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Abstract

Disintegrin and metalloproteinases (ADAMs) 10 and 17 can release the extracellular part of a variety of membrane-bound
proteins via ectodomain shedding important for many biological functions. So far, substrate identification focused exclusively
on membrane-anchored ADAM10 and ADAM17. However, besides known shedding of ADAMI10, we identified ADAMS
as a protease capable of releasing the ADAM17 ectodomain. Therefore, we investigated whether the soluble ectodomains
of ADAM10/17 (sADAM10/17) exhibit an altered substrate spectrum compared to their membrane-bound counterparts. A
mass spectrometry-based N-terminomics approach identified 134 protein cleavage events in total and 45 common substrates
for SADAM10/17 within the secretome of murine cardiomyocytes. Analysis of these cleavage sites confirmed previously
identified amino acid preferences. Further in vitro studies verified fibronectin, cystatin C, sN-cadherin, PCPE-1 as well as
sAPP as direct substrates of SADAM10 and/or sSADAM17. Overall, we present the first degradome study for sSADAM10/17,
thereby introducing a new mode of proteolytic activity within the protease web.
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SD Standard deviation

TAILS Terminal amine isotopic labeling of
substrates

TCA Trichloracetic acid

TFA Trifluoroacetic acid

TIMP Tissue inhibitor of metalloproteinases

TMT Tandem mass tag

TR Technical replicate

Introduction

The proteolytic release of soluble extracellular mediators is
crucial for almost all biological processes, from embryonic
development and tissue homeostasis to cell death [1-4]. Dys-
regulation of ectodomain shedding is associated with several
pathologies, demonstrating the importance of such irreversible
proteolytic events [1, 5]. Members of a disintegrin and metallo-
proteinase (ADAM) family are known to mediate ectodomain
shedding of a variety of membrane-bound proteins affecting
cell adhesion, migration, signaling, and proteolysis [2, 6-9].

The ubiquitously expressed membrane-bound proteases
ADAMI10 and ADAM17 are the most intensively studied and
best characterized members of the ADAM proteinase family.
With regard to sequence homology and structure, these two
proteases are closely related to each other and set apart from all
other ADAMs [6]. A characteristic feature is the unique domain
composition within the ADAM family comprising an N-termi-
nal signal peptide followed by a prodomain, a metalloprotease
domain, a disintegrin domain, a cysteine-rich domain, a single
transmembrane helix, and a cytoplasmic region [10]. Several
studies confirmed a number of specific substrates for ADAM10
(e.g., N-cadherin and betacellulin) or ADAM17 (e.g., TNFa,
amphiregulin, and HB-EGF), but also unraveled overlapping
specificities (e.g., IL-6R, Notch, and APP) [11-13], suggesting
compensatory proteolytic activities regulated in a cell type- and
tissue-dependent manner. The broad and complex spectrum of
shedding substrates has characterized ADAM10 and ADAM17
as important molecular switches of major physiological path-
ways controlling tissue regeneration, inflammatory immune
responses, cancer development, neurodegenerative pathologies,
and cardiovascular diseases [12, 14-16].

The analysis of loss-of-function mouse models revealed that
ADAMI10 and ADAM17 are essential for organ development
and that deficiency leads to embryonic lethality [17, 18]. The
severe morphological defects affect various tissues including
the heart [17-19]. Here, the absence of functional ADAM10 or
ADAM17 leads to severely impaired cardiac development [18,
20-22]. Altered expression levels in response to specific heart
pathologies such as myocarditis [23], different cardiomyopa-
thies [24], atrial fibrillation [25], or myocardial infarction [26,
27] reflect the impact of ADAM10 and ADAM17 for structural
integrity and remodeling of cardiac tissue.
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Fig.1 ADAMS-dependent shedding of ADAMI17. a Immunoblot of»
MDA-MB-231 ADAMS8 knockout (hA8 ko) and control (ctrl) cell
lysates. b Relative increased soluble protein levels of MDA-MB-231
ctrl vs hA8 ko clones determined by the soluble receptor array are
shown. ¢ ELISA OD levels corresponding to the amount of soluble
ADAMI17 in conditioned cell-culture medium of MDA-MB-231 hAS8
ko and ctrl clones. d Immunoblot of the Co-IP assay. Cell lysates
of MDA-MB-231 hAS8 ko clone transfected with a human ADAMS8
Flag tag expression construct was loaded on magnetic beads cova-
lently coupled with a Flag tag ab or mouse IgG. Shown is the signal
of ADAMS and ADAM17 (arrows indicate the pro and mature form
of ADAM17) in the cell lysates and in the eluted fraction. e Shedding
of ADAM17 in ADAM10™=; 177/~ HEK293T cells transfected with
mADAM17 and/or mADAMS, monitored by immunoblotting. Shed-
ding of mADAMI17 was analyzed in ultracentrifuged, TCA precipi-
tated supernatants (*) with an antibody raised against the ectodomain
and in the lysate based on the enrichment of CTFs, detected with an
ADAMI17 C-terminal specific antibody. BB-94, BK-13-61, or GW
was added to the medium 24 h before collecting the supernatants.
Cells were additionally treated with DAPT to inhibit y-secretase.
f Co-immunoprecipitation of mADAMS8 and mADAMI7.
ADAMI107~; 177~ HEK293T cells were transfected with a C-termi-
nal Myc-tagged mADAMS and/or mADAM17. ADAMs were immu-
noprecipitated via the Myc-tag and proteins analyzed by immunoblot-
ting

Interestingly, in human dilated cardiomyopathy (DCM),
ADAMI15 expression was found to be increased [24].
ADAMI1S5 again is a sheddase of ADAMI10 [28], which
potentially results in elevated levels of soluble shed
ADAMI10 in the cardiac extracellular matrix (ECM). For
ADAMI17, no particular sheddase has been described so
far. However, cell-culture experiments demonstrated that
ADAM17 can undergo shedding [29], which is further sup-
ported by several reports on ADAM17 activity in plasma
[30, 31].

