-1, tissue in-
hibitor of metalloproteinases 1.

Engineering MMP-3-selective TIMP-1
of the TIMP, forming multiple hydrophobic contacts with
MMP-10 Tyr239 (4.0 and 4.1 Å) and with TIMP-1 Val4 (3.8
and 4.0 Å) and Pro5 (4.1 Å) (Fig. 6B). These favorable packing
interactions are all predicted to be lost in the TIMP-1-C6
variant with its L133N mutation (Fig. 6B). In the WT-TIMP-
1–MMP-10 complex, the complementarity of the inhibitor to
the MMP in this region is further stabilized by close intra-
molecular hydrophobic packing of Pro131 with both Leu133
and Val4; these stabilizing contacts are lost in TIMP-1-C4
because of the P131S mutation, and consequently the inter-
action of Leu133 with MMP-10 Tyr223 weakens, with pre-
dicted closest distance of 4.4 Å. Thus, the L133N and P131S
mutations are both anticipated to be neutral for MMP-3
binding but deleterious for MMP-10 binding.

In the multiple turn loop of TIMP-1, mutations were
observed at Q153N in TIMP-1-C4 and S155L in TIMP-1-C6.
Our structures of the TIMP-1 variant complexes with MMP-
3cd reveal altered backbone conformations in the MTL-loop
as a result of these amino acid substitutions (Fig. 7A). In the
case of the TIMP-1-C4 variant, it is not clear whether the
Q153N substitution directly impacts binding or specificity, as
neither residue at this position appears to make direct contact
with either MMP. However, the S155L mutation found in the
TIMP-1-C6 variant may potentially enhance selectivity for
MMP-3 over MMP-10. The WT TIMP-1 complex with MMP-
3cd features a single intermolecular contact in this region, an
H-bond between the TIMP-1 Glu156 and MMP-3 Tyr220 side
chains. The shift of the TIMP-1 backbone in the TIMP-1-C6
variant results in replacement of this interaction with new
hydrophobic packing interactions of the newly introduced
Leu155 side chain with MMP-3 Leu222 (3.6 and 4.0 Å) and
TIMP N-terminal domain residue Pro5 (4.1 Å). In the MMP-
10 complexes, by contrast, the variant substitutions in the
MTL-loop are not predicted to substantially alter direct in-
teractions with the enzyme, where the H-bond between TIMP-
1 Glu156 and MMP-10 Tyr236 is the only close contact
observed in all complexes (Fig. 7B). Thus, the S155L mutation
of TIMP-1-C6 may modestly shift specificity in favor of MMP-
3 inhibition through enhanced hydrophobic packing.
Discussion

Protein engineering using yeast surface display is a powerful
tool for improving binding affinity and selectivity of protein
binders and has been widely used to engineer scaffolds such as
antibodies (38, 39). Protein engineering via directed evolution
can also be used to unravel protein sequence–structure–
function relationships and understand the detailed mecha-
nisms of natural and engineered protein–protein binding in-
teractions (40). Here, we used a combination of rational
protein design, directed evolution, and structural analyses to
evolve variants of TIMP-1 capable of fine discrimination be-
tween closely related MMPs and to dissect the sequence and
structural features responsible for the evolved specificity. We
used a counter-selective screening strategy to isolate TIMP-1
variants with markedly improved binding selectivity for
J. Biol. Chem. (2022) 298(3) 101654 7



Figure 7. Mutations in the TIMP-1 multiple turn loop introduce new
intermolecular and intramolecular interactions in MMP-3 complexes. A,
structure of WT TIMP-1 (N-terminal and C-terminal domains in peach and
aqua, respectively) bound to MMP-3cd (pink) from PDB: 1UEA reveals a
single H-bond between TIMP-1 Glu156 and MMP-3cd Tyr220 side chains
and little interaction between the two TIMP domains in this region. Sub-
stantial conformational changes are seen in the multiple turn loops of TIMP-
1-C4 (N-terminal and C-terminal domains in orange and forest, respectively)
bound to MMP-3cd (purple) and TIMP-1-C6 (N-terminal and C-terminal do-
mains in yellow and lime, respectively) bound to MMP-3cd (magenta). In the
MMP-3cd–TIMP-1-C6 complex, this results in new hydrophobic interactions
of TIMP-1-C6 Leu155 with MMP-3cd Leu222 and TIMP-1-C6 N-terminal
domain residue Pro5. B, the crystal structure of WT TIMP-1 (colored as
aforementioned) with MMP-10cd (gray) (coordinates from PDB: 3V96) and
models of TIMP-1-C4 and TIMP-1-C6 (colored as aforementioned) in complex
with MMP-10cd (blue and periwinkle, respectively) show little difference
among the WT and mutant complexes. MMP-3, matrix metalloproteinase 3;
PDB, Protein Data Bank; TIMP-1, tissue inhibitor of metalloproteinases 1.

