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Abstract
We investigated whether the affinity of tissue inhibitor of metalloproteinases (TIMP)-3 for
adamalysins with thrombospondin motifs (ADAMTS)-4 and ADAMTS-5 is affected by the non-
catalytic ancillary domains of the enzymes. For this purpose, we first established a novel method of
purifying recombinant FLAG-tagged TIMP-3 and its inhibitory N-terminal domain (N-TIMP-3) by
treating transfected HEK293 cells with sodium chlorate to prevent heparan sulfate proteoglycan-
mediated TIMP-3 internalization. TIMP-3 and N-TIMP-3 affinity for selected matrix
metalloproteinases and forms of ADAMTS-4 and -5 lacking sequential C-terminal domains was
determined. TIMP-3 and N-TIMP-3 displayed similar affinity for various matrix metalloproteinases
as has been previously reported for E. coli-expressed N-TIMP-3. ADAMTS-4 and -5 were inhibited
more strongly by N-TIMP-3 than by full-length TIMP-3. The C-terminal domains of the enzymes
enhanced interaction with N-TIMP-3 and to a lesser extent with the full-length inhibitor. For example,
N-TIMP-3 had 7.5-fold better Ki value for full-length ADAMTS-5 than for the catalytic and
disintegrin domain alone. We propose that the C-terminal domains of the enzymes affect the structure
around the active site, favouring interaction with TIMP-3.
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1. Introduction
In addition to their catalytic domains, proteolytic enzymes often have non-catalytic ancillary
domains that modulate interaction of the enzyme with substrates or inhibitors. Indeed, almost
all members of the metzincin family of metalloproteinases have such ancillary domains, and
they have been shown to mediate recognition and cleavage of numerous substrates. For
example, the hemopexin domain of matrix metalloproteinase 1 (MMP-1) is required for
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cleavage of collagen (Clark and Cawston 1989). Among the related adamalysins with
thrombospondin motifs (ADAMTSs), the C-terminal domains of ADAMTS-4 and
ADAMTS-5 have been shown to promote aggrecan cleavage (Kashiwagi et al., 2004; Gendron
et al., 2007; Fushimi et al., 2008), the C-terminal spacer domain of ADAMTS13 promotes
cleavage of von Willebrand factor (Gao et al., 2008) and C-terminal domains of ADAMTS-2
modulate processing of the N-terminal propeptide of procollagen (Colige et al., 2005). These
ancillary domains have also been shown to modulate interaction of some metzincins with the
endogenous tissue inhibitors of metalloproteinases (TIMPs). For example, the MMP-2
hemopexin domain interacts strongly with TIMP-2 (Murphy et al., 1992; Butler et al., 1999;
Morgunova et al., 2002). While the MMPs are inhibited by all four of the mammalian TIMPs,
most adamalysins and ADAMTSs are inhibited only by TIMP-3. Compared to the MMPs, the
adamalysins and ADAMTSs have a greater number and diversity of C-terminal ancillary
domains and the role of these in modulating interactions with TIMP-3 is largely unknown, as
a lack of sensitive substrates has hampered in-depth kinetic analysis. Good substrates are
available for ADAM17, or tumour necrosis factor-α converting enzyme (TACE) and the C-
terminal domains of this enzyme have been shown to reduce the affinity of the enzyme for both
full-length TIMP-3 and N-TIMP-3 by 10-fold (Lee et al., 2002).

ADAMTS-4 and -5 cleave the cartilage matrix proteoglycan aggrecan at various sites, releasing
the chondroitin and keratan sulfate-bearing region of the molecule from the tissue. This is an
early and crucial step in the development of osteoarthritis as it reduces the ability of the tissue
to resist compressive loads. Both enzymes are readily proteolyzed to smaller isoforms, which
have altered proteolytic activity (Gao et al., 2004). Here we investigate TIMP-3 inhibition of
the isoforms, with an aim to understanding whether, as in the case of ADAM17, the C-terminal
ancillary domains of the enzymes regulate TIMP-3 binding to the active site. To do this, we
developed a novel method of purifying sufficient soluble full-length TIMP-3 and its inhibitory
N-terminal domain (N-TIMP-3) for kinetic analysis.