Based on these observations and our identification of
ADAMS as a sheddase of ADAM17, we hypothesized that
the shedding of ADAM10 and ADAM17 is not only a mech-
anism to downregulate cell-surface activity of these pro-
teases, but instead enables soluble ADAM10 and ADAM17
(sADAM10/17) to get access to a so far not characterized
substrate pool of soluble proteins. To address this issue, we
employed a mass spectrometry-based proteomics approach
[32] to identify substrates for sSADAM10 and SADAM17 in
the secretome of murine cardiomyocytes and additionally
verified shedding activities of the soluble proteases toward
known targets of membrane-bound ADAM10 and ADAM17.

Results

ADAM17 is shed by ADAM8

Recently, it was shown that an ADAMS dependent shedding
of the P-selectin ligand PSGL-1 regulates transendothelial
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migration of MDA-MB-231 breast cancer cells. A knock-
down of ADAMS in this cell line caused a significant
decrease in cell migration when compared to WT cells [33].

ADAM107; 17/ HEK293T

Based on this observation, an ADAMS&-deficient MDA-
MB-231 cell line was generated by CRISPR/Cas9 (Fig. 1a)
and the release of other cell-surface receptors using a
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commercial receptor array kit was analyzed (Fig. 1b). Inter-
estingly, the amount of SADAM17 in the medium of MDA-
MB-231 cells was significantly decreased in the absence of
ADAMS, which was further confirmed by ELISA (Fig. 1c)
with MDA-MB-231 cells, but also in another cancer cell line
bearing an ADAMS knockout (Fig. S1). Co-immunoprecip-
itation of ADAMS and ADAM17 in transiently transfected
MDA-MB-231 cells demonstrated a direct protein—protein
interaction of ADAM17 and ADAMS (Fig. 1d).

To investigate ADAMS8-mediated ADAM17 shedding in
more detail, ADAM10™'~; 177~ HEK293T cells were tran-
siently transfected with murine ADAM17 and/or murine
ADAMS (Fig. 1e). Of note, ADAM17 shedding was already
observed in ADAM17 single transfected cells but was
largely increased in the presence of ADAMS, as indicated
by the accumulation of ADAM17 C-terminal fragments
(CTFs) in cell lysates and SADAM17 in the cell superna-
tants (Fig. 1e). QRT-PCR revealed endogenous expression
of ADAMS in ADAM10~"~; 177/~ HEK293T cells, which
might be responsible for the observed shedding of single
transfected ADAM17 (Fig. S2). Application of the hydrox-
amate-based inhibitor GW280623 (GW), known to block
ADAMI17 activity [34], excluded an autocatalytic process-
ing. For the inhibition of ADAMS-dependent ADAM17
shedding, the hydroxamate derivative Batimastat (BB-94)
and the ADAMS specific cyclic peptide inhibitor BK-1361
were used. Surprisingly, shedding of ADAMI17 was only
reduced in the presence of the membrane permeable BB-94
and not with BK-1361 (Fig. le). In a control experiment
under the same conditions using CD23 as a well-described
ADAMS substrate, the inhibitory capacity of both inhibi-
tors against ADAMS was confirmed (Fig. S3A). Here the
release of a~36 kDa sCD23 form was decreased in the pres-
ence of BB-94 and BK-1361 as reported previously [35].
Notably, when analyzing cell supernatants an additional
second fragment of SADAMI17 appeared at~ 100 kDa upon
co-transfection with ADAMS. Using an N-terminal Strep-
tagged ADAMI17 it became apparent that this represents the
pro-form of ADAM17 (Fig. S3B). Co-immunoprecipitation
of mADAMS and mADAM17 further supported close inter-
action of both murine proteases (Fig. 1f). Overall, the results
indicate that ADAMS can shed the pro- as well as the mature
form of ADAM17.

Identification of SADAM10 and sADAM17 substrates
by N-terminomics (TAILS)

Based on previous publications and our above described
data, we assumed that shedding of ADAM10 and ADAM17
might be of particular importance in maintaining homeo-
stasis of the cardiovascular system. Therefore, the murine
cardiomyocyte cell line HL-1 was chosen for
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a mass spectrometry-based N-terminomics approach to
identify possible substrates of soluble ADAM10/17. HL-1
cells are described to express ADAM10 and ADAM17 [36]
and we could demonstrate by qRT-PCR that these cells addi-
tionally express ADAMY9 and ADAMI15 as sheddases for
ADAMI10 along with ADAMS as sheddase for ADAM17
(Fig. S2).

For the N-terminomics TAILS approach, the ectodomains
of the two target proteases ADAM10 and ADAM17 were
expressed in insect cells and purified to homogeneity and
validated by LC-MS/MS (Figs. 2a, S4). Activity measure-
ments using specific fluorogenic peptides confirmed both
proteases being proteolytically active. The selective inhi-
bition of SADAMI10 in the presence of the hydroxamate-
based inhibitor GI254023X (GI) in comparison with the
GW280623 (GW) inhibitor [34], blocking both ADAM10
and ADAM17, further confirmed the protease prepara-
tions as suitable for specific degradome studies (Fig. 2b).
For the elucidation of specific cleavage events mediated
by sADAMI10 or sADAM17, the isolated secretome from
HL-1 cells was incubated alone (non-treated control sam-
ple) or with the respective recombinant ADAMs for 16 h,
in two technical replicates each, and subjected to a 6plex-
TMT analysis (Fig. 2c). More than 95% of all peptide iden-
tifications (1078 unique peptides) carried an N-terminal
TMT tag, indicating an original or a proteolytically gener-
ated protein N-terminus present prior tryptic digestion. We
obtained TMT quantification values for 990 N-termini from
586 unique proteins. Determination of a TMT ratio cutoff to
determine possible SADAM10/17 substrates was calculated
according to a common TAILS protocol [37]. A > threefold
change in SADAMI10 or sSADAM17-treated samples com-
pared to the control was considered as a significant cleavage
event for the respective protease.

