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Processing of fibrillar collagens is required to generate collagen
monomers able to self-assemble into elongated and cylindrical col-
lagen fibrils. ADAMTS-2 belongs to the “A disintegrin and metal-
loproteinase with thrombospondin type 1 motifs” (ADAMTS)
family. It is responsible for most of the processing of the amin-
opropeptide of type I procollagen in the skin, and it also cleaves type
II and type III procollagens. ADAMTS are complex secreted
enzymes that are implicated in various physiological and patholog-
ical processes. Despite accumulating evidence indicating that their
activity is regulated by ancillary domains, additional information is
required for a better understanding of the specific function of each
domain. We have generated 17 different recombinant forms of
bovine ADAMTS-2 and characterized their processing, activity,and
cleavage specificity. The results indicated the following: (i) activa-
tion of the ADAMTS-2 zymogen involves several cleavages, by pro-
protein convertases and C-terminal processing, and generates at
least seven distinct processed forms; (ii) the C-terminal domain
negatively regulates enzyme activity, whereas two thrombospondin
type 1 repeats are enhancer regulators; (iii) the 104-kDa form dis-
plays the highest aminoprocollagen peptidase activity on procolla-
gen type I; (iv) ADAMTS-2 processes the aminopropeptide of al
type V procollagen homotrimer at the end of the variable domain;
and (v) the cleaved sequence (PA) is different from the previously
described sites ((P/A)Q) for ADAMTS-2, redefining its cleavage
specificity. This finding and the existence of multiple processed
forms of ADAMTS-2 strongly suggest that ADAMTS-2 may be
involved in function(s) other than processing of fibrillar procolla-
gen types [-1IL.

Collagens types I-III are synthesized as precursors {procollagens)
formed by a central triple helical collagen domain extended by propep-
tides at both extremities. Removal of the C-propeptide,” by BMP-1 and
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related enzymes, and the N-propeptide, by aminoprocollagen pepti-
dases (ADAMTS-2, -3, or -14), is required to generate collagen mono-
mers able to assemble spontaneously into elongated and cylindrical col-
lagen fibrils. It has been shown in vitre and in vive that ADAMTS-2 is
the enzyme responsible for most of the aminoprocollagen type I proc-
essing in the skin (1-3), although it was suggested that an essential
funetion of ADAMTS-3 isthe processing of aminoprocollagen type [l in
cartilage (4). A closely related enzyme, ADAMTS-14, also displays
aminoprocollagen peptidase activity (5). More recently, it has been
shown that ADAMTS-2 is also able to process aminoprocollagen type
[T in vitro (6). Type V collagen isa minor fibrillar collagen. Among the
four different individual collagen type V chains, e1 is the most abundant
and ubiquitous and can be found as a homotrimer or as a heterotrimer
in association with type V or type XI & chains (7, 8). Its maturation from
procollagen to collagen is reported to be different from what is observed
for procollagens [-111, because the C-propeptide can be cleaved by furin
(9, 10) and/or by BMP-1 (11, 12) depending on the chain type. In addi-
tion, the N-propeptide does not seem to be processed by aminoprocol-
lagen peptidases. Instead, BMP-1 cleavage has been reported between
the proline/arginine-rich protein domain and the variable domain of the
a1 chain (9) and between the small and the large collagenous domain of
a3 chain {10).

ADAMTS proteases are complex secreted enzymes that contain a
reprolysin-type pro-metalloproteinase domain attached to ancillary
domains with highly conserved structures, including at least one throm-
bospondin type 1 repeat (13). As for matrix metalloproteinases and
ADAMs, the control of their enzymatic activity can be exerted at mul-
tiple points, including transcription, translation, zymogen activation,
and inhibition by specific natural inhibitors. For most ADAMTS
enzymes, the N-terminal domain is cleaved by furin or a related enzyme
(&, 14). In addition, proteolytic processing in the ancillary domains of
some ADAMTS has been reported (15), increasing or inhibiting their
enzymatic activity (16). However, the implication of the various
domains for enzyme activity and substrate specificity remains largely
unknown. Similarly, additional studies are required for a better under-
standing of the mechanisms of ADAMTS activation and for the identi-
fication of enzymes responsible for ADAMTS processing.

grin-like and metalloproteinase with thrombospondin type | repeats; N-propeptide,
N-terminal propeptide; BMP-1, bone marphogenic protein-1; DMEM, Dulbecco’s
maodified Eagle’s medium; TSPI, thrombospondin-like type | repeat; PNP domain,
C-terminal domain specific to aminoprocollagen peptidases (ADAMTS-2,-3 and -14)
mAb, monaclonal antibody; HA, hemagglutinin; PNGase F, peptide:N-glycosidase F;
NEW, N-ethylmaleimide; PMSF, phenylmethylsulfonyl fluoride; DTT, dithiothreital.
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Processes Regulating the Activity of ADAMTS-2

In this work, various forms of bovine recombinant ADAMTS-2,
either full size, lacking specific domains, or mutated at specific sites,
were produced. They have been used to determine the specific role of
individual domains for aminoprocollagen type | peptidase activity, to
characterize the activation process of the zymogen form of ADAMTS-2,
and to evaluate the enzymatic activity of ADAMTS-2 on aminoprocol-
lagen type V.

MATERIALS AND METHODS

Restriction enzymes, Pwo DNA polymerase, hygromyein B, FuGENE
6 transfection reagent, «,-macroglobulin, and anti-HA rat antibody
were from Roche Diagnostics; lipase (DNA Ligation kit version 2) was
from Takara Biomedicals (Shiga, Japan). Competent bacteria (XL-
Gold® Ultracompetent Cells) and QuickChange™ XL site-directed
mutagenesis kit were from Stratagene (Cedar Creek, TX). pCEDP4 vec-
tor, DMEM culture medium, and DM1™ competent cells used for
preparation of plasmid requiring Bell digestion were from Invitrogen.
Fetal bovine serum was from Cambrex (Verviers, Belgium); the ECL
detection system was from Amersham Biosciences, and the anti-
FLAG™ M2 mouse monoclonal antibody used for Western blotting
was from Sigma. The gon-1 ¢<DNA was the kind gift of J. Kimble (17).

