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Abstract

This work generated many truncated proteins and Glu385 to Ala (E385/A) mutants of the human metalloproteinase and

thrombospondin 1 (METH-1 or ADAMTS1) and specific antibodies. METH-1 was an active endopeptidase and both the metal-

loproteinase and the disintegrin/cysteine-rich domains were required for the proteinase activity. A point mutation at the zinc-binding

site (E385/A) abolished the catalytic activity. METH-1 protein function may be modulated through proteolytic cleavage at multiple

sites. One 135 kDa species had an NH2-terminal sequence of L
33GRPSEEDEE. A species at 115 kDa and some other protein bands

began with F236VSSHRYV243, indicating that METH-1 proenzyme might be activated by a proprotein convertase such as furin by

cleaving the R235–F236 peptide bond. This cleavage was not an autocatalytic process since the E385/A mutants were also processed.

Furthermore, a 52 kDa band with an NH2-terminal sequence of L
800KEPLTIQV resulted from the digestion between the first and

the second thrombospondin 1-like motifs in the spacer region of the extracellular matrix-binding domains. � 2002 Elsevier Science
(USA). All rights reserved.
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Disintegrin and metalloproteinases (ADAMs, me-
tallospondin 1) represent a new family of gene products

that show a significant sequence similarity to snake
venom metalloproteinases and disintegrins [1,2]. Most
of the ADAMs are comprised of the following domain
structures: a signal peptide, a propeptide domain,
a metalloproteinase domain, a disintegrin domain, a
cysteine-rich domain, an epidermal growth factor
(EGF)-like domain, a transmembrane region, and a
cytoplasmic tail [3–5]. More than 30 genes encoding the
proteins of the ADAM family have been identified in
different species, but the biological functions of most
members are still unclear. Their domain structures
suggest that they have many potential functions during
physiological and pathological processes, including
proteolysis, adhesion, fusion, and intracellular signal-
ing. The proteins have been implicated in a variety of
important processes, such as degradation of type IV
collagen, sperm-egg and muscle cell binding and fusion,
myogenesis, osteogenesis, spermatogenesis, tumor cell
adhesion, signal transduction, the shedding of tumor
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necrosis factor a (TNF-a), and angiogenesis inhibition
[5–10].
Disintegrin and metalloproteinase with thrombo-

spondin (TSP)-like motifs-1 (ADAMTS1) are new
members of the ADAM family, which was originally
identified by differential display analysis as a gene highly
expressed in the murine colon 26 cachexigenic tumor
[11]. The human ortholog of ADAMTS1 was also
named METH-1 due to the novel combination of me-
talloprotease and thrombospondin domains [10]. Like
other typical ADAMs, the amino-terminal half-region
of ADAMTS1 consists of propeptide, metalloprotein-
ase, and disintegrin/cysteine-rich domains that share
sequence similarities to snake venom metalloprotein-
ases.
The domain organization of the carboxyl-terminal

half of ADAMTS1 is completely different from other
ADAMs. Instead of the EGF-like domain, transmem-
brane region, and cytoplasmic tail, ADAMTS1 has
three TSP type 1 motifs that are found in thrombo-
spondins 1 and 2 [10–12]. These TSP type 1 motifs of
METH-1/ADAMTS1 are functional in binding to
heparin and have angio-inhibitory activity [10,13–15].
Analyses of deletion mutants have revealed that the
carboxyl-terminal spacing region and the three TSP
type 1 motifs are responsible for anchoring to the ex-
tracellular matrix (ECM) [13]. Recently, Kuno et al. [16]
reported that mouse ADAMTS1 protein is proteolyti-
cally active based on its capacity to form a covalent
complex with a2-macroglobulin (a2-M). More recent
results showed that ADAMTS1 is essential for normal
growth, fertility, and organ morphogenesis and function
[14] and is able to cleave the Glu1871–Leu1872 bond within
the chondroitin sulfate attachment domain of aggrecan
[17]. In addition, ADAMTS1 has a significant role in the
proteolytic events of the ovulation process [18,19].
Furthermore, GON-1, a metalloproteinase that controls
gonadogenesis by remodeling the basement membrane
in Caenorhabditis elegans, also demonstrates a structural
similarity to ADAMTS1 [20]. All of these findings sug-
gest that ADAMTS1 may be an active enzyme involved
in angiogenesis, inflammation, fertility, and organ
morphogenesis.
In this study, we created different ADAMTS1/

METH-1 domain construct expression vectors (Fig. 1),
expressed the constructs in human kidney 293T cells,
and purified the expressed METH-1 proteins. We also
designed and synthesized peptides according to protein
sequences in different domains of METH-1 and used
these peptides to immunize rabbits and obtain specific
polyclonal IgG. By performing an a2-M binding assay,
we found that the disintegrin/cysteine-rich domain of
ADAMTS1/METH-1 is required for its enzymatic ac-
tivity. The mutant proteins (E385/A) did not show any
activities in the same assay suggesting that Glu385 may
be a catalytic residue of the enzyme.