N-TIMP-3 can be successfully expressed in E. coli and refolded in vitro (Kashiwagi et al.,
2001), but we have not been able to refold full-length TIMP-3 using this system. Unlike the
other TIMPs, TIMP-3 binds tightly to the extracellular matrix and is not readily soluble (Lee
et al., 2007; Yu et al., 2000). It is thus difficult to recombinantly express TIMP-3 in mammalian
cells, and to date full-length TIMP-3 has only been recombinantly produced in NSO mouse
myeloma cells, which do not produce an extracellular matrix (Apte et al., 1995). Here we
describe successful purification of full-length TIMP-3 and N-TIMP-3 recombinantly expressed
in human embryonic kidney HEK293 cells. Recently developed synthetic fluorescent quenched
substrates allowed us to determine the inhibition constants of both TIMP-3 and N-TIMP-3 for
various forms of ADAMTS-4 and ADAMTS-5.

2. Results
2.1. Purification of recombinant TIMP-3 and N-TIMP-3

This study describes a novel method of purifying soluble full-length TIMP-3. No TIMP-3 is
observed in the conditioned medium of transfected HEK293 cells, and we have previously
shown that TIMP-3 is rapidly endocytosed after secretion from the cell by a scavenger
endocytic receptor of the low-density lipoprotein receptor-related protein (LRP) family
(Troeberg et al., 2008). TIMP-3 accumulates in the conditioned medium if this endocytic
pathway is blocked, for example by the addition of receptor-associated protein (RAP), an
inhibitor of LRP-mediated endocytosis (Troeberg et al., 2008). Heparin also causes an
accumulation of TIMP-3, indicating that a heparan sulfate proteoglycan co-receptor is possibly
required for LRP-mediated endocytosis as has been reported for other LRP ligands (Godyna
et al., 1995; Sarafanov et al., 2001). However, heparin binds to TIMP-3 tightly and purification
of TIMP-3 from heparin-treated cells proved difficult. To keep recombinantly expressed
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TIMP-3 in the medium, we treated transfected cells with sodium chlorate (NaClO3), which
blocks sulfation of cell surface glycosaminoglycans (Baeuerle and Huttner 1986; Safaiyan et
al., 1999). This resulted in the accumulation of FLAG-tagged TIMP-3 and N-TIMP-3 in the
conditioned medium of transfected cells. Both proteins were purified from the conditioned
medium by anti-FLAG affinity chromatography (Fig. 1A). As previously reported for full-
length ADAMTS-4 (Kashiwagi et al., 2004), substantial processing of the C-terminal FLAG-
tag occurred, reducing the yield to approximately 50 μg of purified protein per litre of
conditioned medium. Both TIMP-3 and N-TIMP-3 expressed in HEK293 were confirmed to
have the expected N-terminal sequence 1CTCSPSHPQD and to react with a polyclonal anti-
TIMP-3 antibody (Fig 1B). Titration against a known concentration of MMP-1 showed all
preparations of TIMP-3 to be 100% active.

TIMP-3 contains a single N-glycosylation site in its C-terminal domain (Apte et al., 1995) and
various possible O-glycosylation sites. Various cell types have been shown to express both a
27 kDa glycosylated and a 24 kDa non-glycosylated form (Apte et al., 1995; Fabunmi et al.,
1996; Langton et al., 1998). Transfected HEK293 cells also synthesized both glycosylated and
non-glycosylated forms, but only the glycosylated form remained after purification, with the
non-glycosylated form possibly lost due to increased “stickiness”. Indeed, we obtained lower
yields when we treated cells with tunicamycin to obtain only the non-N-glycosylated form. N-
TIMP-3 was expressed primarily as a non-glycosylated form, with a lower amount of a higher
molecular mass glycosylated form present. Since N-TIMP-3 contains no N-glycosylation sites,
this possibly reflects O-glycosylation.

2.2. Ki(app) of TIMP-3 and N-TIMP-3 for selected MMPs
We compared the inhibitory activity of our mammalian-expressed TIMP-3 and N-TIMP-3 with
the previously characterized E. coli-expressed N-TIMP-3 with a C-terminal His-tag
(Kashiwagi et al., 2001). Ki(app) values determined in the current study for E. coli-expressed
N-TIMP-3 agreed well with previously published values for this protein (Kashiwagi et al.,
2001). Although we determined a 6-fold lower Ki(app) value for N-TIMP-3 inhibition of the
catalytic domain of MMP-3 (MMP-3cat), our results agree with that found in the previous study
that N-TIMP-3 is a weaker inhibitor of MMP-3cat than of the catalytic domain of MMP-1
(MMP-1cat) or MMP-2 (Table 1).

We found that mammalian expressed N-TIMP-3 had essentially identical inhibitory properties
to the E. coli-expressed N-TIMP-3, being a strong inhibitor of MMP-1 cat and MMP-2, and a
10-fold weaker inhibitor of MMP-3cat.

