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(Bacl(ground: ADAMDECI1 is an ADAM-like metalloprotease with a rare active site affecting the proteolytic activity.
Results: Reconstruction of the ADAMDECI active site, based on the ADAM family consensus, increases proteolytic activity and

Conclusion: Specific structural features may protect ADAMDECI from endogenous metalloprotease inhibitors.
Significance: ADAMDECI has evolved features resulting in narrow substrate specificity and restricted reactivity with endog-
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ADAMDECI1 is a proteolytically active metzincin metallopro-
tease displaying rare active site architecture with a zinc-binding
Asp residue (Asp-362). We previously demonstrated that sub-
stitution of Asp-362 for a His residue, thereby reconstituting the
canonical metzincin zinc-binding environment with three His
zinc ligands, increases the proteolytic activity. The protease also
has an atypically short domain structure with an odd number of
Cys residues in the metalloprotease domain. Here, we investi-
gated how these rare structural features in the ADAMDEC1
metalloprotease domain impact the proteolytic activity, the sub-
strate specificity, and the effect of inhibitors. We identified car-
boxymethylated transferrin (Cm-Tf) as anew ADAMDECI sub-
strate and determined the primary and secondary cleavage sites,
which suggests a strong preference for Leu in the P1’ position.
Cys®??, present in humans but only partially conserved within
sequenced ADAMDEC]1 orthologs, was found to be unpaired, and
substitution of Cys®*> for a Ser increased the reactivity with
a,-macroglobulin but not with casein or Cm-Tf. Substitution of
Asp?®? for His resulted in a general increase in proteolytic activity
and a change in substrate specificity was observed with Cm-Tf.
ADAMDECI was inhibited by the small molecule inhibitor bati-
mastat but not by tissue inhibitor of metalloproteases (TIMP)-1,
TIMP-2, or the N-terminal inhibitory domain of TIMP-3
(N-TIMP-3). However, N-TIMP-3 displayed profound inhibitory
activity against the D362H variants with a reconstituted consensus
metzincin zinc-binding environment. We hypothesize that these
unique features of ADAMDECI may have evolved to escape from
inhibition by endogenous metalloprotease inhibitors.
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ADAMDECI1 (decysin-1) is a novel “a disintegrin and metal-
loprotease” (ADAM)*-like protease bearing closest resem-
blance to ADAM-28 and ADAM-7, with sequence identities of
47 and 36%, respectively. The ADAM family comprises type
1 transmembrane metzincin metalloproteases, which, in
addition to the metzincin metalloprotease domain, have
multiple C-terminal ancillary domains, including a disinteg-
rin-like domain, a Cys-rich domain, an EGF-like domain, a
transmembrane domain, and a cytoplasmic tail (1, 2). In pro-
teolytically active ADAM family members, the metalloprotease
domain contains an active site consisting of an elongated zinc-
binding motif, HEXXHXXGXXH, with three underlined zinc-
coordinating ligands (2, 3).

Like other ADAMs, ADAMDEC1 mRNA encodes an N-ter-
minal signal peptide directing secretion and a relatively large
(173 residue) prodomain, which is processed during maturation,
presumably by a member of the proprotein convertase family (4,
5). The mature protein comprises a metzincin metalloprotease
domain and a short disintegrin-like domain. Consequently,
ADAMDEC]1 lacks most of the ancillary domains otherwise pres-
ent in the ADAMs and is secreted as a soluble protein (5-7).
The metalloprotease domain harbors a rare metzincin-type
active site consensus sequence (HEXXHXXGXXD), where the
third zinc-binding ligand is an Asp residue, otherwise only
found in a few bacterial metzincins like snapalysin (2).
ADAMDECI1 is suggested to be the first (and only) member of a
novel subgroup of mammalian ADAMs based on the differ-
ences in primary structure (6).

ADAMDEC1 mRNA has been detected in monocytes, and
the level increases during differentiation into mature macro-

“The abbreviations used are: ADAM, a disintegrin and metalloprotease; TIMP,
tissue inhibitor of metalloproteases; N-TIMP-3, N-terminal inhibitory
domain of TIMP-3; a2M, a,-macroglobulin; Cm-Tf, carboxymethylated
transferrin; hWT and mWT, human and mouse ADAMDECT wild type,
respectively; hADAM, human ADAM; hADAMDEC1 and mADAMDEC1,
human and mouse ADAMDECI, respectively; hD362H, hC392S, and
hD362H/C392H, human D362H, €392S, and D362H/C392H ADAMDEC1
active site mutations, respectively; PDB, Protein Data Bank.
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phages (8). ADAMDEC1 mRNA is undetectable in immature
dendritic cells, but expression is strongly induced during
maturation (6, 8). In addition, ADAMDEC1 expression has
been found to be differentially regulated in a number of patho-
logical conditions (9 -15). However, the physiological roles of
ADAMDECI remain elusive.

Here we show that ADAMDECI cleaves carboxymethylated
transferrin (Cm-Tf) and determine the cleavage sites. We also
demonstrate that special features of ADAMDEC], including an
unpaired Cys residue (Cys®*?) near the active site in the metal-
loprotease domain and the active site Zn>*-ligating Asp resi-
due, have functional impacts on proteolytic activity, specificity,
and effect of inhibitors. Finally, we present a homology-based
model of the tertiary structure of mature ADAMDECI.

EXPERIMENTAL PROCEDURES

Materials—The FreeStyle 293 Expression System, including
all additives, SDS-PAGE, zymography, and Western blot mate-
rials (Novex/iBlot System), was from Invitrogen. Azocasein and
batimastat (BB-94) were from Sigma-Aldrich. Plasma-derived
human a,-macroglobulin («2M) was a kind gift from Prof. Lars
Sottrup-Jensen (Aarhus University) and Henrik @stergaard
(Novo Nordisk A/S). TIMP-1, TIMP-2, N-TIMP-3, and Cm-Tf
were prepared as described previously (16 —18).