Materials and methods

Construction of expression vectors. Many chemicals and reagents

used in the experiments were the same as described [21]. Human

METH-1/ADAMTS1 cDNA clone was identified from a human heart

library by screening the human cDNA database of expressed sequence

tags (ESTs) as described [10]. The full-length cDNA of METH-1 was

amplified by polymerase chain reaction (PCR) and cloned into the

mammalian expression vector pFLAG-CMV-5a at NotI and Asp718

sites to create pFLAG-CMV-5a-METH-1 with the FLAG tag at its C-

terminal. The pFLAG-METH-1 (residues 236–614) has the FLAG tag

at its N-terminal (Fig. 1). Constructs pC4-METH-1-Fc contain the

full-length METH-1 (residues 1–950), residues 1–614, 1–544, 1–510,

and 1–460, respectively (Fig. 1), fused to human IgG1 Fc domain at its

C-terminus. The E385 to A mutants were also constructed with the Fc

tag at their C-terminal.

Cell culture and transfection. The 293T cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies,

LTI, Rockville, Maryland) supplemented with 10% fetal bovine

serum, 100 IU/ml penicillin G, and 100lg/ml streptomycin. The 293T
cells were transfected with expression vectors containing different

METH-1 constructs (Fig. 1) using Lipofectamine Plus 2000 reagent

according to manufacturer’s instruction (LTI). Briefly, 5� 106 cells
(50–80% confluent) in a 15-cm dish were incubated with 90ll
Lipofectamine, 60 ll Plus, and 12 lg DNA in DMEM without serum

and antibiotics. After incubation at 37 �C, 5% CO2, and 95% air for
3–5 h, the cell media were replaced with 25ml DMEM with or

without serum and the conditional media were collected after

3–5 days.

METH-1 protein purification. FLAG-tagged METH-1 proteins

were purified from the transient transfection supernatant of 293T

cells. Briefly, 12 lg mammalian expression construct pFLAG-METH-
1 DNA (residues 1–950, 236–614) was incubated with 90 ll Lipofect-

Fig. 1. Schematic diagram of the domain organization and the different

constructs of human METH-1. The domain labels are: SP, signal

peptide; TSP1, thrombospondin type 1 motif; , pFLAG tag; ,

pC4Fc tag; , constructs with E385/A mutation in the metallopro-

teinase domain. A–K: the different constructs of METH-1. A: The

pFLAG-residues 1–950 with FLAG tag at its C-terminal; B: The

pFLAG-residues 236–614 with FLAG tag at its N-terminal. C–K are

pC4Fc:residues 1–950, pC4Fc:residues 1–950E/A, pC4Fc:residues 1–

614, pC4Fc:residues 1–614E/A, pC4Fc:residues 1–544, pC4Fc:residues

1–544E/A, pC4Fc:residues 1–510, pC4Fc:residues 1–510E/A, and

pC4Fc:residues 1–460, respectively. All the pC4Fc constructs have the

Fc tags at their COOH-terminals.
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amine and 60 ll Plus reagent (LTI) for 15–30min. Then the mixture
was added to 5 million 293T cells in 50–80% confluence and incu-

bated at 37 �C in 5% CO2 for 5 h. The transfection reagent was re-
moved and replaced with DMEM. Conditioned media were collected

48–60 h later, spun and filtered to remove any debris, and loaded on

an anti-FLAG M2 affinity gel column. The FLAG-tagged protein was

purified according to manufacturer’s instructions (Sigma). The puri-

fied protein was in 1� TBS (100mM Tris–HCl, pH 7.5, 150 mM

NaCl), 100lg/ml FLAG peptide, and 10% glycerol. The METH-1-Fc
fusion proteins were affinity purified on a Protein A–agarose affinity

column according to manufacturer’s instructions (Sigma Chemical,

St. Louis, MO).

Protein N-terminal sequencing. The purified METH-1 proteins were

separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS–PAGE) and transferred to ProBlott polyvinylidene difluoride

membranes using CAPS buffer (10mM 3-cyclohexylamino-1-propane-

sulfonic acid, pH 11, 0.005% SDS) [22]. Proteins were visualized by

staining with Coomassie brilliant blue R-250 solution and excised

fragments were sequenced. The N-terminal sequencing was performed

by Dr. Umesh Goli at the Biochemical Analysis, Synthesis, and Se-

quencing Service Laboratory in theDepartment of Chemistry at Florida

State University (Tallahassee, FL).

Antigen peptide syntheses. The specific peptides corresponding to

the unique sequences in the different METH-1 domains were synthe-

sized and purified according to our previous report [23]. The sequence

selected from the metalloproteinase domain is Cys316–Asn–Trp–Gln–

Lys–Gln–His–Asn–Pro–Pro–Ser–Asp–Arg–Asp–Ala–Glu–His–Tyr–

Asp334–NH2 (peptide no. 332) and from the disintegrin/cysteine-rich

domain is Gly462–Thr–Ser–Tyr–Asp–Ala–Asn–Arg–Gln–Phe–Gly–

Glu– Asp–Ser–Lys–His481–NH2 (peptide no. 333) (Fig. 9). Thus, the

antibodies (Abs) against peptide nos. 332 and 333 are called pAb332

and pAb333, respectively. The molecular masses and molar extinction

coefficients at 280 nm of these two peptides were calculated using ge-

netics Computer Group (GCG) programs [5,21,23]. Their molecular

masses are 2340.4 and 2291.4Da, respectively, and their molar ex-

tinction coefficients at 280 nm are 7030 and 1340M�1 cm�1, respec-

tively. The sequence homology comparisons of each peptide were also

performed against the GenBank database using the Basic Local

Alignment Search Tool (BLAST) algorithm at the National Center for

Biotechnology Information web site. Peptides with greater than a 45%

level of identity were found to be those of human and mouse METH-1/

ADAMTS1 and no other peptides were found. Thus, it is unlikely that

the Abs against these peptides would cross-react with other proteins.

