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Abstract
Tissue inhibitor of metalloproteinases-2 (TIMP-2) inhibits angiogenesis by several mechanisms
involving either MMP inhibition or direct endothelial cell binding. The primary aim of this study
was to identify the TIMP-2 region involved in binding to the previously identified receptor
integrin α3β1, and to determine whether synthetic peptides derived from this region retained
angio-inhibitory and tumor suppressor activity. We demonstrated that the N-terminal domain of
TIMP-2 (N-TIMP-2) binds to α3β1 and inhibits vascular endothelial growth factor-stimulated
endothelial cell growth in vitro, suggesting that both the α3β1-binding domain and growth
suppressor activity of TIMP-2 localize to the N-terminal domain. Using a peptide array approach
we identify a 24 amino acid region of TIMP-2 primary sequence, consisting of residues Ile43-
Ala66, which shows α3β1-binding activity. Subsequently we demonstrate that synthetic peptides
from this region compete for TIMP-2 binding to α3β1 and suppress endothelial growth in vitro.
We define a minimal peptide sequence (peptide 8–9) that posses both angio-inhibitory and, using a
murine xenograft model of Kaposi’s sarcoma, anti-tumorigenic activity in vivo. Thus, both the
α3β1-binding and angio-inhibitory activities co-localize to a solvent exposed, flexible region in
the TIMP-2 primary sequence that is unique in amino acid sequence compared with other
members of the TIMP family. Furthermore, comparison of the TIMP-2 and TIMP-1 protein 3-D
structures in this region also identified unique structural differences. Our findings demonstrate that
the integrin binding, tumor growth suppressor and in vivo angio-inhibitory activities of TIMP-2
are intimately associated within a unique sequence/structural loop (B-C loop).
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1. Introduction
The tissue inhibitors of metalloproteinases (TIMPs) are a small family of four proteins that
are well characterized as inhibitors of the matrix metalloproteinase (MMP) family, and some
members of a disintegrin and metalloproteinase (ADAMs) family [2, 20]. The MMP
inhibitory activity accounts for the ability of TIMPs to inhibit angiogenesis and tumor
progression. However, recent studies have shown that TIMPs also directly regulate cell
behavior, independent of their proteinase inhibitory activity [2, 20, 30]. TIMP-2 is a unique
member of the TIMP family in that it directly inhibits endothelial cell proliferation in vitro
and angiogenesis in vivo [30].

Previous studies demonstrate that TIMP-2 suppresses the proliferation of endothelial cells,
fibroblasts, and carcinoma cell lines in response to stimulation with mitogenic growth
factors in vitro [15, 28, 34]. TIMP-2 binds to the surface of human microvascular
endothelial cells (hMVECs) via interaction with the integrin α3β1 and this interaction
mediates suppression of FGF-2- or VEGF-A-induced hMVEC proliferation in vitro and
angiogenesis in vivo [28]. This angio-inhibitory effect is entirely independent of TIMP-2-
mediated inhibition of MMP activity as the use of the Ala+TIMP-2 mutant, which lacks
MMP inhibitory function, retains equally effective angio-inhibitory activity in vitro and in
vivo [28, 34]. This effect involves a second TIMP-2-mediated mechanism known as
integrin-mediated heterologous receptor inactivation. Specifically, TIMP-2-binding to
integrin α3β1 mediates inactivation of receptor tyrosine kinases (FGFR-1 or VEGFR-2).
Receptor inactivation occurs through dephosphorylation of tyrosine residues by protein
tyrosine phosphatase (PTP) activity, identified as the SH-2 domain phosphatase known as
Shp-1 [28, 29].

The structure of TIMP-2, like other members of the TIMP family consists of six disulfide
loops which are divided into an N-terminal domain, consisting of the first three disulfide
loops that retains MMP inhibitory activity, and a C-terminal domain, that also consists of
three disulfide loops, which can mediate binding to the hemopexin-like domains of several
members of the MMP family [2, 5, 6, 20]. The N-terminal domain of all TIMP family
members is an oligonucleotide/oligosaccharide-binding (OB) fold structure in which the N-
terminal domain is dominated by a β-barrel structure and the mechanism of MMP inhibition
involves co-ordination of the zinc atom at the active site by the amino group of the N-
terminal cysteine residue [2, 10, 12, 31]. MMP inhibitory activity is dependent upon the
correct three-dimensional structure and a free amino terminal cysteine. Work by Fernandez
and colleagues demonstrates that the angio-inhibitory effect of TIMP-2 is dissociable from
MMP inhibition [8], and these authors localize TIMP-2 angio-inhibitory activity to the C-
terminal cysteine loop (loop 6) of the protein structure. Recently, the mechanism of this anti-
angiogenic activity was shown to involve binding of 24-mer peptide of loop 6 to the insulin-
like growth factor-1 receptor (ILGF-1R) [9]. Therefore, we undertook the present study to
identify the region of the TIMP-2 protein involved in integrin binding and determine if this
integrin-binding region, like loop 6 peptide, retained endothelial growth suppressive activity
and angio-inhibitory activity in vivo.
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2. Materials and Methods
2.1 Cell lines and growth factors