Creation of the Various Expression Vectors and Cell Transfection—
For the creation of construct 1, a vector containing the bovine
ADAMTS2 cDNA (18) was digested at the Notl and HindIII sites (Tig.
1A4). The released insert was then subcloned in a pCDNA3 vector con-
taining a modified multiple cloning site. The 3'-end of the cDNA was
PCR-amplified with Pwo DNA polymerase using primer A ag forward
primer (5'-CTACAAGGACGCCTTCAGCCTCT-3") and primer B
containing Nhel- and Xbal-specific sequences at its 5'-end as reverse
primer (5'-CTCTTCTAGATTAGCTAGCGAACTTTCCGAGCAT-
CTCTTTCTTC-3"). After HindIIl/Xbal digestion, the PCR product
was ligated downstream from the Notl/HindIII insert. The construct
was then linearized at the Nhel site in order to introduce a double-
stranded adaptor (sense, 5'-CTAGCGATTATAAAGATGACGATG-
ACAAATAA-?', and reverse, 5'-CTAGTTATTTGTCATCGTCAT-
CTTTATAATCG-3") coding for an M2-FLAG (DYKDDDDK)
followed by a TAA stop codon. Because of its design, ligation of the
adaptor restored an Nhel site only at its 5'-end. Finally, the construct
was digested (Notl/Xbal), and the insert containing the M2-FLAG at its
3'-end was ligated in the Notl/Nhel site of a modified pCEP4 vector.
Constructs 2—5 were obtained by replacing the HindIII/Nhel cassette of
construct 1 by PCR products amplified using primer A as forward
primer and primers C (5'-CTCTTCTAGATTAGCTAGCTAGCCAC-
TGGACCACGTAGCTCT-3"), D (5'-CTCTTCGCTAGCAGGGCA-
CAGCTCGCGGTTGCA-3Y, E (5'-CTCTTCGCTAGCGGAGCAC-
TCCTGTGGGETTGCA-3"), or F (5'-CTCTTCTAGATTAGCTAGC-
CTCATAGCCCACAGAGTCGTCTT-3') as reverse primers. Con-
struct 6 was created by using a QuickChange™" XL site-directed muta-
genesis kit and two mutagenic primers (M, 5'-GTTCGTGGTGGCCC-
ACGCGACTGGCCATGTGCTGG-3, and N, 5'-CCAGCACATGG-
CCAGTCGCGTGGGCCACCACGAAC-3") changing the GAG
codon for Glu of the Zn*"-binding catalytic site (HETGH) into a GCG
codon for Ala. For constructs 8-10, the EcoRI/Hindlll fragment of
construct 1 was removed and replaced by PCR products amplified using
J(5'-GGATCTCAAACATCTTGATGTAACCA-3') asreverse primer
and primers G (5'-CACAGAATTCCATGCTGCCGACGACGACTA-
CAAC-3"), H (5-CACAGAATTCGGGAACCCCTCTCAAAGTCT-
GGA-3"), and [ (5'-CACAGAATTCACGCTGAACCACGAGGACG-
GCTT-3') as forward primers, each of them containing an EcoRI site at
their 5'-end. For construct 7, the vector containing construct 8 was
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linearized at the EcoRI site, allowing the ligation of an EcoRI-digested
PCR product amplified with primers K (5'-TTTGGCCGAGACCTG-
CACCTGC-3") and L (5'-CACAGAATTCCATACTCCGCCTG-
GAGCTGTTGA-3") containing an EcoRl site at their 5'-end. Primer L
was also designed in order to change the sequence coding for a furin
cleavage site (RRRMRRY} into asequence coding for an unrelated amino
acid sequence (FTEMSRR). For construct 11, the Bell/HindIIl fragment
of construct 1 was removed. After incubation with Pwo DNA polymer-
ase and dNTP in order to generate blunt ends, the vector was self-
ligated. This introduced a large deletion but did not change the open
reading frame of the remaining coding sequence. For constructs 12 and
13, construct 1 was digested by HindIII/Nhel or Bell/HindIIl, respec-
tively, and the deleted sequences were replaced by corresponding
domains amplitied from go#-1 ¢cDNA using primers O (5'-CACACAG-
CTAGCTCTTGGACATGGAATTCTGTTACATTC-3Y and P (5'-C-
ACACAAAGCTTGGTTATAACGAAGTAATGAAGATTCCA-3),
or Q (5-CACACAAAGCTTTCCTTGCTCATTAAATGTTCCTTT-
GA-3") and R (5-CACAGGATCCTGTCCAACATCATGACGTTG-
CAATC-3"). Construct 14 coding for ADAMTS-14 was as described
earlier (5), and constructs 15-17 were obtained by exchanging the
homologous coding sequences of ADAMTS2 and ADAMTSI4 by re-
striction enzyme digestion and ligation. Additional constructs were also
created by introducing, in-frame, a double-stranded adaptor (forward,
5TAGCTATATCCTTACGATGTTCCTGACTATGCT A-3'; reverse,
5-AGCTTAGCATAGTCAGGAACATCGTAAGGATAT-3") coding
for an HA-FLAG (YPYDVPDYA) in the HindIII site of 9 vectors (1, 2,
5-7,14-17). These modified constructs (not shown) will be designated
in the paper as constructs 1A, 2A, 5A to 7A, and 14A to 17A. This
9-amino acid insertion does not modify the level of expression or the
enzymatic activity of the various forms of the recombinant enzymes.

The various expression vectors were used to transfect different cell
lines {HT1080 fibrosarcoma cells, WI26 immortalized lung fibroblasts,
COS, Balb, MCTI7, Sa0S2 osteosarcoma cells, 293EBNA epithelial kid-
ney cells) by using FuGENE 4 according to the manufacturer’s recom-
mendations. Stable cell lines were then selected in DMEM culture
medium supplemented with 10% fetal calf serum and 200 pg/ml
hygromycin.

Cell Crlture and Treatment—Stably transfected cells expressing the
various constructs were cultured in DMEM supplemented with fetal
calf serum and hygromyein. At confluence, the growth medium was
removed, and the cells were maintained in DMEM alone or containing
specific chemicals or inhibitors at the indicated concentrations. After 24
or 48 h, the different media were collected, and the cells were scraped
and extracted for 2 h in extraction butfer (50 mut Tris, pH 7.5; 500 m
NaCl; 2 mu CaCl,; 25 m NEM; 1 mut PMSE). After centrifugation, the
cell extracts were collected (cell extract 1), and the pellets were solubi-
lized in SDS-PAGE denaturation buffer containing 100 mut DTT (cell
extract 2).

For correlation studies comparing the levels of each individual band
of enzyme to the aminoprocollagen peptidase activity, 293 cells express-
ing various constructs were cultured for 24 h in medium supplemented
with 0.1 or 5% fetal calf serum alone {control conditions) or containing
additional chemicals (EDTA at 0.04, 0.2, or 1 mi; ZnCl, at 16 or 80 pi;
CuCl, at 16 or 80 us; heparin at 1, 5, or 25 g per ml; decanoyl-RVKR
(furin inhibitor} at 10, 20, or 40 uM; L-arginine at 25, 50, or 100 mi).

Comparbmentalization Studies—Dermatosparactic calf fibroblasts,
cells that do not synthesize ADAMTS-2, were grown to confluence
{duplicate culture, 24-wells culture plates) in DMEM supplemented
with 10% fetal calf serum. Cells were then incubated at 4 °C in 400 il of
medium containing or not heparin (5 ug/ml) and recombinant purified
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FIGURE 1. Creation of the various forms of
recombinant ADAMTS-2. A, localization of the
introduced or endegenous restriction sites is illus-
trated above the schematic representation of
ADAMTEZ cDNA, Position of the primers usad for
the creation of the various constructs and their 5
to 3" orientation areillustrated by arrows, Brepra-
sents the schematic domain organization of
ADAMTS-2, The localization of the Zrn®*-binding
catalytic site and potential o savage sites by furin
(Fury are illustrated, Position of epitopes recog-
nized by the different antibodies and size of the
various domains, exprassed by amine add num-
ber, are also indicated. ¥ the cleavage site of the
signal peptide was not exactly determined. From
amine  acid sequence analysis cleavage s
axpactad to occur 30-40 amine adds dowrne-
stream of the initial methionine residua Accord-
ingly, the exad size of theprodomain could not be
detarmined. **, HA FLAG coding sequence was
introduced in the Hindlll restriction site of con-
structs 1, 2, 5-7, and 14-16, These HA-flagged
constructs are dasignated as constructs 14, 24,
SA-78, and 144-178 inthe text, Domain structure
organization of the various forms of ADAMTS-2 is
Nustratedin C Dotted ines reprasentinternal lack-
ing sequences and amowhesds localization of
point mutations, For chimeric enzymes 12 and 13,
domains of GON-1arein blac and arrows repre-

Processes Regulating the Activity of ADAMTS-2
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ADMAMTS-2 (10 pgiml). After & h, medium was removed, and the cell
layer was denatured in Laernmli sample buffer containing 0.1 M DTT.
Western blot analysis using m&b23 was then performed to determine
the proportion of ADAMTS-2 bound to the cell layer.

Large Scale Purification of Enzyme—For large scale purification of
recornbinant enzymes, 100 Petri dishes of stably transfected cells were
grown in DMEM supplemented with 10% fetal calf serum and hygro-
mycin, At confluence, medium was removed and replaced by serum-
free DMEM containing soybean trypsin inhibitor (40 pg/ml), heparin (5
pgfml), and ZnCl, (80 i), After 48 h, the conditioned medium was
collected, concentrated, and loaded ona 25-ml concanavalin A-Sepha-
rose column pre-equilibrated in buffer & (50 mw Trig, pH 7.5; 1 1 NaCl;
2w CaCl), After washing with buffer &, elution was carried outin the
sarme buffer containing 500 mid a-methyl-p-mannoside. Fractions con-
taining the recombinant enzyrme were then dialyzed against buffer B (50
mrd Trig, pH 7.5; 02 M NaCh 2 mm CaCly) and loaded ona 5-ml heparin-
Sepharoge colurnn, After washing in buffer B, elution was performed in
buffer &

Antibody Preparation and Characlerization—AS175was obtained by
immunizing a rabbit with recombinant ADAMTE-2 purified by SDS-
PAGE, Although the immunization was performed with a full-length
protein, the antiserum was specific for the C-terminal dornain only, ag
determined by Western blottng using the varlous recombinant
enzymes. For production of monaclonal antibody, mice were immu-
nized with active and not denatured recombinant AD AMTE-2. Among

OCTOBER 14, 2005-YOLUME 280 -NUMBER 41

the tested hybridoma, one (mAb23) produced an antibody (IgG2b) able
to recognize native and denatured ADAMTS-2. By using the various
recombinant enzymes, it was determined that this antibody iz specific
for the last TEPI repeat of ADAMTS-2. Further analysis showed that
AS5175 and mAb23 do not block the aminoprocollagen peptidase actv-
ity of ADAMTS-2 and do not display cross-reactivity with ADAMTS-3
and -14.