These peptides were synthesized by Dr. Umesh Goli at the Biochemical

Analysis, Synthesis, and Sequencing Service Laboratory in the De-

partment of Chemistry at Florida State University (Tallahassee, FL).

The purity of these peptides was verified by reverse-phase high per-

formance liquid chromatography (RP-HPLC) and mass spectrometry

(MS) (data not shown).

Antibody production and purification. According to our protocol

previously reported for producing and characterizing anti-tissue in-

hibitor of metalloproteinase-4 Ab [24], the pre-immunization sera

were collected from the New Zealand white rabbits 4 weeks before the

initial injection. The peptide antigens (one milligram of each) were

coupled to Keyhole Limpets Hemocyanin (Sigma Chemical) with 2%

glutaraldehyde in 0.2M phosphate buffer at a pH of 7.3. The con-

jugated peptide was emulsified in the complete Freund’s adjuvant

(Sigma Chemical, St. Louis, MO) for initial injection. The rabbits

were boosted with the same peptide emulsified in the incomplete

Freund’s adjuvant every 4–5weeks. The blood was collected 9 days

after each boost. The sera were purified following the instructions of

ImmunoPure IgG (Protein A) Purification Kit (Pierce Chem.). Briefly,

the serum was diluted with binding buffer and added to the equili-

brated Protein A column. The column was washed with 15ml Im-

munoPure IgG binding buffer, followed by elution with 5ml

ImmunoPure IgG Elution Buffer. The concentration of IgG in the

elution fractions was monitored by UV spectroscopy at 280 nm.

Protein A elution fractions were desalted by flowing through an Ex-

cellulose column, followed by washing with TBS buffer. The final

purified IgG concentration was calculated by multiplying OD280 and

0.8mg/ml. The pre-immune IgG for each rabbit was also purified for

a negative control.

Enzyme-linked immunosorbent assay (ELISA). An enzyme-linked

immunosorbent assay (ELISA) was used to assess the potency and

specificity of the rabbit polyclonal Abs according to our methods [24].

Polyvinyl micro-ELISA plates were coated with either 50 ll/well of
purified METH-1 protein (residues 1–950) or 50 ll/well of different
concentrations of the synthetic peptide antigen in borate-buffered sa-

line. Alkaline phosphatase-conjugated goat-anti-rabbit IgG (Sigma

Immuno Chemicals, St. Louis, MO) was used as the secondary Ab. p-

Nitrophenyl phosphate (1mg/ml) in 0.5M MgCl2, buffered by 1.0M

diethanolamine buffer at a pH of 9.8 was used as the substrate. After

incubation, the plates were read at 405 nm with a Titertek Multiscan

MC-340 automatic microplate reader. The different peptide antigens

and anti-METH-1 Abs were used to test the specificities and cross-

reactivities of these Abs. Pre-immune-IgGs of different Abs were tested

as controls.

Western blotting. Western blotting was performed according to

standard procedure [24]. Briefly, samples were mixed with an equal

volume of 2� Laemmli’s sample buffer with 2-mercaptoethanol,

heated at 100 �C for 5 min, and subjected to 10% SDS–PAGE.

Proteins were transferred onto nitrocellulose membranes. The

membranes were blocked overnight in 5% bovine serum albumin–

phosphate-buffered saline (BSA–PBS) and then incubated with an

anti-FLAG M2 monoclonal Ab (Eastman Kodak), anti-human IgG1

Ab, or our polyclonal Abs, followed by incubation with horseradish

peroxidase-conjugated goat anti-mouse IgG polyclonal Abs (Amer-

sham Pharmacia Biotech). After washing with TBS buffer, the bound

horseradish peroxidase-conjugated Abs were detected by immuno-

blotting using an enhanced chemiluminescence (ECL) system

(Amersham Pharmacia Biotech).

Binding assay of a2-macroglobulin (a2-M). Binding assays of a2-M
with different constructs of METH-1 proteins were performed ac-

cording to the methods described [16,21]. Briefly, recombinant FLAG-

tagged METH-1 and METH-1-Fc proteins were prepared by using a

293T cell transient expression system as described above. The cell

culture supernatant containing ADAMTS1/METH-1 proteins or the

purified METH-1 proteins was mixed with an equal volume of a2-M
solution (final concentration of 0.25U/ml) (Boehringer–Mannheim,

Germany) and incubated at 37 �C for 15 h. The reactions were ter-
minated by the addition of an equal volume of 2� Laemmli’s sample
buffer (60mM Tris–HCl (pH 6.8), 2% SDS, 5% 2-mercaptoethanol,

10% glycerol). The a2-M: METH-1 complexes were analyzed by
Western blotting using anti-FLAG M2 monoclonal Ab, anti-human

IgG1 Ab, or our polyclonal Abs.

