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ABSTRACT. Human ADAM12 (a disintegrin and metalloproteinase) is a multidomain zinc metalloproteinase
expressed at high levels during development and in human tumors. ADAM12 exists as two splice
variants: a classical type 1 membrane-anchored form (ADAM12-L) and a secreted splice variant
(ADAM12-S) consisting of pro, catalytic, disintegrin, cysteine-rich, and EGF domains. Here we present
a novel activity of recombinant ADAM12-S and its domain deletion mutants on S-carboxymethylated
transferrin (Cm-Tf). Cleavage of Cm-Tf occurred at multiple sites, and N-terminal sequencing showed
that the enzyme exhibits restricted specificity but a consensus sequence could not be defined as its subsite
requirements are promiscuous. Kinetic analysis revealed that the noncatalytic C-terminal domains are
important regulators of Cm-Tf activity and that ADAM12-PC consisting of the pro domain and catalytic
domain is the most active on this substrate. It was also observed that NaCl inhibits ADAM12. Among the
tissue inhibitors of metalloproteinases (TIMP) examined, the N-terminal domain of TIMP-3 (N-TIMP-3)
inhibits ADAM12-S and ADAM12-PC with low nanomol&iapp) values while TIMP-2 inhibits them

with a slightly lower affinity (9-44 nM). However, TIMP-1 is a much weaker inhibitor. N-TIMP-3 variants

that lack MMP inhibitory activity but retained the ability to inhibit ADAM17/TACE failed to inhibit
ADAM12. These results indicate unique enzymatic properties of ADAM12 among the members of the
ADAM family of metalloproteinases.

A disintegrin and metalloproteinase ADAMZ2also diagnostics 1, 4—7). Low expression levels of ADAM12
known as meltrina, is a multifunctional zinc-dependent are found in most normal adult tissues, but the level of
enzyme that belongs to a subfamily of reprolysin metal- expression is greatly increased in different types of cancers
lopeptidases —3). Human ADAM12 is expressed as a (8—11). In the polyoma middle T antigen (PymT) mouse
classical type 1 membrane-anchored form (ADAM12-L) and model of breast cancer, ADAM12 stimulated tumor progres-
as a secreted splice variant (ADAM12-9)).(The latter sion by increasing the tumor burden and decreasing the time
consists of a propeptide, a catalytic domain, and cell adhesiveto tumor onset X12). Importantly, ADAM12 is readily
disintegrin-, cysteine-rich-, and epidermal growth factor-like detected in urine of breast and bladder cancer patients and
(EGF-like) domains (Figure 1A) but lacks the C-terminal correlates with disease status and sta: 14).
transmembrane and cytoplasmic domains. Both forms are The three-dimensional structure of ADAM12 has not yet
strongly expressed in placenta, and decreased serum levelpeen determined experimentally. Using electron microscopy,
of ADAM12 in pregnant women are reliable biomarkers for \we modeled the overall domain organization of ADAM12-S
preeclampsia and Down’s syndrome in clinical prenatal containing the pro domain as a compact four-leaf clover-
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Ficure 1: SDS-PAGE analysis of recombinant ADAM12 and detection of proteolytic activity. (A) Full-length ADAM12-S and its domain
deletion mutants are shown with their experimentally determined molecular masses. Pro stands for the pro domain, Cat for the catalytic
domain, Dis for the disintegrin domain, Cys for the cysteine-rich domain, and EGF for the EGF-like domain. (B) The purities of the
recombinant proteins were analyzed by SBFBAGE (12% acryl-amide), and the proteins were stained using Coomassie Brilliant Blue
R-250. (C) The activity of ADAM12-S was assayed with gelatin, fibronectin, and Cm-Tf for 24 h in 50 mM Tris-HCI (pH 7.5), 0.05% Brij

35, and 0.02% sodium azide: lane 1, substrate at O h; lane 2, substrate after 24 h; and lane 3, incubation with 100 nM enzyme. (D) All three
variants of ADAM12 were employed in a time course study of Cm-Tf degradation. Reaction buffer contained 0.5 mM I@a€ll,

substrate at 0 h; lane 2, substrate after 18 h; lane 3, enzyme for 1 h; lane 4, enzyme for 8 h; lane 5, enzyme for 18 h; and lane 6, enzyme
and 20 mM EDTA for 18 h.

metzincin metalloproteinase, and its catalytic activity was the proprotein convertase recognition motif RHKR, and
originally verified using thex2-macroglobulin €M) entrap- following translocation to the plasma membrane or extra-
ment assay0, 21). Potential physiological substrates include cellular space, ADAM12 is considered to be present in its
insulin-like growth factor binding proteins IGFBP-3 and -5 active form @1, 28). However, the pro domain remains
(4, 22), placental leucine aminopeptidase (P-LARB)( noncovalently associated with the mature enzyme following
heparin binding EGF-like growth factor (HB-EGF24), cleavage 15, 22), indicating possible extracellular functions
EGF, and betacellulin 25). These substrates are also of the pro domain. Our previous in vitro characterization of
susceptible to other metalloproteases (reviewed inJels, the catalytic activity of ADAM12 usinga2M reactivity
and27), and the relative contribution of ADAM12-mediated indicated that this activity requires €y and we proposed
cleavage of these substrates in vivo is poorly understood.that this activity was revealed through binding of the
Previous studies have shown that ADAM12 latency can be transition ion C&" to the unpaired Cys2729). ADAM12
explained by the cysteine switch mechanism in which is inhibited by the tissue inhibitor of metalloproteinases 3
Cysl179 in the pro domain coordinates the active site zinc (TIMP-3) (22), and other inhibitors of ADAM12 include the
ion (21, 28). The enzyme is processed in the trans-Golgi at synthetic hydroxymate inhibitors GM6001 and its derivative
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KB-R7785 @4), TMI-1 (30), and a group of dipeptide passed through a SP-Sepharose-FF column where the protein
analoguesdl). was retained and subsequently eluted using a gradient of 0.05

Although a number of biological molecules have been to 1 M NaCl. The recombinant proteins were further purified
described as potential substrates of ADAM12, little is known by a concanavalin A column and elution witkp-methyl
about the biochemical properties of the catalytic activity of mannopyranoside as described previoudly, €2).