Characterization of the Various Recombinant Enzymes—The electro-
phoretic pattern of the varlous recombinant enzyrmes present in the
conditioned media and in the two cell layer-associated fractions {see
above) was determined by Western blotting analysis using antibodies
specific for the M2- or HA-FLAG, the last TSPI repeat (mAb23), or the
C-terminal domain (43175) of ADAMTS-2. The various samples of
conditioned medium and cell extracts were also assayed for their amin-
oprocollagen peptidase activity (see below). In order to identify which
forms of the enzyme were responsible for the processing of procollagen
substrates, a correlation was calculated between the activity measured
in the various samples and the relative abundance of each individual
form of recomnbinant enzymes.

Protein Deglycosylation—A crude cell extract containing all the
ADAMTS-2 forms detected during our study was incubated with
PMNGase F or neuraminidase according to manufacturer’s protocol, The
electrophoretic pattern of ADAMTS-2 before and after treatment wag
determined by Western blotting using maAb23,
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Processes Regulating the Activity of ADAMTS-2
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FIGURE 2. Evaluation of recombinant ADAMTS-2 synthesis and activity at increas-
ingtime points after transfection. 4 293EBMA cells collected 2-26 days after transfec
tion by construct 1 were analyzed by Western blotting using anti M2-FLAG antilody, B,
sarmples analyzed on Awerefurther charactarized by using mab23, anantibady spacific
for the 4th TSPl repeat, C aminoprocollagen type peptidase activity of the coraspond-
ing cell extract was also determined and is exprassad in counts/min of processad sub-
strate, This assay allowed accurate and linear evaluation of enzyme activityintherange
of 0-1500 cpm of processed substrate. A striking discrepancywas observed between the
amount of ADAMTS-2 and the lavel of enzymaticactivity.

Protein Sequencimg—For the determination of the N-terminal
sequence of the various ADAMTS-2 polypeptides, a highly purified
preparation of recombinant enzyme (construct 1) was dialyzed against 1
M ammonium acetate, concentrated by lyophilization, and migrated ina
pre-run 7% acrylamide/piperazine diacrylamide gel in 50 mm Tris
borate buffer, pH 8.3, containing 0.1% SDS and 0.1 b thiglycolic acid.
After transfer on a polyvinylidene difluoride membrane {in Tris (50
mm)/borate; pH 8.5) and Coomassie Blue staining (in 40% methanol),
the different bands were collected and submitted to six cycles of Edman
degradation. For type ¥ collagen sequencing, recombinant type V
pNeollagen (19) was incubated for 18 b with highly purified recombi-
nant ADAMTS-2 and processed as described above, Determination of
the N-terminal sequence was performed only for the polypeptide gen-
erated by ADAMTS-2 digestion,

Purification of Type V Collagen fromi Rovine Skin—Skin, collected
from fetal calves at the third trimester stage, was ground at liquid nitro-
gen temperature and homogenized with an Ultra Turrax (8000 rprm) in
washing buffer (50 mw Tris-HCl, pH 7.5; 0.25 M sucrose; 2.5 mw NEW;
1 mu PMEF; and 2 mu EDTA). After centrifugation (20,000 X g, the
pellets were collected, and the washing procedure was repeated once.
Pellets were then suspended and rotated for 18 h at 4 °C in extraction
buffer (50 mu Tris-HCL, pH 7.5 2.5 mbd NEM;1 mud PWVSFE; and 2 mw
EDTA) containing 0.15 M NaCl After centrifugation, supernatants were
collected, and pellets were further sequentially extracted in the same
buffer containing 1 v NaCland in 0.1 Macetic acid. The various super-
natants were dialyzed in 0.1 M acetic acid containing 0.7 1 Na Cl, After

34400 JOURMAL OF BIOLOGICAL CHEMISTRY

centrifugation (20,000 % g, a large arnount of type I collagen was pres-
entin the pellets, whereas type ¥V collagen remained in solution. Super-
natants were then further dialyzed (0.1 M acetic acid, 1.2 M NaCl). After
centrifugation, type ¥ collagen was recovered in the pellet Even in the
most enriched fractions, type V collagen was recovered in low amounts
(0.5 t0 2% of total protein content, as judged after SDS-PAGE and Coo-
magsie Blue staining), the most abundant protein being type [ collagen.

Inhibition of ADAMTS-2 Activity by asMacroglobulin—AD-
AMTS-2(~10ng, as determined by Coomassie Blue staining after SDS-
PAGE) was preincubated for 1 h at 37 °C with ay-macroglobulin (25
units/ml, 1 unit (40 pg) inhibiting 9.1 g of trypsin in a standard assay)
at varying concentrations (0.025 to 0.4 units), The aminoprocollagen
type [ was then added, and the peptidase activity was evaluated {see
below). The bait and trap mechanism of inhibition of ADAMTS-2 by
a-macroglobulin, resulting in an electrophoretic band shift, was inves-
tigated by Western blotting using anti-HA-FLAG antibody. Two types
of samples were used. In the first series, purified ADAMTS-2 was incu-
bated alone or with ag-macroglobulin (0.1 unit) in the absence or pres-
ence of EDTA The second series consisted of enzyme {constructs 14,
24, 0r 54) secreted in culture medium supplemented with 10% fetal calf
gerurmn as a source for a,-macroglobulin.

Procollagen Processing in Vitro—The aminoprocollagen peptidase
activity of ADAMTS-2 was determined by using either *C-labeled pMI
collagen as substrate (20) or by evaluating the level of processing of
unlabeled substrate by “Weastern blotting. Briefly, purified bovine pINI (2
pg) or recombinant pNY hornotrimer (0.2 pg) (19) was incubated at
26 °C with the various enzyme preparations as described previously
(20). After 18 h, the samples were denatured and submitted to electro-
phoresis and were either stained with Coormassie Blue or transferred on
polyvinylidene difluoride membrane. For Western blotting experi-
ments, the pattern of collagen polypeptide was determined by using
rabbit antiserum specific for type 1 or pepsinized type V (NOVOTEC,
Lyon, France) collagen.

RESULTS

Expression of Recombingnt Enzyme—\arious cell lines were trans-
fected with expression construct 1 (Fig. 1) or empty vector as control
Within a few days after transfection, large amounts of recornbinant
ADMAMTS-2 were produced by most cell lines, as determined by W est-
ern blotting analysis of the cell lysate using an anti-M2 FLAG antibody,
but only very low levels of amineprocollagen peptidase activity could be
detected (notshown). Because 253 cells were identified as the cells pro-
ducing the largest amount of active recombinant enzyme, other cell
lines were not further used. During the selection process, the amount of
recombinant enzyme progressively decreased, as judged from Western
blotting analysis using anti-M2 FLAG antibody (Fig. 24). Most surpris-
ingly, enzymatic activity was not similarly altered (Fig. 2C). & moderate
increase of activity was first observed, followed by a small decrease and
a sharp increase after 3 weeks of selection. These data suggested thata
maturation process was required for full activity. This hypothesis was
confirmed by Western blottng analysis (Fig. 25), using a monoclonal
antibody specific for the 4th TSPI repeat.