Cleavage specificity of sSADAM10 and sADAM17

From 968 quantified N-terminal peptides, 165 N-ter-
mini from 134 proteins displayed possible sSADAMI10 or
sADAMI17 cleavage events (Suppl. file 1). Only ratios that
fulfilled the criteria for both replicates of SADAM treated
replicates vs the averaged control signal were considered for
the determination of the cleavage specificity and identifica-
tion of potential substrates. Similar numbers of ADAMI10
(n=42) or ADAM17 (n=49) specific events as well as a
shared pool of cleavage events (n=45) were identified
(Fig. 2¢). The revealed consensus sequences nicely fit to
the previous studies, where cleavage preferences were
assessed using peptide libraries as substrate [38, 39]. Over-
all, ADAM10 and ADAM17 showed comparable specifici-
ties for hydrophobic residues at P1’ position (Fig. 3a, b).
While ADAMI10 had a strong preference for leucine at P1’,
ADAM17 additionally accepted the smaller residues valine
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and alanine. Consistent with the previous reports was the
quite loosely defined preference for aliphatic and neutral
amino acids at P2'-P5’ and at P2-P5 (Fig. 3a, b). Notably,
the preference for arginine at P1 observed for ADAMI10 in
the TAILS approach was much more pronounced compared
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to peptide substrates, indicative for the relevance of that
position for protein binding and cleavage. Based on the crys-
tal structure of the ectodomain of human ADAMI10 [40],
we propose that this arginine residue in a protein substrate
might form a stabilizing salt-bridge with a glutamate residue
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«Fig. 3 Cleavage specificity of SADAM10 and SADAMI17 based on
TAILS-identified substrates. a IceLogo and heat map, b analysis for
amino acid occurrence in P5-P5’ of neo N-termini generated spe-
cifically by sADAMI10 (n=42) and sADAMI17 (n=49) and cleav-
age sites common for both proteases (n=45). Protein sequence logos
were generated using iceLogo [94] with correlation for natural amino
acid abundance in the mouse proteome, while heat maps show gen-
eral percentage occurrence of amino acids within the data set. Dot-
ted lines indicate cleavage sites. ¢ P1 arginine preference of murine
SADAMI10. The homology model was generated based on the crystal
structure of human ADAM10 (PDB: 6BE6). In the left panel the cata-
lytic domain is shown as a molecular surface with a hydrophobicity
sliding scale from white (polar) to red (hydrophobic), the cysteine-
rich domain as a gray cartoon and the zinc ion as a light blue sphere.
In the close up view (right panel) the substrate binding pockets S1-S3
are indicated with dashed lines. The suggested ADAMIO0 substrate
stabilizing E299 residue is shown as sticks in a transparent surface
pointing into the S1 pocket of the active site cleft

pointing into the S1 pocket of the active site (Fig. 3c). This
particular glutamate residue seems to be a distinguishing
feature for the active site of ADAMI10, since in ADAM17,
no corresponding acidic residue is present at the beginning
of helix B (Fig. S5).

Validation of newly identified substrates
of sSADAM10 and sSADAM17

Among the candidate substrates identified, we found 9
extracellular proteins with cleavage sites specific for either
ADAMI10 or ADAMI17 as well as sites shared by both pro-
teases (Table 1). Several of these proteins are representative
candidates of the different components contributing to the
defined structural and functional properties of the cardiac
ECM [41], such as collagen IV and fibronectin as well as a
non-structural matricellular protein thrombospondin-4 [42].
Furthermore, N-cadherin, a well-characterized cell adhesion
molecule [43], cystatin C, a known protease inhibitor [44],
and the hematopoietic macrophage colony-stimulating factor
1 (MCSF-1; [45, 46]) were identified as potential substrates
for sSADAM10/17.

To validate direct processing of selected candidate
substrates by SADAMI10 and sADAM17 in vitro, cleav-
age assays were performed and analyzed by SDS-PAGE
and LC-MS/MS (Figs. 4, S6). In case of cystatin C, the
TAILS analysis predicted an N-terminal cleavage event for
sADAM17 between M29 | L30. Indeed, a fragment of corre-
sponding molecular weight could be detected upon digestion
of murine cystatin C with recombinant SADAM17 and in
solution LC-MS/MS confirmed the TAILS-derived cleav-
age site (Fig. 4a). Incubation of murine fibronectin with
SADAMI10 or sADAM17 resulted in multiple and distinct
cleavage products for the two proteases, even though TAILS
revealed only one newly generated N-terminus common for
both enzymes (Fig. 4b). Due to the low sequence cover-
age (Fig. S6), it was not possible to identify the particular

cleavage event at P1654 | S1655 by MS. In case of N-cad-
herin, an already described shedding substrate of membrane-
bound ADAMI10 [47], the TAILS data likewise revealed one
cleavage site between the extracellular domains two and
three at position T386 | F387 (Table 1) for sSADAMI10 and
sADAM17. The in vitro incubation of a recombinant murine
N-cadherin Fc chimera resulted in several low molecular
weight fragments in the presence of SADAM10, including an
N-terminal fragment of ~40 kDa consistent with the TAILS-
identified cleavage sites (Fig. 4c). Conversely, using solely
the N-cadherin ectodomain as substrate revealed further
cleavage events, also in the presence of sSADAM17 (Fig. S7).
This was likewise reflected by the MS analysis (Suppl. File
2), which, amongst others, revealed an sSADAM10/17 N-cad-
herin cleavage site one amino acid C-terminal to the site
detected by TAILS. For PCPE-1, three specific neo N-ter-
mini generated by sSADAM17 were identified within the
CUB I domain (Table 1). The cleavage sites predict N- and
C-terminal fragments of ~ 12 kDa and ~ 30 kDa, which is
in accordance with the observed cleavage pattern (Fig. 4d).
Indeed, all sites identified by the TAILS approach could be
validated in in vitro cleavage assays analyzed by LC-MS
(Suppl. file 2).The highest fold change in peptide abundance
was observed for the position P118 | V119. Therefore, we
conclude that this cleavage corresponds to the two prominent
protein fragments observed by SDS-PAGE (Fig. 4d).