ADAM12. Nevertheless, the close association of ADAM12 ~ Proteolytic Assay of ADAM1ZHuman transferrin was
with severe pathological disorders underlines the relevanceS-carboxymethylated under reducing conditions with io-
of addressing the biochemical properties of ADAM12- doacetic acid as described previous§O) After TCA
mediated proteolysis. Here we present reduced S-carboxym-Precipitation, the Cm-Tf was dissolved in gbland adjusted
ethylated transferrin (Cm-Tf)3@) as a novel ADAM12 to pH 7.0-8.0 by titration with NaOH. Proteolysis assays
substrate suitable for kinetic studies. Using this substrate, were carried out in 12.5 mM Tris-HCI at pH 8.5 containing
we assessed the sequence specificity of ADAM12 and 0.5 mM CaCj, 0.02% NaN, and 0.05% Brij 35 unless
quantitatively compared the effect of salts, cations, and otherwise stated. All reagents (B of enzyme, 5ul of
inhibitors on the activity of ADAM12-S and its truncated buffer, and 10uL of substrate) were mixed and briefly
mutant consisting of the pro and catalytic domains. Our centrifuged prior to incubation at 3T for various periods
studies have demonstrated that ADAM12 is a protease with Of time. The reaction was stopped by addition of reducing
a slight alkaline preference, which is very sensitive to SDS-PAGE sample buffer containing 20 mM EDTA, and
increases in ionic strength. Furthermore, our data suggestthe products were separated using SIPAGE (10% total
that the TIMP susceptibility of ADAM12 is significantly ~ acrylamide) and stained using Coomassie Brilliant Blue

different from that of ADAM 17/TACE. R-250. Enzyme concentrations varied between 1.5 and 25
nM, and the concentration of Cm-Tf was #0/. Detailed
EXPERIMENTAL PROCEDURES assay conditions for each experiment are specified in the

) ) figure legends. All data presented are the average of at least

Materials The pCEP-4 vector was from Invitrogen tnree representative experiments and include standard errors.
(Groningen, The Netherlands), and restriction enzymes were  N_Terminal Sequencing of Cm-Tf FragmenEor N-
purchased from New England Biolabs (Hithin, U.K.). Human eyminal sequence analysis, Cm-Tf was digested with 750
apotransferrin was from Sigma. Human fibronectin was nm ADAM12-S for 2 h, and cleaved products were separated
purified from plasma aqcording to the method Qf Ruoslahti using SDS-PAGE, electrotransferred to a polyvinylidene
and Engvall'§3). Gelatm'was f_ormgd by heating type 1 gifluoride membranes, and visualized by Coomassie Brilliant
collagen purified from guinea pig skin at 8& for 20 min Blue R-250 staining. Samples were analyzed by automated
as described previousl\34). Fluorescent peptide substrate gqman degradation using an Applied Biosystems Procise
[dabcyl-LAQAhomoPheRSK(SFAM)-NB ~ was  from 494HT sequencer with on-line phenylthiohydantoin HPLC
BioZyme, Inc. analysis.

Human recombinant TIMP-1 and TIMP-2 were expressed  Densitometric AnalysisSDS-PAGE gels were scanned
in mammalian cells and purified as described previou3%/ ( at 300 dpi using a flatbed scanner. The intensity of the
36). The N-terminal domain of TIMP-1 (N-TIMP-1) was  selected 43 kDa degradation product was quantified using
expressed and purified as described by Wei et 3).(  the TL100 software (Nonlinear Dynamics, Newcastle upon
Expression inEscherichia coli purification, and in vitro Tyne, U.K.).
folding of N-TIMP-3 and the N-TIMP-3 mutant with an extra Km and kg Determination.For studies of steady-state
Ala added at the N-terminus [-1AIN-TIMP-3 as well as kinetics, the molar concentration of Cm-Tf was calculated
N-TIMP-3(T2G) have all been described previous3$,(39). from Aggo Observationsg = 85 240), and a fixed concentra-

Generation of Recombinant ADAM12 Proteic®NA tion of enzyme was incubated with Cm-Tf dilutions between
encoding human ADAM12 (GenBank entry NM_021641) 3.75 and 70uM prepared in dHO. Activity was plotted
constructs in the pCEP4 plasmid were generated as previ-against substrate concentration, atg could be obtained
ously reported 15). The constructs were (i) full-length when points were fitted to the Michaelidlenten rate
ADAM12-S consisting of the pro domain, catalytic domain, equation ¥V = Vna{Sl/(Km + [S])] using GraphPad Prism.
disintegrin domain, cysteine-rich domain, and EGF-like ke was calculated as the number of molecules of Cm-Tf
domain (amino acids-1707), (i) ADAM12-PCD encoding consumed per second per active site of enzyme. For this
the pro domain, catalytic domain, and disintegrin domain purpose, the active site concentrations of ADAM12-S,
(amino acids +512), and (iii) ADAM12-PC encoding the  ADAM12-PCD, and ADAM12-PC were determined by
pro domain and catalytic domain (amino acids41.9). The titration with oM. The pixel volume of the 43 kDa cleavage
ADAM12 signal peptide was present in all plasmids. The product was converted to weight units by comparison with
plasmid harboring the ADAM12-S full-length cDNA was known amounts of bovine serum albumin loaded on the same
used as a template for site-directed mutagenesis to generatéris-glycine gel.
the catalytic site E351Q mutant (amino acids7D7). HEK Determination of pH-Dependent Adtly. To maintain a
293 EBNA cells grown in DMEM containing 10% FBS, constant ionic strength across the tested pH range (pH 6.0
penicillin, and streptomycin were transfected with the desired 9.0), we utilized the acetate/A{morpholino)ethanesulfonic
construct using lipofectamine. Serum-free conditioned media acid (MES)/Tris (AMT) buffer system4(l). The pH was
were harvested, centrifuged, and filtered through a Qra2 adjusted with NaOH or HCI, and the final concentrations in
filter prior to a triple FPLC purification procedure. First, the the assay were as follows: 12.5 mM sodium acetate, 25 mM
medium was subjected to gelati®epharose chromatogra- Tris-HCI, 12.5 mM MES, 0.5 mM CagGJ 0.02% sodium
phy. Next, the flow through containing the recombinant was azide, and 0.05% Brij 35.
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Studies of ADAM12 Inhibition Kinetic¥he concentrations
of TIMP-1, N-TIMP-1, TIMP-2, and N-TIMP-3 inhibitors