Engineering MMP-3-selective TIMP-1
MMP-3 compared with MMP-10, the most closely related
MMP in terms of sequence homology, protein structure, and
substrate specificity. Thus, our study provides proof of prin-
ciple for the capability of full-length TIMPs to serve as scaf-
folds for development of highly selective MMP inhibitors and
demonstrates the utility of our yeast surface display platform
and counter-selective screening strategy to achieve desired
specificity.
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MMPs play multifaceted roles in many diseases, and while
overexpression or elevated activity of specific MMPs possess
demonstrated roles in driving disease pathogenesis, there are
many examples in which other MMPs can have opposing
beneficial effects in the same disease setting (9, 10, 41). This
effect likely underlies the poor performance of broad-
spectrum MMP inhibitors in clinical trials for cancer and
arthritis, since they targeted beneficial MMPs alongside those
representing drivers of pathology, and showed poor tolera-
bility because of off-target side effects (1, 6–8, 42). Conse-
quently, much more selective inhibitors are desired, but
selective small-molecule inhibitors have been notoriously
difficult to develop for the MMPs because of very close
structural homology in the vicinity of the active site among
the many members of this enzyme family. Compared with
small-molecule ligands, protein-based inhibitors can offer
greater opportunities to generate specificity because they
interact with target proteins utilizing much broader contact
surfaces. Here, we have taken advantage of the natural protein
scaffold of full-length TIMP-1, which has evolved to uniquely
target active metalloproteinase catalytic domains utilizing a
contact interface of >1200 Å2. Notably, the targeted contact
interface on the MMP extends beyond the conserved active
site to include less-conserved exosites on the catalytic
domain, conferring considerable potential to engineer speci-
ficity (23).

Several other recent strategies have aimed to engineer se-
lective protein-based MMP inhibitors by employing diversity
library screening of single-chain antibodies or single domain
TIMP constructs. Libraries of single-chain antibodies gener-
ated by immunization of llamas with an active human MMP-
10-Fc fusion protein were displayed on yeast and enriched for
MMP-10 binders. Among the MMP-10 binders identified in
this screen were four that inhibited MMP-10 activity, one of
which turned out to be selective for MMP-10 over MMP-3
(43). Phage and yeast displayed libraries of engineered anti-
body domains have also been screened to identify various se-
lective inhibitors of MMP-14, as we have reviewed previously
(1). In one example, an MMP-selective human Fab, engineered
with an extended convex antigen-binding site resembling that
of camelid antibodies, was isolated using a phage display
approach and shown to inhibit MMP-10 in preference to
MMP-2 or MMP-9 (44). Some of the challenges of developing
such MMP-targeted antibodies are that many antibodies raised
against the MMP immunogen will not bind in an inhibitory
fashion, and others will not distinguish between active MMP
and inactive zymogen. Thus, it may be only a very small
proportion of the library that possess these desired
characteristics.