In order to determine which domains of ADAMTS-2 are invohved in
the regulation of its activity, various recombinant variants (Fig. 1, con-
strcts 2—17) were produced. In a first set of experiments, recombinant
anzyme lacking either the PNP domain (construct 2) or the PNP domain
and one, two, or three TEPI repeats (constructs 3-5) were created. Ina
second set, the second potential cleavage site by furin was mutated
(ronstruct 7), or various portions of the region at the border between the
pro-domain and the metalloproteinase domain were deleted {con-
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A Construct number
kDa 1 2 3 5 6 7 8 9 10 11 12 13 14 15 16 17
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FIGURE 3. Western blotting analysis of the vari- 97- B
ous recombinant ernzymes and evaluation of
their aminoprocollagentype | peptidase activ- 66-
ity. 4, extracts of 293EBMA calls stably transfactad
with constructs 1-17 were analyzed by Western B
Blotting using anti-m2 FLAG antibedy, Differences
in the electrapharatic maokility wers in good cor-
relation with both the expected protein length
and the glycosylation sites that are essentially
found inthe Cterminal sequencaof ADAMTS-2, B,
aminopro collagen peptidase activity in each cell
axtract was quantified and axprassad in % of the
activity measured for tha recombinant wild type
form of ADAMTS-2 (constiuct T).
| ] - l
2 9@ = ® o 0 o o = o ~ o T = = ®
— - -
Relative aminoprocollagen I peptidase activity
(in % of activity measured for construct 1)

structs 8 —10), As negative controls, enzyme mutated at the catalytic site
(construct &) or lacking the central dormaing {construct 11) was also
produced. Finally, as a third set of constructs, chimeric enzymes were
produced by replacing domaing of ADAMTS-2 by the corresponding
dornaing of GON-1, a Caenorhabditis elegans ADAMTS (constructs 12
and 13), or of ADAMTS-14, an enzyme clogely related to ADAMTS-2
but displaying only very low arinoprocollagen peptidase activity {con-
strucks 15-17), Allthe recombinant proteing were synthesized, as deter-
mined by the detection of the M2-FLAG by Western blotting (Fig. 34).
The presence ofa second low molecular weight band for constructs 1-4
and its absence for constructs 710 strongly suggested that ADAMTS -2
was processed at the furin cleavage site. However, no processing was
observed for constructs 5,11-13, and 14—17. As anadditional observa-
tion, we showed that the M2-FLAG at the C terminus of the various
recornbinant proteing was progressively degraded and that the level of
degradation varied from one recombinant protein to another, prevent-
ing reliable and reproducible quantifications of the recombinant protein
by Western blotting vsing the anti-M2 FLAG antibody (not shown).
Because no other antibody was available to detactall 17 variants, ami-
noprocollagen peptidase activity was investigated in samples corre-
sponding to a similar number of cells. Removal of the PNP domain
{construct 2) significantly increased the enzyme activity (Fig. 3B) asg
compared with the wild type enzyme (construct 1). On the contrary,
remaoval of the fourth and the second TSPI repeats (constructs 3 and 5)
repressed the enzymatic activity as compared with the activity meas-
ured for construct 2. 48 expected, no activity was detected for negative
control constructs lacking the central domains (construct 11) or
mutated at the catalytic site (construct 6). Mutating the potential cleav-
age site by furin {construct 7) strongly repressed, but did notabolish, the
aminoprocollagen peptidase activity, Remnoval of the adjacent domaing
(constructs 8-10) cormpletely suppressed the activity. The use of chi-
meric enzyme indicated that significant levels of activity were obtained
only when the metalloprotease domain and/or the other central
dornaing of ADAMTE-2 are present (compars constructs 12, 13, and 17
to 14-16). Howevar, the presence of the C-terminal domaing (spacer,
TSPl 2nd, 3rd, and 4th, and the PNP domain) is also important for
activity because their replacement by the corresponding domains of
GON-1 (compare construct 12 to construct 2) or ADAMTS-14 (com-
pare construct 17 to construct 1) resulted ina reduced activity.

OCTOBER 14, 2005-YOLUME 280 -NUMBER 41

Processing of ADAMTS-2—The existence of a complex activation
process for ADAMTE-2 was suggested by data in the literature about a
few other ADAMTS and by our preliminary observations. To charac-
terize the mechanisms involved in the ADAMTS-2 processing, various
stably transfected 293 cells were cultured in different conditions. Cell
layers and conditioned media were then analyzed for the presence of
ADAMTS-2 fragments by Western blotting using four antibodies
[AS175, anti-M2 FLAG, anti-HA FLAG, and m AR23; see Fig. 18). Ina
firstseries of experiments, cells expressing the full-length enzyrme (con-
struct 14) were uged. The anti-HA antibody detected six major bands
(at 173, 150, 152, 104, 85, and 52 kDa) in the cell layer (Fig, 44, lane 7).
In the conditioned mediur, the pattern was similar except for the
absence of the 173-kDa band and the presence of two additional bands
around 65 kDa. By using the m&b23 antibody, the overall patterns were
similar except for the presence of a barely detectable 95-kDa product
and the abszence of low molecular bands (Fig 44, laxe Z). By using the
A5175 antibody, which iz specific for an epitope in the PNP dormain,
the thrae upper bands (at 173, 150, and 132 kDa) were also detected, but
the 104-kDa band wag not (Fig. 44, lane 4). The 95-kDa product wag
found in association with the cell layer, and a low molecular weight
product wag recovered only in the conditioned medium. The pattern
wag similar with the anti-b2 FLAG antibody, except for the absence of
immunoreactive high molecular weight productin the culture medium
and for the relative intensity of bands in the cell layer (Fig 44, lane 4).
These two observations are most probably related to a specific degrada-
ton of the M2 FLAG.

PNGazse F deglycosylation resulted in the gel shift of most
ADAMTS-2 forms (Fig. 4B, compare laxes 7 and Z). Most interestingly,
the number of bands detected before and after PNiGase F treatment did
not change, demonstrating that the various bands represent individual
processed forms of ADAMTS-2 and not different levels of glycosylation
of a more restricted number of products. Neuraminidase treatrnent did
not alter the electrophoretic mobility of any bands,

In order to determine whether the processing of the recombinant
ADAMTS-2 observed in 293 cells is relevant to physiological processing
it vivo, the electrophoretic pattern of enzyme purified from calf skin
wag examinad using mab23 (Fig. 4C), Prominent bands at 104 and 85
kDa were detected in skin extracts and fainter bands at 150, 132, 115,
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FIGURE 4. Western blotting analysis of the various processing forms of ADAMTS-2.
A calls stally transfeded with construct TA were grown te confluence in culture, Sam-
plas of call layer () and conditionad medium () were collactad and analyzed by immu-
noblot using four different antibodies (anti-HA, mALZ23, anti-t42, and AS175), Apparent

34402 JOURMAL OF BIOLOGICAL CHEMISTRY

and 65 kDa. All these fragments, except the 115 kKDa, were also observed
for the recombinant enzyme.

Treatment with various chemicals changed the relative ratio of each
individual band (Pig. 4D). &z an example, treatment of cells with EDT A
significantly increased the amount of the 132-kDa band but strongly
repressed the accumulation of the 104-kDa product (Fig 4D, cormpare
fames 7 and 3). In the presence of heparin, all the ADAMTS-2 products
were released from the cell layer compartment and accumulated in the
culture medium (Fig 4D, compare lgmes and 10). Aszanother example,
use of decanoyl-RWKR, a furin inhibitor, decreased the amount of the
104-kDa products and caused the accurmulation of two high molecular
products (177 and 175 kDe), most probably illustrating inhibition of
processing at the two identified potential cleavage sites by enzymes of
the furin family, Finally, when the culture was supplemented with 1-Arg,
the band pattern partially mirrored the pattern observed in presence of
heparin (Fig. 40, compare lanes 10 and 14).

To investigate further the mechanisms that generated the different
ADAMTS-2 fragrmentsand the reason why sorme recombinantenzymes do
not display aminoprocollagen peptidase activity (Fig, 38}, cell lines trans-
fected with other constructs (64, 74, 144, 154, and 164). Most surpris-
ingly, a faint band was observed with an apparentmolecular size of 155 kDa
(Fig. 54, see arvow B), suggesting that, in the absence of cleavage by furin,
another enzgyme might process ADAMTE-2 a fewamino acids upstrearn of
the cleavage site by furin. As observed for control construct 14, EDTA and
decanoyl-EVKR promotad the accurnulation of the 132- or the 177-kDa
product, respectively. Other bands appeared fuzzy. Cells expressing con-
structs 144 to 174 (ADAMTS-14and chimeric recombinant proteing con-
structed from part of ADAMTS-2 and - 14) were also analyzed (Fig. 5E). As
compared with the wild type construct 14, the electrophoretic pattern
obtained with cells expressing these constructs was markedly different.
ADAMTS-14 {construct 144) consisted of one major {165 kDa) and four
minor {in the range of 95-130 kDa] products, both in control and EDTA-
treated cells, “With constructs 154 and 164, which did not display any
significant aminoprocollagen peptidase activity (Fig. 3), the electrophoretic
pattern consisted of one main band and was not altered by culture condi-
Hons At the opposite, the chimeric enzyme 174 (composed of the IV ter-
minug of ADAMTS-2 fused to the C-terminal domains of ADANTS-14)