MMP-1cat was equally well inhibited by N-TIMP-3 and full-length TIMP-3. MMP-3cat,
however, was more strongly inhibited by full-length TIMP-3 than by N-TIMP-3, implying that
the C-terminal domain of the inhibitor contributes to binding. The MMP-2 catalytic domain
(MMP-2cat) was equally well inhibited by N-TIMP-3 and full-length TIMP-3, but the full-
length enzyme was more strongly inhibited by the full-length TIMP-3 than by N-TIMP-3. This
indicates that the C-terminal domain of TIMP-3 interacts with the C-terminal hemopexin
domain of MMP-2.

2.3. Ki of TIMP-3 and N-TIMP-3 for ADAMTS-4 and ADAMTS-5
We analyzed TIMP-3 and N-TIMP-3 inhibition of various isoforms (Fig. 2) of ADAMTS-4
and -5 lacking C-terminal ancillary domains. Fig. 3 shows representative data for four enzyme
isoforms fitted to the tight-binding equation (Bieth, 1995). All isoforms of ADAMTS-4 and
-5 were effectively inhibited by TIMP-3 and N-TIMP-3, with Ki values in the sub-nanomolar
range. All ADAMTS-5 isoforms were inhibited more strongly by N-TIMP-3 than by full-length
TIMP-3 (Table 2). The C-terminal domains of ADAMTS-5 enhanced inhibition by N-TIMP-3,
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with full-length ADAMTS-5 (ADAMTS5-1) having a 7.5-fold better Ki value than
ADAMTS5-5, which consists of the catalytic and disintegrin domain. The C-terminal domains
of the enzyme had a similar, although less marked, effect on association with the full-length
inhibitor. The C-terminal domains of ADAMTS-4 also had a similar effect on association with
full-length and N-TIMP-3 (Table 2).

Glycosylation had little effect on TIMP-3 or N-TIMP-3 inhibition of ADAMT5-2 or
ADAMTS4-2 (Table 3).

The isolated catalytic domains of ADAMTS-4 and -5 (ADAMTS4-5 and ADAMTS5-6) had
only minimal activity on natural substrates and the synthetic substrates used, so their inhibition
by TIMP-3 could not be analyzed by enzyme inhibition kinetics.

3. Discussion
Here we report a novel method to generate recombinant TIMP-3 protein by treating transfected
HEK293 cells with sodium chlorate. Our initial attempts to express TIMP-3 in HEK293 or
HTB94 chondrosarcoma cells were hampered by the observation that, although these cells
transcribe a considerable amount of TIMP-3 mRNA, no TIMP-3 accumulates in the
conditioned medium. We have previously reported that TIMP-3 is normally internalized but
accumulates in medium in the presence of an antagonist of the LRP endocytic receptor or
heparin (Troeberg et al., 2008). We thus treated cells with sodium chlorate, which blocks
sulfation of cell surface glycosaminoglycans (Baeuerle and Huttner 1986; Safaiyan et al.,
1999) and observed accumulation of soluble TIMP-3 in the medium. TIMP-3 has previously
been purified from the conditioned medium of transfected NSO mouse myeloma cells (Apte
et al., 1995), which appear to lack this endocytic pathway. Our transfected cells showed no
signs of TIMP-3-induced apoptosis (Bond et al., 2000) in the absence of sodium chlorate, but
exhibited increased cell death once chlorate was added and TIMP-3 accumulated in the
medium.

Our values for TIMP-3 inhibition of ADAMTS-5 (Ki = 0.1-1.2 nM, Table 2) are in agreement
with the previously reported value of 0.66 nM (Kashiwagi et al., 2001). Our Ki values for
TIMP-3 inhibition of ADAMTS-4 (Ki = 0.1-0.7 nM) are also in agreement with that reported
by Kashiwagi et al. (2001), although higher values of 4-8 nM have been reported in other
studies (Hashimoto et al., 2001;Wayne et al., 2007).

C-terminal domains distal to the disintegrin domain are required for ADAMTS-4 and -5 activity
on aggrecan and various other protein substrates, but these domains had little effect on
hydrolysis of the synthetic substrates used in this study (data not shown). The isolated catalytic
domains of ADAMTS-4 and -5 had negligible activity on these synthetic substrates. To date,
the catalytic domain alone has not been shown to effectively cleave protein substrates such as
aggrecan, suggesting that the disintegrin domain may be part of the minimal catalytic unit. This
view is supported by the crystal structures of ADAMTS-4 and -5, which show that the
disintegrin domain is located close to the catalytic domain and may act as an extension of the
catalytic cleft (Mosyak et al., 2008).

