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ABSTRACT: Human ADAM12 (a disintegrin and metalloproteinase) is a multidomain zinc metalloproteinase
expressed at high levels during development and in human tumors. ADAM12 exists as two splice
variants: a classical type 1 membrane-anchored form (ADAM12-L) and a secreted splice variant
(ADAM12-S) consisting of pro, catalytic, disintegrin, cysteine-rich, and EGF domains. Here we present
a novel activity of recombinant ADAM12-S and its domain deletion mutants on S-carboxymethylated
transferrin (Cm-Tf). Cleavage of Cm-Tf occurred at multiple sites, and N-terminal sequencing showed
that the enzyme exhibits restricted specificity but a consensus sequence could not be defined as its subsite
requirements are promiscuous. Kinetic analysis revealed that the noncatalytic C-terminal domains are
important regulators of Cm-Tf activity and that ADAM12-PC consisting of the pro domain and catalytic
domain is the most active on this substrate. It was also observed that NaCl inhibits ADAM12. Among the
tissue inhibitors of metalloproteinases (TIMP) examined, the N-terminal domain of TIMP-3 (N-TIMP-3)
inhibits ADAM12-S and ADAM12-PC with low nanomolarKi(app) values while TIMP-2 inhibits them
with a slightly lower affinity (9-44 nM). However, TIMP-1 is a much weaker inhibitor. N-TIMP-3 variants
that lack MMP inhibitory activity but retained the ability to inhibit ADAM17/TACE failed to inhibit
ADAM12. These results indicate unique enzymatic properties of ADAM12 among the members of the
ADAM family of metalloproteinases.

A disintegrin and metalloproteinase ADAM12,1 also
known as meltrinR, is a multifunctional zinc-dependent
enzyme that belongs to a subfamily of reprolysin metal-
lopeptidases (1-3). Human ADAM12 is expressed as a
classical type 1 membrane-anchored form (ADAM12-L) and
as a secreted splice variant (ADAM12-S) (1). The latter
consists of a propeptide, a catalytic domain, and cell adhesive
disintegrin-, cysteine-rich-, and epidermal growth factor-like
(EGF-like) domains (Figure 1A) but lacks the C-terminal
transmembrane and cytoplasmic domains. Both forms are
strongly expressed in placenta, and decreased serum levels
of ADAM12 in pregnant women are reliable biomarkers for
preeclampsia and Down’s syndrome in clinical prenatal

diagnostics (1, 4-7). Low expression levels of ADAM12
are found in most normal adult tissues, but the level of
expression is greatly increased in different types of cancers
(8-11). In the polyoma middle T antigen (PymT) mouse
model of breast cancer, ADAM12 stimulated tumor progres-
sion by increasing the tumor burden and decreasing the time
to tumor onset (12). Importantly, ADAM12 is readily
detected in urine of breast and bladder cancer patients and
correlates with disease status and stage (13, 14).

The three-dimensional structure of ADAM12 has not yet
been determined experimentally. Using electron microscopy,
we modeled the overall domain organization of ADAM12-S
containing the pro domain as a compact four-leaf clover-
like molecule (15). This model was supported by the recently
determined structure of a snake venom homologue of
mammalian ADAMs, vascular apoptosis inducing protein 1
(VAP1) (16) consisting of the catalytic domain, disintegrin,
and cysteine-rich domains. Crystal structures for the catalytic
domains of homologues tumor necrosis factor-R-converting
enzyme (TACE or ADAM17) (17) and ADAM33 (18) have
been determined. Both structures reveal a polypeptide fold
consisting of a five-strandedâ-sheet surrounded by five
R-helices, resembling the folding of the catalytic domains
of the related zinc metalloproteinases collectively called the
metzincins (19).

On the basis of its zinc-binding consensus sequence motif
HEXXHXXGXXH, ADAM12 was predicted to be an active
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metzincin metalloproteinase, and its catalytic activity was
originally verified using theR2-macroglobulin (R2M) entrap-
ment assay (20, 21). Potential physiological substrates include
insulin-like growth factor binding proteins IGFBP-3 and -5
(4, 22), placental leucine aminopeptidase (P-LAP) (23),
heparin binding EGF-like growth factor (HB-EGF) (24),
EGF, and betacellulin (25). These substrates are also
susceptible to other metalloproteases (reviewed in refs3, 26,
and27), and the relative contribution of ADAM12-mediated
cleavage of these substrates in vivo is poorly understood.
Previous studies have shown that ADAM12 latency can be
explained by the cysteine switch mechanism in which
Cys179 in the pro domain coordinates the active site zinc
ion (21, 28). The enzyme is processed in the trans-Golgi at

the proprotein convertase recognition motif RHKR, and
following translocation to the plasma membrane or extra-
cellular space, ADAM12 is considered to be present in its
active form (21, 28). However, the pro domain remains
noncovalently associated with the mature enzyme following
cleavage (15, 22), indicating possible extracellular functions
of the pro domain. Our previous in vitro characterization of
the catalytic activity of ADAM12 usingR2M reactivity
indicated that this activity requires Cu2+, and we proposed
that this activity was revealed through binding of the
transition ion Cu2+ to the unpaired Cys273 (29). ADAM12
is inhibited by the tissue inhibitor of metalloproteinases 3
(TIMP-3) (22), and other inhibitors of ADAM12 include the
synthetic hydroxymate inhibitors GM6001 and its derivative