deducad molacular sizes of ADAMTS-2 fragments are reportad. Large differences in the
dadrophoretic pattern were observed, The 173-kDa band, detected by the four anti-
bodies, was not found in the culture medium, suggesting that this product is either
intracellular or strongly bound to the cell surface Thealmost absence of product read-
ing with theanti-M2 FLAG in the culture medium probably illustrated the rapid degra-
dation of either the ADAMTS-2 Crerminal end or the M2Z-FLAG itself, The most obwvious
differencewastheprasenceofaprominent 104-kDa product cbsarved enlywith anti-HA
and mak23, demaonstrating that this produc does net cantain most of the PNP domain.
B extracts of cells expressing wild type recombinant ADAMTS-2 were treated with
PMGasaF ifane IYor neuramini dase {fane 3). Elactroph eraticmaokbility of thewariousbands
was comparad with sarmples incubated inidentical conditionwithaut enzymes (fenes 2
and 4, respectively). € the patterns of ADAMTS-2 purified from conditionad medium of
calls exprassing construct 14 or from fatal bovine skin (see “Materials and Mathods” for
culture conditions and purification procedures) were compared by Westarn blotting
using mAb23 antibody specific for tha fourth TSPl repeat (sea Fig. 1. Thetwo different
aposuratimes all ow th e visualization of abundant (104 and 85 kDa) and minor {150,
132, and &5 kDa) processing forms present inbeth purified preparations, Only ene prod-
Lk, with an estimated size of 115 kDa (%), was obsarvad inthe ADAMTS-2 preparation
purified from fetal bovine skin, 0 cells expressing construct 14 were cultured (35-mm
dishas)in DVEM supplemented with 108 fatal calf serum, At confluence, medium was
changed and replaced by 2 ml of DMEM alone (cantrol) of supplementadwith EDTA (200
pet), Znily (8O powd), Cully (B0 i, heparin (G wg/rl), decaneyl-RYER furin inhibitor (40
o), ot FAFQ (S0 mm), After 48 h, the conditionad mediawera collected, and the call layer
was extracted ina buffer containing 1 mMNacl, Samples, correspending te 1/50 of the call
layer (C)and 1,100 of the conditioned meadium #1, were analyzed by Westam blotting
using anti-HA-FLAG antibody. Deduced molecular sizes of the ADAMTS-2 procassing
forms areindicated entharight ofthe panels, Onthisblet, thebands at 177 and 173 kDa
in the presence of the RVKR furin inhibitor appear as a broad band. Thay can be individ-
vallyidentified on Fig, 54,
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FIGURES. Comparison of the various processing forms obtained from mutated
recombinant ADAMTS-2 and chimeric enzymes. 4, calls stably transfected with con-
struct 14, 64, or A (respectively corresponding to recombinant wild type, mutatad at
the Zn** -binding catalytic site or at the second cleavage site by furin) were cultured as
described for Fig. 40, Gnly data obtainedfrom cell layer extractsare provided. In contral
culture conditions, a strong accumulation of the 150-kDa product was observed for
ADAMTS-2 mutated at the catabyticsite (compare lenes Tand 2. In addition, the electro-
phaoratic mobility of most of the low melecularwei ght products isaltered (comparethe
104-kDa product in fane Twith the product labeled by arrow Ain Jane 2), For ADAMTS-2
mutated at the cleavage site by furin (construct 74, lane 3), bands at 150 and 104 are
absent and replaced by products migrating slower (arrows 8 and G respectively). Inthe
prasenca of furin inhikitor (Janes 7-2), relative accumulation of high melecular weight
products (173 and 177 kDa) was obsarved. £ pattern of ADAMTS-2 (14), ADAMTS-14
{1443, and chimeric enzymes (154-174) are compared in control and EDTAreated cul-
ture conditions, Procassing products, sbsarved by Western blotting using anti-HA anti-
body, aranat observed for chirmeric enzymes 154 and 164, Intensity of producs migrat-
ingat 104 kDa {lane T) or ata close molecular size (frnes 2 and 5) can be correlated to the
ralative aminoprocollagen peptidase activity illustrated inFig, 3.

displayed enzyrme activity (Fig. 3) and was actively processed (Fig. 58, lames
Zand 1o,

Determination of ADAMTS-2 Cleavage Sies—Characterization of
the various ADAMTS-2 products was performed by analyzing their
electropharetic pattern, their immunoreactivity with the various anti-
bodies, and by determination of their N-terminal sequence. The high
molecular size band (177 kDa) detected only in the presence of furin
inhibitor (Fig. 54, lanes 7-5) likely represents the full size enzyme after
removal of the signal peptide. The relative amountof the 175-kDa prod-
uctwas alsoincreased in the presence of the furin inhibitor, whereas the
amount of the 150- and the 104-kDa product was decreased (Fig. 4.0,
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FIGURE &, SDS-PAGE analysis of purified ADAMTS-2. ADAMTS-2 (construct 1) was
purified from serum-ree conditionad culture madium (ses "Materials and Methods"),
After slectrophorasis and Coomassie Blue staining, the mest abundant products corre-
spond to ADAMTE-2 forms deatectad by Wastam blotting (seeFig. 44). This demonstratas
thehigh level of purity of the ADAMTS-2 preparation used for amino acid sequencing.

fames 17 and 13), suggesting that these two latter products are generated
by processing of the 173-kDa product at the second furin cleavage site,
Amino acid sequancing was performed on the most abundant forms of
ADAMTS-2 purified from serum-free conditioned medium and sepa-
rated by SDS-PAGE (Fig 6). The N-terminal sequence of the 150- and
104-kDa products was determined (HAADDDY) and corresponded to
the saquence found immediately downstream of the RRRMER furin
recognition sequence, confirming our hypothesis Sequencing of the
132-kDa product was also performed, but no clear sequence was
obtained because this band ssemed to contain two or more polypep-
tides. This band can be detected by "Western blotting using anti-h2
FL &G antibody (Fig. 44). Therefore, the difference in size as compared
with the 150-kDa product results only from the usge of a different proc-
essing site at the N terminus. Baged on the ADAMTS-2 amino acid
sequence, this suggests that the 132-kDa form lacks most of the metal-
loproteinase domain, including the catalytic site. The N-terminal
sequence of the 95- and the 43-kDa products revealed a LNVDDNE
sequence identical to a sequence found at the end of the “spacer”
dormain. Ambiguous sequences were obtained from other products.

HMentification of Active Forms of ADAMTS-2—In order to identify
which form(s) was responsible for the aminoprocollagen peptidase
activity, we tried to isolate individual polypeptides of ADAMTS-2.
Haowever, no pure fraction could be obtained because of co-purification
problems (not shown). As an alternative approach, cells expressing the
full-length enzyme (Fig. 1, construct 74) were cultured in various con-
ditiong {zee “Materials and Methods™ to induce modifications of the
ratio of the different ADAMTS-2 fragments (Fig. 4D and data not
shown). The enzyme activity was then measured, and the individual
bands were semi-quantified by Western Blotting using 45175 and
anti-H& antibodies & correlation study comparing the relative inten-
sity of each band to the overall aminoprocollagen I processing activity
demonstrated that products at 173,132, and 95 kDa and smaller did not
process aminoprocollagen I (R = 0.1) {not shown). On the contrary, a
good correlation was found between the enzyme activity and the inten-
sity of products at 150 kDa (R® = 0.65) and 104 kDa (8* = 0.81) (Fig. 74).
Because the aminoprocollagen peptidase assay is not linear at highest
enzyme activity, the shape of the correlation curve for the 104-kDa
product probably reflects the saturation process of the assay.