Cloning, Site-directed Mutagenesis, and Protein Expression—
An expression system for human ADAMDECI variants was
described previously (5). A similar expression vector was gen-
erated for expression of the murine ADAMDECI. cDNA
encoding murine ADAMDECI was purchased from ImaGenes
(Berlin, Germany) and cloned into a pCI-neo vector (Promega)
using a forward (tacgactcactataggctagcatgctgectgggact) and
reverse (cctcactaaagggaagcggecgctcattetgtgatgtgg) primer. An
HPC4 affinity tag inserted 2 amino acids downstream of the furin
recognition site (RTSR** (4)) was created by overlap extension
PCR using two internal primers: cttcatttgggttttttttgccatcaatca-
gacgcggatccacc and gaacttccaggtcactcgaagatcaggtggatcegegtet-
gattg. Site-directed mutagenesis of C392S in hADAMDEC1 was
carried out using the QuikChange XL site-directed mutagene-
sis kit (Agilent Technologies) with mutagenesis primers
(ggacttcagcacaagctccagageccacttcgag and the reverse comple-
mentary primer). All primers were purchased from MWG
Eurofins (Ebersberg, Germany). For protein expression in
HEK293-6E, cells were grown at 37 °C and 8% CO,, in FreeStyle
293 expression medium supplemented with 25 ug/ml G-418
Geneticin and 0.1% (v/v) Pluronic F-68. pCI-neo-based expres-
sion plasmid encoding ADAMDECI variants were used for
transfection according to the FreeStyle 293 protocol (Invitro-
gen). As a control, the supernatant from non-transfected cells
(mock transfection) was collected. When applicable, the
HEK293-6E conditioned medium containing ADAMDEC1
variants was concentrated using Amicon Ultra 10,000 molecu-
lar weight cut-off centrifugal filters (Millipore).

Determination of Disulfide Pattern—Protein bands were
excised from a Coomassie Brilliant Blue-stained gel and split
into two parts, to one of which was added reducing agent (40
mMm DTT final concentration) and to the other buffer. Both
samples were alkylated using iodoacetic acid and subjected to
in-gel digestion (19). The peptides were purified using C18
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StageTips (20) and eluted onto an anchor chip target plate
(Bruker) using 2,5-dihydroxybenzoic acid matrix in 0.1% (w/v)
trifluoroacetic acid and 70% (v/v) acetonitrile. Samples were
analyzed on a Bruker Reflex III MALDI-TOF mass spectrome-
ter (Bruker Daltonik GmbH (Bremen, Germany), Basis-
REFLEX SCOUT 384) in reflector mode. External calibration of
the mass spectrometer was performed immediately before data
acquisition using angiotensin II (Sigma-Aldrich), ACTH clip
18-39 (Sigma-Aldrich), bombesin (Fluka), and somatostatin
(Sigma-Aldrich).

Proteolytic Activity Assays—The relative concentrations of
ADAMDECI1 variants were evaluated by densitometric analysis
of a Coomassie Brilliant Blue-stained SDS-polyacrylamide gel
using the Phoretix 1D software (TotalLab). Proteolysis of
human plasma-derived a2M was carried out by incubating 25
nM ADAMDECI variant protein with 800 nm a2M in reaction
buffer (50 mm Hepes (pH 7.5), 100 mm NaCl, 5 mm CaCl,, 5 um
ZnCl,) for ~20 h at 37 °C. Cross-linking of ADAMDECI to
a2M was visualized by reducing SDS-PAGE followed by West-
ern blot analysis using 1.3 ug/ml anti-HPC4 tag antibody and
1.0 ug/ml HRP-labeled goat anti-human IgG (PerkinElmer Life
Sciences) for detection or 1.0 ug/ml anti-hADAMDECI1
(Abcam ab57224) with 1.0 ug/ml HRP-labeled rabbit anti-
mouse IgG (Dako) for detection. Carboxymethylated transfer-
rin (3.75 mg/ml) was used as a substrate for hRADAMDEC1
variants (100500 nm) in reaction buffer. Samples were ana-
lyzed by reducing SDS-PAGE, and densitometry analysis was
carried out using Phoretix 1D software (TotalLab). Proteolytic
activity against azocasein was measured by incubating 7.8 um
ADAMDEC1 with 94 um substrate at 37 °C for 72 h. The pro-
teolysis was terminated by the addition of 6% (w/v) trichloro-
acetic acid (TCA) followed by a 30-min incubation on ice and
removal of undigested protein by centrifugation at 10,000 X g
and 4 °C for 10 min. 0.26 mm NaOH was added to the superna-
tants, and the absorbance was measured at 440 nm using a
SpectraMax 190 microplate reader (Molecular Devices). From
the absorption data was subtracted the reaction buffer contri-
bution, and the data were compared with the data obtained
with supernatant from mock-transfected cells using one-way
analysis of variance with Bonferroni’s adjustment. Individual
sample pairs were additionally compared using an unpaired,
two-tailed Student’s ¢ test. For casein zymography, 4-16%
zymogram blue casein gel and buffers (Invitrogen) were used
according to the manufacturer’s protocol. For inhibition of
ADAMDECI1 with batimastat (BB-94), the ADAMDECI vari-
ants were preincubated with a 10-100-fold molar excess of
BB-94 for 1 h at 37 °C before the addition of substrate. Charac-
terization of TIMP inhibition of ADAMDECI1 was performed
by preincubation of ADAMDEC1 with TIMP-1 (5-10-fold
molar excess), TIMP-2 (5—10-fold molar excess), or N-TIMP-3
(up to 3-fold molar excess), respectively, for 4 h at 37 °C prior to
the addition of substrate.