Apart from all identified soluble protein substrates and
intrigued by the observation that sSADAM]10 is able to pro-
cess shed N-cadherin, we were interested to know whether
other shedding substrate of membrane-bound ADAM10
and ADAM17 are also substrates of the soluble enzymes.
To investigate this, the amyloid precursor protein APP
was analyzed, which is an extensively studied ADAM sub-
strate with regard to its function in Alzheimer’s disease
[48-50]. Incubation of the recombinant ectodomains of
the two human APP isoforms 695 and 751 (additionally
including a Kunitz-type protease inhibitor domain; KPI)
with SADAMI10/17 resulted in several distinct cleavage
products (Figs. 5a, S8). LC-MS/MS analysis of these APP
fragments was in line with our TAILS-identified cleavage
specificity for ADAM10 and ADAM17 (Fig. 3a, b). Nota-
bly, two cleavage events in the stalk region of both APP
isoforms at positions E590 | 1591 and E593 | V594 (amino
acid numbering corresponding to UniProt accession number
P05067-4), suggested potential shedding sites different from
the described a-secretase site K612 | L613 within the Af
peptide sequence [49].

Impact of N-terminal sSADAM10/17 cleavage
on cystatin C inhibition of meprin a

Since the N-terminus of cystatin C is known to be important
for its inhibitory capacity, we examined the influence of the
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Table 1 TAILS-identified SADAM10 and sSADAM17 cleavage sites in native substrates

ECM protein Protease Cleavage site TMT ratio® (protease/con-
trol)
ADAMI10 ADAM17
PCPE-1 ADAM17 YDALE(95).(96)VFAGS (1.77) 9.50
GRFCG(112).(113)TFRPA (3.57) 10.90
FRPAP(118).(119)VVAPG (1.46) 5.42
Fibronectin ADAMI10/17 VRWLP(1654).(1655)STSPV 443 18.40
Macrophage colony-stimulating factor 1 (CSF-1) ADAM10/17 PSMAP(217).(281)LAGLA 7.03 6.88
Cadherin-2 (N-cadherin) ADAM10/17 FTAMT(386).(387)FYGEV 27.08 8.08
Dickkopf-related protein 3 (Dickkopf-3; Dkk-3) ADAM10/17 VESET(131).(132)VITSV (3.03) 5.69
Thrombospondin-4 ADAM10/17 QQSEP(212).(213)LAATS 10.20 (2.50)
ADAM17 SEPLA(214).(215)ATSTG (1.86) 6.61
Olfactomedin-like protein ADAMI10 HLRGR(288).(289)LASKP 4.52 (1.85)
2B (Photomedin-2)
Cystatin C ADAM17 QGPRM(29).(30)LGAPE (2.13) 11.36
QGPRM(29).(30)LGAPE (1.17) 8.26
Collagen alpha-2(IV) chain ADAM17 GIPQK(1391).(1392)IAVQP (2.09) 4.69

4TMT ratios are averaged values for both technical replicates vs average control values. TMT ratios in bold correspond to a fold change > 3 in
both replicates, while values in italics and brackets do not fulfill all statistical selection criteria

observed truncation toward meprin a activity. In a previous
study, it was shown that human cystatin C is an inhibitor of
human meprin a [51]. Human and murine cystatin C share
an overall sequence identity of ~71%, while especially, the
N-terminal regions differ. Therefore, we also analyzed the
processing of human cystatin C by murine SADAM10/17, to
exclude possible species differences. Interestingly, the cleav-
age preference for human cystatin C was significantly shifted
toward SADAMI10 in comparison with the SADAMI17 pro-
cessed murine homolog (Fig. S9A). In case of human cysta-
tin C, the SADAMI0 cleavage was identified at position R34
1 L35 (Suppl. file 2), which is one amino acid N-terminal
to the corresponding site in murine cystatin C (Fig. S9B).
Finally, a fluorogenic peptide-based activity assay for human
meprin o was employed, in which the protease activity was
analyzed in the presence of full length or SADAM10/17
processed cystatin C proteins. Indeed, sSADAM10/17 N-ter-
minal truncated cystatin C resulted in decreased meprin o
inhibition (Fig. S9C).

Shedding activity of SADAM10 and sADAM17

To elucidate whether the herein described proteolytic activ-
ity of sSADAM10 and sADAM17 is restricted to soluble sub-
strates and thus preventing shedding activity, we additionally
analyzed the known membrane-bound targets APP [48, 52,
53] and the metalloprotease meprin f (Fig. 5b) [54-57].
As control, we co-transfected ADAMI10~/";
177/~ HEK293T cells with either APP695 or APP751 and
membrane-bound ADAMI0 or ADAM17, respectively,
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which resulted in shed APP protein in the supernatant
(Fig. 5b, c). As expected, investigating the shedding activ-
ity of the soluble proteases excluded SADAMI10 as APP
sheddase (Fig. 5b). Similar to that, no shedding of APP751
by sADAM17 was observed (Fig. 5c). However, in case
of APP695, a low amount of soluble APPx (sAPPx) was
detected in the cell-culture supernatants after incubation
with recombinant SADAM17 (Fig. 5¢). Shedding of APP695
by SADAMI17 is further supported by an increase of APP
CTFs in the cell lysates (Fig. 5c¢). Notably, only when
sADAM17 was present, an additional higher migrating APP
CTF signal appeared. The shift in size of the different CTFs
is in agreement with the determined cleavage site from the
LC-MS/MS analysis of the in solution digest of the soluble
ectodomains (Figs. 5a, S8). As mentioned above, cleavage
of APP by sADAM17 is further N-terminal to the previ-
ously identified a-secretase cleavage site at K612 | L.613
[49]. Using meprin § as known ADAM substrate, shedding
was only observed in the presence of membrane-bound and
not for soluble ADAM10 or ADAM17 (Fig. 5d). Overall,
these results indicate in a proof of concept approach that
sADAM17 still exhibits putative shedding activity toward a
restricted panel of substrates (Fig. 5e).