FIGURE 1: SDS-PAGE analysis of recombinant ADAM12 and detection of proteolytic activity. (A) Full-length ADAM12-S and its domain
deletion mutants are shown with their experimentally determined molecular masses. Pro stands for the pro domain, Cat for the catalytic
domain, Dis for the disintegrin domain, Cys for the cysteine-rich domain, and EGF for the EGF-like domain. (B) The purities of the
recombinant proteins were analyzed by SDS-PAGE (12% acryl-amide), and the proteins were stained using Coomassie Brilliant Blue
R-250. (C) The activity of ADAM12-S was assayed with gelatin, fibronectin, and Cm-Tf for 24 h in 50 mM Tris-HCl (pH 7.5), 0.05% Brij
35, and 0.02% sodium azide: lane 1, substrate at 0 h; lane 2, substrate after 24 h; and lane 3, incubation with 100 nM enzyme. (D) All three
variants of ADAM12 were employed in a time course study of Cm-Tf degradation. Reaction buffer contained 0.5 mM CaCl2: lane 1,
substrate at 0 h; lane 2, substrate after 18 h; lane 3, enzyme for 1 h; lane 4, enzyme for 8 h; lane 5, enzyme for 18 h; and lane 6, enzyme
and 20 mM EDTA for 18 h.
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KB-R7785 (24), TMI-1 (30), and a group of dipeptide
analogues (31).

Although a number of biological molecules have been
described as potential substrates of ADAM12, little is known
about the biochemical properties of the catalytic activity of
ADAM12. Nevertheless, the close association of ADAM12
with severe pathological disorders underlines the relevance
of addressing the biochemical properties of ADAM12-
mediated proteolysis. Here we present reduced S-carboxym-
ethylated transferrin (Cm-Tf) (32) as a novel ADAM12
substrate suitable for kinetic studies. Using this substrate,
we assessed the sequence specificity of ADAM12 and
quantitatively compared the effect of salts, cations, and
inhibitors on the activity of ADAM12-S and its truncated
mutant consisting of the pro and catalytic domains. Our
studies have demonstrated that ADAM12 is a protease with
a slight alkaline preference, which is very sensitive to
increases in ionic strength. Furthermore, our data suggest
that the TIMP susceptibility of ADAM12 is significantly
different from that of ADAM 17/TACE.

EXPERIMENTAL PROCEDURES

Materials. The pCEP-4 vector was from Invitrogen
(Groningen, The Netherlands), and restriction enzymes were
purchased from New England Biolabs (Hithin, U.K.). Human
apotransferrin was from Sigma. Human fibronectin was
purified from plasma according to the method of Ruoslahti
and Engvall (33). Gelatin was formed by heating type 1
collagen purified from guinea pig skin at 65°C for 20 min
as described previously (34). Fluorescent peptide substrate
[dabcyl-LAQAhomoPheRSK(5FAM)-NH2] was from
BioZyme, Inc.

Human recombinant TIMP-1 and TIMP-2 were expressed
in mammalian cells and purified as described previously (35,
36). The N-terminal domain of TIMP-1 (N-TIMP-1) was
expressed and purified as described by Wei et al. (37).
Expression inEscherichia coli, purification, and in vitro
folding of N-TIMP-3 and the N-TIMP-3 mutant with an extra
Ala added at the N-terminus [-1A]N-TIMP-3 as well as
N-TIMP-3(T2G) have all been described previously (38, 39).

Generation of Recombinant ADAM12 Proteins.cDNA
encoding human ADAM12 (GenBank entry NM_021641)
constructs in the pCEP4 plasmid were generated as previ-
ously reported (15). The constructs were (i) full-length
ADAM12-S consisting of the pro domain, catalytic domain,
disintegrin domain, cysteine-rich domain, and EGF-like
domain (amino acids 1-707), (ii) ADAM12-PCD encoding
the pro domain, catalytic domain, and disintegrin domain
(amino acids 1-512), and (iii) ADAM12-PC encoding the
pro domain and catalytic domain (amino acids 1-419). The
ADAM12 signal peptide was present in all plasmids. The
plasmid harboring the ADAM12-S full-length cDNA was
used as a template for site-directed mutagenesis to generate
the catalytic site E351Q mutant (amino acids 1-707). HEK
293 EBNA cells grown in DMEM containing 10% FBS,
penicillin, and streptomycin were transfected with the desired
construct using lipofectamine. Serum-free conditioned media
were harvested, centrifuged, and filtered through a 0.22µm
filter prior to a triple FPLC purification procedure. First, the
medium was subjected to gelatin-Sepharose chromatogra-
phy. Next, the flow through containing the recombinant was

passed through a SP-Sepharose-FF column where the protein
was retained and subsequently eluted using a gradient of 0.05
to 1 M NaCl. The recombinant proteins were further purified
by a concanavalin A column and elution withR-D-methyl
mannopyranoside as described previously (11, 22).

Proteolytic Assay of ADAM12.Human transferrin was
S-carboxymethylated under reducing conditions with io-
doacetic acid as described previously (40). After TCA
precipitation, the Cm-Tf was dissolved in dH2O and adjusted
to pH 7.0-8.0 by titration with NaOH. Proteolysis assays
were carried out in 12.5 mM Tris-HCl at pH 8.5 containing
0.5 mM CaCl2, 0.02% NaN3, and 0.05% Brij 35 unless
otherwise stated. All reagents (5µL of enzyme, 5µL of
buffer, and 10µL of substrate) were mixed and briefly
centrifuged prior to incubation at 37°C for various periods
of time. The reaction was stopped by addition of reducing
SDS-PAGE sample buffer containing 20 mM EDTA, and
the products were separated using SDS-PAGE (10% total
acrylamide) and stained using Coomassie Brilliant Blue
R-250. Enzyme concentrations varied between 1.5 and 25
nM, and the concentration of Cm-Tf was 70µM. Detailed
assay conditions for each experiment are specified in the
figure legends. All data presented are the average of at least
three representative experiments and include standard errors.