Table 1: Substrate Affinities and Turnover NumbBers

were determined by active site titration with a known K Kean o ;;{KZ@

i - . ; i} P- ADAM12-S 145+ 1.6 0.12+ 0. 3%
cogce?gall\t;o_rrhagvlsMP L ?? dtNdTIMtE 3ETG)’ N TIMntf ' ADAM12-PCD 19.2+1.2 0.18+ 0.02 9.4x 1C°
and [-1A]N- -3 were titrated with a known concentra-  A\pam12-pc 165+ 1.3  047+0.06  28.4x 10°
tion of ADAMTS-5. Various concentrations of TIMPs were K mi | — . determined
mixed Wlth 2 nM ADAMlZ-S or 15 nM ADAM].Z-PC in m, 1IN MICromolar, and@al, IN INnverse seconds, were determine

from three replications as described in Experimental Procedures.

25 mM Tris-HCI (pH 8.0), 1.25 mM Cagland 18.75 mM
NaCl in a total volume of 1%L and incubated for 30 min ] ) .
at 37°C. The mixture was then incubated withg of Cm- ~ PAGE analysis, essentially as described by Roy etd. (

Tf (140 uM) at 37 °C for 9 h. Studies with N-TIMP-3 and As seen in Figure 1C, degradation of gelatin and fibronectin
N-TIMP-3 mutants included 2.5% glycerol to prevent (FN) was not observed. However, when samples were
precipitation. The reaction was stopped with reducing sample @sayed using the general protease substrate carboxymethy-
buffer containing 20 mM EDTA. The products were sepa- lated transfe_rrln (Cm-Tf), several d_egradatlon products were
rated using SDSPAGE (10% total acrylamide) and stained observed (Figure 1C). Not only wild-type ADAM12-S but
using Coomassie Brilliant Blue R-250. 4Cvalues were ~ also the domain deletion mutants ADAM12-PCD and
determined by linear regression analysis of residual activity ADAM12-PC were shown to cleave Cm-Tf (Figure 1D). Cm-
plotted against log values of inhibitor concentration. For tight Tf cleavage patterns generated by the three isoforms of
binding inhibitors at low enzyme concentrations ak), ADAM12 were identical, indicating that the lack of ancillary
this represents a good approximation of Hagyp) (42). C-terminal domains does not affect substrate specificity on

The K; values of N-TIMP-3 against ADAM12-S and Cm-Tf (data not shown). Even at a concentration @i\l

- ; and after incubation for 48 h, the catalytic site mutant
ADAM12-PC were obtained using the fluorescent substrate : ’ X
[dabcyl-LAQAhomoPheRSK(5FAM)-NH and the Morrison ADAM12-S(E351Q) did not degrade the substrate, confirm-

equation describing tight binding inhibitioB, 43). Buffer !”g.ctzfn'ﬂﬁgt”t";‘]gce f}ﬁ;gzng'“;?g‘s'ivgfe'ﬂr; g?ﬁﬁf;ﬁg?
conditions were identical to those of inhibitor studies using indicating purtf zy

Cm-Tf as a substrate, though 5% DMSO was included to ing proteases (data not shown). All ADAM12 isoforms were

; " i inhibited by 20 mM EDTA (Figure 1D, lanes 6) and by
5 AL of the solbilly of tgii”g?”ea;ezﬁgf éssr?,{/lb‘;mil TIMP-2 and the N-terminal domain of TIMP-3 (N-TIMP-
concentration) were preincubated at X7 for 2 h prior to 3) (see Tgble 2)- )

the addition of %L of substrate (1&M, final concentration). N-Terminal Sequencing of Cm-Tf Clese ProductsThe

A BMG Fluorostar Optima fluorometer (excitation at 485 degradation of Cm-Tf with ADAM12-S yielded several
nm and emission at 530 nm) was used to monitor fluores- products (Figure 2A). The restricted number of products

cence. suggests that ADAM12 does not cleave Cm-Tf randomly.
To analyze the sequence required for ADAM12 activity, we
RESULTS conducted N-terminal sequence analysis of Cm-Tf degrada-