sADAM10 and sADAM17 activities in the ECM

Employing the N-terminomics TAILS approach, we revealed
a diverse degradome for SADAM10 and SADAM17 (Fig. 6).
However, when analyzing candidate substrates of mem-
brane-bound and soluble ADAM10 and ADAM17 using the
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Fig.4 Validation of TAILS-predicted substrates by in vitro cleav-
age assays and LC-MS/MS. Cleavage of recombinant proteins
by sADAMI10/17 was assessed by SDS-PAGE and visualized by
Coomassie staining and immunoblotting. For each substrate the
TAILS-predicted cleavage site(s) are highlighted by the P1’ posi-
tion within the respective domain composition. Cleavage sites are
colored according to specificity: green (SADAMI17) and yellow
(sADAM10/17). Proteolytic fragments generated by SADAMIO
and/or ADAM17 are indicated by asterisks and full-length proteins
by arrows. By LC-MS/MS confirmed cleavage events are marked
with a tick. Processing of a murine cystatin C, b murine fibronec-

tin and d murine PCPE-1 at a molar ratio of 10:1 with SADAMI10
and sADAMI17 or buffer alone. ¢ In case of N-cadherin, the
murine N-cadherin Fc chimera was incubated with sADAMI10 and
SADAMI17 at a molar ration of 8:1 (left panel). Additional immunob-
lotting (right panel) using an N-terminal specific antibody confirmed
the~40 kDa cleavage fragment. FN fibronectin domain I-1II, EDB,
EDA, IIICS alternatively spliced regions, P prodomain, EC extracel-
lular domain, TM transmembrane domain, /CD intracellular domain,
CUB complement Clr/Cls, Uegf, Bmpl domains I and II, NTR
netrin-like domain
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Fig.5 Cleavage of APP and meprin § by SADAM10 and sADAM17.
a Domain structure of APP with annotated - and p-cleavage sites
in the AP peptide region (left panel). Recombinant sAPP695 and
sAPP751 were incubated in a molar ratio of 3:1 with SADAMIO,
SADAMI17 or buffer alone. Cleavage products were separated by
SDS-PAGE and visualized by Coomassie staining (right panel).
Proteolytic fragments generated by sADAMI10 and/or ADAMI17
are indicated by asterisks. Selected high scoring PSM cleavage sites
determined by LC-MS/MS are highlighted in the domain structure
according to specificity: red (SADAM10) and yellow (SADAM10/17).
GFLD: N-terminal growth factor-like domain, CuBD: copper-bind-
ing domain, KPI: kunitz protease inhibitor, E2: conserved region
of the central APP domain, AICD: APP intracellular domain. b-d
ADAMI10™"; 177/~ HEK293T cells were either transfected with
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APP695, APP751 or meprin p alone or together with membrane-
bound ADAMI10 or ADAMI17. In case of cells solely express-
ing APP695, APP751 or meprin $ 0.5 uM recombinant SADAMI10
or SADAMI17 were added to the medium for 24 h before collecting
the supernatants. Shedding of the target substrates was monitored
by immunoblotting. b, ¢ Shed APP was detected in the supernatants
by immunoblotting using a sAPPa and sAPPp’-detecting antibody
(IC16) and a specific sAPPa antibody (14D6). Cells were additionally
treated with DAPT to inhibit y-secretase and APP shedding was addi-
tionally monitored in the cell lysates using a C-terminal specific anti-
body (CT15). d Meprin p shedding was analyzed in ultracentrifuged
supernatants (*) with an antibody raised against the ectodomain of
meprin . e Model of putative shedding activity of SADAMI10 and
SADAM17 summarizing the findings of experiments of b—d
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STRING database [58], a well-connected network between
the different proteins was defined reflecting the complex
nature of ECM homeostasis and remodeling (Fig. S10).
The present study demonstrates once more the power of the
TAILS approach for de novo substrate identification and
provides a better understanding of the functional relevance
of shed ADAM10 and ADAM17 within the protease web.

Discussion

Ectodomain shedding of membrane-bound proteins is an
important regulatory event in many physiological and patho-
logical conditions [1-4, 59]. Numerous in vivo and in vitro
studies highlighted the particular importance of ADAM10
and ADAM17 for such proteolytic events [12, 13, 60]. How-
ever, what is only weakly addressed in this context is the
turnover of active ADAM10 and ADAMI17 at the cell sur-
face. While internalization and exosomal release are under
debate [29, 61-63], the consequences of proteolytic shed-
ding of ADAM10 and ADAM17 by other proteases have not
been investigated yet. For instance, shedding of ADAM10
by ADAM9 and ADAMI15 has been described, but func-
tional consequences have only been discussed with regard to
impaired ectodomain shedding [28, 64]. For ADAM17, sev-
eral studies report activity in plasma [30, 31], cerebrospinal
fluid [65, 66], gingival crevicular fluid [67], and in kidney
cyst fluids [68] without addressing the origin of the detected
ADAMI17 activity. With the identification of ADAMS as a
sheddase, we demonstrate for the first time that ADAM17
can indeed be proteolytically released from the cell surface.