N-Terminal Sequencing of Cm-Tf Fragments.For N-
terminal sequence analysis, Cm-Tf was digested with 750
nM ADAM12-S for 2 h, and cleaved products were separated
using SDS-PAGE, electrotransferred to a polyvinylidene
difluoride membranes, and visualized by Coomassie Brilliant
Blue R-250 staining. Samples were analyzed by automated
Edman degradation using an Applied Biosystems Procise
494HT sequencer with on-line phenylthiohydantoin HPLC
analysis.

Densitometric Analysis.SDS-PAGE gels were scanned
at 300 dpi using a flatbed scanner. The intensity of the
selected 43 kDa degradation product was quantified using
the TL100 software (Nonlinear Dynamics, Newcastle upon
Tyne, U.K.).

Km and kcat Determination.For studies of steady-state
kinetics, the molar concentration of Cm-Tf was calculated
from A280 observations (ε ) 85 240), and a fixed concentra-
tion of enzyme was incubated with Cm-Tf dilutions between
3.75 and 70µM prepared in dH2O. Activity was plotted
against substrate concentration, andKm could be obtained
when points were fitted to the Michaelis-Menten rate
equation [V ) Vmax[S]/(Km + [S])] using GraphPad Prism.
kcat was calculated as the number of molecules of Cm-Tf
consumed per second per active site of enzyme. For this
purpose, the active site concentrations of ADAM12-S,
ADAM12-PCD, and ADAM12-PC were determined by
titration withR2M. The pixel volume of the 43 kDa cleavage
product was converted to weight units by comparison with
known amounts of bovine serum albumin loaded on the same
Tris-glycine gel.

Determination of pH-Dependent ActiVity. To maintain a
constant ionic strength across the tested pH range (pH 6.0-
9.0), we utilized the acetate/2-(N-morpholino)ethanesulfonic
acid (MES)/Tris (AMT) buffer system (41). The pH was
adjusted with NaOH or HCl, and the final concentrations in
the assay were as follows: 12.5 mM sodium acetate, 25 mM
Tris-HCl, 12.5 mM MES, 0.5 mM CaCl2, 0.02% sodium
azide, and 0.05% Brij 35.
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Studies of ADAM12 Inhibition Kinetics.The concentrations
of TIMP-1, N-TIMP-1, TIMP-2, and N-TIMP-3 inhibitors
were determined by active site titration with a known
concentration of MMP-1, and N-TIMP-3(2TG), N-TIMP-3,
and [-1A]N-TIMP-3 were titrated with a known concentra-
tion of ADAMTS-5. Various concentrations of TIMPs were
mixed with 2 nM ADAM12-S or 1.5 nM ADAM12-PC in
25 mM Tris-HCl (pH 8.0), 1.25 mM CaCl2, and 18.75 mM
NaCl in a total volume of 15µL and incubated for 30 min
at 37°C. The mixture was then incubated with 5µL of Cm-
Tf (140 µM) at 37 °C for 9 h. Studies with N-TIMP-3 and
N-TIMP-3 mutants included 2.5% glycerol to prevent
precipitation. The reaction was stopped with reducing sample
buffer containing 20 mM EDTA. The products were sepa-
rated using SDS-PAGE (10% total acrylamide) and stained
using Coomassie Brilliant Blue R-250. IC50 values were
determined by linear regression analysis of residual activity
plotted against log values of inhibitor concentration. For tight
binding inhibitors at low enzyme concentrations (at∼Ki),
this represents a good approximation of theKi(app) (42).

The Ki values of N-TIMP-3 against ADAM12-S and
ADAM12-PC were obtained using the fluorescent substrate
[dabcyl-LAQAhomoPheRSK(5FAM)-NH2] and the Morrison
equation describing tight binding inhibition (30, 43). Buffer
conditions were identical to those of inhibitor studies using
Cm-Tf as a substrate, though 5% DMSO was included to
increase the solubility of the substrate; 85µL of assay buffer,
5 µL of inhibitor, and 5 µL of enzyme (2 nM, final
concentration) were preincubated at 37°C for 2 h prior to
the addition of 5µL of substrate (10µM, final concentration).
A BMG Fluorostar Optima fluorometer (excitation at 485
nm and emission at 530 nm) was used to monitor fluores-
cence.

RESULTS

Purification and Detection of ADAM12-S and Its Domain
Deletion Mutants. Full-length ADAM12-S and its C-termi-
nally truncated domain deletion mutants as well as the
ADAM12-S(E351Q) mutant (Figure 1A) were expressed in
HEK 293 EBNA cells and purified from the conditioned
media. The recombinant enzyme preparations were free from
visible contaminants as determined by SDS-polyacrylamide
gel electrophoresis and staining with Coomassie Brilliant
Blue R-250 (Figure 1B). Also, they reacted with ADAM12
domain specific antisera (data not shown). ADAM12-PCD
shows a double band around 45 kDa. Both bands react with
antisera directed against the catalytic domain (data not
shown), suggesting possible processing of the C-terminus
(15). The experimentally determined sizes are bigger than
the theoreticalMr calculated from the amino acid composi-
tion. This can possibly be explained by predicted N-linked
glycosylations at two sites in the pro domain, and one site
in all other domains except the EGF-like domain. The
presence of the copurified but noncovalently linked∼26 kDa
propeptide has previously been observed (15, 22) and is
confirmed here.