Human microvascular endothelial cells (hMVECs) and growth factors were purchased from
commercial sources and used as previously described [28]. TIMP-2, as well as Ala+TIMP-2,
were prepared and characterized as described previously [34]. The N-terminal domain of
TIMP-2 (Cys1–Cys126) referred to as N-TIMP-2 and C-terminal TIMP-2 domain (Glu127-
Pro194), referred to as C-TIMP-2, fused to C-terminus of glutathione-s-transferase were
prepared using similar expression and purification techniques as were used for the full
length proteins [34], with final reverse phase chromatography purification. The TIMP-2 and
N-TIMP-2 preparation retained MMP inhibitory activity as previously reported [6, 34].

Integrin α3β1 (Chemicon) was diluted in 25 mM Tris HCl, 150 mM NaCl, 0.1 mM CaCl2, 1
mM MgCl2, 10 mM octyl-β-d-glucopyranoside and labeled with Na125I using IODO Beads
iodination reagent (Pierce, Rockford, IL) according to the manufacturer’s instructions.

2.2 Protein binding and peptide array integrin-binding assays
To examine the direct binding of 125I-α3β1 to TIMP-2 proteins and in peptide competition
experiments, these protein binding assays were performed as previously described using
Ca+2 and Mg+2 containing PBS [28]. The individual wells were then incubated with 2
nM 125I-α3β1 for 2 h at 37°C. Plates were then washed 3X with binding buffer, and the
remaining bound 125I-α3β1 was quantified by γ counting. The peptide array plates were then
assayed for 125I-α3β1 exactly as described for the protein binding assay, with the exception
that the incubation was for 30 min at 37°C, and the bound 125I-α3β1 was extracted from
each well by incubating with 100 µL 10% SDS, 2 M Urea and 0.5% 2-mercaptoethanol,
before being quantified by γ counting. All data were corrected for non-specific background
binding and specific activities of 125I-α3β1 preparations. Failure to include divalent cations
in the binding buffer significantly reduced binding of both proteins and peptides. Failure to
include divalent cations in the binding buffer significantly reduced binding of both proteins
and peptides, consistent with the conclusion that binding is divalent cation-dependent.

2.3 Cell growth assays
The hMVECs growth assays were performed using Cell-Titer 96 Aqueous One Solution
reagent (Promega) exactly as previously described [28]. The results from six replicate
determinations of cell number (mean ± standard deviation) are presented as the fold-increase
of non-stimulated growth, or as the percentage of maximal growth factor-stimulated growth
if comparison between separate experiments was necessary.

2.4 Peptide array synthesis
Peptide arrays composed of 18-mer peptides with twelve amino acid residue overlaps were
synthesized in 96-well plate format using previously characterized methodology [19, 26,
27]. In this method the peptides are linked to the surface of the 96-well plate via a polylysine
linker, to prevent steric restriction of access to the TIMP-2 peptide sequence. The average
molecular tether consists of 50 lysine residues. The peptides of interest are then synthesized
using FMOC methodology and the average yield is approximately 380 pmoles/well [27].
The sequences of the peptides in each well of the plates for the TIMP-1 and TIMP-2
peptides are listed in Supplemental Table 1.

2.5 Synthetic peptide synthesis
All synthetic peptides (Supplemental Table 2) were obtained from a commercial laboratory
(Peptide Technologies Corporation, Gaithersburg, MD). The peptides were purified to >97%
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homogeneity by reverse phase chromatography and the sequences confirmed by mass
spectroscopy analysis.

2.6 Directed in vivo angiogenesis assays
In vivo angiogenesis assays were performed using the directed in vivo angiogenesis assay
(DIVA assay) in athymic nude (nu/nu) mice and using VEGF-A (500 ng/mL) as an
angiogenic stimulus as previously described [14]. Experiments were normalized against
maximal angiogenic response to VEGF-A (positive control) to allow direct comparison
between independent experiments.

2.7 Amino acid sequence and protein structure analysis
TIMP protein sequences were analyzed using the ClustalW alignment program (Gonnet
Similarity Matrix) in MacVector™ (v9.5.2 with default settings).

Structure coordinates for TIMP-2 (file 1BR9) and TIMP-1 (file 2JOT) were downloaded
from the Collaboratory for Structural Bioinformatics Protein Data Base home page (URL:
http://www.rcsb.org/pdb/home/home.do) and aligned using the Swiss Protein Data Base
Viewer (http://ca.expasy.org/spdbv/text/download.htm). Images were saved as PICT files
and labeled using Microsoft PowerPoint™ software.