The inhibitory machinery of TIMPs is contained in their N-terminal domains, and in most
cases, the C-terminal domains of both MMPs and TIMPs have a minimal effect on complex
formation (Brew et al., 2000). There are some notable exceptions to this, in which interactions
other than binding of the N-terminal TIMP domain to the catalytic domain of the enzyme
contribute substantially to the overall binding energy. In particular, the C-terminal domains of
TIMP-2, TIMP-3 and TIMP-4 bind strongly to the MMP-2 hemopexin domain (Butler et al.,
1999; Lee et al., 2001; Morgunova et al., 2002; Murphy et al., 1992; Troeberg et al., 2002)
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and the C-terminal domain of TIMP-1 binds to the hemopexin domain of MMP-9 (Bodden et
al., 1994).

While the C-terminal domains of MMPs either have little effect or strengthen binding to TIMPs,
the C-terminal domains of ADAM17 weaken interaction with both full-length TIMP-3 and N-
TIMP-3 by 10-fold (Lee et al., 2002). Also, the ADAM17 catalytic domain interacts more
strongly with the prodomain than the enzyme with disintegrin and cysteine-rich domain
domains attached to the catalytic domain (Milla et al., 1999). Lee et al. (2002) postulated that
the C-terminal domains of the enzyme may sterically hinder access to the catalytic site. The
spatial orientation of the ADAM17 C-terminal domains is not known, as crystal structures are
only available for the catalytic domain in complex with either a hydroxamate inhibitor or N-
TIMP-3 (Maskos et al., 1998; Wisniewska et al., 2008). However, for the related snake venom
metalloproteinases, called vascular apoptosis-inducing proteins (VAPs), crystal structures are
available showing the catalytic, disintegrin and cysteine-rich domains (Igarashi et al., 2007;
Igarashi et al., 2006; Takeda 2008). These structures support Lee et al.'s proposal that the C-
terminal domains of ADAM17 may sterically hinder TIMP-3 access to the active site (Lee et
al., 2002) as the C-terminal VAP domains adopt a C-shaped conformation, with the concave
surface of the cysteine-rich domain being located near to and facing the catalytic domain
(Igarashi et al., 2007). Additionally, there is a “hinge” region between the catalytic and
disintegrin domains and the 6 available VAP structures indicate flexibility in the orientation
of the catalytic domain relative to the C-terminal domains.

In contrast to ADAM17, we found that the ADAMTS-4 and -5 C-terminal domains increase
association with N-TIMP-3 by 5-7-fold (Table 2). The C-terminal domains also increase
association with full-length TIMP-3, albeit to a lesser extent (Ki for ADAMTS-4 and -5
improves 2-fold). This is in agreement with the report of Wayne et al. (2007). In particular,
our data suggest that the TS domains of ADAMTS-4 and -5 are involved in interaction with
TIMP-3. Deletion of the C-terminal TS domain of ADAMTS-5 increases Ki for N-TIMP-3 by
3-fold. Further deletion of the Sp and CysR domains has minimal effect on Ki, but deletion of
the first TS domain results in a further increase in Ki for N-TIMP-3. Ki values for ADAMTS-4
deletion mutants show the same result, with deletion of the TS domain increasing Ki for N-
TIMP-3 by 6-fold, while deletion of the Sp and CysR domains had little effect. Interestingly,
the TS domains have also been shown to play a role in substrate recognition and cleavage
(Tortorella et al., 2000;Fushimi et al., 2008).

The domain architecture of the full-length ADAMTSs is not known, as three-dimensional
structures are only available for the catalytic and disintegrin domains of ADAMTS-1, -4 and
-5 (Gerhardt et al., 2007; Mosyak et al., 2008; Shieh et al., 2008). Although the ADAMTS and
VAP disintegrin domains share sequence homology, it is not possible to extrapolate to the
ADAMTSs from the available VAP structures as their domain arrangements are dissimilar and
may adopt a different orientation relative to the catalytic domain (Gerhardt et al., 2007; Takeda
2008). The crystal structures of the catalytic and disintegrin domains of ADAMTS-4 with and
without a low molecular weight inhibitor determined by Moysak et al. (2008) indicated an
‘open’ and a ‘closed’ form, respectively. In the latter form, the residues Asp328 and Thr329 in
the so-called S2′ loop of 322CGXXXCDTL330 are around the catalytic zinc and the side chain
of Asp328 chelates the Zn2+ ion and that of Thr329 fills the space at the mouth of the S1′ pocket.
Thus, the S2′ loop remains as an auto-inhibitor unless structural re-arrangements occur around
this region and disrupt the interaction between Asp328 and the Zn2+ ion. However, as proposed
by Moysak et al. (2008), the active open form and the inactive closed form may exist in
equilibrium. Full-length ADAMTS-4 and ADAMTS-5 are highly active against a natural
substrate, aggrecan, but deletion of the C-terminal non-catalytic domains of the enzymes
greatly reduces their activity (Kashiwagi et al., 2004; Gendron et al., 2007; Fushimi et al.,
2008). This suggests that these domains alone or substrate binding to these non-catalytic
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domains may shift the equilibrium to the more open form. Our data support this possibility,
since the presence of the C-terminal domains enhances association with N-TIMP-3. Also,
agents that interact with the ADAMTS C-terminal domains, such as calcium pentosan
polysulfate and aggrecan, improve affinity for TIMP-3 (Troeberg et al., 2008; Wayne et al.,
2007).