Results

Specificity and potency of the METH-1 polyclonal Abs

The Abs against the METH-1 metalloproteinase do-
main peptide (pAb332) and disintegrin domain peptide
(pAb333) were characterized by ELISA (Fig. 2; data for
anti-disintegrin domain Ab not shown). The optimal
dilution range for anti-metalloproteinase domain Ab
was from 1:100 to 1:800. The specificity of the Abs was
determined by testing their cross-reactivity with human
ADAM19, matrilysin (matrix metalloproteinase-7,
MMP-7), endometase (matrilysin-2, MMP-26), and
some other metalloproteinases. At protein concentra-
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tions up to 500 nM and primary Abs dilutions of 1:200,
no cross-reactivity was detected (data not shown). The
preimmune IgGs of the same rabbits did not react with
the peptide antigens (data not shown). The synthesized
peptide sequences were utilized in a search and sequence
alignment analysis performed against all the current
protein data banks by using basic local alignment search
tool (BLAST) programs (Bethesda, MD, http://
www.ncbi.nlm.nih.gov). The sequences identified were
those of human and mouse ADAMTS1/METH-1. This
indicated that our polyclonal Abs may only cross-
react with mouse METH-1, however, not with other
proteins.

Purification of the METH-1 proteins and determining the
protein N-terminal sequences

All of the purified METH-1 proteins were revealed by
SDS–PAGE, followed by Coomassie blue R-250 stain-
ing (Figs. 3A and B). The purified METH-1 (residues
1–614)-Fc had two major bands, one at 78 kDa and
another at 32 kDa (Fig. 3A, lane 4). The protein NH2-
terminal sequencing results showed that the 78 kDa had
the sequence FVSSHRYV, which is immediately
downstream of the proprotein convertase cleavage site
of RKKR235–F236VSSHRYV243 located at the beginning
of the METH-1 metalloproteinase domain. The 32 kDa
had a sequence of KSSDKTHT, the human IgG1 Fc
fragment. The METH-1 (residues 1–544)-Fc showed
two bands at 70 and 32 kDa (Fig. 3A, lane 6). The N-
terminus of the 70 kDa band was FVSSHRYV and that
of the 32 kDa band was KSSDKTHT from the Fc. The
E385 to A mutant METH-1 (residues 1–614)-Fc, E385 to
A mutant METH-1 (residues 1–544)-Fc, E385 to A mu-
tant METH-1 (residues 1–510)-Fc, METH-1 (residues
1–510)-Fc, and METH-1 (residues 1–460)-Fc were
shown only as one major band for each construct at 78,
70, 68, 68, and 60 kDa, respectively (Fig. 3A, lanes 5, 7,
8, and 9; 3B, lanes 4 and 5). The N-terminal sequence
results showed that all of the major bands had the se-
quence FVSSHRYV (Figs. 1 and 9). These results in-
dicated that the prodomains of these METH-1 proteins
might be processed by a proprotein convertase such as
furin and they were not autocleaved by the METH-1
protein itself because the catalytically inactive mutants
were also processed.
Coomassie blue staining of the purified pC4-METH-

1-Fc protein revealed bands at 135, 115, 52, 47, and
32 kDa (Fig. 3B, lane 2). The NH2-terminal sequences
of those major protein bands were determined by mi-
crosequencing (Fig. 9). The NH2-terminal sequence of
the 135 kDa band was LGRPSEEDEE corresponding to
L33 of the beginning of the propeptide domain. The
115 kDa band was FVSSHRYV, which is generated by
cleavage between R235 and F236. The N-terminal se-
quence of the 52 kDa polypeptide was L800 KEPLTIQV.
The 32 kDa band has an N-terminal sequence of
KSSDKTHT and is a human IgG1 Fc fragment. The
N-terminus was blocked for the 47 kDa band and no
sequence was obtained. The full-length E to A mutant
METH-1-Fc had major bands at 135, 115, and 32 kDa
(Fig. 3B, lane 3). The N-terminal sequences of the three
bands were identical to those of the wild type full-
length METH-1-Fc, respectively. The pFLAG-CMV5a-
METH-1 (residues 1–950) protein revealed major bands
at 115, 86, and 21 kDa. The 21 kDa band had an N-
terminal sequence that starts at L800;L800KEPLTIQV
(data not shown). Those data demonstrate that most of
the METH-1 proteins were processed by a proprotein
convertase to the mature/activated enzymes; however,

Fig. 2. Characterization of the anti-METH-1 metalloproteinase do-

main peptide Ab (pAb332) against METH-1 by ELISA. ELISA plates

were coated with various concentrations of purified full-length METH-

1 (residues 1–950) (A) and METH-1 metalloproteinase domain peptide

(residues 316–334) (B). The primary Ab was the rabbit IgG against

human METH-1 metalloproteinase domain peptide (residues

316–334). It was purified using the ImmunoPure IgG (Protein A)

Purification Kit. The Ab dilutions are indicated in the diagram. The

secondary Ab was goat anti-rabbit IgG conjugated with alkaline

phosphatase.
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small amounts of unprocessed proenzymes were also
detected in the cell culture media (CM).