N-terminal Sequence Analysis—Proteins were separated by
SDS-PAGE, transferred to PVDF membranes, and stained
using Coomassie Brilliant Blue. Individual bands were excised
and subjected to Edman amino acid sequence analysis using an
Applied Biosystems Procise HT protein sequencer with on-line
identification of phenylthiohydantoin derivatives.
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Homology Modeling—Amino acid sequences were obtained
from the UniProt Knowledgebase and aligned using MUSCLE
(21). In order to generate a structure model of hRADAMDEC], a
homology modeling approach was pursued as implemented in
the computer program Modeler (22). Based on an input
sequence alignment between the mature hADAMDEC1 amino
acid sequence and template proteins with known structures, a
three-dimensional model was generated. Loop regions not
resolved in the template protein were predicted by a limited
functionality for ab initio structure prediction. In the present
study, the template protein was ADAM-8 (PDB entry 4DDS,
resolution 2.1 A (23)) for the metalloprotease domain (residues
204 -410) and ADAM-22 (PDB entry 3G5C, resolution 2.36 A
(24)) for the disintegrin-like domain structure (residues 411—
470) and the relative domain orientation. The resulting model
was processed by CHARMM (25). The active site region of
hADAMDECI WT was modeled after snapalysin (PDB entry
1C7K, resolution 1 A (26)) and relaxed by energy minimization,
resulting in close coordination of active site residues to the
catalytic zinc ion. Furthermore, N-TIMP-3 was docked in the
model based on the structure of the ADAM-17-N-TIMP-3
complex (PDB entry 3CKI, resolution 2.30 A (27)), and a sub-
strate model addressing both the non-prime and prime sub-
strate binding sites was generated inspired by the crystal struc-
ture of MMP-9 with bound active site probe (PDB entry 4]QG,
resolution 1.85 A (28)).

RESULTS

Human ADAMDECI Has an Unpaired, Reactive Cys in
the Metalloprotease Domain—Comparing the amino acid
sequences of human and murine ADAMDEC]1 with that of the
related hADAM-28 and hADAM-8 illustrates a modified Cys
pattern of the ADAMDECI metalloprotease domain (Fig. 1A4).
In the majority of the mammalian ADAMs, the metzincin met-
alloprotease domain contains six Cys residues forming three
intrachain disulfide bonds in a C1-C6, C2—-C5, C3—C4 pattern
(29, 30). However, the hADAMDEC1 metalloprotease domain
contains only five Cys residues. Cys®**®, Cys**, Cys®*”%, and
Cys*®” of hADAMDECTI align with Cys residues in the related
ADAMs, presumably forming the two disulfide bonds corre-
sponding to C1-C6 (Cys***~Cys*®”) and C3-C4 (Cys>**°—
Cys®*”*) (Fig. 1A). Both human and murine ADAMDECI lack
Cys residues corresponding to the C2—C5 disulfide bond. How-
ever, hADAMDECI contains a fifth Cys residue in the metallo-
protease domain (Cys®**?), which we hypothesized to be
unpaired. Indeed, hADAMDEC]1 wild type (hWT) formed con-
jugates with thiol-reactive 5-kDa PEG-maleimide, resulting in a
decrease in electrophoretic mobility. Furthermore, substitu-
tion of Cys**> for a Ser (hC392S) blocked the reaction with the
PEG-maleimide (Fig. 1B), strongly suggesting that Cys®*” exists
as an unpaired and reactive Cys residue. The status of Cys®***
was further probed by tryptic peptide mass fingerprinting ana-
lyzed by MALDI-TOF mass spectrometry (Fig. 1, C and D).
hADAMDECI was excised from a non-reducing SDS-PAGE
gel, alkylated under either reducing or non-reducing condi-
tions, and digested with trypsin (Fig. 1C). In the non-reduced
alkylated sample, a peptide with a mass corresponding to
hADAMDECT1 residues 387-398, containing Cys*° in an alky-
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lated state (MH™* 1513.2/1512.6 (observed/expected)), was
observed, demonstrating that Cys®**? is not bound to any other
Cys residue (Fig. 1D). In addition, we observed a fragment mass
in the non-reduced sample consistent with the expected tryptic
peptide CPSGSCVMNQYLSSK containing Cys®>*” and Cys>”*
engaged in an internal disulfide bond (MH™ 1601.2/1601.7)
(Fig. 1D). A peptide equivalent to the same fragment modified
by oxidation (ox), presumably affecting the Met residue in the
peptide, was also observed. Both of these fragments were absent
inthe reduced sample, and a new peak appeared, corresponding
to the same peptide modified with two carboxymethyl groups
(MH™ 1719.3/1717.69) (Fig. 1D). Together, this demonstrates
that Cys**® and Cys®*”* form a disulfide bond corresponding to
C3-C4 in other ADAMs. The mass spectrometry analysis was
consistent with the presence of a Cys>***~Cys*®? disulfide bond;
however, due to the close proximity of the disintegrin domain
Cys residues with no Lys or Arg residues in between, the disul-
fide bond pattern of this peptide cluster cannot be fully resolved
by the method employed (data not shown).

Cys**? Affects hRADAMDECI Activity in a Substrate-specific
Manner—Where hRADAMDEC] has an unpaired Cys at posi-
tion 392, nADAMDECT has a Ser residue instead (Fig. 14). To
investigate the possible significance of Cys®**? for the proteo-
Iytic activity of hRADAMDEC], it was substituted for a Ser res-
idue (hC392S). The reactivity with human «2M was analyzed
using an o«2M-cross-linking assay, demonstrating a small
increase in the activity of hC392S relative to hADAMDECI
(Fig. 2A). Thus, a Ser residue at position 392 changes the reac-
tivity of hADAMDEC1 toward human «2M. Interestingly,
murine ADAMDEC1 (mWT), also with a Ser residue at posi-
tion 392, exhibits significantly higher reactivity toward human
a2M than both hADAMDECI and hC392S (Fig. 2A). In con-
trast to the observation in the a2M-cross-linking assay, the
C392S substitution does not impact the caseinolytic activity of
hADAMDECI, measured by the release of TCA-soluble azo-
labeled peptides (Fig. 2B). In addition to the two known sub-
strates of ADAMDECI1, Cm-Tfis cleaved into two major prod-
ucts, with apparent molecular masses of 76 and 20 kDa,
respectively, when incubated with hADAMDECI. These prod-
ucts are not present when incubating with supernatant from
mock-transfected cells, demonstrating hADAMDEC1-specific
cleavage of Cm-Tf at one primary site (Fig. 2C). As with casein,
the C392S-substitution does not change the activity toward
Cm-Tf. Interestingly, mADAMDEC1 does not display any
measurable caseinolytic activity or any observable cleavage of
Cm-Tf(data not shown). Substitution of the catalytic Glu®>* for
an Ala in hADAMDEC1 (hE353A) completely abrogated the
catalytic activity against all substrates (Fig. 2, B and C; shown
previously (5)).