The serum-free conditioned medium of cells expressing constructs
14,24, and 54 was analyzed, by Western blotting and enzymatic assay,
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FIGURE 7. Identification of processed forms of ADAMTS-2 displaying aminoprocol-
lagenpeptidaseactivity. 4, cells exprassing construct 1A were culturad (35-mm dishas)
in DWEM supplemented with 109 fatal calf serum. At confluence, madium was changead
and replaced by 2 ml of DMEM alone (control) or supplemented with EDTA (40, 200, or
1000 o), 205 (16 or S0 g, Cully (16 or 80 e, heparin (1,5, 01 25 wadml), decaneyk
RWIR furin inhibitor (10, 20, or 40 @), of LAFG (25,50, or 100 me), After 48 h, the condi-
tioned mediawere collectad, and the cell layer was extracted in a buffer containing 1 m
NaCl. Sarmples, coresponding to 1/50 of the call layer and 17100 of the conditionad
mediurm, were analyzed by Westarm blotting using anti-HA-FLAG and AS175 antibodies,
The ralative intensity of sach band (see Fig. 4, 4 and O) was determined by scanning
densitornetry and correlated with enzyrme activity in the corresponding sample using
aminoprocellagen typel as substrata, Significant correlation was found only with the
150-and 104-kDa products, The highest 2 values were obtained by lingar and logarith-
mic regression for the 150- and 104-kDaforms, respectively. 8, enzymeforms secrated in
the conditioned culture madium of cells expressing constructs 14, 24, and 54 were
characterized and guantified after Western blotting using anti-HA antibody, C, for con-
struct 14, only theforms at 150 and 104 kDa have aminoprocollagan peptidase adivity
(saa d), For cells 28 and 54, there is only one active form at 102 and 72 kDa, respectivaly,
allowing calculation of spadficactivity, The two produdts at 102 {construct 24) and 104
kDa (construct TA) differ anly by the prasence of faw amino acids at the Cterminus ofthe
104-kDaform, Based onthehypothesisthat thesetwo productshavea similar aminopro-
collagen peptidase activity, spedfic activity of the 150-k0a produc was calculatad.

in order to characterize further the role of both the 2nd TSP repeatand
the PNP domain (Fig 7). The most prominent band recovered from
the conditioned medium of cells expressing construct 24 migrates
slightly faster than the 104-kDz band of construct 14 (Fig. 7B, lane 2).
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FIGURE & Compartmentalization of active forms of ADAMTS-2. Demnatosparactic
calffibroblasts were incubated in culture medium containing 10 wa/ml ADAMTS-2 alone
(lanes Tand 2) or ADAMTSZ andheparin (5 wa/ml) (lanes 3 and 4, After & h, madium was
removed, and the call layers were solubilized before Westem blotting analysis using
mAb23, The electrophoretic pattern obtained from duplicate cultures (fanes Tand 2)
illustrated the reproducikility of this technigque, bacause both the total amount of
anzyme and the relative abundance of thevarious praducts araidentical. Moreover, the
ration of the 104- and 150-kCa productsissimilar to the ratio determined for the purified
arzyme batore incubation (lane 53 The presence of heparin danes 3 and 4 similarly
affected the binding of all the enzyrme forms,

kDa 1 2 3 4
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FIGURE 9. Autocatalytic processing of ADAMTS-2. Calls expressing construct &4 were
cultured alone (fane T or co-cultured with control cells (fane 2) or cells expressing the
wild type construct (fane 3). Enzyme recoverad from the call layver was analyzed by West-
arn blatting using anti-HA-FLAG antibody, pravanting detection of any praduct result-
ing from the processing of the wild type enzyme (fane 4.

This suggests that the 104-kDa product is generated by a proteolytic
cleavage occurring in the beginning of the PNF domain, a few amino
acids downstream of the C-terminal end of product 24, Based on the
hypothesis that these two products have & similar enzymatic activity, it
was caleulated that the 150-kDa productis 3— 4-fold less active than the
104-kDra form lacking the PNP domain (Fig. 7C). Similarly, it was deter-
mined that the productat 72 kDa (construct 54, lacking the three C-ter-
minal TSPLrepeats and the PNP domain) i about 4-fold less active than
the 104-kDa product.

Compartmentalization of Active Forms of ADAMTS-2—Purified
ADAMTS-2 (Fig. 8, lane 5 control) was added in the culture medium of
dermatosparactic calf fibroblasts, After & h of incubation, 25% of the
total armount of enzyme was bound to the cell layer (not shown). The
ratio of the 150- and 104-kDa products recovered from the cell layer
(Fig. &, lames 7 and Z) was identical to the ratio in the purified prepara-
tion before incubation on cells (Fig. 8, Zane 5). Moreover, heparin effi-
ciently inhibited the binding of both products (Fig. & feses 3 and 4),
again suggesting a similar compartmentaliza tion.

Autocatalytic Processing of ADAMTS-2—Cells expressing inactive
Haflagged protein 64 were cultured alone or in co-culture with empty
vector transfected cells or with cells expressing full-length active
enzyme without HA-FLAG (construct 1), Western blotting analysis
with anti-HA FLAG antibody was then performed to specifically iden-
tify processed forms of the inactive protein 64 (Fig. 3). When cultured
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FIGURE 10, Inhibitionof aminoprocollagenpeptidase activity by a;-macroglobulin.
A purified ADAMTS-2was incubated at 37 *Cwith increasing amount of ap-macreglob-
ulin (25 units/ml; 1-16 @) or bovine serum albumin as negative control, Aftar 1 b, the
amineprocellagan type | substrate was added, and ADAMTS-2 activity was measured,
Praincubation with bevine serum albumin did not alter the enzymatic activity. On the
contrary, addition of c-rmacroglobulin strengly inhibited arinoprocollagen peptidase
activity, & purified ADAMTS-2 was incukated alone (lane 1) or with e-rmacroglobulinin
theabsenceifans 2) ar prasence (fane 3) of EDTA, aninhibitor of ADAMTS-2 activity, The
band shift observed only inthe presence of emacroglebulinand active enzymeane 2)
illustrated the bait and trap mechanism of inhibition. < conditionad madium of calls
axprassing constructs 14, 24, and 54 was analyzed by Wastarn blotting using anti-HA
antibody. The large amount of op-rmacroglobulin present in the fetal calf serurn is
rasponsibletorthe band shift obsarved with thethres forms of racombinant enzyme.

alone or co-cultured with control cells (Fig. 3, laxes 7 and 2), products at
173 and 150 kDe were the two most abundant forms. In the presence of
cells expressing the “wild type” active enzyme (Fig. 9, larne 3), no product
at 104 kDa was detectad, but a strong accurnulation of the 132-kDa
product was observed. These bands resulted from the processing of
protein £4, because the antibody failed to detect any product associated
with a cell layer of cells expressing the construct 1 only (Fig. %, lane 4).

OtherSubstrates of A DAM TS- 2—oey-Macroglobulin inhibits most pro-
teinases by physical entrapment, upon cleavage within a bait region, To
deterrmine whether ADAMTS-2 can cleave and be inhibited by a,-macro-
globulin, we examined the aminoprocollagen processing of ADAWMTS-2
after its preincubation with ay-macroglobulin, ADAMTS-2 (~10 ng, as
determined by Coomassie Blue staining after SDS-PAGE) wag praincu-
bated with a,-macroglobulin at varying concentrations (0.025 to 0.4 units).
The aminoprocollagen substrate was then added, and the peptidase activity
was evaluated. The observed dose-response inhibition of the activity (Fig.
104] was in good agrearment with previous data about ADAMTS (21,
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FIGURE 11, e type V¥ procollagen processing. A, purified fraction of homotrimearic
recombinant &10V) collagen synthasized by 293 calls (19) contained amineprocsllagen
[pM-=1) chains and a degradation product (TH-21) migrating as pepsinized a1V {fane
T In the presence of purified recombinant ADAMTS-2, an intermediate band was
chsarvad (PN E-a1V) (Jane 2), suggesting a cleavage inthe "variable” domain, This proc
azsing productwas absent in the presence of EDTA used as ADAMTS-2 inhibitor (fane 3).
Type W collagen purified from fetal calf skinwas also analyzed dane 9, Only two bands
weravisualized, migrating at sizes corresponding te p&-al and &2V, 8 schamatic rep-
resentation of spedfic cleavage sites by ADAMTS-2 and other &1 type WV collagen proc
assing enzyrmes, PARF, prolinefargininerich protein domain.

Purified ADAMTE-2 was also incubated alone (Fig. 108, fane 1) or with
ap-rnacroglobulin in the absence(fane 3) or the presence (lane 3) of EDT A,
an inhibitor of ADAWMTS-2 activity. The band shift observed only in the
presence of ag-macroglobulin and active enzyme (Fig. 108, lane 2) as illus-
trated by the bait and trap mechanism of inhibition. In presence of serurm,
which containg large amounts of ag-racroglobulin, recombinant enzyrmes
14,24 and 54 secreted in the conditioned culture medium were efficiently
frappad, 25 demonstrated by the accumulation of large amount of high
molecular weight products (Fig. 10C).

