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Abstract

The disintegrin and metalloprotease ADAM12 has important functions in normal physiology as
well as in diseases, such as cancer. Little is known about how ADAM12 confers its pro-
tumorigenic effect; however, its proteolytic capacity is probably a key component. Thus selective
inhibition of ADAM12 activity may be of great value therapeutically and as an investigative tool
to elucidate its mechanisms of action. We have previously reported the inhibitory profile of TIMPs
(tissue inhibitor of metalloproteinases) against ADAM12, demonstrating in addition to TIMP-3, a
unique ADAM-inhibitory activity of TIMP-2. These findings strongly suggest that it is feasible to
design a TIMP mutant selectively inhibiting ADAM12. With this purpose, we characterized the
molecular determinants of the ADAM12-TIMP complex formation as compared with known
molecular requirements for TIMP-mediated inhibition of ADAM17/TACE (tumour necrosis factor
a-converting enzyme). Kinetic analysis using a fluorescent peptide substrate demonstrated that the
molecular interactions of N-TIMPs (N-terminal domains of TIMPs) with ADAM12 and TACE are
for the most part comparable, yet revealed strikingly unique features of TIMP-mediated ADAM12
inhibition. Intriguingly, we found that removal of the AB-loop in N-TIMP-2, which is known to
impair its interaction with TACE, resulted in increased affinity to ADAM12. Importantly, using a
cell-based epidermal growth factor-shedding assay, we demonstrated for the first time an
inhibitory activity of TIMPs against the transmembrane ADAM12-L (full-length ADAM12),
verifying the distinctive inhibitory abilities of N-TIMP-2 and engineered N-TIMP-2 mutants in a
cellular environment. Taken together, our findings support the idea that a distinctive ADAM12
inhibitor with future therapeutic potential can be designed.
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INTRODUCTION

ADAM12, a disintegrin and metalloprotease also known as meltrin «, is a multifunctional
zinc-dependent enzyme and one of 13 catalytically active human ADAMs [1]. In humans,
ADAM12 is expressed as a classical type 1 transmembrane form (ADAM12-L) and as a
shorter secreted splice variant (ADAM12-S). Both forms consist of a pro domain, a catalytic
domain, and cell-adhesive disintegrin, cysteine-rich and EGF (epidermal growth factor)-like
domains, but ADAM12-S lacks the C-terminal transmembrane and cytoplasmic domains
found in ADAM12-L [2]. A key feature of the ADAMSs, including ADAM12, is their ability
to ‘shed’ membrane-anchored proteins and thus regulate the availability of bioreactive
molecules, such as cell-surface receptors, growth factors and cytokines [3,4]. Previous in
vitro studies have implicated ADAM12-L in ectodomain shedding of several EGFR (EGF
receptor) ligands [EGF, HB-EGF (heparin-binding EGF) and betacellulin] [5,6], the Notch
ligand Delta-like 1 [7] and oxytocinase [8], whereas ADAM12-S can cleave insulin-like
growth factor-binding protein-3 and -5 [9]. Whether cleavage of these substrates represents
physiologically significant functions remains to be shown. However, ADAM12 appears to
play an important pathogenic role in diseases such as osteoarthritis, cardiac hypertrophy and
several human cancers [1], thus arguing in favour of selectively targeting its protease
activity in efforts to design potential new therapies [10].

Known endogenous regulators of ADAM protease functions include certain members of the
family of TIMPs (tissue inhibitor of metalloproteinases), which are mainly known for their
inhibitory activity against the MMPs (matrix metalloproteinases). Four homologous human
TIMPs (TIMP-1, TIMP-2, TIMP-3 and TIMP-4) have been characterized, all inhibiting
metalloproteinases in a 1:1 stoichiometry by tightly binding to the active site of the
enzymes. Structural analyses have revealed that the ~ 24 kDa TIMPs are composed of two
very distinct N- and C-terminal domains, of which the N-terminal domain is responsible for
most of the contact made with the active site of the enzyme [11,12]. The majority of MMPs
are well inhibited by all TIMPs, except that TIMP-1 exhibits little activity towards MT-
MMPs (membrane-type MMPS). Apart from TIMP-1, which is a good inhibitor of
ADAM10 [13], TIMP-3 has been considered the sole endogenous ADAM modulator. Based
on a series of mutagenesis studies, as well as the high-resolution co-crystal structure of N-
TIMP-3 (N-terminal domain of TIMP-3) in complex with ADAM17/TACE (tumour
necrosis factor a-converting enzyme), the TIMP reactive ridge has been localized to the N-
terminal wedge, the AB-loop, and the CD- and EF-connecting loops of the molecule (Figure
1) [12,14].