2.8 Kaposi’s sarcoma model of tumor growth
The anti-tumorigenic activity of Peptide 8–9 was assayed using the highly angiogenic
Kaposi’s sarcoma described previously [11]. Treated animals were given 150 µL of 500 nM
Peptide 8–9 dissolved in vehicle (PBS containing 0.1% polyethylene glycol) 3 times a week
starting at day 0. Controls received the same volume of vehicle and each group contained
eight animals. Tumor growth was monitored at regular intervals using calipers and tumor
volumes were calculated using a rational ellipse formula (Tumor volume = (width2 × length)
× 0.5). On day 15 the animals were sacrificed and the tumors removed, weighed, and
processed for histological examination.

2.9 Statistical analysis
All statistical analyses were performed using Prism™ 4.0 statistical software package
(GraphPad, Inc.).

3. Results
3.1 N-terminal domain of TIMP-2 retains integrin-binding activity

We compared the ability of Ala+TIMP-2 (or TIMP-2, data not shown), N-TIMP-2 and C-
TIMP-2 to bind 125I-labeled α3β1 integrin using Maxisorb™ 96-well plates. The coating
concentration of N-TIMP-2 was 0.4 µM compared with 1 µM for both Ala+TIMP-2 and C-
TIMP-2, Figure 1a. 125I-labeled α3β1-binding was two fold higher in the N-TIMP-2 coated
wells compared with the Ala+TIMP-2 and three fold higher compared with C-TIMP-2.
Statistical analysis (student t test) demonstrates that these differences are highly significant
(p<0.0001).

To determine the efficiency of coating and estimate the binding affinity we performed a
dose-response experiment using different coating concentrations of N-TIMP-2. Figure 1b
demonstrates that integrin α3β1 binding to the N-TIMP-2 occurred in a linear and
concentration-dependent manner (R2 = 0.988). Using the specific activity of the 125I-α3β1
preparation and assuming saturation binding of the N-TIMP-2 to the Maxisorb™ plates, we
calculated the dissociation constant for each of the binding concentrations tested, Figure 1b
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legend. The mean calculated KD ~ 0.220 ± 0.118 nM for these experiments was in excellent
agreement with previously observed dissociation constants for TIMP-2 binding to the cell
surface [7, 15, 28]. If we reduced the estimated binding of the N-TIMP-2 to 50%, the KD
values remained in the low nanomolar range (KD = 1.9–9.7 nM). These findings suggested
that an α3β1 integrin-binding domain of the TIMP-2 molecule is located within the N-
terminal domain and that the binding of N-TIMP-2 protein to the wells of the Maxisorb™
plates was at least moderately efficient (>50%) and more likely highly efficient (>90%).
Furthermore, removal of the C-terminal domain enhanced the α3β1-binding activity.

3.2 N-terminal domain of TIMP-2 retains anti-mitogenic activity in VEGF-A-stimulated
human microvascular endothelial cells

The data presented in Figures 1a and 1b suggested that the α3β1 integrin-binding domain of
the TIMP-2 protein was located within the first 126 amino acid residues comprising the N-
terminal domain. To determine if N-TIMP-2 also has growth inhibitory activity we tested
the ability of N-TIMP-2 to inhibit VEGF-A-stimulated mitogenesis of hMVECs in vitro,
Figure 1c. Comparison of the ability of Ala+TIMP-2 and N-TIMP-2 to inhibit cell growth
demonstrated that 100 nM final concentration of both proteins results in 75 and 67%
inhibition of the two-fold increase in cell number observed following treatment with 10 ng/
mL VEGF-A. Student t-test analysis again demonstrated that these effects were highly
significant (p<0.0001), but that the difference between inhibition by Ala+TIMP-2 and N-
TIMP-2 was not significant (p= 0.473). This finding suggests that the N-terminal domain
retains potent growth suppressive activity that is essentially equipotent to Ala+TIMP-2 in
vitro.

3.3 Peptide array analysis identifies TIMP-2 peptides that bind integrin α3β1
Previous studies show that the TIMP-2 growth suppression and integrin binding activities
require expression of the α3 and β1 integrin subunits and can be competed by α3β1 blocking
antibodies [28, 29], the question remains if the integrin-binding and growth suppressive
activities involve similar regions of the TIMP-2 molecule. To address this issue we began
with identification of the TIMP-2 integrin-binding region by utilizing a peptide array
approach. Peptide arrays composed of 18-mer peptides with twelve amino acid residue
overlaps were synthesized in 96-well plate format using previously characterized
methodology [19, 26, 27]. Separate 96-well plate arrays for entire 194 amino acids of the
mature TIMP-2 coding sequence and 184 amino acids of TIMP-1 were synthesized and
probed for integrin binding-activity utilizing 125I-α3β1. The corrected binding data were
used to generate a 125I-α3β1 integrin-binding profile. The profile for the TIMP-2 peptide
array showed a definite peak in 125I-α3β1 integrin-binding for the peptide sequence A-9
(designated as peptide 9) with substantial integrin binding on the adjacent N-terminal wells
A-8 and A-7 (designated as peptides 8 and 7, respectively), Figure 2. Peptide 7 was not
studied further as the 12 amino acid overlap that it is has in common with peptide 8 is not
present in peptide 6 which showed markedly reduced integrin-binding activity. A dramatic
decrease in integrin binding in wells corresponding to peptide sequences immediately C-
terminal of peptide 9 (wells A-10, A-11, etc.) was also observed. The significance of this
was further explored using additional synthetic peptides (vide infra).