The Activity Enhancement of the D362H Active Site Recon-
struction Is Augmented by the C392S Substitution—We previ-
ously demonstrated that reconstruction of the hADAMDEC1
active site by substituting the zinc-binding Asp®®> for a His
residue (hD362H) increases the proteolytic activity of
hADAMDECI toward a2M and azocasein (5). Interestingly,
when combining the D362H and C392S substitutions
(hD362H/C392S), we observe a synergistic effect on the proteo-
lytic activity toward human a2M relative to hRADAMDEC],
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A Metalloprotease domain
hADAMDEC1 RISRSLKSPEKEDFLRAQ-KYIDLYLVLDNAFYKNYNENLTLIRSFVEFDVMNLLNVIYNTIDVQVALVGM 268
mADAMDEC1 RTSRSLKNPN-EDLLQGQ-KYIGLFLVLDNAYYKLYNGNVTOMRTFLFKVLNLLNMIYKTINIQVSLVGM 267
hADAM-28 PATKLVKLKD-RKVQEHE-KYIEYYLVLDNGEFKRYNENQDETRKRVFEMANYVNMLYKKLNTHVALVGM 254
hADAM-8 RTAAVFRPRPGDSLPSRETRYVELYVVVDNAEFQML-GSEAAVRHRVLEVVNHVDKLYQKLNFRVVLVGL 249
328
hADAMDEC1 EIWSDGDKIKVVPSASTTEDNFLRWHSSNLGKK-IHDHAQLLSGISFNNRRVGLAASNSLCSPSSVAVIE 337
mADAMDEC1 EIWSDQDKIKVEPNLGATFTHEFMRWHYSNLGKR-IHNHAQLLSGASFRHGRVGMAAGNSFCTTSSVSVIE 336
hADAM-28 EIWTDKDKIKITPNASFTLENFSKWRGSVLSRRKRHDIAQLITATELAGTTVGLAFMSTMCSPYSVGVVQ 324
hADAM-8 EIWNSQDRFHVSPDPSVTLENLLTWQARQRTRRHLHDNVQLITGVDFTGTTVGFARVSAMCSHSSGAVNQ 319
|
| 353 362 369 374 388 392
hADAMDEC1 AKKKNNVALVGVMSHELGHVLGMPDVPF--NTKCP----SGSC QYLSSKFEFPKDESTSCRAHFERYLL 401
mADAMDEC1 AKKKNNVALVALMSHELGHALGMKDVPY--YTKCP----SGSC QYLSSKEPKDESTVSRSHFQGFLS 400
hADAM-28 DHSDNLLRVAGTMAHEMGHNFGMFHDDY--SCKCP----STICVMDKALSFYIPTDESSCSRLSYDKFFE 388
hADAM-8 DHSKNPVGVACTMAHEMGHNLGMDHDENVQGCRCQERFEAGRCIMAGSIGSSFPRMESDCSQAYLESFLE 389
4(')7 Disintegrin-like domain (I — |
1
hADAMDEC1 SQKPKCLLQAPIPTNIMTTPVCGNHLLEVGEDCDCGSPKECTNLCCEALTCKLKPGTDCGGDAPNHTTE. 470
mADAMDEC1 SRNARCLLLAPDPKNIIK-PTCGNQVLDVGEECDCGSPEECTNLCCEPLTCRLKSQPDCS-EASNHITE. 467
hADAM-28 DKLSNCLFNAPLPTDIISTPICGNQLVEMGEDCDCGTSEECTNICCDAKTCKIKATEFQCALGECCEKCQD 458
hADAM-8 RPQSVCLANAPDLSHLVGGPVCGNLFVERGEQCDCGPPEDCRNRCCNSTTCQLAEGAQCAHGTCCQECKN 459
B D Intensity —
- CPSGSCVMNQYLSSK
hWT  hC3925 10009 Non-reducing s D e
PEG-mal: - + - o+ * l
50~ alk
40- < PEGylated I
5004 DFSTSCRAHFER
_ S e < Unmodified 392 +0x
30 -
kDa
C o 1 ol i " A I " “L““_I_
SDS-PAGE 1500 1525 1550 1575 1600 1625 1650 1675 1700 1725 m/z
alk alk
I |
CPSGSCVMNQYLSSK
: 1000 = 369 374
Reduction Reducing ‘
l i * *k
Alkylation Alkylation
500+
In-gel tryptic digest ~ In-gel tryptic digest
MS analysis MS analysis 0 T ML T — L
1500 1525 1550 1575 1600 1625 1650 1675 1700 1725 m/z