tion products. A total of 15 bands were sequenced, and eight

Purification and Detection of ADAM12-S and Its Domain of these contained more than one sequence in which the
Deletion MutantsFull-length ADAM12-S and its C-termi-  recovery of phenylthiohydantoin amino acids was of com-
nally truncated domain deletion mutants as well as the parable concentration. VPDKTV sequences represent the
ADAM12-S(E351Q) mutant (Figure 1A) were expressed in mature N-termini of full-length transferrin and are therefore
HEK 293 EBNA cells and purified from the conditioned not informative. On the basis of their size and rapid
media. The recombinant enzyme preparations were free fromappearance, the two degradation products of 43 and 37 kDa
visible contaminants as determined by SE®lyacrylamide (Figure 2A) are likely to represent the initial hydrolysis of
gel electrophoresis and staining with Coomassie Brilliant full-length Cm-Tf into N- and C-terminal fragments. All
Blue R-250 (Figure 1B). Also, they reacted with ADAM12 other Cm-Tf degradation bands appear later in time course
domain specific antisera (data not shown). ADAM12-PCD studies (data not shown). The identified amino acid residues
shows a double band around 45 kDa. Both bands react withwith P1 positions were Ala, Leu, Met, Val, Tyr, Ser, Asp,
antisera directed against the catalytic domain (data notand Cm-Cys (Figure 2A,B). Cm-Cys (resembling glutamic
shown), suggesting possible processing of the C-terminusacid) was detected only once in the’' pbsition and three
(15). The experimentally determined sizes are bigger than times in the P1 position. Aligning the cleavage sequences
the theoreticaM; calculated from the amino acid composi- from P18 to P18did not reveal any clear consensus sequence
tion. This can possibly be explained by predicted N-linked requirement for ADAM12 cleavage (Figure 2B). To give
glycosylations at two sites in the pro domain, and one site further insight into the sequence requirement of ADAM12,
in all other domains except the EGF-like domain. The the homologous N- and C-terminal domains of Cm-Tf were
presence of the copurified but noncovalently linke2i6 kDa aligned and the sequence sites subsequently compared
propeptide has previously been observé8, 22) and is (Figure 2C), but once again, no common message could be
confirmed here. extracted.

Catalytic Actvity of ADAM12 and Its Domain Deletion Enzyme Kinetics Using the Cm-Tf Substrate quantify
Mutants. The catalytic properties of purified ADAM12-S enzymatic activity against Cm-Tf, we first carried out
were first evaluated using three different substrates. Eachexperiments to determine the time and dose dependency of
substrate was incubated with 100 nM ADAM12-S in 50 mM ADAM12-S, ADAM12-PCD, and ADAM12-PC degradation
Tris-HCI (pH 7.5) for 24 h at 37C and subjected to SBS of Cm-Tf. The digested samples were subjected to SDS
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Table 2: Apparent Inhibition Constant&igp] of ADAM12 Inhibitors?

ADAM12-S ADAM12-PC MMP-3(AC)° TACEP
TIMP-1 454+ 161 110+ 2
N-TIMP-1 400+ 98 506+ 103
TIMP-2 44+ 16 9.3+ 25
N-TIMP-3 Ki=12.5+1.1° Ki=3.2+0.25% 67+2.8 13.7+£0.2
[-1AIN-TIMP-3 629+ 147 816+ 81 ~3.3x 1¢° 33.9+ 2.8
N-TIMP-3(T2G) 1944 48 307+ 22 >1x 10 35.6£1.9

aValues were obtained from the average of three replications, calculated as described in Experimental Procedures and given in nanomolar.

b Data obtained from re87. ¢ Due to limitations of the Cm-Tf assay, th&app vValues of N-TIMP-3 inhibition could not be determined reliably.
Instead, we used a fluorescent peptide substrate to determine substrate-indefdendkms.

PAGE, stained with Coomassie Brilliant Blue R-250, and

significant recovery of activity (Figure 4B). ADAM12-PC

analyzed by densitometry (data not shown). We selected awas also active in the calcium-depleted buffer, and a profile

43 kDa cleavage product for quantification, and the pixel

of the salt inhibitory effect comparable to that of ADAM12-S

volumes were taken as a measure of activity. This band waswas obtained (Figure 4C). The estimatedolZalue of NaCl
selected because it appeared rapidly and separated fairly wellnhibition of ADAM12-PC was 494+ 6 mM. The high
from surrounding degradation products. From these studies,sensitivity of both ADAM12-S and ADAM12-PC to in-

it was evident that the formation of the Cm-Tf 43 kDa

degradation product was linear up to 80 000 pixels, corre-

creased ionic strength was also seen with potassium ions or
Tris-HCI (data not shown).

sponding to a substrate turnover of less than 10% (data not Effect of Other Metal lons on ADAM12-S Adty. In a
shown). As the substrate appeared to be homogeneous angrevious qualitative study of ADAM12 proteolysis, €was

consist mainly of full-length Cm-Tf, th&,, of the substrate
with the enzyme was determined by incubating a fixed

concentration of enzyme with increasing amounts of sub-

implicated in the activation of ADAM1229). We decided
to reassess this quantitatively to determine the requirement
of ADAM12 catalytic activity for biologically relevant metal

strate, which resulted in the classical hyperbolic-shaped curveions. Addition of ZnC} at concentrations below 50M

(data not shown). Nonlinear regression using the Michaelis
Menten equation revealed that ADAM12-S, ADAM12-PCD,
and ADAM12-PC had comparablg, values of 14.5+ 1.6,
19.2 £ 1.2, and 16.5+ 1.3 uM, respectively (Table 1).
Interestingly, calculation of the substrate specificky/Knm,

increased the activity of ADAM12-S by approximately 30%.
However, when concentrations exceeded:BD activity was
negatively affected, and at a concentration of G&0ZnCl,,
substrate degradation was only just detectable (Figure 5A).
Besides C& and Zrt*, only Mg?" had a marginal stimu-

of the three isoforms (Table 1) showed a 4-fold increase in latory effect, while none of the other tested divalent cations
the ratio in the absence of the noncatalytic disintegrin and were capable of inducing activity (Figure 5B). In contrast

cysteine-rich domains, primarily due to an increasein
values (Table 1).

pH Optimum of ADAM12-S and ADAM12-P@&n evalu-
ation of the effect of pH on enzymatic activity was carried
out with the Cm-Tf substrate using the AMT triple buffer

to an earlier report that usetM as a substrate2@), CLP*
was not an activator of ADAM12-S. Rather, data suggested
that even low levels of Cug¢had a negative effect on the
ADAM12-S-mediated hydrolysis of Cm-Tf. Hg and Mr#*
inhibited activity, whereas Fé had practically no effect.

system to ensure a constant ionic strength over the entireNotably, 10uM CoCl, inhibited the activity by 80%, while

pH range that was tested. Both ADAM12-S and ADAM12-
PC exhibited optimal activities at a slightly alkaline pH of
8.0-8.5 (Figure 3). The enzyme activity could not be
detected at pH values lower than 6.5, anl0% enzyme
activity was detected at pH values of 7.5 and 9.