In the TIMP-1 profile several isolated peaks of 125I-α3β1 integrin-binding were observed,
however, 125I-α3β1-binding in adjacent wells containing peptide sequences that share 66%
sequence identity was very low or absent, suggesting that the binding observed in these
wells was a non-specific effect. Furthermore, TIMP-1 did not demonstrate suppression of
hMVEC proliferation in vitro.
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3.4 Competitive synthetic peptide binding assays confirm the α3β1-binding activity of
TIMP-2 peptides

In order to confirm the ability of various peptides to bind to the 125I-α3β1 integrin we
utilized Ala+TIMP-2-coated 96-well plates in a binding competition assay. As seen in
Figure 3, peptides 8, and the region of overlap between peptides 8 and 9 (designated peptide
8–9) at 1 µM concentration strongly compete for binding of the 125I-α3β1 integrin, with
>97% inhibition (p<0.0005). This level of inhibition is similar to that observed with 100 nM
N-TIMP-2 previously demonstrated to have potent α3β1 integrin-binding activity, Figure 1a
and 1b. Peptide 9 also demonstrates significant competition for α3β1 integrin-binding
(~75%, p<0.0005).

Since the peptides immediately C-terminal of peptide 9 showed a dramatic decrease in direct
α3β1 integrin-binding we attempted to confirm this apparent boundary for the TIMP-2
integrin-binding domain. To this end, we used three synthetic peptides: 1) The first
designated peptide 9–13 contains the eight C-terminal residues of peptide 9 plus the next 15
residues of the TIMP-2 sequence; 2) Next we used a scrambled version of this peptide,
designated peptide 9–13 SCR, in which the amino acid sequences of peptide 9–13 were
randomly rearranged; 3) Finally, we made a peptide consisting of the final nine C-terminal
amino acid residues of peptide 9–13, which are contained within peptides 11, 12 and 13 in
the original array and hence designated peptide 11–13 (see Supplemental Table 2). The
competition binding experiments show that peptide 9–13 retained statistically significant
(p<0.005) competitive activity, Figure 3. However, if the sequence was scrambled or the
peptide 9 sequence was removed from the peptide, these peptides (peptide 9–13 SCR and
peptide 11–13, respectively) loose the ability to compete for binding of α3β1 integrin,
Figure 3. These findings confirm the C-terminal boundary of the α3β1 integrin-binding
domain that was first observed in the peptide array data.

3.5 TIMP-2 integrin-binding peptides retain anti-mitogenic activity in VEGF-A-stimulated
human microvascular endothelial cells

We now tested the ability of the TIMP-2 peptide identified in the α3β1-peptide binding
arrays to retain anti-mitogenic activity following VEGF-A stimulation of hMVECs and anti-
angiogenic activity in vivo. Figure 4a demonstrates peptides 8, 8–9 and 9 at 1 µM
concentration inhibited VEGF-A-stimulated mitogenesis in a statistically significant (>50%
inhibition, p≤0.01) manner, and were essentially equipotent as Ala+TIMP-2 (100 nM,
ANOVA analysis p= 0.2734). We have previously shown that TIMP-2 and Ala+TIMP-2
also suppressed FGF-2-stimulated mitogenesis of hMVECs [28]. Peptides 8, 8–9 and 9 show
similar growth suppressive activity against this mitogen as demonstrated for VEGF-A (data
not shown). As we previously demonstrated for the integrin binding activity, the boundary
sequence, peptide 9–13, containing the peptide 9 sequence (C-terminal eight amino acid
residues) retained significant growth inhibitory activity (>95%, p<0.005), Figure 4b.
However, if the sequence is scrambled (peptide 9–13 SCR) or peptide 9 sequence is deleted
(peptide 11–13) the ability of these peptides to inhibit FGF-2-stimulated cell growth is
greatly compromised (p>0.17). These data are compiled from two independent experiments
and therefore the results were normalized to maximal growth response in each experiment
for comparative purposes and are expressed relative to maximal growth activity of FGF-2
stimulation.