FIGURE 1. ADAMDEC1 contains a unique Cys pattern. A, multiple sequence alignment comparing the full sequence of mature hADAMDECT and
MADAMDECT with the N-terminal part of mature hADAM-28 and -8. Disulfide bonds in the metalloprotease domain of hADAM-8 are shown by black lines
connecting Cys residues (gray boxes) and are based on the crystal structure (23). The metzincin active site, the conserved Met residue in the hallmark Met-turn
(Met®®), and a conserved structurally important hydrophobic Phe anchor (Phe®®) are all marked by black boxes. The identified proprotein convertase-
processing sites of human and murine ADAMDEC1 are marked by a separate black box (4, 5). The numbering above selected key residues refers to the
hADAMDEC1 full-length sequence. B, thiol-specific PEGylation of hWT and hC392S analyzed by SDS-PAGE. C, experimental setup for tryptic peptide mass
fingerprinting using MALDI-TOF mass spectrometry. D, tryptic peptide mass fingerprinting of non-reduced (blue) and reduced (red) human pro-ADAMDEC1
(hADAMDECT R56A/R200K/R203A (5)). The mass spectrum of m/z 1500-1730 is shown. Two additional expected ADAMDEC1 tryptic peptides, VVPSASTTFD-
NFLR (*, residues 279-292) and QTPELTLHEIVCmPK (**, residues 35-48), where Cm denotes a carboxymethylated Cys residue, are also visible in the depicted

mass range.

hC392S, and hD362H (Fig. 3A). Also, both hD362H and
hD362H/C392S demonstrated significantly increased proteolysis
of Cm-Tf compared with hADAMDECI and hC392S, again with
hD362H/C392S being the most active (Fig. 3B). Whereas digestion
of Cm-Tf by hADAMDECI primarily generated two fragments,
hD362H and hD362H/C392S produced a range of fragments
under the conditions employed (Fig. 3B). Finally, hD362H/
C392S also exhibited significantly increased caseinolytic activ-
ity, shown by the proteolysis of azo-labeled casein (Fig. 3C) and
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further demonstrated by casein zymography (Fig. 3D). In fact,
hD362H/C392S is the only variant displaying visible activity in
the casein zymogram.

Identification of hRADAMDECI Cleavage Sites in Cm-Tf—As
described in the legend to Fig. 2B, proteolysis of Cm-Tf by
hC392S generated a cleavage pattern similar to that of
hADAMDECI. The combined molecular mass of the two pri-
mary bands (76 and 20 kDa) is in good agreement with the
observed mass of the undigested Cm-Tf (95 kDa; marked by a
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hWT hC392S mWT
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hWT hC392S hE353A

FIGURE 2. Influence of Cys*°2 on the proteolytic activity of hADAMDEC1.
A, a2M-cross-linking assay with hADAMDEC1 variants and mWT visualized by
Western blot analysis using an anti-HPC4-tag mAb against a N-terminal HPC4
tag on the ADAMDECT1 variants. The different a2M-ADAMDEC1 complexes (/)
are observed at the top of the blots, whereas the added protease (/ll) is seen at
the bottom. Also, cross-reactivity of antibodies with an impurity in the a2M
preparation is observed (/). B, proteolytic activity against soluble, azo-labeled
casein. The sample means are shown by thick horizontal lines. For one-way
analysis of variance: ***, p < 0.0001; ns, not significant relative to mock.
Student’s t test comparing hWT and hC392S is shown with a horizontal
bracket. C, proteolytic assay using Cm-Tf (marked by a black dot) as substrate
for the indicated hADAMDEC1 variants (500 nm). Samples were analyzed by
reducing SDS-PAGE, and primary product bands are marked by black arrows.

mock

black dot). Thus, the fragment pattern is consistent with a sin-
gle cleavage event giving rise to the two primary proteolytic
fragments. In comparison, hD362H and hD362H/C392S gen-
erated multiple cleavage products, indicating not only an
increased proteolytic activity but also a change in substrate
specificity compared with hADAMDECI and hC392S (Fig. 3B).
The most intense fragments were sequenced by N-terminal
Edman degradation, and four cleavage sites were identified (Fig.
4A). The 76-kDa fragment stems from cleavage of the
Cys(Cm)'**~Leu'®” peptide bond, identifying the major cleav-
age site of hADAMDEC]I in Cm-Tf. The N-terminal sequence
of the 20-kDa fragment is identical to the N terminus of mature
transferrin, suggesting that the 76- and 20-kDa fragments
together make up mature Cm-Tf (Fig. 4B). Three additional
main cleavage sites between Ala®**® and Leu®’, Gly**® and
Leu®®®, and Cys(Cm)>** and Leu®** in Cm-Tf were identified
when incubated with hD362H and hD362H/C392S. Our previ-
ous studies identified a cis-autocleavage of hADAMDECI1
between Pro'®* and Leu'®® in the prodomain (5). The
sequences flanking these sites are remarkably similar to each
other, and all identified sites have a Leu residue in the P1’ posi-
tion (Fig. 4C). In addition, the identified cleavage sites may sug-
gest a preference for a charged group in P2 and a hydrophobic
residue in P3. Finally, both scissile bonds identified as cleaved
by hADAMDECI1 wild type contain a Lys at P2, whereas vari-
ability at this position is observed in D362H-based variants (Fig.

4C).
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ADAMDECI Is Inhibited by Batimastat—To investigate
whether the ADAMDECI1-specific features influence the con-
formation of the active site, inhibition by the metzincin active
site inhibitor batimastat (BB-94) was evaluated using the a2M-
cross-linking and Cm-Tf proteolysis assays (Fig. 5). BB-94
inhibited the a2M cross-linking of both human and mouse
ADAMDEC1 wild type and the hC392S, hD362H, and
hD362H/C392S variants (Fig. 5, A—C). BB-94 also inhibited the
proteolysis of Cm-Tf by all tested variants, and neither of the
substitutions has an apparent effect on the inhibition (Fig. 5D).
Because BB-94 primarily probes the S1’ pocket, inhibition by
BB-94 indicates that neither the C392S nor the D362H substi-
tution imposes dramatic changes to the conformation of the S1’
pocket, also illustrated by the retained preference for a P1’ Leu
residue in the identified cleavage sites.