-

ADAM10/17 ADAM9/15/8

While classical ectodomain shedding occurs predominantly
at the plasma membrane, our data suggest that ADAMS-
mediated cleavage of ADAMI17 partially happens on the
secretory pathway. This notion is supported by the fact that
full inhibition of ADAMS-dependent ADAM17 shedding
was only achieved using BB-94, a hydroxamate inhibitor,
which is membrane permeable in comparison with the cyclic
peptide BK-1361. Encouraged by this and the fact that at
least ADAM10 shedding is increased especially in the devel-
oping heart, we suggested the heart to be an interesting tis-
sue and HL-1 cells to be an appropriate cell line to initially
study the biochemical properties and functional relevance of
sADAMI10 and sADAM17 on secreted proteins.
N-terminomics TAILS has been demonstrated to be an
efficient and straightforward technique for de novo sub-
strate discovery [32]. Protein labeling with isobaric mass
tags, e.g., TMT or iTRAQ reagents, allows simultaneous
comparison of multiple samples and the quantification of
protease-specific cleavage events. Employing a 6plex-TMT-
TAILS approach, we present the first degradome study for
SADAMI10 and sADAM17. The analysis resulted in the
identification of 136 sSADAM10/17 cleaved N-termini from
114 proteins. The obtained cleavage specificity for a hydro-
phobic residue at position P1’ is in accordance with previous
reports using peptide libraries [38, 39], which highlights
the validity of the approach. A remarkable observation was
the pronounced preference for an arginine residue at P1 for
ADAMI10, which is distinct to the previously published
peptide-library-based PICS data [38]. While the protease
domains of ADAM10 and ADAM17 resemble the character-
istic fold of the adamalysin/ADAM family with an extended
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zinc-binding motif and the conserved methionine turn, sev-
eral insertion loops define unique surface features [40, 69].
The active site cleft is relatively flat on the non-prime side
and becomes notched toward the prime side. Therefore, only
subtle differences in the groove width of the binding pock-
ets, especially the one of the S1’ pocket, define substrate
specificity of ADAMI10 and ADAM17 as reflected by the
determined cleavage specificity. The S1 pocket itself is quite
small, which is consistent with the preference for alanine at
P1 for both proteases in general. Considering that native sub-
strates have a complex fold in comparison with rather short
peptides, additional interactions regulate substrate binding.
Therefore, it is likely that the glutamate residue protrud-
ing into the S1 pocket in ADAMI1O0 stabilizes substrates via
a salt bridge over an arginine residue at the P1 position.
Nonetheless, deduced from known ADAMI10 shedding
sites as well as from the herein identified cleavage sites in
ECM substrates, it is also evident that this preference is not
a prerequisite for substrate cleavage. Overall, we conclude
that not only membrane-bound ADAM10 and ADAM17,
but also their shed forms need a tight spatial and temporal
regulation to ensure selective substrate specificity in vivo.
One such regulation can be achieved by tissue inhibitors of
metalloproteinases (TIMPs), which are endogenous inhibi-
tors of matrix metalloproteinases (MMPs) and ADAMs [70].
TIMP-3 inhibits ADAM10 and ADAM17 [71, 72], whereas
ADAMI0 is additionally targeted by TIMP-1 [71]. Interest-
ingly, particularly in hearts of patients with dilated cardio-
myopathy, TIMP-3 levels are decreased, while ADAMI1S5,
ADAMI10, and ADAM17 expression is elevated [24]. This
suggests a less stringent proteolytic control of membrane-
bound and soluble ADAM10/17 during the progress of the
disease. However, it is possible that sSADAM10/17 have an
additional non-proteolytic regulatory function in complex-
ing TIMPs in the ECM and serum, thereby down-regulating
their inhibitory capacity also toward other target proteases.
Nonetheless, the proposed physiological mechanisms have
to be proven in further studies in vivo.

Besides the well-characterized sheddome of ADAM10
and ADAM17, the TAILS approach led to the identifi-
cation of unique and common substrates for SADAM10
and SADAM17. Initial candidate substrate validation by
in vitro cleavage assays and in solution LC-MS/MS fur-
ther confirmed these findings. For example, fibronectin
and sN-cadherin are directly processed by both ADAM10
and ADAM17, whereas cystatin C and PCPE-1 are pre-
ferred substrates of SADAMI17 only. Apart from the
TAILS analysis, the ectodomains of APP695 and APP751
are cleaved by both proteases specifically and at common
sites. Although the in vitro cleavage specificities are in
general accordance with the TAILS-identified N-termini,
some discrepancies were observed, which could have
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different reasons. For example, alternative cleavage sites
were not detectable by mass spectrometry due to techni-
cal issues, such as peptide length or inefficient ionization
[73]. Another explanation is that in vitro assays are limited
in recapitulating the complexity of a secretome sample.
Hence, detection of indirect or secondary cleavage events
of the analyzed target protease, a hallmark of the protease
web, is difficult [74]. Interactions of a substrate with other
proteins may result in structural conformational changes
that are prerequisite for the protease accessibility to the
cleavage site. Our data on murine vs human cystatin C
cleavage by sSADAM10/17, furthermore, show that already
subtle differences in sequence can have an impact on sub-
strate specificity of the two proteases. However, since the
cystatin C inhibition mechanisms vary depending on the
target protease, it needs to be proven whether the described
N-truncation by sADAM10/17 is of physiological rele-
vance. Especially in the context of heart remodeling and/or
heart diseases, there are so far no reports about N-terminal
truncated cystatin C variants.

The TAILS data and the biochemical analysis of sub-
strates clearly demonstrate proteolytic activity of shed
ADAMI10 and ADAM17. Hence, we investigated if this
activity is strictly restricted to soluble substrates. For
instance, membrane-bound activated meprin  can act
as sheddase for several proteins such as APP [75] or the
IL-6R [76]. Soluble meprin p has no shedding activity
toward these substrates, but cleaves, e.g., APP within the
N-terminal region, generating non-toxic APP fragments
[59, 75] or mucine 2 in the intestine [77]. Prototypically,
meprin p itself as well as the two APP variants APP695
and APP751 were used as substrates to investigate poten-
tial shedding by SADAM10/17 in cellulo. Our data sug-
gest that membrane tethering of ADAM10/17 is of general
importance for their shedding activity and efficiency, most
likely to enable close proximity to the stalk regions of the
substrates and concomitantly the association to the activity
regulating iRhoms [78, 79]. Therefore, the observed shed-
ding of APP695 in the presence of SADAMI17 might be
due to the unphysiological high concentrations of the pro-
tease. However, these data demonstrate the general possi-
bility of persistent shedding activity for soluble ADAM17
which should be considered with regard to the overall
debate on major determinants of shedding activity [1].

In sum, the TAILS N-terminomics data together with
the shedding activity assays provide proof of concept that
sADAM10 and sADAM17 may exhibit additional biologi-
cal roles within the protease web (Figs. 6, S10). Therefore,
the identified unique and overlapping substrates pave the
way for further studies to understand the physiological
relevance of the SADAM10 and sADAM17 degradome in
health and disease.
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Experimental procedures
Chemicals

All chemicals were of analytical grade and obtained from
Carl Roth GmbH + Co. KG, Merck KGaA, Sigma-Aldrich
Inc. and Thermo Fisher Scientific Inc., if not stated
otherwise.

Cells

The murine HL-1 cells were generously provided by William
C. Claycomb (Department of Biochemistry and Molecular
Biology, Louisiana State University Health Sciences Center,
New Orleans, Louisiana). The cells were cultured in Clay-
comb media (Sigma-Aldrich Inc.) supplemented with 10%
(v/v) fetal calf serum (FCS), 2 mM L-glutamine, 0.1 mM
norepinephrine in ascorbic acid, 100 units/l penicillin, and
100 pg/ml streptomycin at 37 °C in a 5% CO, atmosphere.