By contrast, when using a TIMP-based library to engineer
selective MMP inhibitors, the entire library is based on a
scaffold that is uniquely evolved to bind to the active site of
active MMPs in a completely inhibitory fashion. Here, the
greater challenge becomes evolving selectivity among MMPs,
since native TIMPs broadly inhibit most MMPs. Earlier studies
employed the isolated N-terminal domain of TIMP-2 as a
scaffold for engineering selective inhibitors of MMP-14 and
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MMP-9 (17, 18). In addition to the core inhibitory epitope that
binds in the enzyme active site, this domain includes the TIMP
AB-loop, which contacts the MMP catalytic domain at a
nonconserved surface exosite, giving opportunities for evolu-
tion of specificity. In the present study, by employing full-
length TIMP-1 as a scaffold, we added epitopes of the TIMP
C-terminal domain, specifically the multiple-turn loop and the
GH-loop, that confer additional opportunities for selectivity by
embracing additional exosites on the MMP catalytic domain.
Furthermore, we also employed a competitive screening
strategy, which provided not only positive selection for our
target (MMP-3cd) but also negative selection for undesired
binders, here the most similar member of the MMP family
(MMP-10cd). Our sequencing and structural analyses reveal
that mutations in multiple loops of both N-terminal and
C-terminal domains contribute to improvements in specificity.
Furthermore, since these mutations appear in regions of
structural plasticity and result in substantial alterations to
proximal TIMP-1 backbone conformations, which are differ-
ently configured in the complexes with each MMP, our results
are unlikely to have been achieved by previous methods of
screening. In other words, our counter-selective screening
approach directed the evolution of TIMP-1 binding selectivity
in an unconventional path, which could not have been easily
predicted by computational studies, nor were the selective
variants identified through FACS screening toward MMP-3
alone in our earlier study (21). Importantly, the competitive
screening approach employed here succeeded at identifying
selective inhibitors capable of discrimination between the two
most closely related MMPs, suggesting that it should also be
capable of similarly identifying inhibitors selective for any
other MMP.

MMP-3 has been regarded as a potential therapeutic target
for several different inflammatory and degenerative diseases.
For example, we have shown that MMP-3 is upregulated in
patients with IPF, where it mediates pathogenic processes via
cleavage of E-cadherin to activate epithelial to mesenchymal
transition (31, 32). MMP-3-null mice are protected against
bleomycin-induced pulmonary fibrosis, suggesting that selec-
tive MMP-3 inhibition might offer an effective therapeutic
strategy to treat IPF. MMP-3 is likewise upregulated in in-
flammatory responses of acute lung injury (ALI) and ARDS,
where it is a pivotal mediator of, and therapeutic target in, the
pathological processes that underlie these diseases (33–35,
45–47). Mice genetically deficient in MMP-3 have been found
to be protected from ALI in several preclinical models (33, 34),
suggesting the therapeutic potential of selective MMP-3 inhi-
bition for treatment of ALI–ARDS.

Several other MMPs are also upregulated in lung diseases or
are constitutively present in the lung, including some that
appear to have protective or mixed effects on disease pro-
gression, and thus may represent antitargets in the develop-
ment of MMP-3 inhibitory strategies. In the inflammatory
setting triggered by acute infection, MMP-10 produced by
macrophages moderates inflammation and protects against
tissue damage (41, 48, 49). Similar protective effects are seen in
lung injury caused by inhalation of long multiwalled carbon
nanotubes (50). Studies of MMP-9 in lung disease have shown
context-dependent profibrotic and antifibrotic effects in
different models of lung fibrosis (51). In models of lung injury
induced by mechanical ventilation or by ozone inhalation,
MMP-9 was shown to have protective functions, and MMP-9-
null mice developed more severe injury than WT mice in these
models (52, 53). Other MMPs that demonstrated protective
roles in lung disease include MMP-19, which protects against
the development of lung fibrosis (54), MMP-13, which mod-
erates inflammation in ALI (55) and promotes resolution of
lung fibrosis (56, 57), and MMP-28, which regulates macro-
phage polarization and infiltration into sites of acute lung
infection (41, 58). In this study, we engineered TIMP-1 vari-
ants that retained strong inhibitory capability toward MMP-3
while significantly reducing inhibition of MMP-10 and elimi-
nating observed inhibition of MMP-9, thus taking strides to-
ward the selectivity profile desired for an MMP-targeting
therapeutic for lung diseases.