Owing to the high structural similarities of their catalytic domains, metalloproteinases,
including the ADAMs, are notoriously difficult to target selectively [15,16]. However, we
recently discovered that TIMP-2 exhibits high inhibitory activity against ADAM12 [K; (app)
=44 nM] [17]. This apparently unique TIMP inhibitory profile observed for ADAM12
(TIMP-3>TIMP-2>>TIMP-1) indicates that the engineering of an ADAM12-selective TIMP
mutant should be possible. With this as our goal, in the present study we mapped and
characterized the molecular determinants involved in ADAM12-TIMP complex formation.
Using a quenched fluorescent peptide assay, we examined the inhibitory activity of wild-
type and mutant forms of TIMPs and N-TIMPs against recombinant full-length ADAM12-S
and truncated ADAM12-Cat, consisting of the pro and catalytic domains. By comparing our
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findings with the inhibitory profile of TIMPs against TACE, we demonstrated that, although
the molecular interactions of TIMPs with ADAM12 and TACE are largely comparable,
certain unique features of the ADAM12-TIMP interaction exist. Most remarkably, we found
that removal of the AB-loop in N-TIMP-2, which significantly impairs its interaction with
TACE, increased its affinity to ADAM12. Importantly, these in vitro data were confirmed in
cell-based shedding assays using membrane-anchored EGF and HB-EGF as the cellular
substrates and native ADAM proteases. Thus the reported results clearly encourage further
efforts to develop a selective ADAM12 inhibitor that may have potential future
experimental and/or therapeutic applications.

EXPERIMENTAL

Chemicals

Plasmids

Unless otherwise stated, all reagents and chemicals were from Sigma—Aldrich. Fluorescent-
peptide substrates, Dabcyl-LAQAhomoPheRSK(FAM)-NH, (hydrolysed by ADAMs) and
Dabcyl-GPLGMRGK(FAM)-NH, (hydrolysed by MMPSs) were purchased from BioZyme
Incorporated. The TACE inhibitor TAPI-2 and PMA were from Calbiochem.

The mammalian expression vector pCEP-4 and the Escherichia coli expression vector
pRSET-C were from Invitrogen. Wild-type and catalytically inactive (E351Q point
mutation) full-length human ADAM12-L constructs in the pcDNA3.1 vector have been
described previously [18,19]. The cDNA constructs encoding pro-EGF or pro-HB-EGF
fused to AP (alkaline phosphatase) in the pPRC/CMV expression vector (AP-EGF and AP-
HB-EGF) were provided by Dr Shigeki Higashiyama (Ehime University Graduate School of
Medicine, Ehime, Japan) and Dr Michael Freeman (Children’s Hospital Boston, MA,
U.S.A)) respectively.

Production of recombinant proteins

Human ADAM12 cDNAs (NM_021641) encoding either full-length ADAM12-S (amino
acids 1-707) or the ADAM12-Cat (amino acids 1-419) in the pCEP4 plasmid were
expressed in HEK (human embryonic kidney)-293 EBNA cells and recombinant proteins
were purified as previously described [17,20]. Human MMP-1, MMP-2, MMP-3 and MT1-
MMP were expressed in E. coli, purified, and the active site titrated as described previously
[21,22]. Recombinant ADAM17 ectodomain (TACEG51; TACE-long), was expressed from
baculovirus (a gift of Dr David Becherer, GlaxoSmithKline, Research Triangle Park, NC,
U.S.A)) and purified by Dr Peter Stanley according to the method of Milla et al. [23], with
minor modifications. The mature catalytic domain of ADAM17 (TACE477GHHisg. TACE-
Cat) was also prepared using the baculovirus system and was a gift of Dr Becherer.
Expression and purification of human full-length TIMP-1 and TIMP-2, as well as N-
TIMP-3, were all as previously described [24-26]. N-TIMP-1 and N-TIMP-2 in the pRSET-
C E. coli expression vector and all variants of these (N-TIMP-1TACE N-TIMP-1[V4S], N-
TIMP-1[V4A], N-TIMP-1[T98L], N-TIMP-1[TIMP-2-ABloop], N-TIMP-1[TIMP-3-
ABloop], N-TIMP-2TACE N-TIMP-2TACE[LL100E], N-TIMP-2-AABIoop and N-
TIMP-2TACE[F34G]) were generated as previously reported [14,27,28] and transformed into
E. coli BL21(DE3). Cells were grown in LB (Luria—Bertani) medium containing 50 gxg/ml
carbenicillin until Dggg = 0.8, then protein expression was induced by adding 1 mM
isopropyl p-D-thiogalactoside followed by cultivation for 4 h at 37 °C. Cells were harvested
by centrifugation, resuspended in 50 mM Tris/HCI, pH 8.0, and lysed by sonication (MSE
Soniprep 150; five pulses of 30 s on ice). Inclusion bodies were collected by centrifugation
for 15 min and washed once in 50 mM Tris/HCI, pH 8.0, containing 150 mM NaCl, twice in
water, once in propan-2-ol, and once in water, then resuspended in inclusion body buffer
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containing 5 M guanidine hydrochloride, 50 mM Tris/HCI, pH 8.0, 0.2 mM GSH (reduced),
0.8 mM GSSG (oxidized) and 500 mM NaCl. Resuspended inclusion bodies were in vitro
refolded essentially as previously described [27-29]. All proteins were purified by Ni-NTA
(Ni*-nitrilotriacetate) and cation-exchange chromatography and finally dialysed into 25
mM Hepes, pH 7.5, containing 100 mM NacCl, 0.05 % Brij35 and 0.02 %sodium azide. To
determine the concentration of active N-TIMPs in each preparation, the inhibitor was titrated
against a known amount of either MMP-1 or MMP-2. In addition to the active-site titrations,
proteins were analysed by reducing and non-reducing SDS/PAGE on 15 %polyacrylamide
gels followed by staining with Coomassie Brilliant Blue R-250. Single bands shifting in
mobility under reduced and non-reduced conditions indicated that correct folding had
occurred.