Calcium Requirement and Salt Sensiii of ADAM12-S
and ADAM12-PC.When the sequence of the ADAM12
catalytic domain is examined in relation to the crystal
structure of the catalytic domains of ADAM33, VAP1, and
VAP2B, it strongly suggests the presence of a single fully
conserved structurally important €acoordination site
opposing the active site clefLl§, 18, 44). In fact, many
metalloproteinases such as MMRSY and ADAMTS-13
(46) require calcium for activity. We found that ADAM12-S
was active when placed in a calcium-free buffer (Figure 4A).
The activity was increased by onty50% upon addition of
250-500uM CaClb, while higher concentrations were less
effective. An apo-ADAM12-S generated by EDTA treatment
followed by dialysis showed no activity and required calcium
in addition to zinc for reactivation (data not shown).
Furthermore, we found that NaCl had an inhibitory effect
on ADAM12-S with an IG value of 31+ 3 mM, and even
addition of 500uM CaCk was not able to produce any

increasing concentrations rescued the lost activity. Low
concentrations of NiGlinhibited ADAM12-S drastically.
The hydrolysis of Cm-Tf was inhibited by more than 50%
in the presence of AM NiCl, and was essentially absent at
concentrations above M. Similar results were obtained
for NiCl, in the presence of Ca (Figure 5C). This suggests
that the N#* binding site is unrelated to the &abinding
site.

Inhibition of ADAM12 by TIMPsThe catalytic activities
of MMPs, ADAMTSs, and ADAMs are believed to be
regulated by endogenous TIMPs in vivbo determine the
contributions of different TIMPs to ADAM12 regulation, we
conducted studies of the inhibition of ADAM12-S and
ADAM12-PC by wild-type and mutant TIMPs. The calcu-
latedK; values are summarized in Table 2. TIMP-1 inhibited
ADAM12-S with aKjapp) of 454+ 161 nM but exhibited a
5-fold higher affinity toward the ADAM12-PC mutant.
TIMP-2 was a more effective inhibitor of ADAM12, and
some differences were observed between ADAM12-S and
ADAM12-PC with theKigapp) values of 44+ 16 and 9.3+
2.5 nM, respectively. To test if the differencesip,p) values
between ADAM12-S and ADAM12-PC were related to
interactions between the C-terminal domains of enzyme and
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jﬁ kDa
66— 70: LSHHER .|...._:|L[?...|....[|J....|..‘.l|o..‘.|..‘.
58: "\VPDKTV, MSLDGG, LDGGFV LRECTCPEAPTDECKPVKW- CALSHHERLKCDEWSVNSV
54: VKKASY, ASYLDC, NEADAV REGTCPEAPTDECKPVKWC - ALSHHERLKCDEWSVNSV:
EGTCPEAPTDECKPVKWCA - LSHHERLKCDEWSVNSVGK
45— 43: CALSHH, ALSHHE, LSHHER SAETTEDCIAKIMNGEADA-MSLDGGEVYIAGKCGLVDY
o 20 AVANEE ETTEDCIAKIMNGEADAMS - LDGCFVYIAGKCGLVEVLA
: ’ SFRDHMKSVIPSDGPSVAC - VKKASYLDCIRAIAANEAD
31— 31: \VPDKTYV, YTGAFR, AVAVVK, VAVVKK SVACVKKASYLDCIRAIAA-NEADAVTLDAGLVYDAYLA

DHMKSVIPSDGPSVACVEK

ASYLDCIRAIAANEADAVT

-—- 28: YSGAFK, SGAFKC, LKDGAG
—— 25: HSTIFE IPIGLLYCDLPEPRKPLEK~AVANFFSGSCAPCADGTDF
—— %g :xgggy{ CMGSGLNLCEPNNKEGYYG~YTGAFRCLVEKGDVAFVKH
20: "VPDKTV, YKDCHL QLCQLCPGCGCSTLNQYFG~YSGAFKCLKDGAGDVAFVK
22— i }?},E:Egggg SMGGKE CGCSTLNQYFGYSGAFKC - LKDGAGDVAFVKHSTIFEN
4 15: VKKASY LCQLCPGCGCSTLNQYFGY ~ SGAFKCLKDGAGDVAFVKH
YSGAFKCLKDGAGDVAFVK~HSTIFENLANKADRDQYEL
= DRDQYELLCLDNTRKPVDE - YKDCHLAQVPSTTVVARSM
DEYKDCHLAQVPSHTVVAR - SMCGKEDLIWELLNQAQEH

KPVVAEFYGCSKEDPQTFYY
PVVAEFYGSKEDPQTFYYA

AVAVVEKDSGCFGMNQLRGK
VAVVKKDSGFOMNQLRGKK

C v ¥ \

10 20 30 40 50 60 70 80
N. MRLAVGALLVCAVL--GLCLAVPD---KTVRWCAVSEHEATKCQSFRDHMKSVIPSDGPSVACVKKASYLDCIRATAANE
c. MYLGYEYVTAIRNLREGTCPEAPTDECKPVKWCALSHHERLKCDEWS---—--- VNSVG-KIECVSAETTEDCIAKIMNGE