In conclusion, we have demonstrated that the full-length
TIMP-1 protein can be engineered for fine discrimination
between the most similar of MMPs. We developed a promising
protein engineering selection strategy that holds great promise
for further fine-tuning of MMP-3-selective inhibitors as well as
selective inhibitors of other MMPs of clinical interest as
therapeutic targets. Our structural studies defined the subtle
alterations in TIMP–MMP interactions resulting from the
selected mutations that are responsible for shifts in selectivity.
Together, our results showcase the considerable power of
structure-based library design combined with directed evolu-
tion using yeast surface display and counter-selective FACS
screening. This protein engineering approach can be extended
to protein therapeutic development based on other natural
enzyme inhibitors, critically improving selectivity to eliminate
off-target effects.

Experimental procedures

Strains and plasmids

Yeast DNA vectors for displaying TIMP-1 variants at the N
terminus of Aga2p protein on the yeast surface were derived
from the pCHA backbone, pCHA-VRC01 vector (59), as
described previously (21). For the yeast display of full-length
human TIMP-1 and TIMP-1 variants, the yeast Saccharo-
myces cerevisiae strain EBY100 (MATa AGA1::GAL1-
AGA1::URA3 ura3-52 trp1 leu2-delta200 his3-delta200
pep4::HIS3 prb11.6R can1 GAL) was purchased from Amer-
ican Type Culture Collection.

MMP expression, purification, and biotinylation

MMP catalytic domain proteins lacking the C-terminal
hemopexin domain were expressed in zymogen form (pro-
MMP) using a pET-3a vector. pET3-MMP-3cd was a generous
gift of Nagase et al. (60). ProMMP-3cd was refolded and pu-
rified after bacterial expression and extraction from inclusion
bodies as described previously (21, 60). The denatured protein
J. Biol. Chem. (2022) 298(3) 101654 9
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was purified on Q-Sepharose and then refolded by stepwise
dialysis, followed by activation overnight in the presence of the
organomercurial compound 4-aminophenyl mercuric acetate
(61–63) according to our published protocols (21). ProMMP-
10cd was expressed, purified, and activated using protocols
similar to those for proMMP-3cd, as we have previously
described (22). To minimize degradation, MMP-10 was acti-
vated for 1 h, and then the active MMP-10cd was quickly
purified from residual proMMP-10cd and degradation prod-
ucts by gel filtration on Superdex 75 (22). An expression
construct for production of truncated human pro-MMP-9
(residues 20–444; proMMP-9cd) was generated by PCR
amplification of the gene from a human complementary DNA
construct corresponding to GenBank accession ID BC006093
(Open Biosystems) using PCR primers 50-CCATTTCA-
TATGGCCCCCAGACAG-30 and 50-CCCAGCA-
GATCTTCATCAACCATAGAGGTG-30. The PCR product
was digested with NdeI and BglII (New England Biolabs) and
cloned into vector pET-3a digested with NdeI and BamHI
(New England Biolabs). The protein was expressed from
Escherichia coli strain BL21(DE3), purified from inclusion
bodies by Q-sepharose chromatography, and refolded essen-
tially as described previously (64). MMP-9cd was activated by
MMP-3cd using a proMMP-9cd:MMP-3cd molar ratio of
150:1 in 20 mM Tris, pH 7.5, and 10 mM CaCl2, incubated for
30 min at 37 �C. MMP-3cd and MMP-10cd were biotinylated
using the EZ-Link NHS-PEG4 biotinylation kit (Thermo
Fisher Scientific) according to the manual with addition of
biotin in 1:10 molar ratio (protein to biotin) and incubated at
room temperature for 30 min. The biotinylated MMPs were
purified using Zeba spin desalting columns (Thermo Fisher
Scientific) and tested for degree of biotinylation using the 4’-
hydroxyazobenzene-2-carboxylic acid assay according to the
kit protocol.
Soluble TIMP-1 expression and purification