Catalytic ActiVity of ADAM12 and Its Domain Deletion
Mutants.The catalytic properties of purified ADAM12-S
were first evaluated using three different substrates. Each
substrate was incubated with 100 nM ADAM12-S in 50 mM
Tris-HCl (pH 7.5) for 24 h at 37°C and subjected to SDS-

PAGE analysis, essentially as described by Roy et al. (13).
As seen in Figure 1C, degradation of gelatin and fibronectin
(FN) was not observed. However, when samples were
assayed using the general protease substrate carboxymethy-
lated transferrin (Cm-Tf), several degradation products were
observed (Figure 1C). Not only wild-type ADAM12-S but
also the domain deletion mutants ADAM12-PCD and
ADAM12-PC were shown to cleave Cm-Tf (Figure 1D). Cm-
Tf cleavage patterns generated by the three isoforms of
ADAM12 were identical, indicating that the lack of ancillary
C-terminal domains does not affect substrate specificity on
Cm-Tf (data not shown). Even at a concentration of 1µM
and after incubation for 48 h, the catalytic site mutant
ADAM12-S(E351Q) did not degrade the substrate, confirm-
ing the importance of the glutamic acid in catalysis and
indicating that the purified enzymes were free of contaminat-
ing proteases (data not shown). All ADAM12 isoforms were
inhibited by 20 mM EDTA (Figure 1D, lanes 6) and by
TIMP-2 and the N-terminal domain of TIMP-3 (N-TIMP-
3) (see Table 2).

N-Terminal Sequencing of Cm-Tf CleaVage Products. The
degradation of Cm-Tf with ADAM12-S yielded several
products (Figure 2A). The restricted number of products
suggests that ADAM12 does not cleave Cm-Tf randomly.
To analyze the sequence required for ADAM12 activity, we
conducted N-terminal sequence analysis of Cm-Tf degrada-
tion products. A total of 15 bands were sequenced, and eight
of these contained more than one sequence in which the
recovery of phenylthiohydantoin amino acids was of com-
parable concentration. VPDKTV sequences represent the
mature N-termini of full-length transferrin and are therefore
not informative. On the basis of their size and rapid
appearance, the two degradation products of 43 and 37 kDa
(Figure 2A) are likely to represent the initial hydrolysis of
full-length Cm-Tf into N- and C-terminal fragments. All
other Cm-Tf degradation bands appear later in time course
studies (data not shown). The identified amino acid residues
with P1′ positions were Ala, Leu, Met, Val, Tyr, Ser, Asp,
and Cm-Cys (Figure 2A,B). Cm-Cys (resembling glutamic
acid) was detected only once in the P1′ position and three
times in the P1 position. Aligning the cleavage sequences
from P18 to P18′ did not reveal any clear consensus sequence
requirement for ADAM12 cleavage (Figure 2B). To give
further insight into the sequence requirement of ADAM12,
the homologous N- and C-terminal domains of Cm-Tf were
aligned and the sequence sites subsequently compared
(Figure 2C), but once again, no common message could be
extracted.

Enzyme Kinetics Using the Cm-Tf Substrate. To quantify
enzymatic activity against Cm-Tf, we first carried out
experiments to determine the time and dose dependency of
ADAM12-S, ADAM12-PCD, and ADAM12-PC degradation
of Cm-Tf. The digested samples were subjected to SDS-

Table 1: Substrate Affinities and Turnover Numbersa

Km kcat kcat/Km

ADAM12-S 14.5( 1.6 0.12( 0.01 8.3× 103

ADAM12-PCD 19.2( 1.2 0.18( 0.02 9.4× 103

ADAM12-PC 16.5( 1.3 0.47( 0.06 28.4× 103

a Km, in micromolar, andkcat, in inverse seconds, were determined
from three replications as described in Experimental Procedures.
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PAGE, stained with Coomassie Brilliant Blue R-250, and
analyzed by densitometry (data not shown). We selected a
43 kDa cleavage product for quantification, and the pixel
volumes were taken as a measure of activity. This band was
selected because it appeared rapidly and separated fairly well
from surrounding degradation products. From these studies,
it was evident that the formation of the Cm-Tf 43 kDa
degradation product was linear up to 80 000 pixels, corre-
sponding to a substrate turnover of less than 10% (data not
shown). As the substrate appeared to be homogeneous and
consist mainly of full-length Cm-Tf, theKm of the substrate
with the enzyme was determined by incubating a fixed
concentration of enzyme with increasing amounts of sub-
strate, which resulted in the classical hyperbolic-shaped curve
(data not shown). Nonlinear regression using the Michaelis-
Menten equation revealed that ADAM12-S, ADAM12-PCD,
and ADAM12-PC had comparableKm values of 14.5( 1.6,
19.2 ( 1.2, and 16.5( 1.3 µM, respectively (Table 1).
Interestingly, calculation of the substrate specificity,kcat/Km,
of the three isoforms (Table 1) showed a 4-fold increase in
the ratio in the absence of the noncatalytic disintegrin and
cysteine-rich domains, primarily due to an increase inkcat

values (Table 1).
pH Optimum of ADAM12-S and ADAM12-PC.An evalu-

ation of the effect of pH on enzymatic activity was carried
out with the Cm-Tf substrate using the AMT triple buffer
system to ensure a constant ionic strength over the entire
pH range that was tested. Both ADAM12-S and ADAM12-
PC exhibited optimal activities at a slightly alkaline pH of
8.0-8.5 (Figure 3). The enzyme activity could not be
detected at pH values lower than 6.5, and∼50% enzyme
activity was detected at pH values of 7.5 and 9.