ADAMI107~/~; 177/~ HEK293T [80] were maintained in
Dulbecco’s modified eagle medium (DMEM; Gibco™)
with GlutaMAX™ supplemented with 10% (v/v) FCS,
100 units/I penicillin and 100 pg/ml streptomycin under
humidified conditions (5% CO,) at 37 °C.

The CRISPR/Cas9 knockout/knockin kit from OriGene
(# KN213386) was used to generate a genomic ADAMS
knockout in MDA-MB-213 and AsPC1 cells. In brief,
the pCas-Guide vector with the ADAMS target sequence
(gRNA) near to the 5’ end of the ADAMS8 ORF or a scram-
ble gRNA control was transfected together with a knockin
vector into both cell lines using lipofectamine LTX (Invit-
rogen AG). The knockin vector contains between the left
and right ADAMS homology arms a functional GFP and
puromycin cassette. After homology recombination, the
GFP is under the control of the native ADAMS promoter
and the puromycin gene is under a PGK promoter. The
transfected cells were split several times in the following
3 weeks before starting the selection with 5 ug/ml puromy-
cin (InvivoGen) to get single-cell clones. MDA-MB-231
were cultured in DMEM (Biochrome GmbH) and AsPC1
in RPMI (Biochrome GmbH) with GlutaMAX™ supple-
mented with 10% (v/v) FCS (Biochrome GmbH).

ELISA

MDA-MB-231 and AsPC1 cell clones were incubated
for 16 h at 37 °C in growth medium. A soluble human
ADAM17 (# DY930) enzyme-linked immunosorbent assay
(ELISA; R&D Systems Inc.) was used to detect soluble
ADAMI17 in cell-culture supernatants.

Soluble receptor array

Relative levels of 119 soluble receptors and related proteins
secreted into the medium of MDA-MB-231 control and
ADAMS knockout clones was assessed using the Proteome
Profiler™ Human Soluble Receptor antibody array (Non-
hematopoietic Panel, R&D Systems, # ARY012). Briefly,
5% 10° cells were cultured for 48 h in serum-free DMEM
medium. The conditioned medium was centrifuged at
15,000x g for 15 min to remove cell debris and subjected to
the antibody array according to the manufacturer’s protocol.
The signal intensity of the detected proteins was measured
using ImageJ (NIH, Bethesda, MD, USA).

RNA extraction and cDNA synthesis

Total RNA was extracted from HL-1 and ADAM10~/ -
177~ HEK293T cells using the NucleoSpin®RNA Isola-
tion Kit (MACHEREY-NAGEL GmbH & Co. KG). The
concentration, purity, and integrity of the isolated RNA were
determined by a NanoDrop™ 2000 instrument (Thermo
Fisher Scientific Inc.). One microgram of RNA was used as
input for complementary DNA (cDNA) synthesis using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific Inc.), according to the manufacturer’s instructions.

Quantitative real-time PCR analysis

Quantitative real-time PCR (qRT-PCR) assays were per-
formed based on the hydrolysis probe technology on a
LightCycler® 480 instrument (Roche Deutschland Holding
GmbH) using the 2x LightCycler® 480 Probes mastermix
(Roche Deutschland Holding GmbH). For primers and UPL
probes, see Suppl. Table S1. Primers were purchased from
Sigma-Aldrich Inc. The qRT-PCR was performed in three
technical replicates on each sample for each gene tested.
Cycling conditions were as follows: 10 min at 95 °C, fol-
lowed by 45 cycles each consisting of 10 s at 95 °C and 30 s
at 60 °C, and a cooling step of 30 s at 40 °C (ramp rate of
4.8 °C/s). The crossing point (Cp) data were analyzed using
the absolute quantitation algorithm for each sample. Delta
Cp was calculated by subtracting the GAPDH control gene
Cp from Cp of the test gene.

Recombinant sSADAM10 and sADAM17

The ectodomains of murine ADAMI10 (UniProt acces-
sion number: 035598, amino acid residues 20-673) and
ADAM17 (UniProt accession number: Q9Z0F8, amino
acid residues 18-671) were amplified from respective full-
length cDNA and cloned into pFastBac (Gibco™) contain-
ing a meprin [ signal peptide [81], followed by an N-termi-
nal 6x His-tag and a C-terminal Strep-tag. Sigma-Aldrich
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Inc. synthesized primers and sequences of the constructs
were verified by DNA sequencing (GATC Biotech AG).
Expression and purification were performed as previously
described [38]. The purity of the enzyme preparations, in
particular the absence of other proteases, was confirmed by
LC-ESI MS (data are deposited at the server ProteomeX-
change). Therefore, 20 pg of SADAM10 and sADAM17
were dissolved in 2 M Urea in 100 HEPES buffer (pH 8.0).
Samples were reduced with dithiothreitol (5 mM) for 1 h at
37 °C and alkylated with iodoacetamide (12.5 mM) for 1 h
at 25 °C. Samples were split into two and either incubated
with or without 500 units of PNGaseF (New England Bio-
labs GmbH) overnight at 37 °C. Samples were further split
into two and left to be digested overnight at 37 °C with either
100 ng of trypsin (10 mM ABC, 25 mM HEPES buffer) or
100 ng of chymotrypsin (25 mM HEPES, pH 8.0, 1 mM
CaCl,). Samples were diluted with 1% FA and analyzed by
LC-MS. Samples were analyzed on a Thermo Q-Exactive
Plus mass spectrometer (Thermo Fisher Scientific Inc.). The
samples were concentrated and washed for 4 min (Acclaim
Pepmap 100 C18, 5 mm X300 pm, 5 pm, 100 A, Dionex)
with 3% ACN/0.1% TFA at a flow rate of 30 pl/min prior
to peptide separation using an Acclaim PepMap 100 C18
analytical column (50 cm X 75 pm, 2 pm, 100 10%, Dionex).
A flow rate of 300 nl/min using eluent A (0.05% FA) and
eluent B (80% ACN/0.04% FA) was used. Peptides were
separated over 40 min by increasing the concentration of elu-
ent B from 5 to 50%. The column was subsequently washed
by increasing eluent B to 95% over 1 min, and after a further
10 min at 95% B, the system was equilibrated at 5% B for
15 min. The ten most intense precursors with charge states
greater than 2+ were selected for HCD fragmentation using
anormalized collision energy of 25 at a resolution of 17,500.