For expression of full-length human TIMP-1 and TIMP-1
variant proteins, the mammalian protein expression vector
pTT-TIMP-1 was used (65). The TIMP-1 mutant genes were
amplified from the corresponding yeast pCHA plasmids using
PCR and inserted into the pTT-TIMP-1 vector using HindIII
and BamHI restriction enzymes. WT TIMP-1 and TIMP-1
variants were expressed in human embryonic kidney 293-
FreeStyle cells (Thermo Fisher Scientific) and purified by
ion exchange and size-exclusion chromatography as previ-
ously described (21). TIMP-1 protein concentration was
measured using titration against MMP-3cd protein stock of
known concentration as previously described (21). TIMP-1
variant proteins were deglycosylated with peptide:N-
glycosidase F (New England Biolabs) according to the man-
ufacturer’s protocols to prepare homogenous proteins for
crystallization. Deglycosylated TIMP-1 C4 and C6 variant
proteins were purified by size-exclusion chromatography
using a Superdex-75 column (GE Healthcare) using 50 mM
Hepes, pH 6.8, containing 150 mM NaCl equilibration and
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elution buffer. The highly pure deglycosylated TIMP-1 frac-
tions were combined and concentrated using Amicon Ultra-
15 centrifugal filter units with molecular weight cutoff of
10 kDa.

Counter-selective screening of TIMP-1 targeted mutant library

Generation of the yeast display library of five million
TIMP-1 variants with random mutations located within five
MMP-interacting loops as shown in Figure 1A (3–4 muta-
tions on an average per variant) and our general yeast culture,
staining, and sorting methodology have been previously
described in detail (21). Prior to each round of sorting, yeast
cells were grown and induced, counted (absorbance of 1 at
600 nm = 107 cells/ml), and then incubated with a mixture of
biotinylated-MMP3cd and unlabeled MMP-10cd in phos-
phate-buffered saline with albumin (PBSA) buffer (8 g/l NaCl,
0.2 g/loading l KCl, 1.44 g/l Na2HPO4, 0.24 g/l KH2PO4 [pH
7.4], and 1% bovine serum albumin) for 1 h on ice. Cells were
then washed and resuspended in cold PBSA buffer containing
anti c-myc 9e10 (Sigma) and streptavidin Alexa Fluor 647
(each 1:100 dilution) on ice for 30 min and then washed with
cold PBSA buffer and incubated with fluorescein-conjugated
goat antimouse secondary antibody (Thermo Fisher Scienti-
fic) on ice covered from light for 30 min, before final washing
and suspension in cold PBSA. Samples were maintained on
ice until run on a cell sorter for library sorting (BD Aria II).
Sorted cells were recovered in synthetic defined medium with
casamino acid (pH 4.5) (20 g/l dextrose, 6.7 g/l yeast nitrogen
base, 5 g/l Bacto casamino acids, 10.4 g/l sodium citrate, and
7.4 g/l citric acid monohydrate) containing 1% penicillin–
streptomycin and incubated at 30 �C overnight. Yeast sur-
face protein expression was induced by culturing cells in
synthetic galactose casamino acid media (20 g/l galactose,
6.7 g/l yeast nitrogen base, 5 g/l Bacto casamino acids, 10.4 g/l
sodium citrate, and 7.4 g/l citric acid monohydrate) at 30 �C
overnight. The initial library (approximately 5 × 107 yeast)
was subjected to one round of screening (staining, sorting,
recovery, and regrowth) using a concentration of 25 nM
biotinylated MMP-3cd in the absence of MMP-10cd.
Screening was continued through four additional rounds,
for a total of five rounds, under equilibrium sorting condi-
tions employing incrementally increasing unlabeled MMP-
10cd concentration from 100 to 1000 nM.

DNA sequencing

Following rounds of sorting, recovered yeast was cultured
on synthetic defined medium with casamino acid plates, and
plasmid DNA was extracted from the isolated individual yeast
clones using the Zymoprep Yeast Plasmid Miniprep II Kit
(ZymoResearch). TIMP1 mutant genes were amplified using
PCR with primers upstream and downstream of the TIMP1
gene, and gel-purified PCR product was submitted for
sequencing (Eurofins Scientific). Alternatively, plasmids
extracted from yeast were transformed into E. coli, extracted
and purified from bacteria using the QIAGEN Miniprep kit
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(QIAGEN), and submitted for sequencing. Sequences were
analyzed using SnapGene software (SnapGene, GSL Biotech,
LLC).