Calcium Requirement and Salt SensitiVity of ADAM12-S
and ADAM12-PC.When the sequence of the ADAM12
catalytic domain is examined in relation to the crystal
structure of the catalytic domains of ADAM33, VAP1, and
VAP2B, it strongly suggests the presence of a single fully
conserved structurally important Ca2+ coordination site
opposing the active site cleft (16, 18, 44). In fact, many
metalloproteinases such as MMPs (45) and ADAMTS-13
(46) require calcium for activity. We found that ADAM12-S
was active when placed in a calcium-free buffer (Figure 4A).
The activity was increased by only∼50% upon addition of
250-500µM CaCl2, while higher concentrations were less
effective. An apo-ADAM12-S generated by EDTA treatment
followed by dialysis showed no activity and required calcium
in addition to zinc for reactivation (data not shown).
Furthermore, we found that NaCl had an inhibitory effect
on ADAM12-S with an IC50 value of 31( 3 mM, and even
addition of 500µM CaCl2 was not able to produce any

significant recovery of activity (Figure 4B). ADAM12-PC
was also active in the calcium-depleted buffer, and a profile
of the salt inhibitory effect comparable to that of ADAM12-S
was obtained (Figure 4C). The estimated IC50 value of NaCl
inhibition of ADAM12-PC was 49( 6 mM. The high
sensitivity of both ADAM12-S and ADAM12-PC to in-
creased ionic strength was also seen with potassium ions or
Tris-HCl (data not shown).

Effect of Other Metal Ions on ADAM12-S ActiVity. In a
previous qualitative study of ADAM12 proteolysis, Cu2+ was
implicated in the activation of ADAM12 (29). We decided
to reassess this quantitatively to determine the requirement
of ADAM12 catalytic activity for biologically relevant metal
ions. Addition of ZnCl2 at concentrations below 50µM
increased the activity of ADAM12-S by approximately 30%.
However, when concentrations exceeded 50µM, activity was
negatively affected, and at a concentration of 500µM ZnCl2,
substrate degradation was only just detectable (Figure 5A).
Besides Ca2+ and Zn2+, only Mg2+ had a marginal stimu-
latory effect, while none of the other tested divalent cations
were capable of inducing activity (Figure 5B). In contrast
to an earlier report that usedR2M as a substrate (29), Cu2+

was not an activator of ADAM12-S. Rather, data suggested
that even low levels of CuCl2 had a negative effect on the
ADAM12-S-mediated hydrolysis of Cm-Tf. Hg2+ and Mn2+

inhibited activity, whereas Fe2+ had practically no effect.
Notably, 10µM CoCl2 inhibited the activity by 80%, while
increasing concentrations rescued the lost activity. Low
concentrations of NiCl2 inhibited ADAM12-S drastically.
The hydrolysis of Cm-Tf was inhibited by more than 50%
in the presence of 1µM NiCl2 and was essentially absent at
concentrations above 10µM. Similar results were obtained
for NiCl2 in the presence of Ca2+ (Figure 5C). This suggests
that the Ni2+ binding site is unrelated to the Ca2+ binding
site.

Inhibition of ADAM12 by TIMPs.The catalytic activities
of MMPs, ADAMTSs, and ADAMs are believed to be
regulated by endogenous TIMPs in vivo. To determine the
contributions of different TIMPs to ADAM12 regulation, we
conducted studies of the inhibition of ADAM12-S and
ADAM12-PC by wild-type and mutant TIMPs. The calcu-
latedKi values are summarized in Table 2. TIMP-1 inhibited
ADAM12-S with aKi(app) of 454( 161 nM but exhibited a
5-fold higher affinity toward the ADAM12-PC mutant.
TIMP-2 was a more effective inhibitor of ADAM12, and
some differences were observed between ADAM12-S and
ADAM12-PC with theKi(app) values of 44( 16 and 9.3(
2.5 nM, respectively. To test if the differences inKi(app) values
between ADAM12-S and ADAM12-PC were related to
interactions between the C-terminal domains of enzyme and

Table 2: Apparent Inhibition Constants [Ki(app)] of ADAM12 Inhibitorsa

ADAM12-S ADAM12-PC MMP-3(∆C)b TACEb

TIMP-1 454( 161 110( 2
N-TIMP-1 400( 98 506( 103
TIMP-2 44( 16 9.3( 2.5
N-TIMP-3 Ki ) 12.5( 1.1c Ki ) 3.2( 0.25c 67 ( 2.8 13.7( 0.2
[-1A]N-TIMP-3 629 ( 147 816( 81 ∼3.3× 103 33.9( 2.8
N-TIMP-3(T2G) 194( 48 307( 22 >1 × 104 35.6( 1.9

a Values were obtained from the average of three replications, calculated as described in Experimental Procedures and given in nanomolar.
b Data obtained from ref37. c Due to limitations of the Cm-Tf assay, theKi(app) values of N-TIMP-3 inhibition could not be determined reliably.
Instead, we used a fluorescent peptide substrate to determine substrate-independentKi values.
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inhibitor, an N-TIMP-1 variant was included in the study.
When assayed under identical conditions, N-TIMP-1 turned
out to have a lower affinity for ADAM12-PC with aKi(app)

value of 506( 103 nM. The inadequate sensitivity of the
Cm-Tf substrate did not allow for the correct determination
of Ki values for the potent inhibition of N-TIMP-3 toward
ADAM12. Since the ability of TIMP-3 to inhibit ADAM12
potently indicates that TIMP-3 is the physiological inhibitor
of ADAM12, we thought it was important to determine the
exactKi value of this interaction. To do so, we utilized a
fluorescent TNF-R-derived fluorescent peptide substrate
recently reported to be ADAM12 sensitive (30). Under buffer
conditions identical to those used in the Cm-Tf assay,
substrate-independentKi values of 12.5( 1.1 nM for

ADAM12-S and 3.2( 0.25 nM for ADAM12-PC were
obtained.