It is unclear why the C-terminal domains favour association with N-TIMP-3 more than with
full-length TIMP-3. Given that N-TIMP-3 is a slightly better inhibitor of full-length
ADAMTS-4 and -5 than full-length TIMP-3 (Table 2), steric clashes may occur between the
C-terminal domain of TIMP-3 and the ADAMTS non-catalytic domains. Alternatively, a
surface available in N-TIMP-3 but not full-length TIMP-3 may enhance interaction with the
non-catalytic domains of the enzyme, which in turn, could increase the affinity of binding to
the active site. Interestingly, N-TIMP-4 is also a better inhibitor of ADAM17 than full-length
TIMP-4 (Lee et al., 2005). The opposite is true for ADAM10, which is not inhibited by N-
TIMP-1 or N-TIMP-3, but is effectively inhibited by full-length TIMP-1 and TIMP-3 (Rapti
et al., 2008). The ADAMs and the ADAMTSs analyzed to date thus vary considerably in their
affinity for N-TIMP-3 relative to full-length TIMP-3, possibly reflecting conformational
diversity of their C-terminal domains. Structural studies of the complex formed between full-
length ADAMTS-4 or -5 and TIMP-3 are necessary to obtain further information on these
molecular interactions.

4. Experimental procedures
4. 1. Preparation of TIMP-3 and N-TIMP-3 from HEK293

Recombinant human C-terminally FLAG-tagged TIMP-3 and N-TIMP-3 were expressed using
pCEP4-based expression vectors (Invitrogen, Paisley, UK) constructed by the PCR method.
The TIMP-3 expression vector was constructed using the sense primer 5′-
CTCGAGTCCCTTTTTTTTCCACAGGAGCTCGCCGCCACCATGACCCCTTGGCT
CGGGCTCATCGTGCTC-3′ containing an XhoI site (underlined), Kozak consensus sequence
(in italics) and TIMP-3 N-terminal sequence, and the antisense primer 5′-
CTCGAGCTACTTATCGTCGTCATCCTTGTAATCGGGGTCTGTGGCATTGATGATG
CTTTTATCCGG-3′ containing an XhoI site (underlined), FLAG epitope (Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys-stop) (in italics) and the C-terminal sequence of TIMP-3, with a TIMP-3
vector kindly provided by Prof M. Seiki (University of Tokyo, Japan) as a template. The N-
TIMP-3 (residues 1-121, from 1CTCSPS to HLGCN121) vector was constructed using the same
sense primer and the anti-sense primer 5′-
CTCGAGCTACTTATCGTCGTCATCCTTGTAATCGTTACAACCCAGGTGATACCGA
TAGTTCAGCC-3′ containing an XhoI site (underlined), FLAG epitope (in italics) and the C-
terminal sequence of N-TIMP3. PCR fragments were ligated into pCEP4 at the XhoI site.

Human embryonic kidney HEK293 cells were transfected with the expression plasmids by
lipofection with FuGENE6 (Roche Applied Science, Basel, Switzerland) and transfected cells
selected by treatment with 800 μg/ml hygromycin B (PAA Laboratories GmbH, Pasching,
Austria) over 3 weeks. Transfected cell lines were maintained under standard cell culture
conditions in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal calf
serum, penicillin (100 units/ml), streptomycin (100 units/ml), 250 μg/ml G418 (PAA
Laboratories GmbH, Pasching, Austria) and 800 μg/ml hygromycin B.