Kinetic analysis

Cell culture

Apparent inhibition constants [K; (app)] were measured using a fluorescent peptide assay
[30]. In brief, 5 ul of recombinant human ADAM12-Cat (0.1 nM final concentration) or full-
length ADAM12-S (0.25 nM final concentration) was mixed with 5 ul of TIMPs at various
concentrations and 90 ul of 20 mM Tris/HCI, pH 8.0, containing 20 mM NaCl, 1 mM CacCl,
and 0.05 % Brij35 and pre-incubated for 2 h at 37 °C. Reactions were initiated by adding 5
ul of the quenched fluorescent-peptide substrate (10 «M final concentration) and steady-state
velocities (V) were monitored on a BMG Fluorostar Optima fluorimeter (excitation at 485
nM and emission at 530 nM). To determine K; (app) values, Vg was plotted against TIMP
concentration and data were fitted to the Morrison equation describing tight-binding
inhibition using the computer software GraphPad Prism 5.0 (GraphPad Software)
[17,30,31].

Human 293-VnR cells were kindly provided by Dr Archana Sanjay (Temple University
School of Medicine, Philadelphia, PA, U.S.A.) and cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10 %fetal bovine serum, 1 % L-glutamine and 1 % penicillin/
streptomycin (Invitrogen) as previously described [18]. The cells were transiently
transfected with AP-EGF together with wild-type ADAM12-L or ADAM12-L (E351Q)
using FUGENE® 6 Transfection Reagent (Roche Diagnostics) according to the
manufacturer’s instructions. Human HT1080 cells (from American Type Culture Collection)
were cultured and transfected with the AP-HB-EGF construct as described above. At 48 h
after transfection, cells were trypsinized then stained for cell-surface AP expression using
the mouse monoclonal anti-AP (clone 8B6) ascites fluid (Sigma—Aldrich) and Alexa Fluor®
488 donkey anti-mouse 1gG (Invitrogen). The 10 % highest-expressing cells were isolated
by FACS and maintained in culture by selection with 500 pg/ml geneticin (G418,
Invitrogen).

Shedding assays

ADAM12-mediated AP—EGF shedding was determined by co-transfection of 293-VnR cells
with either wild-type or catalytically inactive (E351Q) full-length ADAM12-L together with
AP-EGF as previously described [18]. At 24 h after transfection, cells were seeded into 24-
well plates and the following day washed twice with SFM (serum-free medium), treated
with recombinant TIMP inhibitors or vehicle control as indicated for an initial 15 min, then
incubated for 1 h with 250 ul of fresh SFM with or without inhibitor. For photometric
quantification of AP-EGF shedding, cell-conditioned medium was harvested and the cell
layer lysed in 250 ul of 1 % Triton X-100 in PBS. Conditioned SFM or cell lysate (50 ul)
was mixed with 50 ul of a 2 mg/ml solution of the AP substrate 4-nitrophenyl and each well
assayed in duplicate in a 96-well plate. After incubation at 37 °C for 1-2 h, the amount of
product was quantified by measuring the absorbance at 405 nm. All treatments were
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performed in triplicate. AP-EGF shedding in cells transfected with wild-type or catalytically
inactive ADAM12 was calculated as AP activity in the conditioned medium divided by AP
activity in the medium and corresponding cell lysate after subtracting the background signal
from non-transfected cells. The value obtained for wild-type ADAM12-L was then divided
by the value for catalytically inactive ADAM12-L (E351Q), and the ADAM12-mediated
cleavage calculated as the percentage of that observed in control-treated cells. To ensure
equal expression levels of wild-type and catalytically inactive ADAM12-L, cell lysates from
triplicate wells were pooled and examined by SDS/PAGE and Western blot as previously
described [18,19].