We then evaluated the inhibitory potency of N-TIMP-3
reactive site mutants which lack inhibitory activity for MMPs
but retained activity against ADAM17 (39). These include
[-1A]N-TIMP-3 which has an extra Ala at the N-terminus
of N-TIMP-3 and N-TIMP-3(T2G) where Thr2 of TIMP-3
is mutated to Gly. In contrast to ADAM17, these two mutants
were poor inhibitors for ADAM12-S and ADAM12-PC
(Table 2). N-TIMP-3(T2G) inhibited ADAM12-S with a
Ki(app) value of 194( 48 nM and exhibited an even lower
affinity for ADAM12-PC [Ki(app) ) 307( 22 nM], whereas
[-1A]N-TIMP-3 was an even less effective inhibitor of the
two ADAM12 isoforms.

FIGURE 2: ADAM12-S cleavage sites in Cm-Tf. (A) Full-length Cm-Tf was digested with 750 nM ADAM12-S for 2 h. N-Terminal Edman
degradation yielded sequences from 15 bands represented by their apparent molecular masses in kilodaltons. Sequences preceded with a
superscript N refer to the N-terminus of full-length human transferrin. (B) The obtained sequences, 18 in total when N-terminal full-length
Cm-Tf was excluded, were aligned usingClustal Wand are color-coded. (C) The homologous N- and C-terminal domains were aligned
usingClustal W, and cleavage sites are marked by arrows. Red arrows highlight the presence of a cleavage “pair”. N-Terminal numbering
of amino acids was included, and Cm-Cys is highlighted in bold.
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DISCUSSION

This paper reports the catalytic properties of recombinant
human ADAM12-S and its domain deletion mutants
ADAM12-PCD and ADAM12-PC. We first assessed the
activity of ADAM12-S toward a number of potential
substrates. Gelatin and fibronectin were both reported to be
cleaved by ADAM12 (13), but our initial screen did not
exhibit any detectable activities against these substrates.
When redetermined under conditions optimized for
ADAM12-S activity (pH 8.5 and 0.5 mM CaCl2), activity
was not detected against gelatin or fibronectin (data not
shown). The discrepancy may be due to some contamination
of other proteainases in those enzyme preparations as it was
reported that EDTA failed to inhibit those activities (13).
On the other hand, the three isoenzymes readily digested
Cm-Tf (Figure 1C), a substrate used to detect activity of
MMPs (40) and some ADAMTSs (32, 47). The presence of
contaminating proteases was excluded on the basis of
TIMP-3 inhibition of the three enzymes and the inability of
the ADAM12-S (E351Q) to cleave Cm-Tf.

Substrate Specificity.Even though ADAM12 has been
reported to cleave IGFBP-3, IGFBP-5, HB-EGF, and a
number of other substrates, its substrate specificity with
regard to sequences cleaved has not been investigated. We
have presented here the first data on the cleavage specificity
of ADAM12. With regard to the S1′ specificity pocket,
ADAM12 does not have a preference for specific amino acids
and can accept residues with widely different physicochem-
ical properties, including Ala, Leu, Met, Val, Tyr, Ser, Asp,
and Cm-Cys. When the sequences of all 18 identified
cleavage sites are aligned, it becomes evident that no strict
consensus sequence can be recognized that is required for
ADAM12 cleavage (Figure 2B). A similar promiscuity was
reported for ADAMTS-4 (32) and ADAMTS-5 (47). The
closest relatives of ADAM12, ADAM19, and ADAM33 were
both reported to cleave an Ala-Leu bond in an insulin
â-chain-derived peptide (48), and ADAM19 has been found
to cleave between Lys and Ala in myelin basic protein (49).
We observed that ADAM12 was capable of cleaving similar
bonds in Cm-Tf (Figure 2). An advantage of using Cm-Tf
degradation for investigation of sequence specificity is that
the C-terminal and N-terminal halves of human transferrin
are homologous (Figure 2C) (50). Examination of the enzyme
cleavage sites in a sequence alignment of the N- and
C-terminal domains of Cm-Tf can provide useful information

about the effects of amino acid substitutions around the
cleavage site. One example of a cleavage “pair” in the
N-terminal and C-terminal domains deduced from sites in
the present study is the G-Y bond highlighted with red
arrows in Figure 2C. Unfortunately, the residues around these
two cleavage sites are similar, and therefore, this analysis
does not give much insight into the specificity. The presence
of juxtaposed cleavage sites, e.g., such as the ones seen in
the 43 kDa band and the 28 kDa fragments, might suggest
that exosite binding or secondary structures of the substrate
are key determinants, while some degrees of freedom are
allowed at the cleavage site as originally suggested by
Kashiwagi et al. (32). Since clustered cleavage sites can be
found only in a limited number of places and the residues
cleaved are promiscuous, we propose that ADAM12 func-
tions only as an endopeptidase rather than an endo- and
exopeptidase to cleave the clustered sites.