For expression of recombinant FLAG-tagged TIMP-3 and N-TIMP-3, transfected cells were
treated with 30 mM sodium chlorate (NaClO3, Sigma-Aldrich, Dorset, UK) in serum-free
DMEM. Non-glycosylated full-length human TIMP-3 was prepared by treating transfected
HEK293 cells with 5 μg/ml tunicamycin in addition to sodium chlorate. In all cases, medium
was changed every 2 days to reduce TIMP-3-induced apoptosis (Bond et al., 2000).
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Conditioned media (0.5-1 l) were centrifuged to remove cell debris and applied to a column
of anti-FLAG M2-agarose (1.5 ml, Sigma-Aldrich, Dorset, UK). The column was washed with
50 mM Tris-HCl, pH 7.5, 1 M NaCl, 10 mM CaCl2, 0.05% Brij-35, 0.02% NaN3. Bound
proteins were eluted with 200 μg/ml FLAG peptide (Sigma-Aldrich, Dorset, UK) in TNC
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl2, 0.05% Brij-35 and 0.02%
NaN3). To remove the FLAG peptide, the eluate was applied to a Macro-Prep 25 S resin (400
μl, BioRad, Hemel Hempstead, UK) equilibrated in TNC buffer. Recombinant protein was
eluted with 50 mM Tris-HCl, pH 7.5, 1 M NaCl, 10 mM CaCl2, 0.05% Brij-35 and 0.02%
NaN3. Finally, the buffer was exchanged for TNC buffer using a PD-10 desalting column (GE
Healthcare, Bucks, UK).

The purity of recombinant TIMP-3 and N-TIMP-3 was confirmed by reducing SDS-PAGE
(Bury, 1981) and their active concentrations determined by titration with known concentrations
of the catalytic domain of MMP-1. The identity of the purified proteins was confirmed using
a commercial rabbit polyclonal antibody (AbCam, Cambridge, UK, catalogue number
ab39184) and M2 anti-FLAG antibody (Sigma-Aldrich, Dorset, UK).

N-terminal analysis was carried out on TIMP-3 and N-TIMP-3 prepared from HEK293.
Samples were denatured in SDS sample buffer at 80°C in the presence of 50 mM dithiothreitol.
SDS-PAGE was performed on a 10% gel (10 cm × 10 cm × 0.15 cm) according to Bury
(1981). The gel was electroblotted to Immobilon-P membrane (Millipore) in 10 mM CAPS
10% methanol pH 11 (Matsudaira, 1987) and stained for protein using Coomassie Brilliant
Blue. Bands of interest were excised and placed directly onto a Polybrene-treated glass filter.
Samples were analyzed by automated Edman degradation using an Applied Biosystems Procise
494HT sequencer with on-line phenylthiohydantoin HPLC analysis. The instruments were
operated according to the manufacturers' instructions.

4.2. Preparation of E.coli-expressed N-TIMP-3, ADAMTSs and MMPs
The N-terminal domain of human TIMP-3 with C-terminal His-tag was expressed in
Escherichia coli, purified and folded in vitro (Kashiwagi et al., 2001). Human ADAMTS-4
and ADAMTS-5 deletion mutants (Fig. 2) were expressed and purified as previously described
(Fushimi et al., 2008). The catalytic domains of human MMP-1 (MMP-1cat) and MMP-3
(MMP-3cat) were prepared as described (Chung et al., 2000; Suzuki et al., 1998). Human
proMMP-2 and the pro-form of the MMP-2 catalytic domain (proMMP-2ΔC, lacking
hemopexin-domain residues 466 to 660) were expressed in HEK293 cells using pCEP4-based
expression vectors. The proMMP-2ΔC expression plasmid was constructed from the
proMMP-2/pCEP4 plasmid by PCR mutagenesis using the sense primer 5′-
CAGTACATCAAGTGTATCATATGCCAAGTCCGCCCC-3′ and the anti-sense primer 5′-
GCCAAGGTCAATAAGCTTTCATCACCCATAGAGCTC-3′. The resulting PCR product
was digested with KpnI and HindIII and ligated into similarly cut pCEP4. Both vectors were
transfected into HEK293 cells and transfected cells selected by treatment with 1000 μg/ml
hygromycin B as described for TIMP-3 above. Recombinant proMMP-2 and proMMP-2cat
were purified from the conditioned medium by gelatin affinity chromatography and gel
filtration chromatography (Itoh et al., 1995). Active forms of the enzymes were prepared by
treatment with 1 mM 4-aminophenylmercuric acetate (ICN Biochemicals, Solon, OH, USA)
for 60 min at 37°C, after which the buffer was exchanged for TNC buffer using a PD-10
desalting column (GE Healthcare, Bucks, UK). Active concentrations of all enzymes were
determined by titration against a known concentration of E. coli-expressed N-TIMP-3 (for
ADAMTS-4 and -5) or TIMP-1 (for MMPs).
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4.3. Measurement of Inhibition Constant, Ki
All enzyme assays were conducted in TNC buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
10 mM CaCl2, 0.05% Brij-35 and 0.02% NaN3) at 37°C, using a Gemini microplate
spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA).