As a measurement of TACE-mediated shedding, HT1080 cells stably expressing AP—HB-
EGF were seeded in 96-well plates, then the confluent cell layer was treated 24 h later with
400 nM PMA or vehicle control for 30 min, and AP activity was measured in quadruplicate
as described above. All data were analysed by one-way ANOVA with Dunnett’s or
Bonferroni’s post tests for multiple comparisons, with P<0.05 considered statistically
significant.

RESULTS AND DISCUSSION
Non-catalytic domains of ADAM12 regulate the binding affinity to TIMP-2 and -3

Together, the four TIMP inhibitors regulate the activity of all catalytically active ADAMs,
ADAMTS (ADAM with thrombospondin repeats) and MMPs, which share high structural
similarity in their catalytic domains [32]. Apart from a few exceptions, soluble MMPs are
inhibited by TIMP-1-4, transmembrane MT-MMPs by TIMP-2-4, and ADAMs and
ADAMTS by TIMP-3. However, we recently demonstrated that in contrast with other
ADAMs, ADAM12 is also inhibited by TIMP-2 [17]. In that earlier study, the inhibitory
activities of TIMP-1-3 were evaluated using the general substrate Cm-Tf (S-
carboxymethylated transferrin), which at the time of the study was the only feasible
substrate for kinetic analysis of ADAM12. Cm-Tf is in some ways a suboptimal substrate, as
it generates degradation products that undergo further processing. Thus in the present study
we utilized a novel quenched fluorescent-peptide assay to examine the apparent binding
constants [K; (app)] of wild-type and mutant forms of TIMPs and N-TIMPs against
ADAM12-S (Table 1). Because our previous data revealed that the non-catalytic C-terminal
domains of ADAM12-S regulate the catalytic activity, we tested various inhibitors against
both full-length wild-type ADAM12-S and the truncated ADAM12-Cat that consists of the
pro and catalytic domains. The K; (app) values produced corresponded very well with our
previous results using Cm-Tf as a substrate [17], supporting the use of Cm-Tf as a reliable
substrate for Kinetic studies.

N-TIMP-3 was the most active inhibitor of both ADAM12-S [K; (app) = 4.4 nM] and
ADAM12-Cat [K; (app) = 0.93 nM] (Table 1). The kinetic analysis further revealed that the
inhibitory activity of N-TIMP-2 [K; (app) = 5.5 nM] and TIMP-2 [K; (app) = 2.5 nM]
against ADAM12-Cat greatly surpassed that of N-TIMP-2 [K; (app) = 69.7 nM] and TIMP-2
[K (app) = 84.0 nM] against full-length ADAM12-S. As expected, N-TIMP-1 and TIMP-1
were the poorest inhibitors of ADAM12 activities, with K; (app) values in the 0.2-0.8 uM
range. On the basis of these results, the N-terminal domains of TIMP-2 and TIMP-3 appear
to be sufficient for the inhibition of ADAM12-S. In addition, as previously demonstrated
and in agreement with what has been previously shown for TACE [30], deletion of the C-
terminal disintegrin and cysteine-rich domains in ADAM12 strengthened the inhibitory
activity, which is most dramatically seen for TIMP-2 (34-fold, Table 1).

As revealed by the co-crystal structure of the TACE-N-TIMP-3 complex, as well as earlier
mutagenesis studies, the TIMP reactive ridge is located exclusively in the N-terminal
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domain (Figure 1 and [12,14]). However, the C-terminal domains of both the inhibitor and
the enzyme have been shown to regulate the affinity of the complex formation between
ADAMs and TIMPs [33,34]. Model docking experiments of snake venom
metalloproteinases VAP-1 and -2 with N-TIMP-3 suggest that the cysteine-rich domain
approaches the active-site cleft, potentially interfering with the bound TIMP inhibitor [12].
Thus our findings may be explained by steric clashes between TIMPs and the cysteine-rich
domains. In contrast with our findings, the N-terminal domains of TIMP-1 and TIMP-3 have
been reported to be insufficient for the inhibition of ADAM10 [34], indicating the presence
of yet unmapped interaction sites in TIMP-1 and TIMP-3 outside the catalytic cleft.