In order to verify the processing activity on a more specific potential
substrate, purified ADAMTS-2 was incubated with aminoprocolla gen
typeV, a fibrillar collagen thatisN-terminally processed in vivo. Recom -
binantal type ™ collagen homotrimer synthesized by 293 cells was usad
(20). After separation on SDES-PAGE (Fi. 114, lane I), this collagen
appearad as two bands corresponding to aminoprocollagen W
(EN-a1(¥}), containing all the N-terminal domaing {proline/arginine-
rich protein domain, the variable region, and the short triple helix), and
ko a degradation product (TH-o1(V)) consisting of the full-length triple
helixx domain. After incubation with active ADAMTS-2, another prod-
uctof intermediate size was observed (Fig. 114, larne 3), indicative of a
cleavage in the variable domain of type W plNcollagen. This pattern wag
similar in the absence or presence of DTT. The N-terminal sequence of
thiz product was determined (ANOQDTIYE) and was identical to a
sequence located at the C-terminal end of the variable domain (SELG-
PGMPANCGDTIYE), This defines a new cleavage site for ADAMTS-2
(B& versus the (A/F)Q described in procollagens I-IID) in a different
three-dimensional context (the variable domain rather than a sequence
located between two collagen domains, Fig 118). As control for the in
vive relevance of this cleavage site, type V collagen purified from fatal
calf skin was analyzed by Western blotting (Fig 114, lane 4). & product
presenting the same electrophoretic mobility as the pN&-ad(V) wag
observed togsther with another band consisting ofthe 2% chain. More
interestingly, no other productwas detected, indicative of the absence of
al processed at the published BWMP-1 cleavage site (Fig. 11E). The
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FIGURE 12 Characterization of the various 177 kDa v > 4>
forms of ADAMTS-2, Characterization of the N-
and C-terminal sequences and the domain struc- ¢ »
ture of tha differant ADAMTS-2 products was per- 173 kDa v - -M2
formed by analyzing complementary data from
electrophoretic mobility, Western blotting, and 150 kDa [ iaannny v > +—>
microsaquencing. Estimatad melecular sizes are
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moderate increase of the amount of TH-a1%, or of a product of similar
gize, after incubation with ADAMTS-2 (Fig, 114, lane 2) was notalways
observed and therefore was not investigated further,

DISCUSSION

ADAMTS are complex enzymes containing numerous well defined
dornaing. Recent studies (16, 22, 23) indicate that post-translational
processing can alter ADAMTS-4 activity and specificity. Cleavage of
recombinant ADANMTS-2 has also been reported (&), However, the rel-
evance to the i wive situation and the involvement of the processing for
the regulation of AD AMTS-2 activity were not investgated.

Requirement of the Individual Domains for Aminoprocollagen Pepti-
dase A ctivity—Recent studies have investigated the implication ofsome
dornaing for the enzymatic activity of ADAMTS-1 and -4 {16, 24 -26).
In our work, we systematically evaluated the function of several
dornaing of ADAMTS-2 by investigating the aminoprocollagen pepti-
dase activity of the various forms of recombinant enzyme, sither wild
type, mutated, or lacking specific sequences. Remowval of the PNP
dornain strongly and reproducibly increased the enzyme activity, as
compared with the full-size enzyme. This suggested a negative regula-
tory function for this domain, either directly, by interfering with the
catalytic activity of the metalloproteinase dormain, or indirectly, by alter-
ing the recognition and the binding of the substrate. On the contrary,
the second and fourth TSP1 repeat were positive regulators because
their removal decreased the arminoprocollagen peptidase activity. WMost
interestingly, form 5 (lacking the three last TSP1 repeats and the C-ter-
minal dornain) was still significantly active, suggesting that full ac tivity is
provided by cooperation between several domains. Most ADAM and
ADAMTS enrymes are synthesized az a “pro-" zymogen form that has
ko be cleaved by furin or related enzymes to display full activity. When
the potential cleavage site by furin was mutated, only low but still sig-
nificant aminoprocollagen peptidase activity was measured, confirming
the involvement of furin cleavage for the regulation of ADAMTS-2
activity but suggesting also that either an alternative processing pathway
is able to activate the pro-ADAMTS-2 or that the full size pro-enzyrme
can display activity as described for ADAMTS-13 (27). Recombinant
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enzymes lacking different sequences between the pro-and the metallo-
proteinase domaing were efficiently synthesized a nd secreted but exchib-
ited no activity. This result suggests that the pro-domain is not only
responsible for the repression of enzyme activity but is also essential for
the correct folding of the protein as observed for other enzymes (28).

It was demonstratad, by evaluation of the aminoprocollagen pepti-
dase activity of forms 1-5, that the C-terminal part of ADAMTSE-2 is
required for full enzyme activity, probably for an efficient recognition
and binding of the substrate (see above). In order to verify whether
substrate specificity is 2lso dictated by these domains or, on the con-
trary, by the metalloprotease dornain itself or other domains lying in the
central part of ADAMTS-2, chimeric enzymes were produced by
doraing swapping with either GON-1, a C elegams ADAMTS, or
ADAMTS-14(8), an enzyme closely related to ADAMTS-2 but exhib-
iting only low aminoprocollagen peptidase activity in vitro. Among the
different chimeric enzymes, only the form 17 (containing the N-termi-
nal part of ADAMTS-2 fused to the C-terminal part of ADAMT5-14)
axhibited high aminoprocollagen peptidase actvity, although lower
than activity measured with the wild type form 1.

These data altogether suggest the following: (i) the pro-domain is
required for the correct folding of ADAMTS-2 but has to be cleaved by
furin for full enzyme activity; (if) the PNP domain acts ag a negative
regulator for aminoprocollagen processing; (iii) the central domains of
ADAMTS-2 are essential for aminoprocollagen type [ processing; (iv)
TEP1 repeats 2 and 4 are required for full enzyme activity, illustrating
probably their involvement in substrate recognition or binding; and (v)
TEP1 repeats of other ADAMTS, even of the closely related ADAMTS -
14, are not able to fulfill completely the function of the corresponding
domaing of ADAMTS-2, suggesting finely regulated cooperative inter-
actions between the various domains of the enzyme.

Characterization of the A DAMTS- 2 Maturation Products—The char-
acterization of the various maturation products was perforrmed by integrat-
ing various complementary data (Fig. 12). The 177-, 173, and 150-kDa
products start, respectively, at the end of the signal peptide, at the firstor the
second furin cleavage site, and extend to the M2-FLAG (Fig. 12). No clear
sequence wag obfained for the 132-kDa product, but it possibly corre-
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TABLE ONE

Comparison of sequences corresponding to the end of the a1 type V N-terminal prodomain in various species

The arrows { | ) indicate the site of cleavage by ADAMTS-2 in human recombinant &1 type V homeotrimer and in identical or similar sequences in other species.
The position of the cleavage site relative to the short triple helix, which is composed of 17 GXY repeats, and to main triple helix, is highly conserved. Localization
and sequence of the potential cleavage sites between the two triple helical domains (A-Q) are also strictly conserved. aa indicates amino acids.

Human, mouse, rat and hamster

GPGMP | ANQDT, 33 aa, 17 GXY repeats; 21 aa, AQESQAQ, 12 aa, central triple helix

Chicken (Gallus gallus)

GPGMP | ANQDT, 33 aa, 17 GXY repeats; 21 aa, AQEAQAQ, 12 aa, central triple helix

sponds to the 118-kDa band reported to also contain two individual prod-
ucts, generated by processing in the metalloprotease domain (6). Size dis-
crepancy between the two studies may be related to differences in the level
of glycosylation, due to the fact that the two enzymes are from different
origins (bovine and human} and to slight differences in the conditions used
for SDS-PAGE analysis. Sequence of the N terminus of the 104-kDa prod-
uct demonstrated a cleavage at the second cleavage site by furin, as for the
150-kDa product. Because the 104-kDa product is not recognized by anti-
serum AS175 specific for the C terminus of ADAMTS-2, it strongly sug-
gests that it is produced by removal of most of the PNP domain, a region
that was shown to negatively regulate activity of ADAMTS-2 (see above).
Thisis further confirmed by SDS-PAGE analysis showing a similar size for
the 104-kDa product and the most abundant form of protein 2A (102 kDa),
lacking the PNP domain. The 95- and 43-kDa products are generated by
cleavage at an identical site, at the end of the spacer domain. Based on the
low activity displayed by recombinant enzyme form 5, this processing
results probably in the production of an enzyme lacking significant amin-
oprocollagen peptidase activity. A mechanism of inactivation of aminopro-
collagen peptidase activity or the release of biologically active TSP1 repeats
are potential functions of ADAMTS-2 processing at this site. Localization
of other fragments was essentially deduced from Western blotting data
experiments because these fragments were retained during the purification
process, assuming also the presence of at least one of the C-terminally
located TSP1 repeats that are required for efficient purification using hep-
arin-Sepharose chromatography (data not shown; see Ref, 29).