Two forms of METH-1 proteins

The 293T cells were transfected with different
METH-1-Fc expression vectors and cultured in DMEM
(Life Technologies, LTI, Rockville, Maryland) as de-
scribed in Materials and methods. All of the METH-1
(residues 1–614, 1–544, 1–510, and 1–460) proteins had
two forms: a relatively high band (cellular form) and a
low band (secreted form). The major bands in the CM
are of the secreted form (Fig. 4, lanes 1, 3, 5, and 7),
while those in the cell lysates are of the cellular form
(Fig. 4, lanes 2, 4, 6, and 8). The 32 kDa bands in the
CM phases (Fig. 4, lanes 1, 3, 5, 6, and 7) were Fc
fragments according to the N-terminal sequence. The
higher molecular mass form found in cell lysate may be
the proenzyme and the lower molecular mass forms
detected mostly in the cell CM may be the activated
and/or C-terminal truncated forms as demonstrated by
the above N-terminal sequencing results.

Comparison of the polyclonal antibody and anti-human
IgG1 antibody

The METH-1 (residues 1–510)-Fc protein was pre-
pared by a 293T cell transient expression system and
purified as described in Materials and methods. The
purified METH-1 (residues 1–510)-Fc was detected as a
single band (68 kDa) under reducing conditions and a
105 kDa band under non-reducing conditions by Coo-
massie blue staining (Fig. 5A, lanes 2 and 3). The
METH-1 protein was also detected by immunoblotting
using an ECL system. The purified pre-immune IgG did
not cross-react with any band (Fig. 5B, lanes 1 and 2).
The anti-METH-1 metalloproteinase domain peptide

Ab (pAb332) (Fig. 5B, lanes 3 and 4), anti-METH-1
disintegrin domain peptide Ab (pAb333) (Fig. 5B, lanes
5 and 6), and the anti-human IgG1 Ab (hIgG) (Fig. 5B,
lanes 7 and 8) recognized the METH-1 (residues 1–510),
while only the anti-human IgG1 Ab recognized the
control TR7-Fc (Fig. 5B, lane 8).

Formation of METH-1:a2-M complexes in the cell media

The complex formation of proteinases with a2-M is
dependent on their endopeptidase activities. The cell

Fig. 4. The distribution of METH-1 proteins in the 293T cell media

and cell lysate by immunoblot using anti-IgG1 Ab. The 293T cells

were transfected with different METH-1-Fc expression vectors and

cultured in DMEM (LTI) as described in Materials and methods.

The CMs were collected after 3–5 days. The cells were scraped and

lysed. The samples were separated by 10% SDS–PAGE and trans-

ferred onto a nitrocellulose membrane. The blot was probed with the

anti-human IgG1 Ab and the target proteins were detected by

immunoblotting using an ECL system. Lanes 1, 3, 5, and 7 are

conditioned cell media and lanes 2, 4, 6, and 8 are cell lysates for

METH-1 (residues 1–614), (residues 1–544), (residues 1–510), and

(residues 1–460), respectively.

Fig. 3. The purified METH-1 proteins of the different pC4Fc constructs. All of the recombinant METH-1 proteins were separated on 10% SDS–

PAGE and stained using Coomassie blue. (A) The proteins are METH-1:residues 1–614 (lane 4), 1–544 (lane 6), 1–510 (lane 8), 1–460 (lane 9), and

the METH-1 mutants: residues 1–614E/A (lane 5), 1–544E/A (lane 7). 1, 2, and 4 lg BSA were added in lanes 2, 3, and 10, respectively. (B)
Coomassie blue staining results of pC4Fc: METH-1 (residues 1–950) and (residues 1–510) proteins. The wild type and mutant full-length METH-1