N-TIMP mutagenesis studies

As mentioned above, previous detailed mutagenesis studies have addressed the inactivity of
TIMP-1, -2 and -4 against TACE [27,28,35]. Thus we used these findings, together with
sequence alignments supported by the co-crystal structure of TACE-N-TIMP-3 (Figure 1
and [12]) to predict a number of ADAM12-interacting sites located in the TIMP reactive
ridge. Interaction sites that were found to be identical in TIMP-2 and TIMP-3, but
substituted in the weaker inhibitor TIMP-1, were selected and examined. Specifically, we
hypothesized that a polar residue in position 4, as well as a leucine residue in the EF-loop
(position 94 in N-TIMP-3), would be critical for binding to ADAM12. In addition, we chose
to investigate the contribution of the highly variable AB-loops to binding, because the AB-
loop region of TIMP-3 has proved to be critical for the interaction with TACE [28,29]. The
previously reported N-TIMP mutants N-TIMP-1TACE (\/4S/\V/69L/T98L/TIMP-3-ABloop)
[27] and N-TIMP-2TACE (S2T/A70S/V71L/TIMP-3-ABloop) [28], both of which have high
activity towards TACE, encompass affinity-optimizing mutations in all of the regions we
expected to be essential for potent inhibition of ADAM12. We therefore initiated our
mutagenesis study by addressing whether these TACE-directed mutants would also be
improved in their reactivity towards ADAM12.

Indeed, both N-TIMP-1TACE and N-TIMP-2TACE proved to be excellent ADAM12
inhibitors, far exceeding the inhibitory potency of their wild-type counterparts (Table 1).
Compared with the wild-type forms, N-TIMP-1TACE was improved more than 30-fold [K;
(app) = 16.4 nM compared with >500 nM] and N-TIMP-2TACE showed a ~ 10-fold
enhancement [K; (app) = 6.0 nM compared with 69.7 nM for ADAM12-S]. The positive
influence on binding of the TACE-directed mutants was even more pronounced for the
interaction between ADAM12-Cat and N-TIMP-1TACE which displayed a >400-fold
increase when compared with wild-type N-TIMP-1. It is also noteworthy that N-
TIMP-2TACE with a K; (app) value of 0.65 nM for ADAM12-Cat, is the best ADAM12
inhibitor reported so far. The improved binding to ADAM12-S strongly suggests that our
initial structural predictions were correct, and we next proceeded to dissect the contribution
of the individual mutations to the binding affinity observed.

Adverse effects of N-TIMP-1 Val4 on the ADAM12 interaction

The first six amino acids of TIMPs constitute the N-terminal reactive ridge that inserts into
the primed site of the enzyme’s catalytic cleft. The co-crystal structure of TACE-N-TIMP-3
demonstrated that the side chain of position 4 projects into the S3’ pocket, and mutational
analysis has indicated a preference for polar residues in this position [14]. When we
compared the position 4 residues of TIMP-1, -2 and -3 (Figure 1C), we noted that the serine
residue found in TIMP-2 and TIMP-3 was substituted with a valine residue in the TIMP-1
sequence. Because this difference could indicate that ADAM12 prefers a polar residue in
position 4, we tested the valine-to-serine mutant (N-TIMP-1[\V4S]) to mimic the naturally
occurring polar amino acid found in TIMP-2 and TIMP-3. This substitution resulted in a
weakly improved binding affinity for ADAM12-S [K; (app) of 122 nM compared with >500
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nM for wild-type N-TIMP-1] (Table 1). Intriguingly, our kinetic analysis indicated that
mutation to the less hydrophobic aliphatic alanine residue (V4A) was sufficient to overcome
the unfavourable effects of valine [K; (app) = 190 nM].

The fact that mutation to the less hydrophobic alanine residue had almost the same improved
binding capacity as the serine substitution contradicts previous TACE data, which showed
that alanine decreased the affinity of N-TIMP-1 against TACE [14,27]. The S3' pocket of
TACE is a wide and relatively deep depression that is not filled by any of the naturally
occurring residues (valine and serine) [36]. However, since the same scenario is true for
ADAM12, where our modelled structure of ADAM12 predicts an even deeper hydrophobic
pocket with an 8.6 A (1 A = 0.1 nm) depression resembling that of TACE (results not
shown), it does not explain the observed finding.

A leucine residue in the EF-loop is important for the ADAM12 interaction

TIMP-2 and -3 contain a leucine residue in the EF-loop (Figure 1C), and replacement of the
corresponding Thr?8 on N-TIMP-1 with a leucine residue (T98L) successfully transforms N-
TIMP-1 into a potent tight binding inhibitor of both TACE and MT1-MMP [29]. To
elucidate the impact of this particular leucine residue on the TIMP-ADAM12 interaction
and to examine whether the T98L mutation in N-TIMP-1TACE could be the key residue
explaining the superior fold improvement of N-TIMP-1TACE gver N-TIMP-2TACE where a
leucine residue in this position is naturally occurring, we examined the N-TIMP-1[T98L]
mutant. As observed for other metalloproteinases otherwise insensitive to N-TIMP-1, the
mutation of Thr98 to leucine (T98L) transformed N-TIMP-1 into an active inhibitor of
ADAM12-S and ADAM12-Cat [K; (app) = 21.7 nM and 11.2 nM respectively] (Table 1).