TIMPs Do Not Inhibit ADAMDECI, but N-TIMP-3 Inhibits
ADAMDECI with a Reconstituted ADAM Active Site—The
TIMPs regulate matrix metalloproteinase activities in vivo, and
especially TIMP-3 has been shown to have a broad specificity
toward the ADAMs and ADAMTSs (17, 31-33). To investigate
whether members of this endogenous inhibitor family affect
hADAMDECI1 proteolytic activity, mature TIMP-1 and TIMP-2
as well as N-TIMP-3 were incubated with hRADAMDECI1 and
variants before the addition of Cm-Tf. TIMP-1 and TIMP-2 did
not inhibit the proteolysis of Cm-Tf by any of the investigated
hADAMDECI variants (data not shown). Similarly, N-TIMP-3
in up to a 3-fold molar excess did not show any inhibition of
Cm-Tf digestion by hRADAMDEC1 or hC392S (Fig. 6, A and B).
However, the hD362H variant with enhanced proteolytic activ-
ity was efficiently inhibited by a 3-fold molar excess of
N-TIMP-3 (Fig. 6C). In addition, equimolar concentration of
N-TIMP-3 demonstrated efficient inhibition of the superactive
hD362H/C392S variant (Fig. 6D). To account for the higher
proteolytic activity of hD362H and hD362H/C392S compared
with that of hWT and hC392S, D362H-based variants were
incubated half as long with Cm-Tf. Thus, the D362H-substi-
tution, reconstituting the consensus three-His Zn**-binding
site appears to be needed for ADAMDECI susceptibility to
inhibition by N-TIMP-3.

Homology Modeling of the hADAMECI Structure—To gain
insight into how the rare and unique features of the
ADAMDECI1 amino acid sequence may impact the structure of
ADAMDEC], a homology model was created using the crystal
structures of hADAM-8, hADAM-22, and snapalysin as tem-
plates (23, 24, 26). The metalloprotease domain was modeled
after the hADAM-8 structure; the active site was based on sna-
palysin and refined by energy minimization. The disintegrin-
like domain and its relative positioning were based on that of
hADAM-22 (Fig. 7). The homology model of hADAMDEC1
contains the hallmarks of a metzincin metalloprotease, includ-
ing a central highly twisted five-stranded B-sheet (I-V) and
three conserved a-helices (A—C) as well as two additional
a-helices specific for the ADAMs (Fig. 7, A and B) (1, 34). Con-
trary to the metalloprotease domain, the disintegrin-like
domain consists mainly of loops and turns (Fig. 7B). The model
suggests the disulfide bond pattern of the mature ADAMDEC1
protein from the template crystal structures. These are Cys>**—
CYS4O7, Cy5369_cys'374’ CYS423—CYS452, Cys434_cys44-7’ CYS4-36_
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FIGURE 3. Influence of the C392S substitution on hADAMDEC1 D362H. A, a2M-cross-linking assay with hADAMDEC1 variants visualized by anti-hADAM-
DEC1 Western blot analysis. The different «2M-ADAMDEC1 complexes (/) are observed at the top of the blots, whereas the added protease (//l) is seen at the
bottom. B, digestion of Cm-Tf (marked by a black dot) by a 500 nm concentration of the indicated hADAMDECT1 variants analyzed by reducing SDS-PAGE. C,
proteolytic activity against soluble, azo-labeled casein. The sample means are shown by thick horizontal lines. For one-way analysis of variance: ***, p < 0.0001;
ns, not significant relative to mock. Student'’s t tests comparing individual sets of data are shown with a horizontal bracket. D, casein zymogram of RADAMDEC1
variants. Caseinolytic activity is observed by the appearance of white bands (indicated by arrows). A distinct band of ~32 kDa, consistent with the molecular

mass of hADAMDEC1 D362H/C392S, is observed.

Cys™?, and Cys***—Cys*°, where the latter four appear to hold
the disintegrin-like domain together. In hRADAM-22, the Cys
residues aligning to ADAMDEC1 Cys**® and Cys*®° are not
connected to each other but form disulfide bonds with Cys
residues absent in ADAMDEC1. However, the model orients
Cys**® and Cys**° within disulfide bonding distance, suggesting
that these could be connected. In the metalloprotease domain,
a putative calcium binding site is formed by the side chains of
Asp®*', Asp®®*, and GIn*'°, the backbone carbonyl oxygen of
Cys*®”, and two water molecules (Fig. 7B). Another putative
calcium binding site in the disintegrin-like domain is made up
by the side chains of Asn**®, Glu**°, Glu**?, and Asp**® in addi-
tion to the backbone carbonyls of Val***> and Leu**”. To accom-
modate Zn>" coordination, Asp>*? is predicted to influence the
active site architecture, as illustrated by a superposition of the
modeled active sites of hWT and hD362H (Fig. 84) showing a
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1.9-A offset of the Ca of h\WT Asp®? compared with hD362H
His®*2 The active site architecture of ADAMDECT is suggested
to be similar to that of snapalysin, and substitution of Asp®* for
His is predicted to adopt an active site like hRADAM-8. The
model places the unpaired Cys®**? in the N-terminal of a-helix C
below the active site and suggests that Ser®** in the hC392S
variant stabilizes a-helix C by forming an N-cap hydrogen bond
to Ser®® (Fig. 84). The modeled active site readily accommo-
dates the AFKCm | LKDG peptide representing the dominant
cleavage site of hRADAMDEC] in Cm-Tf (Fig. 8, B and C). The
modeled peptide docking suggests that the conserved P1' Leu
residue fits easily into the deep and hydrophobic S1' cavity and
that also the preferred hydrophobic residue in the P3 position is
bound in a hydrophobic pocket formed by Phe*®”, Leu®*', and
Ala®??, The model further predicts favorable electrostatic inter-
actions between the negatively charged carboxymethylated Cys
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FIGURE 4. Substrate specificity of hADAMDEC1 variants. A, N-terminal
Edman sequencing of the dominant proteolytic bands of Cm-Tf by
hADAMDECT, hD362H, and hD362H/C392S. Mature numbering is used for
Cm-Tf. The SDS-polyacrylamide gel is identical to that of Fig. 3B and serves
only to illustrate sequenced bands. B, the four identified cleavage sites at
residues 195, 347, 466, and 524 giving rise to 76, 53, 33, and 24 kDa product
bands, respectively, are mapped on the schematic domain structure of
mature transferrin. Suggested fragment pairs making up mature Cm-Tf are
shown below. Transferrin is modified by one O-linked and three N-linked gly-
cosylations illustrated by white and black lollipops, respectively. C, sequence
alignment of the identified cleavage sites in Cm-Tf and in the ADAMDEC1
prodomain (5). Cm, carboxymethyl-modified Cys residue.