Yeast surface display and flow cytometry of individual TIMP-1
variants

Individual selected pCHA-TIMP-1 variant plasmids were
transformed into yeast strain EBY100 by electroporation,
then grown, induced, harvested, stained, and analyzed by
flow cytometry using protocols similar to those described
previously (21). The yeast cells displaying TIMP-1 variants
were first incubated with 100 to 250 nM biotinylated MMP-
3cd or MMP-10cd in PBSA buffer for 1 h on ice, followed by
anti c-myc and streptavidin Alexa Fluor 647 (each 1:100
dilution in PBSA buffer) for 30 min, and finally fluorescein-
conjugated secondary antibody for 30 min. After harvesting
and washing with cold PBSA, cells were centrifuged and
resuspended in 750 μl of PBSA buffer and then run through
an Attune Nxt flow cytometer (Thermo Fisher Scientific).
Flow cytometry data were collected from at least from
10,000 cell events per sample and analyzed using FlowJo
software (FlowJo, LLC).

TIMP-1–MMP inhibition studies

Kis of WT TIMP-1 and TIMP-1 variants toward MMP-3cd,
MMP-10cd, and MMP-9cd were measured using a method
appropriate for tight-binding inhibition, as we have described
previously (17, 21). MMP-3cd (0.24 nM) or MMP-10cd
(0.3 nM) was incubated with 0.04 to 2.5 nM WT TIMP1 or
TIMP1 variant in TCNB buffer (50 mM Tris, pH 7.5, 100 mM
NaCl, 10 mM CaCl2, and 0.05% Brij) for 1 h at 37 �C. For
MMP-9cd (0.3 nM), the range was 0.05 to 20 nM WT TIMP1
or TIMP1 variant using the same buffer and incubation time.
Thereafter, the fluorogenic substrate Mca-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg-NH2 [where Mca is (7-methoxycoumarin-4-yl)
acetyl, Dpa is N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl]
(AnaSpec) was added to the reaction at a final concentration of
10 μM, and fluorescence was monitored with 340/30 excitation
and 400/30 emission filters using a Synergy 2 plate reader
(BioTek) at 37 �C. Fluorescence readings were recorded every
minute for 120 min, and enzymatic rates were determined
from the slope of the linear portion of the fluorescence signal.
To determine Ki, data were plotted as initial velocities versus
TIMP concentration and fitted by multiple regression to
Morrison’s tight-binding inhibition equation (66) (Equation 1),
where Vt = enzyme velocity in the presence of inhibitor; V0 =
enzyme velocity in the absence of inhibitor; [E] = enzyme
concentration; [I] = inhibitor concentration; [S] = substrate
concentration, Km is the Michaelis–Menten constant, and Ki

app

is an apparent inhibition constant given by Equation 2. Data
were fitted using Prism 7 (GraphPad Software, Inc). Reported
inhibition constants are average values obtained from two in-
dependent experiments, each with duplicate samples, and re-
ported errors reflect standard deviation between the
independent experiments. Calculations were performed using a
Km value of 11.23 μM for MMP-3cd, 13.8 μM for MMP-10cd,
and 2 μM for MMP-9cd as determined from Michaelis–
Menten kinetic experiments performed in triplicate in our
laboratory.
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Crystallization, X-ray diffraction, structure determination, and
refinement