Previous studies have shown that the EF-loop leucine residue is a prerequisite for high-
affinity inhibition of TACE to occur, because substitution of Leul09 in N-TIMP-2TACE with
any existing amino acid led to poorer K; (app) values [27]. To confirm this effect for
ADAM12, we examined the inhibitory potency of the N-TIMP-2TACE[LL100E] mutant. Even
though the L100E mutant showed reduced reactivity with ADAM12-S and ADAM12-Cat
[Kj (app) = 22.0 nM and 4.1 nM respectively], the impairment was less pronounced than
against TACE-Cat, where the mutation caused a ~ 24-fold decrease in the K; (app) value
(Table 1 and [29]). In the TACE-N-TIMP-3 co-crystal structure, the leucine residue
protrudes from the EF-loop into a hydrophobic groove on TACE [12]; thus the relatively
mild impact of the L100E mutation could suggest compensatory electrostatic interactions of
Glut00 with sites in ADAM12.

N-TIMP-2 AB-loop deletion enhances the interaction with ADAM12

The AB-loop of TIMP-3 is of major importance for the inhibition of TACE [12]. It
protrudes from the surface of the inhibitor and binds in a unique hydrophobic groove on
TACE, with most direct intermolecular contacts being made via the phenyl group of the
phenylalanine residue at position 34 (Figure 1A). Only TIMP-3 harbours a phenylalanine
residue in this position, and kinetic studies have shown that TACE clearly favours the AB-
loop of TIMP-3 over that of TIMP-2 [28]. To address the contribution of the AB-loop to
ADAM12 binding, we first tested a N-TIMP-1 mutant whose short AB-loop
(Thr32Thr33Leu34Tyr3%) was replaced with either that of TIMP-2
(Asn33Asp341e35Tyr36Gly37Asn38Pro39) or TIMP-3 (Phe34Gly35Thr36). Whereas N-
TIMP-1[TIMP-2-ABloop] remained a poor inhibitor of ADAM12-S, the binding capacity
was improved 3-fold over that of N-TIMP-1 against ADAM12-Cat (Table 1). Transfer of
the AB-loop of TIMP-3 to N-TIMP-1 in the N-TIMP-1[TIMP-3-ABloop] mutant
transformed the inhibitor into a high-affinity inhibitor of ADAM12-S with a K (app) of 66.0
nM (Table 1). To explain the preference for the AB-loop of TIMP-3, we examined the
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importance of the phenylalanine residue at position 34. To this end, we used N-TIMP-2TACE
as a scaffold and mutated phenylalanine to glycine (F34G). With a K; (app) value of 18.0
nM against ADAM12-S, the F34G mutant is weakly but substantially impaired in its binding
to ADAM12-S compared with N-TIMP-2TACE [K; (app) = 6.0 nM] (Table 1). As a final
experiment designed to investigate the role of the AB-loop in the interaction between
ADAM12 and TIMPs, we evaluated an N-TIMP-2-AABloop mutant. In this mutant, the AB-
loop region of TIMP-2 (Asn33Asp3411e35Tyr36Gly37 Asn38Phe3?) was completely deleted.
Inexplicably, the AABloop mutant showed a 2-3-fold increase in affinity against ADAM12-
S [K| (app) = 28.1 nM] and ADAM12-Cat [K; (app) = 2.5 nM] (Table 1), which is in direct
contrast with the interaction with TACE and MT1-MMP, where removal of the AB-loop of
N-TIMP-2 was shown to have radical negative consequences [14,22].

These findings, together with the fact that ADAM12, unlike TACE, is well inhibited by
wild-type TIMP-2, suggest major differences in their interactions with the AB-loop. In the
TACE-N-TIMP-3 co-crystal structure, the phenyl group of the phenylalanine residue at
position 34 in the AB-loop makes a number of direct contacts with a unique hydrophobic
groove on the surface of TACE formed by the side chains of Tyr352, Val33, Tyr369 and
Leu380. In the region between sIV and sV (Figure 1B), the sequence divergence between
ADAM12 and ADAML1Y7 is very large, indicating that the hydrophobic pocket
accommodating Phe34 is a unique structural feature of TACE. Therefore the structural
delineation of ADAM12-N-TIMP-3 is required to explain exactly why the F34G mutation
decreases the K; (app) value of N-TIMP-2TACE approx. 3-fold.

To validate these unexpected findings that N-TIMP-2-AABloop showed a ~ 2.5-fold
increase in its affinity towards ADAM12 when compared with N-TIMP-2 wild-type, we
reassessed previously determined K; (app) values for this mutant against a number of soluble
and membrane-type MMPs (MMP1, MMP2, MMP3 and MT1-MMP). These studies
confirmed the values already provided in the literature, demonstrating that deletion of the
AB-loop of TIMP-2 has little impact on the interaction with soluble MMPs, but is
detrimental to the interaction with cell-surface-bound metalloproteinases (results not
shown). Hence, the exception to this rule appears to be ADAM12, and consequently N-
TIMP-2-AABIloop appears to be a selective inhibitor of ADAM12.