(residues 1–950) are shown in lanes 2 and 3, respectively. METH-1 (residues 1–510) and residues 1–510E/A are shown in lanes 4 and 5, respectively.
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culture supernatant containing METH-1 proteins was
mixed with an equal volume of a2-M solution. Using
anti-human IgG1 Ab, we found that METH-1 (residues
1–614) (Fig. 6A, lanes 5 and 6; C, lanes 1 and 2) and
METH-1 (residues 1–544) (Fig. 6B, lanes 1 and 2; C,
lanes 3 and 4) formed complexes with a2-M. However,
METH-1 (residues 1–510) (Fig. 6C, lanes 5 and 6), and
METH-1 (residues 1–460) (Fig. 6B, lanes 5 and 6) did not
form complexes with a2-M. These results were confirmed
using an anti-metalloproteinase Ab (pAb332; data not
shown). None of the E385 to A mutants formed com-
plexes with a2-M (Fig. 6A, lanes 3, 4, 7, and 8; B, lanes 3
and 4). These results showed that the metalloproteinase
domain alone is not sufficient to express enzymatic ac-
tivity towards a2-M, thus, the minimum domain re-
quirement for the enzymatic activity was investigated.
Interestingly, a2-M and the full-length METH-1 (resi-
dues 1–950) complexes were not detected by the anti-Fc
Ab (anti-human IgG1 Ab) (Fig. 6A, lanes 1 and 2). This
is due to the C-terminal proteolytic removal of the 21
kDa Fc antigen epitope as demonstrated by the results
shown in Fig. 3 and by protein N-terminal sequencing.
As a result, the anti-IgG1 Ab does not recognize the
protein bands any more. Using our specific polyclonal
anti-METH-1 metalloproteinase domain peptide IgG
(pAb332), we found that full-length METH-1 did form a
complex with a2-M (Fig. 7, lanes 1 and 2). On the other
hand, there is no complex formation with the E385 to A
mutants of full-length METH-1 (residues 1–950E/AFc)
in the presence of a2-M (Fig. 7, lanes 3 and 4).

pFLAG-METH-1 (residues 236–614) protein expression
and a2-M binding assay

To test the hypothesis that both the metalloproteinase
domain and disintegrin domain ofMETH-1 are necessary
for METH-1 activity, we created the pFLAG-METH-1
(residues 236–614) vector (Fig. 1B) and expressed it in a
293T cell expression system. The control vector was also
expressed in this system. After being cultured for 3 days,
the CMwere collected, the cells were lysed, and the ECM
components were collected. The collected samples were
separated by a 10% SDS–PAGE and transferred onto a
nitrocellulose membrane. The blot was probed with an
anti-FLAG M2 monoclonal Ab (Eastman Kodak) and
the pFLAG-METH-1 (residues 236–614) bands were
detected by immunoblotting using an ECL system. The
a2-M binding assay using CM showed that the pFLAG-
METH-1 (residues 236–614) could form three different
molecular weight complexes (Complexes I, II, and III)
(Fig. 8A, lane 4). The reason why three complexes were
detected for this particular construct is not clear. One of
the possibilities is the NH2-terminal FLAG tag of the
pFLAG-METH-1,which allows anti-M2Ab to recognize
all the active forms of METH-1 that may have COOH-
terminal truncations and cannot be recognized by anti-
FC IgG1Ab. In addition, heterodimers or oligomers may
be formed among subunits of a2-M and different active
forms of METH-1. The vector control did not show a
binding complex (Fig. 8A, lanes 1 and 2). Most of the
pFLAG-METH-1 (residues 236–614) was found in the

Fig. 5. Characterization of pC4Fc: METH-1 (residues 1–510) using different Abs. The METH-1 (residues 1–510)-Fc protein was prepared by a 293T

cell transient expression system and purified as described in Materials and methods. The purified METH-1 (residues 1–510)-Fc was separated by 10%

SDS–PAGE and detected by Coomassie blue staining (A) and by immunoblotting using an ECL system (B). The purified METH-1 (residues 1–510)

showed a single band (68 kDa) under reducing condition (A: lane 2) and a single band (105 kDa) under non-reducing condition (A: lane 3). The

pC4Fc: METH-1 (residues 1–510) was added in B to lanes 1, 3, 5, and 7; TR7-Fc, a positive control for the Fc domain, was added to lanes 2, 4, 6, and

8. Blots were detected by immunoblotting using an ECL system by adding Pre-immuno-IgG of the same rabbit of anti-METH-1 metalloproteinase

domain IgG (pAb332) (B: lanes 1 and 2), anti-METH-1 metalloproteinase domain IgG (pAb332) (B: lanes 3 and 4), anti-METH-1 cysteine-rich

domain IgG (pAb333) (B: lanes 5 and 6), and anti-human IgG1 (Fc) Ab (B: lanes 7 and 8).
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cell lysate (Fig. 8B, lane 2) and the least was in the ECM
phase (Fig. 8B, lane 4). This might be due to pFLAG-
METH-1 (residues 236–614) containing only a small part
of the ECM-binding domains (Fig. 1).

Discussion

In this study, we demonstrated that the recombinant
METH-1/ADAMTS1 proteins (full-length METH-1:
residues 1–950, METH-1: residues 1–614, 1–544, and
236–614) with both metalloproteinase and disintegrin/
cysteine-rich domains are capable of forming covalent
complexes with a2-M. a2-M is a high-affinity proteinase
inhibitor found abundantly in plasma and interstitial

fluids. It is able to bind to various types of proteinases
including serine proteinases, cysteine proteinases, and
metalloproteinases [25–28]. Due to the complex forma-
tion of proteinases with a2-M being dependent on their
proteolytic activities against the bait region [27], this
assay is a useful tool for identifying the endopeptidase
activity of the proteinases. The mechanism for the
binding of proteinases to a2-M is the so-called ‘‘trap-
ping mechanism’’. When the bait region in the middle of
a2-M is cleaved by a proteinase, a conformational
change in the a2-M subunits is triggered, leading to an
encapsulation of the proteinase and subsequent covalent
cross-linking between a2-M and the active proteinase.
Loechel et al. [28] reported that human ADAM12
(meltrin a) is an active metalloproteinase by means of