3.6 TIMP-2 integrin-binding peptides retain anti-angiogenic activity in vivo
Finally, we tested the ability of these TIMP-2 α3β1 integrin-binding peptides to inhibit
angiogenesis in vivo utilizing the quantitative, directed in vivo angiogenesis assay (DIVA
assay). We assayed the angio-inhibitory activity of the integrin-binding peptides identified
in the original peptide array screening. Peptides 8, 8–9 and 9 were tested at 500 nM, as well
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as peptides 9–13 and 9-13SCR at 1 µM local concentrations within the angioreactors, Figure
4c. Peptides 8 and 8–9 inhibited 70 ± 2% of the VEGF-A-induced angiogenic response and
these values were statistically significant (p<0.005). Peptide 9 demonstrated the most potent
activity with greater than 95% inhibition and was also highly significant with p<0.0001.
Peptide 9–13 containing the C-terminal eight amino acids of peptide 9, showed significant
(p<0.05) inhibition (~ 50% of the maximal response). However, when this sequence was
scrambled (peptide 9-13SCR) the angio-inhibitory activity was completely depleted.
Collectively these data strongly suggest that the α3β1 integrin-binding peptides identified in
our TIMP-2 peptide array experiments have significant angio-inhibitory activity in vivo.

3.7 TIMP-2 integrin-binding peptide 8–9 demonstrates anti-tumorigenic activity in vivo in
Kaposi’s sarcoma model

The peptide 8–9 significantly reduced tumor growth when administered either by
peritumoral injection (***p< 0.01, as determined by two-way ANOVA), Figure 5a, and
intraperitoneal injection (data not shown). Differences became significant at day 7 after. The
inhibitory effects were greater if animals received peptide by peritumoral injection.
Microscopic examination of hematoxylin and eosin stained sections showed reduced
cellularity and reduced vascularity of tumors in mice treated with peptide 8–9 (peritumoral
and intraperitoneal), Figure 5c and 5d, as well as increased cellular necrosis, Figure 5d
(intraperitoneal administration), that was not present in control mice treated with vehicle
alone, Figure 5b. These data demonstrate that the TIMP-2 peptide 8–9 has statistically
significant anti-tumor activity in this model of Kaposi’s sarcoma.

4. Discussion
In addition to the studies by Seo et al. demonstrating the anti-mitogenic activity of TIMP-2
in hMVECs is α3β1-dependent, recent studies by Jaworski and colleagues demonstrate that
TIMP-2 inhibits neurite outgrowth and promotes neurite differentiation in vitro via an α3β1
integrin-dependent mechanism [25]. These observations led the authors to suggest that up-
regulation of TIMP-2 expression by proliferative stimuli results in the transition from
neuronal proliferation to promotion of terminal neuronal differentiation. This concept is
further supported by their subsequent demonstration that TIMP-2-deficient mice have a
movement disorder with abnormal motor neuron development, and shows for the first time a
significant phenotype for these TIMP-2 deficient mice [18]. These studies suggest that
TIMP-2 binding to α3β1 and subsequent mediation of cell fate is not unique to hMVECs,
and may be a more general biological mechanism of significance in control of tissue
homeostasis.

Fernandez et al. [8] demonstrate that the C-terminal domain, specifically disulfide loop 6 of
the TIMP-2 structure exhibits angio-inhibitory activity. It should be noted that the both the
N-terminal TIMP-2 and mutant N-terminal TIMP-2, lacking MMP inhibitor activity, did
show 35–40% inhibition of angiogenesis in their murine corneal pouch assay [8]. More
recently Fernandez and colleagues have shown that a 24-mer loop 6 peptide binds to the
ILGF-1R and that loop 6 binding to endothelial cells is completely independent of integrin
α3β1 [9]. We did observe binding of 125I-labeled C-terminal domain of TIMP-2 to hMVECs
(Figure 1a) and this fragment did inhibit hMVEC proliferation in response to FGF-2
stimulation (data not shown), confirming the previous findings of Fernandez et al. [8].
However, our study focused on identifying the TIMP-2 region responsible for binding to the
α3β1 integrin, and then evaluating the angio-inhibitory activity of protein fragments and
synthetic peptides from this domain using hMVECs in vitro and the DIVA assay in vivo.