in the P1 position and Arg>'® as well as between the P3’ Asp and
Lys***/Lys®>*® of hADAMDECI (Fig. 8B). The crystal structure
of N-TIMP-3 docks into the hADAMDECI model with the
N-terminal ridge of the N-TIMP-3 binding the catalytic Zn>"
through the backbone of Cys' (Fig. 8D). In addition, residues
flanking Cys' and Cys®® are predicted to interact with the sub-
strate binding pockets. Whereas hADAMDECI1 is not inhibited
by N-TIMP-3, the proposed backbone rearrangement in the
active site of the hD362H variant is predicted to accommodate
interactions with N-TIMP-3 Glu®®, thereby enabling inhibition
of the metalloprotease (Fig. 8E).

DISCUSSION

ADAMDECI1 is an unusual metzincin metalloprotease with
an unknown biological function. It has a rare active site with a
zinc-coordinating Asp residue and a short domain structure
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FIGURE 5. Effects of batimastat (BB-94) on the proteolytic activity of
ADAMDEC1 variants. A, time-course of «2M cross-linking in the absence and
presence of a 100-fold molar excess of BB-94 visualized by anti-HPC4 tag
Western blot analysis. Only the «2M-ADAMDEC1 complexes are shown. B,
densitometry analysis showing the fraction of hADAMDEC1, hC392S, and
MADAMDECT cross-linked by a2M in the absence (circles) and presence (tri-
angles) of BB-94. C, a2M cross-linking of hD362H and hD362H/C392S
ADAMDECT variants in the absence and presence of a 10-fold molar excess of
BB-94. D, proteolysis of Cm-Tf by ADAMDEC1 variants in the absence and
presence of 3.5 um BB-94 (~10-fold molar excess). The primary product bands
of hADAMDEC1 and hC392S (76 and 20 kDa) as well as those of hD362H and
hD362H/C392S (46 and 53 kDa) are indicated on the right.

terminating in the disintegrin-like domain. Here we have dem-
onstrated that ADAMDECI also contains a different Cys pat-
tern of the metalloprotease domain, resulting in an unpaired
Cys residue, Cys®*??, in the human ortholog. We show that
Cys**? of hADAMDECI can react with a maleimide group cou-
pled to a 5-kDa polyethylene glycol moiety, indicating that
Cys®?? is reactive and at least partially surface-exposed. Cys***
appears to modulate the ability of ADAMDECI to be cross-
linked by a2M because its relatively subtle substitution for Ser
increases ®2M-mediated trapping of the protease. Substituting
the Cys®*? for a Ser is predicted by structural modeling to sta-
bilize a-helix C by forming an N-cap hydrogen bond to Ser®®.
Interestingly, the C392S substitution does not change the activ-
ity against the other identified ADAMDECI substrates; thus,
Cys®** may have evolved in the human ortholog to limit the risk
of inhibitory trapping by the a2M protease inhibitor. We pre-
viously showed that the zinc-coordinating Asp dampened the
proteolytic activity of ADAMDECI, in that reconstruction of
the canonical metzincin active site (hD362H) increases the
activity (5). Surprisingly, the combination of the D362H and
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(€392S substitutions (hD362H/C392S) has a synergistic effect,
resulting in a significant enhancement of the proteolytic activ-
ity against all identified hADAMDEC]1 substrates.
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FIGURE 6. Inhibition by N-TIMP-3. A, inhibitory effects of N-TIMP-3 on Cm-Tf
digestion by 100 nm hWT (A) and 100 nm hD362H/C392S (D). The molar concen-
trations of N-TIMP-3 are stated above each lane in the gel. The inhibitory effect of
a 3-fold molar excess of N-TIMP-3 on Cm-Tf digestion by hC392S (B) and hD362H
(Q) variants is shown for comparison with the effect on h\WT and hD362H/C392S
activity. Cm-Tf digestion is visualized by reducing SDS-PAGE analysis showing the
76- and 20-kDa product bands for hAADAMDEC1 and hC392S as well as the 76-,
53-,46-, and 20-kDa product bands for hD362H and hD362H/C392S.