For comparison, the pregnancy-associated plasma pro-
tein-A (PAPP-A)-mediated cleavage of IGFBP-4 is highly
dependent on conserved basic residues located up to 16
amino acids N-terminal of the scissile bond (51). Another
similar example is the inability of ADAMTS aggrecanases
to cleave peptides shorter than 30 amino acids (52). Once
the physiological substrate of ADAM12 has been determined,
it will be of great interest to establish the biologically relevant
cleavage site.

Catalytic Properties.Removal of C-terminal disintegrin,
cysteine-rich, and EGF domains had little or no effect on
theKm, suggesting that the affinity for substrate is unchanged
(Table 1); however, at the same time, thekcat for Cm-Tf
cleavage was increased. ADAM12-PC was approximately
4-fold more active, while ADAM-PCD exhibited a 1.5-fold
increase in activity. This indicates that the cysteine-rich and,
in particular, the disintegrin domain reduce the activity of
the enzyme possibly by affecting the environment of the
catalytic site or inducing conformational changes. These
results may be partially contrasted by ADAMTS-4 where
the full-length enzyme has little activity on Cm-Tf, but when
the C-terminal spacer domain is deleted, it exhibits activity
with Cm-Tf whereas the catalytic domain alone has little
activity (32).

To extend our knowledge of ADAM12 proteolysis, we
characterized the cleavage of Cm-Tf with regard to the salt
dependency, pH, and effects of metal cations. Sequence
alignment revealed that the catalytic domain of ADAM12

FIGURE 3: Dependency of ADAM12-S and ADAM12-PC activity on pH. The influence of pH on cleavage of Cm-Tf by ADAM12-S and
ADAM12-PC was tested in the AMT buffer system. Besides the AMT buffer components, the reaction mixture contained 0.5 mM CaCl2.
Samples were incubated with 5 nM ADAM12-S (2) or ADAM12-PC (O) for 3 or 2 h, respectively.
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contains an acidic calcium binding consensus motif (44)
known from other proteases to be essential for the structural
integrity of their catalytic domains (18, 26, 53). Furthermore,
in a recent publication on the crystal structure of vascular
apoptosis-inducing protein-1 (VAP1), a snake venom ho-
mologue of ADAMs, it was shown that the disintegrin
domain comprises two additional structural calcium binding
sites that are fully conserved in ADAM12 (16). ADAM12-S

and ADAM12-PC were active on Cm-Tf in a calcium-free
buffer, and an optimal concentration of 0.5 mM CaCl2

increased ADAM12-S activity by∼50% (Figure 4A). Apo-
ADAM12-S was on the other hand not active without the
addition of both calcium and zinc to the buffer verifying the
importance of calcium. Since we observed a similar fold

FIGURE 4: Influence of CaCl2 and NaCl on the enzymatic activity
of ADAM12-S and ADAM12-PC. (A) CaCl2- and NaCl-free
solutions of enzymes were prepared by dialysis against a buffer
containing 25 mM Tris-HCl (pH 8.5), 0.05% Brij 35, and 0.02%
sodium azide. Then, CaCl2 (0-5 mM) was titrated into an
ADAM12-S (]) assay, and activity was expressed as a percentage
of the control activity measured under CaCl2- and NaCl-depleted
conditions. (B) Under identical conditions, the inhibitory effect of
NaCl was investigated for ADAM12-S in the absence (2) and
presence (4) of 0.5 mM CaCl2. (C) Similarly, the influence of NaCl
on ADAM12-PC in the absence (b) and presence (O) of 0.5 mM
CaCl2 was determined. Samples were incubated with 5 nM
ADAM12-S or ADAM12-PC for 3 or 2 h, respectively.

FIGURE 5: Dependency of ADAM12-S on metal ions in the absence
of Ca2+. (A) To determine the influence of Zn2+ on ADAM12-S
cleavage of Cm-Tf, increasing concentrations of ZnCl2 (0-0.5 mM)
were added to an ADAM12-S (O) assay. (B) Six different divalent
cations, Mg2+ ([), Fe2+ (0), Co2+ (O), Mn2+ (2), Hg2+ (×), and
Cu2+ (4), were in a similar manner added (0-0.25 mM) to an
ADAM12-S activity assay. For both panels A and B, activity was
expressed as a percentage of the control activity measured in the
absence of externally added cations. (C) Activity of ADAM12-S
was assessed in the presence of NiCl2 (0-10 µM) with (O) or
without (2) 0.5 mM CaCl2 in the buffer, and activity was expressed
in the same manner described above. All samples were incubated
with 5 nM ADAM12-S for 3 h.
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increase in activity upon the addition of CaCl2 to either
ADAM12-S or ADAM12-PC, we believe that calcium at
least binds the catalytic domain. In comparison, the activity
of other metalloproteases, e.g., ADAMTS-13 (46) and
MMP-3 (45), is much more dependent upon the addition of
Ca2+ to the assay to yield optimal activity.