Fig. 6. Detection of high molecular weight complexes between the METH-1-Fc proteins and a2-M in the 293T cell expression system. The re-

combinant METH-1-Fc proteins were probed with 2.5 lg/ml anti-human IgG1 Ab and detected by immunoblotting using an ECL system. The high
molecular weight complexes are indicated by arrows. The complexes of the wild type full-length METH-1 and a2-M were not detected by anti-human
IgG1 Ab (A: lanes 1 and 2). The high molecular weight complexes were detected in recombinant METH-1:residues 1–614 A: lanes 5 and 6; C: lanes 1

and 2), residues 1–544 (B: lanes 1 and 2; C: lanes 3 and 4) in the presence of a2-M, but the wild type METH-1:residues 1–510 (C: lanes 5 and 6) and
residues 1–460 (B: lanes 5 and 6) did not show any complex formation. The mutant METH-1:residues 1–950E/A (A: lanes 3 and 4), residues 1–614E/A

(A: lanes 7 and 8), and residues 1–544E/A (B: lanes 3 and 4) eliminated the ability to bind to a2-M.
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this trapping mechanism of a2-M. Mouse ADAMTS1
also had active proteinase activity based on its ability to
form a covalent complex with a2-M [16].

The METH-1 (residues 1–510, 1–460) proteins lack-
ing disintegrin/cysteine-rich domain could not form
complexes with a2-M. These results indicated that the
METH-1 metalloproteinase domain is only active in the
presence of the intact disintegrin/cysteine-rich domain.
Therefore, the whole disintegrin/cysteine-rich domain of
METH-1 is required for METH-1 proteolytic activity
with a2-M. The present data supply direct evidence for
the hypothesis that the substrate interacts with both the
metalloproteinase and disintegrin/cysteine-rich domains
of METH-1, which was predicted by Black and White
for other ADAMs [29]. In addition, all of the point
mutants in the zinc-binding motif (E385 to A) of METH-
1 proteins (METH-1: residues 1–950E/A, 1–614E/A, 1–
544E/A, 1–510E/A) had no catalytic activity and did not
form complexes with a2-M. Thus, introduction of a
point mutation in the zinc-binding site (Glu385 to Ala)
abolished the catalytic activity, demonstrating that
Glu385 is probably a catalytic residue that plays an es-
sential role in enzymatic reaction.
Sequence analysis of METH-1 predicted that the

enzyme was synthesized as a zymogen that might be
processed by furin in transit through the secretory
pathway; a basic motif (R232KKR235) was found be-
tween the propeptide domain and the metalloproteinase
domain. Furin is a serine endopeptidase in the trans-
Golgi network (TGN) and is expressed in a variety of
cells. It cleaves a wide range of precursor proteins in-
cluding MDC15 and ADAMTS1 [16,30]. In the present

Fig. 7. Detection of high molecular weight complex of the full-length

METH-1-Fc proteins and a2-M in the 293 T cell expression system.

The recombinant METH-1-Fc proteins from the full-length (residues

1–950) construct were probed with 1lg/ml anti-METH-1 metallo-
proteinase domain IgG (pAb332) and detected by immunoblotting

using an ECL system. The high molecular weight complex is seen in

lane 2, slightly below 250 kDa.

Fig. 8. a2-M Trapping assay and distribution of pFLAG: METH-1 (residues 236–614). A: High molecular weight bands of pFLAG: METH-1

(residues 236–614) were detected in the 293T cell expression system by immunoblotting using an ECL system. Phase I is the CM of the vector as a

control (A: lanes 1 and 2). Phase II is the pFLAG:METH-1 (residues 236–614) transfected 293T cells CM (A: lanes 3 and 4). The high molecular

weight complexes are indicated by arrows. B: Lanes 1 and 2 are cell lysate phases; lanes 3 and 4 are ECM phases; lanes 5 and 6 are CM. Lanes 1, 3,

and 5 are CMV1 vector control and lanes 2, 4, and 6 are pFLAG-CMV1:METH-1 (residues 236–614). The pFLAG:METH-1 (residues 236–614)

were found mainly in the cell lysate phase (B: lanes 1 and 2). The CM also contained a moderate amoung of pFLAG:METH-1 (residues 236–614) (B:

lanes 5 and 6). The least amount of pFLAG: METH-1 (residues 236–614) was found in the ECM phase (B: lanes 3 and 4).
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study, we show that the amino-terminal sequence of the
major bands of all the recombinant METH-1 proteins is
F236VSSHRYV and it is located just after this propro-
tein convertase recognition site R232KKR235–F236. Even
the catalytically inactive mutants of METH-1 are pro-
teolytically processed at this site. These data correlate
well with the hypothesis that the propeptide domain of
the METH-1 protein is removed in the secretory path-
way reported by Kuno et al. [16] using the furin-deficient
LoVo cells. More recently, Rodriguez-Manzaneque et
al. [15] demonstrated that METH-1 could be processed
in two consecutive steps to release active forms of both
p87 and p65. The p87 fragment was generated by furin,
while the p65 was generated by matrix metalloprotein-
ases (MMP-2, -8, and -15).
A sequence comparison of the active ADAM pro-