Our findings demonstrate that there is a 24 amino acid region located in the N-terminus of
TIMP-2 that binds to integrin α3β1 and retains biological activity with respect to
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suppression of VEGF-A-stimulated hMVEC growth in vitro as well as angio-inibition in
vivo. Peptide binding arrays localized the α3β1 integrin-binding domain to a region
containing the contiguous amino acid residues I43 through A66, which includes portions of
the B-β sheet, B-C loop and a few residues of the C-β-sheet structures, a region of the
TIMP-2 structure previously characterized as highly flexible and solvent accessible [31].
The peptide array and synthetic peptide experiments suggest that further extension of the
peptide sequence in the C-terminal direction from this peptide sequence results in a loss of
integrin binding, growth inhibition and anti-angiogenic activity, confirming the distinct
localization of integrin binding activity observed in the peptide array analysis. Our findings
also suggest that small soluble peptides are capable of mimicking the integrin-binding and
anti-angiogenic activity of the parent TIMP-2 protein, a principal well established for other
extracellular matrix components such as IgG1 [21], fibronectin [35], thrombospondin [3]. In
fact many endogenous inhibitors of angiogenesis are indeed small peptide fragments of
larger proteins and possess integrin-binding activity, e.g. angiostatin, endostatin, tumstatin,
etc. [13, 23]. Furthermore, the findings in the present report confirm the previous
observations that binding to α3β1 integrin is critical for the growth inhibitory and anti-
angiogenic activity of TIMP-2 [17, 28, 29]. In addition, we demonstrate for the first time,
that α3β1-binding peptides also show anti-tumorigenic activity in a murine Kaposi’s
sarcoma model. Sequence comparison of this region of TIMP-2 with that of the other mature
human TIMPs was performed (using MacVector v 9.5.2). This analysis reveals several
interesting features, Table 1. Overall the identities of the amino acid sequences compared to
TIMP-2 are 44% for TIMP-1, 30% for TIMP-3 and 57% for TIMP-4. This contrasts with the
comparison of the mature protein sequences in which identities relative to TIMP-2 are 53%
for TIMP-1, 64% for TIMP-3, and 71% for TIMP-4. This suggests that the amino acid
residue identity in this region of TIMP-2 is well below that observed for the overall
sequence comparison. In addition, the TIMP-2 amino acid sequence in this region is unique
in that it has a Pro residue at position 56 in the B-C loop followed by a series in which four
out of the next five residues are charged amino acid residues. Both TIMP-1 and TIMP-4
contain Pro residues within the sequence regions corresponding to the TIMP-2 integrin-
binding domain, these occur at the end of the sequences at the terminus of the C-β sheet
structure [31]. TIMP-3 also contains a Pro residue at position 54 in B-C loop; it is not
followed by charged amino acids as observed in the TIMP-2 B-C loop. These findings are
consistent with previous observations suggesting that the largest differences in amino acid
sequence between the TIMP families are found in these exposed loop regions including the
A-B loop, the loop before entering the D strand, as well as the B-C loop where it enters the
C-strand. This B-C loop was identified in the present study as the putative α3β1-binding
region [31]. NMR and x-ray diffraction studies of TIMP-1 and TIMP-2 in complex with the
active site of a MMP, as well as in solution have shown that the overall structure is that of
an oligonucleotide/oligosaccharide-binding (OB) fold in which the N-terminal domain is
dominated by a β-barrel structure [10, 12, 31, 32]. Examination of the structure of the
TIMP-2 shows that the B-C loop and the short extension into the C strand that comprise the
putative integrin-binding region are located on the surface of the molecule and are solvent
accessible (Figure 6a and 6b). Furthermore, comparison with the structure of TIMP-2 and
TIMP-1 in this region, the only other member of the TIMP family for which structure
information is available in the Research Collaboratory for Structural Bioinformatics Protein
Data Base, reveals some interesting differences. The integrin peptide binding sequence
centers on the B-C loop region, which is between the B and C β-sheet strands of the parent
molecules. Alignment of the B-C loop regions of TIMP-1 and TIMP-2 shows that the Pro
residue at position 56 (P56) induces a severe bend in the peptide backbone resulting in a
significant departure from the TIMP-1 structure (Figure 6 b & c, Table 1). Immediately C-
terminal to this bend one observes that the side chains of the Glu residue at position 57
(E57), Lys residue at position 58 (K58), the Asp residue at position 59 (D59), as well as the
Glu residue at position 61 (E61) all project away from the internal region of the β barrel and
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are directed towards the hydration sphere/solvent interface. This is apparent when observed
with the B-C loop aligned perpendicular to the long axis of the OB-fold (Figure 6c) or if the
B-C loop is observed from above (Figure 6d). These residues form a charged polar surface
and form a potential integrin-binding site. This is an interesting observation in light of the
fact that classic integrin-binding sequences, e.g. RGD, often contain charged residues and it
has recently been demonstrated that Glu residues are critical determinants of laminin α chain
binding to integrins [16]. Also, as previously demonstrated, TIMP-2 binding to α3β1
integrin is divalent cation-dependent [28].

The N-terminal domains of the TIMPs also share sequence homology and structural
similarities with netrins, complement proteins (C3, C4 and C5), secreted frizzled-related
proteins and type I procollagen C-proteinase enhancer [1], and this region is known as the
netrin (NTR) module. These proteins perform diverse biological roles including the control
of astacin-like metalloproteinase activity of bone morphogenic protein 1 (BMP1), regulation
of Wnt signaling, as well as regulation of axon guidance and angiogenesis. Interestingly
members of the netrin family, including netrin 1, function as axonal and endothelial
guidance cues. In addition to the classic netrin receptors, such as UNC5 and deleted in colon
carcinoma (DCC), the effects of netrins may also be mediated by signaling pathways
initiated via binding to α3β1 and α6β4 integrins [4, 22]. However, two important differences
between TIMP-2 and netrin 1 are: 1) whereas TIMP-2 is anti-angiogenic, netrins are pro-
angiogenic [24, 33]; 2) the α3β1-binding site of TIMP-2 is in the B-C loop which is
approximately in the middle of the NTR module, the integrin binding domain of the netrins
is localized very close to the C-terminus of this molecule and is quite distinct in sequence
from the TIMP-2 B-C loop [36]. The differences in the binding domains may account for the
converse effects of these two molecules on angiogenesis.