The sensitivity to increases in ionic strength displayed by
ADAM12 is intriguing (Figure 4B,C). Similar salt sensitivity
has been observed for other metalloproteinases, including
ADAM17 (54), PAPP-A (51), ADAMTS-13 (55), and
mitochondrial processing peptidase (MPP) (51, 54-56).
Electrostatic interactions between charged surfaces on the
enzyme and the substrate are known to be greatly important
for substrate recognition in MPP and TACE (54, 57).
Theoretically, this can be projected onto ADAM12 where
electrostatic surface potential modeling predicted the surface
area surrounding the catalytic cleft of ADAM12 to be mainly
negatively charged (44). If electrostatic interactions with the
substrate are important in ADAM12, then certain cleavage
sites in Cm-Tf could theoretically be favored over others
when the ionic strength is increased. However, there was
no difference in the Cm-Tf cleavage patterns in the presence
and absence of physiological NaCl concentrations (data not
shown). Alternatively, increased hydrophobicity in the pres-
ence of high salt may result in inappropriate interaction of
the substrate with subsites in the substrate binding site, thus
reducing the enzymatic activity.

The active site of ADAM12 is considered to contain a
catalytic Zn2+ ion which when coordinated by a polarized
water molecule assists in a nucleophilic attack of the carbonyl
carbon of the scissile bond of the substrate. When ZnCl2

was added to the assay, we observed a small increase in
activity of approximately 30% at 25µM, and at higher
concentrations, hydrolysis was adversely affected (Figure
5A). This inhibitory effect can potentially be explained by
the formation of harmful Zn(OH)+ that binds to glutamate
in the active site (58). The activities of other metallopro-
teinases, such as MMP-1 and MMP-3, that share metal ion
binding properties with ADAM12 are affected by other
divalent cations besides Ca2+ and Zn2+ (59-61). Only Mg2+

enhanced ADAM12-S activity, whereas Ni2+, Hg2+, and
Cu2+ potently inhibited the enzyme activity (Figure 5B,C).
These cation inhibition profiles closely resemble those of
astacin (62). Crystal structures of astacin complexed with
Ni2+ and Hg2+ showed less availability in terms of the water
molecule essential for catalysis. Similar steric changes may
potentially explain the diminished proteolytic activity that
we observed for ADAM12. In contrast to an earlier report
on Cu2+ activation of ADAM12 measured byR2M entrap-
ment (29), our experiments show that ADAM12-S is
negatively affected by CuCl2. Cu2+ may exhibit an opposing
effect on the activity of ADAM12 depending on the substrate.
The dual role of CoCl2 as both an inhibitor and an activator
of ADAM12-S and the inhibitory effect of NiCl2 (IC50 < 1
µM) are interesting, but they cannot be readily explained.

The activity of ADAM12-S and ADAM12-PC is abrogated
below pH 6.5 (Figure 3). This may be in part due to
protonation of the histidines (pKa ∼ 6.5-7), thereby affecting
the coordination of the active site zinc ion. Activity peaks
in the pH 8-8.5 range and several other zinc peptidases have
shown a similar preference for a slightly alkaline environment
(51, 53).

ProADAM12 is processed at the furin cleavage site,
presumably in the trans-Golgi (28). Following cleavage, the
pro domain remains noncovalently associated with the mature
enzyme, yet the enzyme expresses proteolytic activity (29).
It is not known how the pro domain contributes to this
activity as we have not yet been able to successfully obtain
the catalytic domain without the pro domain. The recombi-
nant form fails to be expressed without the pro domain in
mammalian cells (our observations and ref21). A clear
understanding of the function of the pro domain in the
catalytic activity of ADAM12 requires the resolution of the
three-dimensional structure of ADAM12.

TIMP Inhibition of ADAM12.It is generally thought that
the inhibitory activity of TIMP-1 and TIMP-2 is restricted
to MMPs with a few exceptions such as the TIMP-1
inhibition of ADAM-10 (63). We found full-length TIMP-2
to be a potent inhibitor of both ADAM12-S and ADAM12-
PC (Table 1). To the best of our knowledge, this is the first
study to show potent inhibition of a member of the ADAM
family by TIMP-2. The study also showed that N-TIMP-3
is the strongest inhibitor of both ADAM12-PC and ADAM12-
S. TheKi values of 12.5( 1.1 nM for the inhibition of
ADAM12-S and 3.2 ( 0.25 nM for the inhibition of
ADAM12-PC obtained using the fluorescent substrate indi-
cated that TIMP-3 is the physiological inhibitor of ADAM12,
perhaps together with TIMP-2. Overall, the tested TIMPs
seem to have a higher affinity for the truncated ADAM12-
PC than for full-length ADAM12-S. These results indicate
that the C-terminal domains in ADAM12-S weaken the
inhibitory action of TIMPs as seen for TACE previously (64).

Recently, Wei et al. (39) reported that the substitution of
Thr for Gly2 [N-TIMP-3(T2G)] or the addition of an
N-terminal Ala extension ([-1A]N-TIMP-3) abrogated MMP
inhibition, but their inhibitory activity toward ADAM17
(TACE) was not affected significantly (39). We therefore
tested these two mutants for their abilities to inhibit
ADAM12 and found that both failed to inhibit ADAM12
potently. This observation is noteworthy, since it resembles
what was seen for the MMPs but not for the more closely
related ADAM17/TACE (39).

One major challenge in the treatment of pathological
disorders such as arthritis and cancer with protease inhibitors
is nonspecific inhibition. In this light, it is encouraging to
see that the broad-range metalloprotease inhibitor TIMP-3
can be designed to discriminate not only between ADAMs
and MMPs but also within the ADAM family itself. This
observation is encouraging for the future design of specific
TIMP-derived inhibitors suitable for treatment of pathological
disorders caused by altered metalloproteinase activities. It
will be important to extend these studies to different TIMP-
sensitive subfamilies of the metzincins such as the ADAMs
and ADAMTSs.
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