The activity of ADAMTS-4 was monitored using the fluorescent peptide substrate
carboxyfluorescein-Ala-Glu∼Leu-Asn-Gly-Arg-Pro-Ile-Ser-Ile-Ala-Lys-N,N,N′,N′-
tetramethyl-6-carboxyrhodamine (FAM-AE∼LQGRPISIAK-TAMRA) at a final
concentration of 0.5 μM with an excitation wavelength of 485 nm and an emission wavelength
of 538 nm (495 nm cut-off) (Wayne et al., 2007).

The activity of ADAMTS-5 was monitored using the fluorescent peptide substrate ortho-
aminobenzoyl-Thr-Glu-Ser-Glu∼Ser-Arg-Gly-Ala-Ile-Tyr-(N-3-[2,4-dinitrophenyl]-L-2,3-
diaminopropionyl)-Lys-Lys-NH2 [Abz-TESE∼SRGAIY-Dpa-KK] (kindly provided by Dr.
Andrew Parker, AstraZeneca, Macclesfield, UK). This peptide is based on the ADAMTS-4
cleavage site in rat brevican (Nakamura et al., 2000; Matthews et al., 2000). ADAMTS-5 has
been predicted to also cleave at this site (Nakada et al., 2005) and we found that recombinant
ADAMTS-5 cleaved this substrate more readily than ADAMTS-4 in vitro. The substrate was
used at a final concentration of 20 μM with an excitation wavelength of 300 nm and an emission
wavelength of 430 nm (420 nm cutoff). Substrate hydrolysis by 0.5 nM ADAMTS-5 was
confirmed to be linear for 18 h at 37 °C.

Activities of MMP-1 and MMP-2 were measured using the fluorescent quenched peptide
substrate (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-(N-3-[2,4-dinitrophenyl]-L-2,3-
diaminopropionyl)-Ala-Arg-NH2 (Mca-PLGL-Dpa-AR) at 1.5 μM final concentration (Knight
et al., 1992). Activity of MMP-3cat was measured using the fluorescent quenched substrate
NFF-3, Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys(2,4-dinitrophenyl)-NH2 at 1.5 μM
final concentration (Nagase et al., 1994).

Ki values of TIMP-3 for various isoforms of ADAMTS-4 and ADAMTS-5 were determined
under equilibrium kinetic conditions (Bieth, 1995). Final enzyme concentrations for Ki
determinations were as follows: ADAMTS-4 and -5 were used at 0.5 nM, MMP-1,
MMP-1cat and MMP-3cat were used at 1 nM, and MMP-2 and MMP-2cat were used at 0.125
nM. Enzymes were pre-incubated (1 h, 37°C) with TIMP-3 (0.5-100 nM final concentration)
and equilibrium rate of substrate hydrolysis (vs) determined (18 h, 37°C). Prism software
(GraphPad, La Jolla, CA, USA) was used to fit the data to the tight-binding equation (Bieth,
1995):

(1)

where vo is equilibrium rate of substrate hydrolysis in the absence of inhibitor, Eo is the total
enzyme concentration, Io is the total inhibitor concentration and Ki(app) is the apparent
inhibition constant.

To determine Ki from Ki(app), the Km of the enzymes for the substrates used must be known
(Bieth, 1995). Wayne et al. (2007) determined a Km value of 15 μM for ADAMTS-4 cleavage
of FAM-AE∼LQGRPISIAK-TAMRA, which we used at 0.5 μM. We determined a Km value
of 76 μM for ADAMTS-5 cleavage of Abz-TESE∼SRGAIY-Dpa-KK (data not shown), used
at 20 μM. Ki was then calculated from the equation:
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(2)

where Ki is the inhibition constant, [S] is the initial substrate concentration and Km is the
Michaelis constant for the substrate used. Therefore, Ki(app) was divided by 1.033 to determine
Ki for ADAMTS-4, and by 1.26 to determine Ki for ADAMTS-5.
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ADAM adamalysin