30 100 110 120 130 140 150 160
ADAVTLDAGLVYDAYLAPNNLKPVVAEFYG----SKEDPQTFYYAVAVVKK-DSGFOMNQLRGKKSCHTGLGRSAGWNIP
c. ADAMSLDGGFVYIAGKCG--LVPVLAENYNKSDNCEDTPEAGYFAVAVVKKSASDLTWDNLKGKKSCHTAVGRTAGWNIP

170 180 190 200 210 220 30 240
IGLLYCDLPEPRKPLEKAVANFFSGSCAPCADGTDFPQLCQOLCPGCG---CSTLN--QYFGYSGAFKCLKDGAGDVAFVK

€. MGLLYNKINHCR------— FDEFFSEGCAPGSKKD--S5SLCKLCMGSGLNLCEPNNKEGYYGY TGAFRCLVE-KGDVAFVK
250 260 270 290 to 300 310 320
N. HSTIFEN-——-———---— LANKADRDQYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGK-—

c. HQOTVPONTGGKNPDPWAKNLNEKDYELLCLDGTRKPVEEYANCHLARAPNHAVVTR--KDKEACVHKILRQQQHLFGSNV

330 340 350

N. -DKSKEFQLFSSPHGKDLLFKDSAHGFLKVPPRMDAK-————=== === ————— e m———————————

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

inhibitor, an N-TIMP-1 variant was included in the study. ADAM12-S and 3.2+ 0.25 nM for ADAM12-PC were
When assayed under identical conditions, N-TIMP-1 turned obtained.

out to have a lower affinity for ADAM12-PC with &icapp) We then evaluated the inhibitory potency of N-TIMP-3
value of 506+ 103 nM. The inadequate sensitivity of the  reactive site mutants which lack inhibitory activity for MMPs
Cm-Tf substrate did not allow for the correct determination pyt retained activity against ADAM170). These include
of Ki values for the potent inhibition of N-TIMP-3 toward  [-1A]N-TIMP-3 which has an extra Ala at the N-terminus
ADAM12. Since the ability of TIMP-3 to inhibit ADAM12 of N-TIMP-3 and N-TIMP-3(T2G) where Thr2 of TIMP-3
potently indicates that TIMP-3 is the physiological inhibitor  is mutated to Gly. In contrast to ADAM17, these two mutants
of ADAM12, we thought it was important to determine the were poor inhibitors for ADAM12-S and ADAM12-PC
exactK; value of this interaction. To do so, we utilized a (Table 2). N-TIMP-3(T2G) inhibited ADAM12-S with a
fluorescent TNFa-derived fluorescent peptide substrate Kjapp value of 194+ 48 nM and exhibited an even lower
recently reported to be ADAM12 sensitivéQj. Under buffer affinity for ADAM12-PC [Kiapp) = 307 & 22 nM], whereas
conditions identical to those used in the Cm-Tf assay, [-1A]N-TIMP-3 was an even less effective inhibitor of the
substrate-independeri; values of 12.5+ 1.1 nM for two ADAM12 isoforms.
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Ficure 3: Dependency of ADAM12-S and ADAM12-PC activity on pH. The influence of pH on cleavage of Cm-Tf by ADAM12-S and
ADAM12-PC was tested in the AMT buffer system. Besides the AMT buffer components, the reaction mixture contained 0.5 mM CaCl
Samples were incubated with 5 nM ADAM12-&)(or ADAM12-PC (©) for 3 or 2 h, respectively.

DISCUSSION about the effects of amino acid substitutions around the
cleavage site. One example of a cleavage “pair” in the
N-terminal and C-terminal domains deduced from sites in
the present study is the &/ bond highlighted with red
arrows in Figure 2C. Unfortunately, the residues around these
two cleavage sites are similar, and therefore, this analysis
does not give much insight into the specificity. The presence
of juxtaposed cleavage sites, e.g., such as the ones seen in
the 43 kDa band and the 28 kDa fragments, might suggest

- - that exosite binding or secondary structures of the substrate
ADAM12-S activity (pH 8.5 and 0.5 mM Cag)l activity are key determinants, while some degrees of freedom are

was not dete(;ted against gelatin or fibronectin (dat.a Ot allowed at the cleavage site as originally suggested by
shown). The d'.SCfepar.‘CV may be due to some Cpntam'n.at'onKashiwagi et al. 82). Since clustered cleavage sites can be
of other proteainases in those enzyme preparations as it Wa$g ind only in a limited number of places and the residues

reported that EDTA failed to inhibit those activitie$3]. cleaved are promiscuous, we propose that ADAM12 func-

On the other hand, the three isoenzymes readily digested,[ionS only as an endopeptidase rather than an endo- and
Cm-Tf (Figure 1C), a substrate used to detect activity of exopeptidase to cleave the clustered sites

MMPs (40) and some ADAMTSs32, 47). The presence of ) h iated ol
contaminating proteases was excluded on the basis of FOf comparison, the pregnancy-associated plasma pro-

TIMP-3 inhibition of the three enzymes and the inability of (€iN-A (PAPP-A)-mediated cleavage of IGFBP-4 is highly
the ADAM12-S (E351Q) to cleave Cm-Tf. dependent on conserved basic residues located up to 16

e i ids N-terminal of the scissile borfil). Another
Substrate SpecificityEven though ADAM12 has been amino aci X L
reported to cleave IGFBP-3, IGFBP-5, HB-EGF, and a similar example is the inability of ADAMTS aggrecanases

number of other substrates, its substrate specificity with to cliavg lpeptu::es shtorter tfh:[r; sl\(/l) 1azrr;]|nobac!iﬁd(ct)nce_ d
regard to sequences cleaved has not been investigated. W € physiological substrate o as been determined,

have presented here the first data on the cleavage specificit)) will be of great interest to establish the biologically relevant
of ADAM12. With regard to the Sispecificity pocket, cleavage site.