In order to determine whether the maturation process observed for
recombinant enzyme produced in 293 cells is relevant to the in vivo
situation, active enzyme was purified from calf skin and characterized
by Western blotting. The most prominent form of native enzyme has an
estimated molecular mass of 104 kDa, thus migrating with the same
mobility as the most abundant recombinant form. Products at 150, 132,
and 85 kDa were also observed in both preparations, whereas another
fragment, 118 kDa, was only present in the calf skin preparation. These
observations suggested that the in vifro processing of recombinant
ADAMTS-2 as observed in 293 cells is highly similar to the in vivo
situation, indicating that this cell line represents a valuable model to
study the regulation of ADAMTS-2 maturation. Because 293 cells and
calf skin fibroblasts are not expected to express a common panel of
highly specific enzymes, this multiple processing is likely to be per-
formed by ubiquitous enzymes or by an autocatalytic process.

ADAMTS-2 processing was further investigated i vitro by using cells
expressing recombinant enzyme mutated at the catalytic site. The catalyt-
ically inactive ADAMTS-2 accumulated as a 150-kDa form with no 104-
kDaform. Because the point mutation introduced in the catalytic site isnot
expected to modify the three-dimensional structure of the enzyme, this
observation strongly suggested that the 104-kDa form results largely from
an autocatalytic processing of the 150-kDa form. Because many activation
processes require “‘co-factors” or are operated at the cell surface, a co-cul-
ture experiment was set up to investigate this hypothesis. In these condi-
tions, a wild type active enzyme promotes a strong accumulation of the
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132-kDa product from inactive protein 6A. However, the 104-kDa product
was not detected These data suggest that the generation of the 132-kDa
product is an intermolecular autocatalytic process that probably occurs at
the cell surface, whereas the 104-kDa form would result from an intramo-
lecular cleavage. Alternatively, the possibility of an intermolecular process-
ing that would be performed only during the secretion process, preventing
its detection by the co-culture model, cannot be ruled out.

Identification of ADAMTS-2 Maturation Products Displaying Enzy-
matic Activity—Selective purification of each individual maturation prod-
uct could not be efficiently performed because they displayed similar prop-
erties during the purification procession. To overcome this problem, cells
expressing the wild type ADAMTS-2 were cultured in conditions known to
modify the relative abundance of the variousforms of the enzyme that were
correlated to the enzyme activity. Inverse correlation, suggestive of an
inhibitory function, was not found for any product. The only significant
positive correlations were established with the 150-kDa form (linear regres-
sion, B* = 0.65) and the 104-kDa form (logarithmic regression, R* = 0.81).
The specific activity of the two products was measured. [t indicated that the
104-kDa form is 3—4-fold more active than the 150-kDa product, again
illustrating the inhibitory function of the PNP domain. These results are in
agreement with other data. For example, the shape of the correlation curve
aof the 104-kDa product (Fig. 74} probably illustrates saturation of the amin-
oprocollagen peptidase assay. Because this assay is linear only in presence of
low enzymatic activity, this provides indirect evidence that the 104-kDa
form is responsible for most of the activity. This is also suggested by our
observations showing that active enzyme purified from skin is essentially
recovered in a 104-kDa form.

Compartmentalization of Active Forms of ADAMTS-2—A previous
study (22) demonstrated that removal of the C-terminal spacer domain
of ADAMTS-4 affected its compartmentalization. In this study, the
binding properties of the 104- and 150-kDa products were found to be
similar, both in absence or presence of heparin, demonstrating that the
most critical domain for efficient immobilization is not located in the
PNP domain. Preliminary analysis {(not shown) of the various forms of
ADAMTS-2 truncated atthe C terminus (constructs 1-5) suggests that
efficient binding both to the cell layer and to the heparin-Sepharose
matrix is largely mediated by the second TSPI repeat.

Identification of Additional Substrates—Activity of ADAMTS-2 is
strongly influenced by the three-dimensional structure of the substrate.
For example, aminoprocollagen processing is inhibited i vitro and in
vivo when the native triple helical structure of type [ procollagen is
altered (20, 30). To investipate whether ADAMTS-2 is able to process
other structurally unrelated proteins, we used the a,-macroglobulin
broad spectrum substrate. Cleavage of the bait region of @ -macroglob-
ulin induces a large conformational change, resulting in the entrapment
and the inhibition of the cleaving enzyme. Such a mechanism has been
described for several types of proteases, including ADAM and
ADAMTS (21, 31). Incubation of ADAMTS-2 with a,-macroglobulin
dose-dependently inhibits aminoprocollagen peptidase activity, dem-
onstrating that ADAMTS-2 can cleave substrates other than fibrillar
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collagens. Moreover, preliminary results obtained using recombinant
enzymes 2A and 5A suggest that the C-terminal domains do not regu-
late the cleavage of «,-macroglobulin by ADAMTS-2.

Type V collagen is a quantitatively minor fibrillar collagen that par-
ticipates in the regulation of type I collagen fibrillogenesis. It is most
widely found ix vive as an [@1(V)], a2(V) heterotrimer, but other forms
are also present such as an [«1(V)], homotrimer or cross-type hetero-
trimers composed of type V and type XI chains (for review, see Ref. 7).
Characterization of the processing of the aminopropeptide of type V
procollagen chains has led to confusing and sometime conflicting
results (9, 3235}, possibly because of the existence of different cleavage
sites and tissue- or cell-dependent diversity in the level of processing.
Moreover, extraction and purification of native type V collagen are low
yield processes, hampering the characterization as an intact molecule
and explaining why most recent works have been performed by using
recombinant type V collagen (9 —12). Although the consensus sequence
for cleavage by ADAMTS-2 (AQ) is present at the expected localization
as compared with procollagen types [-1II (between the short and the
long triple helical domains) and is highly conserved between species
(TABLE ONE), there was no direct experimental evidence for type V
aminopropeptide processing at this site. This hypothesiswas verified by
incubating purified recombinant aminoprocollagen type V with recom-
binant ADAMTS-2. Processing was observed, but at a more N-terminal
sequence corresponding to the end of the variable region. The cleavage
site (P | A) is not identical but has some similarity to the cleavage site
reported previously for ADAMTS-2 ((P/A) | Q). In addition, the
sequence in this region is highly conserved among the different species,
suggesting the physiclogical relevance of this finding, Furthermore, the
size of the band obtained after ADAMTS-2 cleavage is similar to the size
previously determined for the «1{V) chain extracted with acetic acid
from tissues and referred to as the “intact chain” (36, 37). As additional
evidence, Western blotting analysis of type V collagen purified from
fetal calf skin demonstrated the presence of only two products, one
presenting the same electrophoretic mobility as the pNé&-a1(V) and
another consisting in &2V chain. Most interestingly, no other product
was detected, strongly suggesting the absence of @1V processed at the
published BMP-1 cleavage site. Based on the high sequence homology
between the two collagen domains, the apparent absence of cleavage at
the AG consensus cleavage site for ADAMTS-2 was surprising (TABLE
ONE). This may illustrate a true absence of processing at this site /n vivo
or that another enzyme, such as ADAMTS-2 or -14, is responsible for
the processing in vivo. Alternatively, the site of type V procollagen proc-
essing may vary and be developmentally or tissue-specifically regulated.
Finally, because aminoprocollagen peptidase activity of ADAMTS-2 is
strongly dependenton the three-dimensional structure of the substrates
(20, 30), it may be hypothesized that processing of the aminopropeptide,
by cleavage between the two triple-helical domains, would be observed
only with perfectly folded recombinant type V procollagen. Considering
that only a fraction of the recombinant type V procollagen is perfectly
folded, the moderate increase of the amount of a product migrating as
TH-21(V), which was sometimes observed after incubation with
ADAMTS-2, possibly illustrates this hypothesis.
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