In summary, we have identified a peptide region of TIMP-2 that centers on the B-C loop
region of the TIMP-2 molecule that retains α3β1 integrin-binding activity, as well as
endothelial growth suppression, anti-angiogenic activity and anti-tumorigenic activity in
vivo. Examination of this region demonstrates that the amino acid sequence in this region is
rather unique compared with other members of the TIMP family and that it has an unusual
structure that may form a potential integrin-binding site. As suggested by Fernandez and
colleagues, it is possible that intact TIMP-2 may interact with both the IGF-1R and α3β1 at
the same time [9]. Although interaction with either receptor may be sufficient to inhibit
endothelial mitogenic responses in vitro and angiogenesis, it is also possible simultaneous
binding to both receptors may enhance inhibition of angiogenesis. Such experiments can
now be conducted with the identification of loop 6 and current identification of α3β1-
binding peptides. In conclusion, our work supports the concept that TIMP-2 has potent anti-
angiogenic activity that is mediated by three distinct mechanisms: inhibition of critical
MMPs, such as MT1-MMP; and direct inhibition endothelial cell growth, mediated by
binding to IGF-1R and/or integrin α3β1.

Highlights
An Integrin-binding N-terminal Peptide Region of TIMP-2 Retains Potent Angio-
Inhibitory and Anti-tumorigenic activity In Vivo

Seo et al.,

The α3β1 binding domain is localized to the N-terminal domain of the TIMP-2.

This integrin binding domain encompases residues Ile43-Ala66, or B-C loop.

Synthetic peptides containing sequences from this region suppress endothelial growth.