ADAMTS adamalysin with thrombospondin motifs

cat catalytic domain

CysR cysteine-rich

Dis disintegrin

LRP low-density lipoprotein receptor-related protein

MMP matrix metalloproteinase

N-TIMP N-terminal domain of TIMP

RAP receptor-associated protein

Sp spacer

TACE tumour necrosis factor-α converting enzyme

TIMP tissue inhibitor of metalloproteinase

TS thrombospondin

VAP vascular apoptosis-inducing protein
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Fig. 1.
Purification of TIMP-3 and N-TIMP-3. FLAG-tagged glycosylated human TIMP-3 and N-
TIMP-3 were expressed by treating transfected HEK293 with 30 mM sodium chlorate in
serum-free DMEM and purified from the conditioned medium by FLAG affinity
chromatography and cation exchange chromatography. A, Silver-stained 10% polyacrylamide
SDS-PAGE gel of TIMP-3 (100 ng) and N-TIMP-3 (100 ng). B, Immuoblot of 12%
polyacrylamide SDS-PAGE gel of TIMP-3 (100 ng) and N-TIMP-3 (100 ng) stained using a
polyclonal rabbit anti-TIMP-3 antibody.
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Fig. 2.
ADAMTS-4 and ADAMTS-5 isoforms analysed. Each isoform has a FLAG-tag at its C-
terminus and was purified from the conditioned medium of transfected HEK293 cells by FLAG
affinity chromatography. Dis, disintegrin domain; TS, thrombospondin domain; CysR,
cysteine-rich domain; Sp, spacer domain.
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Fig. 3.
Inhibition of ADAMTS-4 and ADAMTS-5 by TIMP-3 and N-TIMP-3. ADAMTS5-1 (A, 0.5
nM) and ADAMTS5-5 (B, 0.5 nM) were incubated with 0.5-5 nM TIMP-3 ( ) or N-TIMP-3
(➃) for 1 h at 37°C and residual activity against Abz-TESE∼SRGAIY-Dpa-KK determined
(18 h, 37°C). TIMP-3 and N-TIMP-3 had Ki(app) values of 0.70 ± 0.04 nM and 0.14 ± 0.02 nM
respectively for ADAMTS5-1, and 1.89 ± 0.06 nM and 1.35 ± 0.04 nM respectively for
ADAMTS5-5. ADAMTS4-1 (C, 0.5 nM) and ADAMTS4-4 (D, 0.5 nM) were incubated with
0.25-10 nM TIMP-3 ( ) or N-TIMP-3 (➃) for 1 h at 37°C and residual activity against FAM-
AE∼LQGRPISIAK-TAMRA (1 μM) determined (18 h, 37°C). TIMP-3 and N-TIMP-3 had
Ki(app) values of 0.39 ± 0.03 nM and 0.19 ± 0.04 nM respectively for ADAMTS4-1, and 0.38
± 0.04 nM and 0.55 ± 0.05 nM respectively for ADAMTS4-4. The error values given are the
standard errors on the fit of the data to the tight binding equation (equation 2) (Bieth, 1995).
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Table 1

Ki(app) values a (nM) for TIMP-3 and N-TIMP-3 inhibition of selected MMPs.

Kashiwagi et al. E.
coli-expressed

N-TIMP-3

Current study E.
coli-expressed

N-TIMP-3

Mammalian expressed
N-TIMP-3

Mammalian expressed
TIMP-3

MMP-1cat 1.2 0.8 ± 0.4 0.9 ± 0.6 1. 1 ± 0.6

MMP-2 4.3 1.3 ± 0.5 0.9 ± 0.3 <0.1

MMP-2cat ND 0.8 ± 0.1 1.0 ± 0.3 0.9 ± 0.3

MMP-3cat 66.9 11.1 ± 5.0 9.1 ± 3.3 1.0 ± 0.4

a
Ki(app) given as mean ± standard deviation (n=4-6).
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Table 3

Effect of glycosylation on TIMP-3 and N-TIMP-3 inhibition of ADAMTS4-2 and ADAMTS5-2.

N-TIMP-3 Ki
a TIMP-3 Ki

a

glycosylated b non-glycosylated c glycosylated b non-glycosylated d

ADAMTS5-2 0.35 ± 0.03 0.32 ± 0.12 0.72 ± 0.17 1.37 ± 0.4

ADAMTS4-2 0.18 ± 0.02 0.79 ± 0.02 0.22 ± 0.07 0.20 ± 0.08

a
Ki values (nM) are expressed as mean ± standard deviation (n=4).

b
Glycosylated TIMP-3 and N-TIMP-3 were expressed in HEK293 cells.

c
Non-glycosylated N-TIMP-3 was expressed in E. coli.

d
Non-glycosylated TIMP-3 was expressed in HEK293 cells treated with 5 μg/ml tunicamycin.
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