TIMPs are functional inhibitors of ADAM12-mediated EGF shedding

The in vitro-established unique inhibitory profile for ADAM12 may offer a possibility to
exploit TIMPs to discover hitherto unknown ADAM12-mediated cell-surface shedding
events. We therefore used a cell-based shedding assay to examine whether the findings from
our kinetic studies of soluble ADAM12-S reflected TIMP inhibition of the transmembrane
ADAM12-L. For this purpose, a pro-EGF-AP fusion protein (AP-EGF) was used as a
substrate, allowing the quantitative assessment of EGF shedding as AP activity in the
conditioned cell culture medium. Wild-type ADAM12-L or the corresponding catalytic site
E351Q mutant was co-expressed with AP—-EGF in 293-VnR cells, and ADAM12 protease
activity was determined as the ratio of EGF-shedding in cells transfected with wild-type
ADAM12-L compared with catalytically inactive ADAM12-L. Both N-TIMP-2 and N-
TIMP-3 inhibited EGF-shedding in a dose-dependent manner (Figure 2A). In agreement
with our in vitro data, an almost complete inhibition of shedding activity was observed at
100 nM of N-TIMP-3 treatment, whereas N-TIMP-2 at an equimolar concentration inhibited
activity ~ 40 %.

We next tested whether the intriguing ability of the N-TIMP-2-AABloop mutant to
selectively inhibit ADAM12 over TACE and MT1-MMP in vitro was also observed in the
cell-based assay. Because some variation between assays exists, we repeated the N-TIMP-2
titration in parallel with the N-TIMP-2-AABIloop experiment to allow for a direct
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comparison. The N-TIMP-2-AABIoop inhibited shedding of AP-EGF to a similar extent to
what we observed for wild-type N-TIMP-2 (~ 65 % inhibition at 1 M concentration)
(Figure 2B). We also tested N-TIMP-2TACE 'which had also exhibited improved inhibitory
capacity as compared with wild-type N-TIMP-2 in vitro. Although it showed a tendency
towards increased inhibitory activity, N-TIMP-2TACE was not statistically significantly
different from wild-type N-TIMP-2 (Figure 2C). The finding that neither N-TIMP-2TACE
nor N-TIMP-2-AABIloop showed improved inhibitory activity against ADAM12-mediated
AP-EGF shedding as compared with wild-type N-TIMP-2 may indicate that the TIMP
mutant is titrated by other metalloproteinases expressed by the cells, or alternatively, that the
interaction of ADAM12 with the cell-bound AP-EGF substrate modifies the TIMP
interaction. Importantly, however, the N-TIMP-2-AABloop mutant had no effect on PMA-
induced AP-HB-EGF shedding, which is mediated by TACE and as expected could be
blocked with the TACE inhibitor TAPI-2 (Figure 2D). Thus taken together, these findings
confirm the specificity of N-TIMP-2 and N-TIMP-2-AABIloop against ADAM12 that we
observed in vitro.

In conclusion, we have identified an ADAMZ12-selective inhibitory profile of wild-type and
mutant TIMPs, which could possibly be used to discover novel ADAM12 substrates and
thereby reveal new biological implications of this protease. For example, the prominent cell-
surface protein MT1-MMP is shed from the cell-surface by an unidentified ADAM enzyme
[37]. Shedding of MT1-MMP can be inhibited by TIMP-3, to a lesser extent by TIMP-2, and
weakly by TIMP-1, thus resembling the inhibitory profile of ADAM12. Moreover, the
difference in the inhibitory behaviour of full-length TIMPs, N-TIMPs and mutant N-TIMPs
towards ADAM12, ADAM10 and TACE is encouraging with respect to the design of
selective inhibitors. In particular, the results obtained for the TIMP-2-AABloop mutant is of
great value, and we hope that this mutation, in combination with other ADAM12-selective
mutations, could aid the design of a highly selective ADAM12 inhibitor with future
therapeutic applications.
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ADAMTS ADAM with thrombospondin repeats
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alkaline phosphatase

Cm-Tf S-carboxymethylated transferrin

EGF

epidermal growth factor

HB-EGF heparin-binding EGF

MMP matrix metalloproteinase
MT-MMP membrane-type MMP
N-TIMP N-terminal domain of TIMP

SFM

serum-free medium

TACE tumour necrosis factor a-converting enzyme

TIMP tissue inhibitor of metalloproteinase
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Figure 1. Sequence alignments and co-crystal structure of TACE-N-TIMP-3