ADAM12 does not have a preference for specific amino acids ~ Catalytic PropertiesRemoval of C-terminal disintegrin,
and can accept residues with widely different physicochem- cysteine-rich, and EGF domains had little or no effect on
ical properties, including Ala, Leu, Met, Val, Tyr, Ser, Asp, theKm, suggesting that the affinity for substrate is unchanged
and Cm-Cys. When the sequences of all 18 identified (Table 1); however, at the same time, tkig: for Cm-Tf
cleavage sites are aligned, it becomes evident that no strictcleavage was increased. ADAM12-PC was approximately
consensus sequence can be recognized that is required fof-fold more active, while ADAM-PCD exhibited a 1.5-fold
ADAM12 cleavage (Figure 2B). A similar promiscuity was increase in activity. This indicates that the cysteine-rich and,
reported for ADAMTS-4 82) and ADAMTS-5 @7). The in particular, the disintegrin domain reduce the activity of
closest relatives of ADAM12, ADAM19, and ADAM33 were  the enzyme possibly by affecting the environment of the
both reported to cleave an Afdeu bond in an insulin catalytic site or inducing conformational changes. These
B-chain-derived peptidetp), and ADAM19 has been found ~ results may be partially contrasted by ADAMTS-4 where
to C|eave between Lys and A|a in mye”n basic protéﬁ)( the fu”-length enzyme has little aCtiVity on Cm'Tf, but when
We observed that ADAM12 was Capab'e of C|eaving similar the C-terminal Spacer domain is deleted, it exhibits aCtiVity
bonds in Cm-Tf (Figure 2). An advantage of using Cm-Tf with Cm-Tf whereas the catalytic domain alone has little
degradation for investigation of sequence specificity is that activity (32).

the C-terminal and N-terminal halves of human transferrin ~ To extend our knowledge of ADAM12 proteolysis, we
are homologous (Figure 2C@). Examination of the enzyme  characterized the cleavage of Cm-Tf with regard to the salt
cleavage sites in a sequence alignment of the N- anddependency, pH, and effects of metal cations. Sequence
C-terminal domains of Cm-Tf can provide useful information alignment revealed that the catalytic domain of ADAM12

This paper reports the catalytic properties of recombinant
human ADAM12-S and its domain deletion mutants
ADAM12-PCD and ADAM12-PC. We first assessed the
activity of ADAM12-S toward a number of potential
substrates. Gelatin and fibronectin were both reported to be
cleaved by ADAM12 (3), but our initial screen did not
exhibit any detectable activities against these substrates
When redetermined under conditions optimized for
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Ficure 4: Influence of CaGland NaCl on the enzymatic activity 0 N 2 4 (; é 1(')
of ADAM12-S and ADAM12-PC. (A) CaGt and NaCl-free .
solutions of enzymes were prepared by dialysis against a buffer [NiCL,] (nM)

containing 25 mM Tris-HCI (pH 8.5), 0.05% Brij 35, and 0.02%  Figure5: Dependency of ADAM12-S on metal ions in the absence
sodium azide. Then, CagLl(0—5 mM) was titrated into an  of c2+. (A) To determine the influence of 2h on ADAM12-S
ADAM12-S (Q) assay, and activity was expressed as a percentagecleavage of Cm-Tf, increasing concentrations of zr(G+0.5 mM)

of the control activity measured under CaCind NaCl-depleted  \ere added to an ADAM12-S) assay. (B) Six different divalent
conditions. (B) Under identical conditions, the inhibitory effect of = cations, M@+ (), F&+ (O0), Co* (0), MnZ* (a), Hg?* (x), and

presence4) of 0.5 mM CaCj}. (C) Similarly, the influence of NaCl  ApAM12-S activity assay. For both panels A and B, activity was
on ADAM12-PC in the absenc#®] and presenceX) of 0.5 mM expressed as a percentage of the control activity measured in the
CaCl was determined. Samples were incubated with 5 nM gpsence of externally added cations. (C) Activity of ADAM12-S
ADAM12-S or ADAM12-PC for 3 or 2 h, respectively. was assessed in the presence of Bi-10 «M) with (O) or
without (a) 0.5 mM CacC} in the buffer, and activity was expressed