Peptides from this region are anti-angiogenic and anti-tumorigenic in vivo.
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These data suggest that TIMP-2 binds to the endothelial cell surface through two distinct
mechanisms: loop 6, as demonstrated by Fernandez and colleagues, and B-C loop as
demonstrated here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The N-terminal domain of TIMP-2 demonstrates enhanced α3β1 integrin-binding activity
and retains anti-mitogenic activity. a) Integrin α3β1-binding to Ala+TIMP-2, N-TIMP-2 and
C-TIMP-2/GST-fusion proteins. Wells of Maxisorb™ 96 well plates were coated with
protein solutions, blocked and probed for integrin binding activity as described in Materials
and Methods. Integrin-binding to N-TIMP-2 was two fold greater compared with Ala
+TIMP-2 and three fold greater than C-TIMP-2 (* p<0.0001). The results demonstrate that
the N-terminal region of the TIMP-2, containing the OB fold has the most potent α3β1-
binding activity. α3β1-binding to N-TIMP-2 was 2.5 fold increased over binding to Ala
+TIMP-2 when values are normalized for coating concentrations. b) Binding of α3β1 to N-
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TIMP-2 shows concentration dependence and is linear (R2= 0.9881) over the range of
protein coating concentrations tested. Assuming saturation binding for the coating protein on
the Maxisorb™ plates, the calculated dissociation constants (KD) for the α3β1-binding
interaction with N-TIMP-2 were 0.35, 0.12 and 0.19 nM for the 1, 5 and 10 µM coating
concentrations, respectively, and the mean value was KD ~0.22 ± 0.12 nM. These values are
in excellent agreement with values previously reported for TIMP-2 binding to the cell
surface in an α3β1-dependent fashion (KD=0.9 ± 0.12 nM) and are consistent with the
approximate 2.5 fold increase in N-TIMP-2 binding compared with Ala+TIMP-2 binding
observed in Figure 1a. c) The N-terminal α3β1-binding domain of TIMP-2 retains anti-
mitogenic activity. VEGF-A-stimulated (10 ng/mL) hMVECs demonstrate greater than two-
fold increase in cell number after 24 h compared with control (untreated cells). Ala+TIMP-2
and N-TIMP-2 significantly inhibited the mitogenic response to VEGF-A in vitro, *
p<0.0001.
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Figure 2.
Peptide array analysis of α3β1-binding to TIMP-2 defines a unique integrin-binding domain.
α3β1-binding to TIMP-2 18-mer peptides mapped across the entire TIMP-2 sequence. The
results demonstrated a clear peak of binding activity in the well containing peptide 9, with
significant binding in the immediate N-terminal adjacent peptide sequences (peptides 8 and
7, see text). However, the α3β1-binding to peptides immediately C-terminal to peptide 9 was
significantly diminished.
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Figure 3.
Peptide competition experiments for α3β1-binding. Wells were coated with Ala+TIMP-2
and blocked as descried in Materials and methods. The α3β1-binding activity was then
assayed in the absence (maximal binding) or the presence of TIMP-2 (100 nM, * p<0.01),
N-TIMP-2 (100 nM, *** p<0.0005), or synthetic peptides (all added at 1 µM final
concentration). The results demonstrate that peptide 8, peptide 9, as well as the overlap
region between these two peptides, peptide 8–9 significantly (*** p<0.0005) compete for
the ability of α3β1-binding to the Ala+TIMP-2 coating (see Supplemental Data Table 2 for
specific peptide sequences). In addition, the results confirm the importance of the C-terminal
portion of peptide 9 in α3β1-binding, in that peptide 9–13 retains significant (** p<0.005)
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competitive activity, whereas loss of peptide 9 sequence as in peptide 11–13 or disruption of
the linear peptide 9 sequence (peptide 9–13 SCR) resulted in substantial loss of competitive
binding activity. The results confirm the findings of the peptide array analysis of TIMP-2
peptides.
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Figure 4.
TIMP-2 α3β1-binding peptides retain anti-mitogenic activity in vitro and anti-angiogenic
activity in vivo. a) VEGF-A-stimulated (10 ng/mL) hMVECs demonstrate greater than two-
fold increase in cell number after 24 h. TIMP-2 α3β1-binding peptides, peptide 8, peptide 9
and peptide 8–9 at 1 µM concentrations are essentially equipotent with 100 nM Ala+TIMP
at inhibition of the VEGF-A-induced mitogenic response in hMVEC in vitro. Statistical
analysis: ** denotes p<0.001 and * denotes p≤0.01. b) FGF-2-stimulated mitogenic
response of hMVECs was also inhibited by TIMP-2 as previously reported. In addition,
mitogenic stimulation of hMVECs was also inhibited by N-TIMP-2, and by the peptide
containing the eight C-terminal amino acid residues of peptide 9, peptide 9–13, but loss of
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this peptide 9 sequence (peptide 11–13) or disruption of the primary sequence of peptide 9
(peptide 9–13 SCR) sequence resulted in significant loss of anti-mitogenic activity.
Statistical analysis: ** denotes p<0.0005; * denotes p<0.005. c) The α3β1-binding TIMP-2
peptides retain anti-angiogenic activity in vivo. The α3β1-binding peptides, peptide 8,
peptide 8–9, peptide 9, as well as peptide 9–13 and 9–13SCR were tested for anti-
angiogenic activity using the directed in vivo angiogenesis assay [14, 28, 29]. The results
demonstrate that at 0.5 µM local concentration of peptides 8, 8–9 and 9 showed statistically
significant inhibition of angiogenic activity in vivo. The angio-inhibitory activity of peptide
9–13 was somewhat less (~ 50 %) but remained statistically significant. However,
scrambling peptide 9–13 sequence destroyed this angio-inhibitory activity. Statistical
analysis: *** denotes p<0.0001, ** denotes p<0.0005 and * denotes p<0.05.
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Figure 5.
Peptide 8–9 demonstrates anti-tumorigenic activity in a murine Kaposi’s sarcoma model.
Seven-week-old nude mice were injected in the flank with 5 × 106 KS-IMM cells. Animals
received peritumoral injection (or intraperitoneal injection, data not shown) of 150 µL of
500 nM peptide 8–9 three times a week starting on day 0 (-■-). Control animals were
injected with vehicle alone (-●-). a) Tumor growth was significantly reduced by peritumoral
with peptide 8–9 treatment compared to vehicle alone (***p <0.001, **p <0.01, two-way
ANOVA). b) Histology of treated and untreated tumors. Peritumoral (c) and intraperitoneal
(d) treatments with peptide 8–9 resulted in a decrease in tumor vascularity and cellularity
compared with control tumor (b) (magnification 400×).
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Figure 6.
Structure analysis and identification of potentially important amino acid residues for the
α3β1-binding activity of TIMP-2 localized to the B-C loop. a) Structure of TIMP-2 viewed
perpendicular to the long axis of the N-terminal OB fold. Blue denotes β-sheets, red denotes
α-helices and yellow denotes loop structures. N is the amino terminal cysteine and C is the
carboxyl terminal alanine residue. Also shown is the surface localization of the charged
residues of the 23 amino acid α3β1-binding region of the B-C loop. b) Structure of TIMP-2
viewed from below, all other designations are the same as in A. c) B-C loops of TIMP-2 and
TIMP-1 overlaid and viewed perpendicular to the long axis of the OB fold, demonstrating
the kink induced by Pro56 that results in projection of the charged amino acid residues
Glu57, Lys58, Asp59 and Glu61 of the 24 amino acid α3β1-binding domain away from the
interior of the OB fold towards the surface of the TIMP-2 molecule. d) B-C loops of TIMP-2
and TIMP-1 viewed from above again showing projection of amino acid residues Glu57,
Lys58, Asp59 and Glu61 towards the surface and away from the interior of the TIMP-2
molecule.
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Table 1

Comparison of human TIMP aligned sequences in α3β1 integrin-binding region.

Asterisks (*) denote sequence identity. Double arrows indicate sequences of TIMP-2 peptides 8 and 9.
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