TIMP-1 variants and MMP-3cd protein were mixed at a
molar ratio of 1:1 and then TIMP-1–MMP-3cd protein com-
plexes were concentrated to �3 to 5 mg/ml prior to crystal-
lization screening. Crystals were grown via the hanging drop
method, by mixing the protein solution 1:1 (v/v) with a
reservoir solution (67). TIMP-1-C4–MMP-3cd protein crys-
tals grew in condition 92 of the Top96 crystallization kit
(Anatrace) (0.1 M ammonium acetate, 0.1 M Bis–Tris:HCl, pH
5.5, 17% [w/v] PEG 10000). TIMP-1-C6–MMP-3cd protein
crystals grew in condition 65 of the Top96 crystallization kit
(0.2 M ammonium sulfate, 0.1 M Bis–Tris:HCl, pH 6.5, 25%
[w/v] PEG 3350). TIMP-1 variant–MMP-3cd protein crystals
appeared in a few days and were grown over a few weeks.
Crystals were flash cooled in liquid nitrogen using cryopro-
tectant buffer containing 30% dextrose. Single wavelength
(1 Å) native X-ray diffraction data were collected at 100 K at
Advanced Light Source beamline 8.2.1, Lawrence Berkeley
National Laboratory. TIMP-1 variant complex structures were
each solved from single crystals that diffracted to 3.00 Å (for
TIMP-1-C4–MMP-3cd) and 2.37 Å resolutions (for TIMP-1-
C6). The X-ray data were processed with iMOSFLM (68) for
indexing, refinement, and integration with POINTLESS (69)
and AIMLESS (70) for scaling and merging. The TIMP-1-C4–
MMP-3cd dataset had faint ice rings, and efforts were made to
reduce their impact without discarding useful data, utilizing
the French and Wilson data correction tool within the Phenix
suite. These efforts yielded fully interpretable electron density
maps and reasonable data collection statistics. Free-R flags
were assigned to a random 5% of reflections, and this test set
was maintained throughout all subsequent stages of structure
solution and refinement. X-ray crystal structures of the protein
complexes of MMP-3cd–TIMP-1 variants were solved by
molecular replacement using the program Molrep (71) (MMP-
3cd–TIMP-1-C4) or Phaser (72, 73) (MMP-3cd–TIMP-1-C6).
The previously solved structure of human MMP3cd–WT
TIMP-1 (PDB ID: 1UEA) without the corresponding Zn and
Ca ions was used as a search model. Following molecular
replacement, Phenix.refine was used for sequential re-
finements (74) alternating with manual alterations in COOT
software (75). After several stages of refinement, translation/
libration/screw (TLS) parameters were determined via a tool
within phenix.refine, which is a rapid implementation of the
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TLS motion determination method (76). For C4, a total of 15
TLS groups were determined, eight in MMP-3 and seven for
TIMP-1; for C6, a total of 15 TLS groups were determined,
seven for MMP-3 and eight for TIMP-1. As refinement pro-
gressed, spherical electron density peaks within hydrogen
bonding distance to polar moieties became visible, and water
was placed into them. Some highly flexible regions were not
visible in electron density and left unmodeled. These residues
included N-terminal residues 83 to 87 and C-terminal residues
248 to 255 of MMP-3cd and flexible loop residues 52 to 57 and
C-terminal residues 180 to 184 of TIMP-1-C4 in PDB (ID:
7S7M); and C-terminal residues 248 to 255 of MMP-3cd and
flexible loop 53 to 57 and C-terminal residues 181 to 184 of
TIMP-1-C6 in PDB (ID: 7S7L). Structure figures were gener-
ated using PyMOL (Schrodinger, LLC).

Molecular modeling

Models of MMP-10-bound mutant TIMP-1 complexes were
created starting from atomic coordinates for MMP-10–TIMP-
1 (PDB: 3V96) (22) using methods that we have described in
detail previously (77–79). Heteroatoms except coordinated
metal ions were removed, as were alternative conformations of
residues. Missing side chains were built with maximum like-
lihood rotamer assignment, and missing residues of TIMP-1
(25–30 and 50–57) were built using the TIMP-1 chain from
the MMP-3–TIMP-1 crystal structure (PDB: 1UEA) (37) as a
template. Mutations present in TIMP-1-C4 or TIMP-1-C6
were inserted with PyMOL’s mutation wizard, picking the
most optimal rotamer. These models were imported into
YASARA (80), where hydrogens were added and metal ions
parameterized with zero order bonds. A cubic simulation box
was generated with axes 15 Å from protein atoms. Within the
simulation box, transferable intermolecular potential 3P water
models were inserted at a density of 0.997 g/l and Na+/Cl−

counterions were randomly distributed at 0.9% (150 mM) final
ionic strength. The pH was set to 7.4, pressure to 1 bar, and
protonation states were adjusted based on pKa. Solvent-
simulated annealing was performed to slowly ramp the tem-
perature from cryogenic 80 K to physiological 310 K, after
which the entire system was subjected to steepest descent
energy minimization for 2000 fs.

Data availability

The crystal structures of MMP-3cd–TIMP-1 variant com-
plexes have been deposited in the PDB, www.rcsb.org (PDB
IDs: 7S7L and 7S7M).
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