(A) The co-crystal structure of the TACE-N-TIMP-3 complex (Protein Data Bank code
3CKI) was visualized using the PyMOL molecular viewer tool from LeNovo Scientific
(blue ribbon, N-TIMP-3; red ribbon, TACE catalytic domain; purple sphere, catalytic zinc).
Key secondary structural elements [strands (s) and helices (h)] and N-TIMP-3 residues are
labelled. (B) ClustalW sequence alignment of ADAM12-Cat (AAC08703) and TACE-Cat
(NP_003174). Identical residues are highlighted in grey and cysteine residues in yellow. The
secondary structural elements, strands (s) and helices (h), are underlined with arrows and
bars respectively, and the highly conserved Zn2* co-ordination site is highlighted by a black
box. (C) Sequence alignment of N-TIMP-1-3 (NP_003245, NP_003246 and NP_000353)
using the same colour coding as in (B). The N-terminal wedge and the AB-, CD- and EF-
loop regions are highlighted with black boxes.
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Figure 2. Effect of TIMPs on cell-based ADAM-mediated ectodomain shedding activity

(A-C) At 48 h after transfection with either wild-type ADAM12-L or the corresponding
catalytic site E351Q mutant and AP-EGF, 293-VnR cells were treated with vehicle control
(C), wild-type N-TIMP-3 (N-TIMP3), N-TIMP-2, N-TIMP-2 with the AB-loop deleted (N-
TIMP2-AABIoop), or the N-TIMP-2TACE muytant (N-TIMP2TACE) recombinant protein for
1 h at the indicated concentration (in panel C, a concentration of 0.1 xM was used).
ADAM12-mediated EGF shedding was calculated as AP activity in the cell media divided
by AP activity in the media plus corresponding cell lysate from cells transfected with AP-
EGF and wild-type ADAM12-L relative to cells transfected with AP-EGF and catalytically
inactive ADAM12-L (E351Q). (D) HT1080 cells stably expressing AP—-HB-EGF were
treated with 400 nM PMA or vehicle control in combination with 0.1 M recombinant wild-
type N-TIMP-2 (N-TIMP2) or N-TIMP-2 with the AB-loop deleted (N-TIMP2-AABIloop)
mutant for 30 min. The TACE inhibitor TAPI-2 (10 xM) was used as a positive control. All
data are shown as the mean of 3-5 independent experiments, each performed in triplicate,
and error bars represent the S.E.M. *P< 0.05, **P< 0.01 and ***P< 0.005 relative to control
treated cells.
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Table 1
Apparent inhibition constants [K; (app), nM] of wild-type TIMPs, N-TIMPs and N-TIMP

mutants against ADAM12

Wild-type full-length and N-terminal forms of N-TIMP-1-3, as well as N-TIMP mutants were tested against
ADAM12-S and ADAM12-Cat and compared with inhibition constants for TACE-Cat or the full-length
extracellular part of TACE (TACE-long) taken from the literature. The mutants of N-TIMP-1TACE (v4s/
V69L/TI8L/TIMP-3-ABloop) and N-TIMP-2TACE (S2T/A70S/V71L/TIMP-3-ABloop) were originally
designed to increase the binding affinity against TACE. AB-loop mutations represent substitutions or deletion
of the AB-loop region or a point mutation at amino acid 34 (F34G) in the AB-loop. Data are presented as the
mean (n = 3) £ S.D. N/A, not available.

ADAMI12-Cat ADAMI12-S TACE-Cat TACE-long
N-TIMP-1 778 £90 >500 356 + 87 [23]
TIMP-1 741 + 62 223 £ 30
N-TIMP-2 55+0.7 69.7 £ 8.8 893 + 126 [24]
TIMP-2 2503 84.0+13.6
N-TIMP-3 0.93 +0.09 44+04 0.22£0.07[25] 1.75+0.20 [25]
N-TIMP-1TACE 1.9+0.18 164+22 0.14 £ 0.06 [30]
N-TIMP-2TACE 0.65 +0.02 6.0£06  1.49+0.31[24]
N-TIMP-1[V4S] N/A 122+126  216+44[23]
N-TIMP-1[V4A] N/A 190 +30.7 497 +180 [30]
N-TIMP-1[T98L] 11.2+2.1 217423  21.1+4.1[30]
N-TIMP-2TACE[|_100E] 41037 220+28  359+37[24]
N-TIMP-1[TIMP-2-ABloop] 247 +65.6 >500 57.9 + 33 [30]
N-TIMP-1[TIMP-3-ABloop] N/A 66.0 £4.0 67 + 17 [23] 452 + 86 [23]
N-TIMP-2TACE[F34G] N/A 18.0+22 21.6 £2.9 [24]
N-TIMP-2-AABIoop 2502 28.1+24 >9000
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