ADAMDECT1 Substrate and Inhibitor Reactivity

Human Cm-Tf is a previously used metalloprotease sub-
strate that contains two homologous transferrin domains.
hADAMDECI cleaves Cm-Tf at one primary site, between
Cys(Cm)'** and Leu'®” in the transferrin domain 1, generating
two major Cm-Tf fragments. The D362H and D362H/C392S
variants not only displayed enhanced proteolytic activity but
also exhibited altered specificity, identifying the Ala®**~Leu®*”
bond as an additional preferred scissile bond. In addition,
we identified secondary cleavage sites at Gly**® | Leu*®®,
Cys(Cm)>?*® | Leu®®*, and the site preferred by wild-type
hADAMDEC]I, Cys(Cm)'** | Leu®®. The data demonstrate a
clear change in the substrate specificity of the D362H and
D362H/C392S variants, yet all identified sites have a Leu resi-
due at the P1’ position. We previously determined an autocat-
alytic processing site in the prodomain of hADAMDEC1
(RYQIKPLKSTDE (5)), which also contains a Leu residue at the
P1’ position as well as a hydrophobic residue in the P3 position.
Interestingly, the main cleavage site of hADAMDECI1 at
Cys(Cm)'**-Leu'®” and the secondary cleavage site of hD362H
and hD362H/C392S at Cys(Cm)°**-Leu®** have both been
found to be proteolyzed by ADAMTS-4 and -5 (35, 36). In con-
trast, the primary cleavage site of D362H-substituted variants
at Ala®*® | Leu®*” has been shown to be cleaved by ADAM-12
(37). To our knowledge, proteolysis of the Gly***~Leu*®® pep-
tide bond has not previously been reported. Comparison of the
two identified cleavage sites for hRADAMDECI and the three
sites specific for the D362H substitution suggests that a posi-
tively charged Lys residue in the P2’ position may be preferred
or needed for hADAMDECI (Fig. 4C). Because a single change
of the third Zn>* binding residue from the negatively charged
Asp®®? to the uncharged His seems to alleviate the need for a

FIGURE 7. Structural modeling of human ADAMDEC1. A, standard orientation of mature hADAMDEC1 homology model based on the crystal structure of
hADAM-8, snapalysin, and hADAM-22 (PDB entries 4DD8, 1C7K, and 3G5C) (23, 24, 26). The amino acid backbone of the metalloprotease domain and the
disintegrin-like domain are shown in light and dark gray, respectively. The three a-helices (A-C) and five B-sheets (I-V), characteristic for the catalytic domain
of metzincin metalloproteases, are labeled accordingly, and the sheets are colored blue. The catalytic zinc ion (dark gray) and the two putative calcium (green)
ions are shown as spheres. B, 90° rotation of A, showing the disintegrin-like domain and the two putative calcium binding sites.
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ADAMDECT1 Substrate and Inhibitor Reactivity
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Peptide sequence (P4-P4’):
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E

N-TIMP-3

FIGURE 8. Proposed structural effects of AADAMDEC1 mutations and basis of substrate/inhibitor interactions. A, superposition of the modeled Zn**-
binding active sites of hWT (gray), hD362H (green), and hC392S (cyan). Catalytic water molecules are marked by a light red cross. The identified disulfide bond
connecting Cys®®° and Cys®’* is visible on the right. B and C, proposed docking of a peptide substrate (dark gray sticks) in an electrostatic surface model of
hADAMDECT. The substrate, AFKCm |, LKDG, represents the dominant hAADAMDEC1-mediated cleavage of Cm-Tf. D, docking of N-TIMP-3 into the structural
model of ADAMDECT based on the crystal structure of N-TIMP-3 in complex with ADAM-17 (PDB entry 3CKI (27)). N-TIMP-3 interacts directly with the catalytic
Zn?" through the backbone amino and carbonyl groups of Cys' and with the substrate binding pockets through multiple amino acid side chains (as indicated

in the figure). £, the interaction of N-TIMP-3 Glu® with the backbone of Asp*? in hWT (gray) and His**? of the hD362H variant (green).

positively charged P2’ residue in the substrate, we suggest
that the P2’ may interact directly with Asp®®* or through a
hydrogen bond network to reduce the increased electron
density or negative charge of the Zn>* ligand. The P2’ Lys
may thus be part of creating a Zn>* environment for ADAM-
DECI1, which may be closer to that of the three-His-coordi-
nated ion.

hADAMDECI is not inhibited by TIMP1 to -3 under the
investigated conditions, and substitution of Cys®°* for Ser has
no effect on TIMP inhibition. However, substitution of the
zinc-binding Asp®®* for a His increases the susceptibility to
N-TIMP-3 inhibition. The crystal structure of hRADAM-17 in
complex with N-TIMP-3 reveals that Glu® of N-TIMP-3 inter-
acts with the backbone nitrogen of His*'?, the third zinc ligand
of hADAM-17 (27). Because the amino acid side chain of Asp is
shorter than that of His, the backbone of the active site Asp>®*
in ADAMDECI1 is predicted to be moved closer to the Zn** in
order to accommodate binding (Fig. 84). Hence, the D362H
substitution is predicted to push the backbone down 1.9 A,
allowing the substituting His®>** to coordinate the active site
zinc ion while at the same time allowing Glu® of N-TIMP-3 to
interact with the backbone nitrogen of His?>**. We suggest that
this may in part account for the increased inhibition by
N-TIMP-3 when substituting Asp>** for a His residue, in addi-
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tion to the changed chemical environment of the catalytic Zn>*
ion. Although TIMP-1, -2, and -3 are structurally similar,
only N-TIMP-3 inhibits hD362H. This selectivity may in
part arise from a favorable interaction of N-TIMP-3 Glu®?
with Arg®'® of ADAMDECI (data not shown). In contrast,
TIMP-1 has a Pro and TIMP-2 has an Ala at the correspond-
ing position, and they are thus incapable of forming a hydro-
gen bond or a salt bridge to Arg®'®, Additionally, TIMP-1
Thr®” and TIMP-2 Thr®® are predicted to interfere with
binding of ADAMDECI by coming into too close proximity
of Arg®'8, TIMP-3, on the other hand, has Gly”® on the cor-
responding position, which is not predicted to influence the
binding of N-TIMP-3 to hD362H.

All investigated hADAMDECI variants are inhibited by the
synthetic active site inhibitor batimastat (BB-94), suggesting
that neither of the substitutions change the S1’ binding pocket.
This is in accordance with the finding that all tested variants
proteolyze Cm-Tf N-terminal to a Leu residue.

Taken together, the ADAMDEC1-specific features result in
narrower substrate specificity but also a dampening of the pro-
teolytic activity. The observed effects lead us to hypothesize
that hADAMDEC]1 has evolved with the rare active site and the
unpaired Cys**? allowing escape from inhibition by TIMP-3
and a2M.
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