in the same manner described above. All samples were incubated

contains an acidic calcium binding consensus matH) ( with 5 "M ADAM12-S for 3 h

known from other proteases to be essential for the structural
integrity of their catalytic domainslg, 26, 53). Furthermore, and ADAM12-PC were active on Cm-Tf in a calcium-free
in a recent publication on the crystal structure of vascular buffer, and an optimal concentration of 0.5 mM CaCl
apoptosis-inducing protein-1 (VAP1), a snake venom ho- increased ADAM12-S activity by-50% (Figure 4A). Apo-
mologue of ADAMSs, it was shown that the disintegrin ADAM12-S was on the other hand not active without the
domain comprises two additional structural calcium binding addition of both calcium and zinc to the buffer verifying the
sites that are fully conserved in ADAM126). ADAM12-S importance of calcium. Since we observed a similar fold
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increase in activity upon the addition of CaQb either ProADAM12 is processed at the furin cleavage site,
ADAM12-S or ADAM12-PC, we believe that calcium at presumably in the trans-Golg2®). Following cleavage, the
least binds the catalytic domain. In comparison, the activity pro domain remains noncovalently associated with the mature
of other metalloproteases, e.g., ADAMTS-136)( and enzyme, yet the enzyme expresses proteolytic acti2iy. (
MMP-3 (45), is much more dependent upon the addition of It is not known how the pro domain contributes to this
C&" to the assay to yield optimal activity. activity as we have not yet been able to successfully obtain
The sensitivity to increases in ionic strength displayed by the catalytic domain without the pro domain. The recombi-
ADAM12 is intriguing (Figure 4B,C). Similar salt sensitivity ~ nant form fails to be expressed without the pro domain in
has been observed for other metalloproteinases, includingmammalian cells (our observations and &%). A clear
ADAM17 (54), PAPP-A 61), ADAMTS-13 (55), and understanding of the function of the pro domain in the
mitochondrial processing peptidase (MPB,(54—56). catalytic activity of ADAM12 requires the resolution of the
Electrostatic interactions between charged surfaces on thethree-dimensional structure of ADAM12.
enzyme and the substrate are known to be greatly important TIMP Inhibition of ADAM12.t is generally thought that
for substrate recognition in MPP and TACB4( 57). the inhibitory activity of TIMP-1 and TIMP-2 is restricted
Theoretically, this can be projected onto ADAM12 where to MMPs with a few exceptions such as the TIMP-1
electrostatic surface potential modeling predicted the surfaceinhibition of ADAM-10 (63). We found full-length TIMP-2
area surrounding the catalytic cleft of ADAM12 to be mainly to be a potent inhibitor of both ADAM12-S and ADAM12-
negatively chargeddd). If electrostatic interactions with the ~ PC (Table 1). To the best of our knowledge, this is the first
substrate are important in ADAM12, then certain cleavage study to show potent inhibition of a member of the ADAM
sites in Cm-Tf could theoretically be favored over others family by TIMP-2. The study also showed that N-TIMP-3
when the ionic strength is increased. However, there wasis the strongest inhibitor of both ADAM12-PC and ADAM12-
no difference in the Cm-Tf cleavage patterns in the presenceS. TheK; values of 12.5+ 1.1 nM for the inhibition of
and absence of physiological NaCl concentrations (data notADAM12-S and 3.2+ 0.25 nM for the inhibition of
shown). Alternatively, increased hydrophobicity in the pres- ADAM12-PC obtained using the fluorescent substrate indi-
ence of high salt may result in inappropriate interaction of cated that TIMP-3 is the physiological inhibitor of ADAM12,
the substrate with subsites in the substrate binding site, thusperhaps together with TIMP-2. Overall, the tested TIMPs
reducing the enzymatic activity. seem to have a higher affinity for the truncated ADAM12-
The active site of ADAM12 is considered to contain a PC than for full-length ADAM12-S. These results indicate
catalytic Zr#* ion which when coordinated by a polarized that the C-terminal domains in ADAM12-S weaken the
water molecule assists in a nucleophilic attack of the carbonyl inhibitory action of TIMPs as seen for TACE previousB4J.
carbon of the scissile bond of the substrate. When ZnCl  Recently, Wei et al.39) reported that the substitution of
was added to the assay, we observed a small increase imhr for Gly2 [N-TIMP-3(T2G)] or the addition of an
activity of approximately 30% at 2xM, and at higher N-terminal Ala extension ([-1A]N-TIMP-3) abrogated MMP
concentrations, hydrolysis was adversely affected (Figure inhibition, but their inhibitory activity toward ADAM17
5A). This inhibitory effect can potentially be explained by (TACE) was not affected significantly38). We therefore
the formation of harmful Zn(OH) that binds to glutamate tested these two mutants for their abilities to inhibit
in the active site §8). The activities of other metallopro- ADAM12 and found that both failed to inhibit ADAM12
teinases, such as MMP-1 and MMP-3, that share metal ionpotently. This observation is noteworthy, since it resembles
binding properties with ADAM12 are affected by other what was seen for the MMPs but not for the more closely
divalent cations besides &aand Zri#* (59—-61). Only Mg?* related ADAM17/TACE 89).
enhanced ADAM12-S activity, whereas 2Nj Hg?", and One major challenge in the treatment of pathological
Cuw?* potently inhibited the enzyme activity (Figure 5B,C). disorders such as arthritis and cancer with protease inhibitors
These cation inhibition profiles closely resemble those of is nonspecific inhibition. In this light, it is encouraging to
astacin 62). Crystal structures of astacin complexed with see that the broad-range metalloprotease inhibitor TIMP-3
Ni?* and Hg* showed less availability in terms of the water can be designed to discriminate not only between ADAMs
molecule essential for catalysis. Similar steric changes mayand MMPs but also within the ADAM family itself. This
potentially explain the diminished proteolytic activity that observation is encouraging for the future design of specific
we observed for ADAM12. In contrast to an earlier report TIMP-derived inhibitors suitable for treatment of pathological
on Ci* activation of ADAM12 measured bg,M entrap- disorders caused by altered metalloproteinase activities. It
ment Q9), our experiments show that ADAM12-S is will be important to extend these studies to different TIMP-
negatively affected by CugICu** may exhibit an opposing  sensitive subfamilies of the metzincins such as the ADAMs
effect on the activity of ADAM12 depending on the substrate. and ADAMTSSs.
The dual role of CoGlas both an inhibitor and an activator
of ADAM12-S and the inhibitory effect of NiGI(ICsp < 1 ACKNOWLEDGMENT
uM) are interesting, but they cannot be readily explained.
The activity of ADAM12-S and ADAM12-PC is abrogated
below pH 6.5 (Figure 3). This may be in part due to
protonation of the histidines Ka ~ 6.5-7), thereby affecting REFERENCES
the coordination of the active site zinc ion. Activity peaks . )
in the pH 8-8.5 range and several other zinc peptidases have 1 gllpér:], dB\./\‘/]é’V\I/_eOre%]ell\‘/l Ft'lgﬂggt)ek '\r/]'é\%l' Egg‘r’g‘t'g dE];brArLbL?Crt‘ane;‘r’]
shown a similar preference for a slightly alkaline environment ADAM 12 (meltrin «) provokes myogenesis in vivd. Biol.
(51, 53). Chem. 273157—166.
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