teases with the snake venom metalloproteinases reveals
a consensus sequence for the zinc-binding motif,
HEXGHXXGXXHD. Furthermore, from analyses of
a number of zinc endopeptidases, including the snake
venom metalloproteinases, astacin, seralysins, and
matrix metalloproteinases (MMPs), it appears that the
zinc-binding motif has a more general sequence,
HEXXHXXGXXH [31,32]. However, in the potential
zinc-binding motif (HEXXHXXGXXH) of METH-1
protein, the Gly (G) residue is replaced by Asn (N391).
The methionine residue (M412) may function as a Met
turn residue, as shown in MMPs. Since the present
studies have demonstrated that METH-1 (residues 1–
614, 1–544)-Fc and pFLAG-METH-1 (residues 236–
614) are active as revealed by the a2-M binding assays,
it is possible that the conserved G residue of the zinc-
binding motif is functionally interchangeable with N.
Kuno et al. found that ADAMTS1 cleaved the
Glu1871–Leu1872 bond within the chondroitin sulfate
attachment domain of aggrecan [17]. Human aorta
versican, a large aggregating proteoglycan, was cleaved
at the Glu441–Ala442 bond by ADAMTS1 [33]. Those
results suggest that ADAMTS1 may be involved in the
turnover of aggrecan and other types of proteoglycans
in vivo.
ADAMTS1 is associated with the ECM through

multiple ECM-binding domains (three TSP1 type 1 re-
peats and the spacer region) (Figs. 1 and 9) in its car-
boxyl-terminal region, whereas its metalloproteinase
domain is free, i.e., not bound to the ECM [16]. The
present study has demonstrated that the pFLAG-
METH-1 (residues 236–614), which lacks most of the
ECM-binding domains, was mostly localized in the cell
lysate and very little was found in the ECM phase. The
recombinant METH-1 protein (METH-1: residues 1–
614-Fc) with only the first TSP1 type 1 repeat and 16
amino residues (residues 599–614) of the spacer region
and three other recombinant METH-1 proteins
(METH-1: residues 1–544-Fc, 1–510-Fc, and 1–460-Fc)
without the multiple ECM-binding domains were se-

creted into the cell CM. These results suggested that the
ECM-binding domains of METH-1 proteins might an-
chor to the extracellular matrix after secretion.
More recently, using an ADAMTS1-null mice model,

Shindo et al. [14] showed that targeted disruption of the
mouse ADAMTS1 gene resulted in growth retardation
with adipose tissue malformation and impaired female
fertilization and histological changes in the uterus and
ovaries. ADAMTS1 ()/)) mice had enlarged renal ca-
lices with fibrotic changes from the ureteropelvic junc-
tion through the ureter and abnormal adrenal medullary
architecture without capillary formation. ADAMTS1
plays a significant role in the proteolytic and inflam-
matory events of the ovulation process [18,19,34]. Fur-
thermore, ADAMTS1 demonstrates a structural
similarity to GON-1, a metalloproteinase that controls
gonadogenesis by remodeling the basement membrane
in Caenorhabditis elegans [20]. Kuno et al. demonstrated
that ADAMTS1 might play a role in the inflammatory
process through its protease activity [11,13,16,35]. Dia-
mantis et al. [36] reported that regulation of the ex-
pression of the ADAMTS1 gene might be important in
the development of cirrhosis of liver in rat liver endo-
thelial cells. METH-1 also participated in angiogenesis
[10,37] and flow-dependent vascular adaptation [38].
Our present results show that METH-1 (residues 1–

510), with the metalloproteinase domain and partial
disintegrin/cysteine-rich domain, and METH-1 (residues
1–460)-Fc with only metalloproteinase domain are not
active based on binding with a2-M. However, METH-1
(residues 1–950, 1–614, 1–544)-Fc and pFLAG-METH-
1 (residues 236–614), with complete metalloproteinase

Fig. 9. Summary of N-terminal sequences of the processed forms and

antigen peptide sequences in the full-length human METH-1/AD-

AMTS1-Fc. The domain labels are: SP, signal peptide; Pro, propeptide

domain; metallo-, metalloproteinase domain; Cys-rich, disintegrin/

cysteine-rich domains; TSP1, thrombospondin type-1 motif; Fc,

immunoglobulin G constant fragment (COOH-terminal region). The

experimentally determined N-terminal sequences of the processed

forms are shown above the domain structure of the METH-1. The

antigen peptide sequences used to make pAb332 and pAb333 are

shown below the domain structure. The arrows point to the location of

each peptide sequence in the domain structure.
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and disintegrin/cysteine-rich domains, show activity.
This indicates that both the metalloproteinase domain
and disintegrin/cysteine-rich domains may play impor-
tant roles in physiological processes, including normal
growth, fertility, organ morphology, and function, and
ovulation; and pathological processes, including in-
flammation, liver cirrhosis, angiogenesis, and vascular
adaptation.
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