Fluorogenic peptide-based activity assay

The enzymatic activity of SADAMI0 or SADAMI17 was
analyzed using the quenched fluorogenic peptide sub-
strates Acetyl-dArg(3)-dGlu(3)-hexaminoyl-K(Dabcyl)-
PRYEAYKMGK(5FAM)-C-NH2 (BioZyme Inc.) for
sADAM10 and Mca-PLAQAV(Dpa)RSSSR-NH, (R&D
Systems) for sSADAM17 at final concentrations of 10 uM.
For inhibition studies, GI1254023 (ADAM10) or GW280623
(ADAM10 and ADAM17) (Iris Biotech GmbH) were added
to final concentrations of 3 uM. For murine and human cys-
tatin C inhibition studies, the activity of 1 nM recombinant
meprin o was monitored using a specific quenched fluoro-
genic peptide Mca-HVANDPIW-dnp (Genosphere Bio-
technologies) [82]. Recombinant meprin o was expressed
and purified as described previously [83]. For inhibition
analysis, meprin o was incubated with 1 uM full-length or
sADAM10/17 processed (ratio 1:10 sADAM10/17 to cysta-
tin C, 16 h, 37 °C) cystatin C for 30 min at 37 °C. As control,
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the activity of the same amount of SADAM10/17 toward the
fluorogenic substrate was determined. Immediately before
measurement 10 uM of the quenched fluorogenic peptide,
substrate was added. All activity assays were carried out
in 20 mM HEPES buffer (pH 7.5) in duplicates at 37 °C.
Proteolytic activity was measured as relative fluorescence
units (RFU) every 30 s for 120 min, at excitation 405 nm and
emission 320 nm, using the Tecan Infinite® F200 PRO plate
reader (Tecan Trading AG). The activity was determined
from the slope of the linear range of the curve normalized
to the initial point of the measurement and presented as bar
graph.

TAILS

For proteomic analysis, murine HL-1 cells were grown
to~70% confluency. Cells were then intensively washed
with PBS (Gibco™) and grown in DMEM medium without
serum and phenol red. After 48 h, the conditioned medium
was collected and protease inhibitor cocktail (cOmplete™,
Roche Deutschland Holding GmbH) immediately added.
Cell debris was removed by centrifugation (5 min, 2200Xg)
and filtration (0.22 uM). The secretome was concentrated
at 4 °C by ultrafiltration using Amicon Ultra-15 centrifugal
filter units (10 kDa cutoff, Merck Millipore Ltd.). Within
the same concentrating device, the buffer was exchanged
to 100 mM HEPES (pH 7.0) by five cycles of dilution and
concentration. A protein concentration of 2.4 mg/ml was
determined using the BCA protein assay kit (Thermo Fisher
Scientific Inc.). The secretome preparation was aliquoted,
snap frozen in liquid nitrogen, and stored at — 80 °C until
further use.

Equal amounts of concentrated secretome were incu-
bated for 16 h at 37 °C with recombinant SADAM10 or
SADAM17 in a ratio of 1:100 protease to secretome, as pre-
viously described for matrix metalloproteinases (MMPs)
[84]. Non-treated control samples received an equivalent of
buffer only. All individual experiments were performed from
secretome aliquots of the same batch and in two technical
replicates each.

The TAILS analysis followed the previously published
protocol [32], but used 6plex-TMT reagents (Thermo Fisher
Scientific Inc.). From each reduced and alkylated sample,
0.2 mg of proteins were labeled using 1.6 mg TMT reagent
per channel in 50% DMSO (final concentration) for 30 min
at room temperature. The reaction was quenched with
100 mM ammonium bicarbonate for 15 min and the samples
were combined. The following steps of tryptic digestion and
enrichment of N-terminal blocked peptides were carried out
according to Kleifeld et al. [32].

LC-MS/MS analysis was performed using a Dionex
U3000 nanoHPLC coupled to a Q-Exactive Orbitrap mass
spectrometer (both from Thermo Fisher Scientific Inc.). In
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two technical replicates, 5 pul of TAILS enriched and TMT-
labeled peptides were injected and loaded on a trap column
(Acclaim Pepmap 100 C18, 10 mm X 300 um, 3 pm, 100
A, Dionex). Trapping was performed for 3 min with 3%
ACN/0.1% TFA at a flow rate of 30 ul/min. Peptide sepa-
ration was performed using an Acclaim PepMap 100 C18
analytical column (15 cm X 75 um, 3 pm, 100 A Dionex)
with a flow rate of 300 nl/min. Peptides were separated
using a linear gradient from 5 to 50% B (solvent A: 0.04%
formic acid; solvent B: 80% acetonitrile/0.04% formic
acid) in 180 min followed by 40-95% B in 5 min, 95% B
for 10 min and equilibrating at 5% B for 11 min. loniza-
tion was performed with 1.5 kV spray voltage applied on
a liquid junction emitter (10 um tip size, New Objective,
Woburn, MA, USA) with the source temperature set to
250 °C. MS data were acquired from 5 to 205 min with
MS full scans between 300 and 1800 m/z at a resolution
of 60,000 at m/z 400. The 15 most intense precursors with
charge states > 2+ were subjected to fragmentation with
HCD with NCE of 32.5; isolation width of 2 m/z. Dynamic
exclusion for 90 s was applied with a precursor mass toler-
ance of 5 ppm. Lock mass correction was performed based
on the polysiloxane contaminant signal of 445.120025 m/z.

The acquired MS/MS spectra from two technical rep-
licates were searched using SequestHT within Proteome
Discoverer 1.4 (Thermo Fisher Scientific Inc.) against
the entire reviewed database of Mus musculus (Ensembl
86) with known proteoforms and common contaminants
(24,754 sequences). Modifications for the database search
were static carbamidomethylation on cysteine residues,
dynamic oxidation on methionine residues, static TMT-
6plex on lysines, and dynamic TMT-6plex on the pep-
tide N-terminus. Spectra were searched with semi-tryptic
enzyme specificity. MS mass tolerance was set to 5 ppm
and MS/MS tolerance was set to 0.04 Da. A decoy search
determined false-discovery rate of 1% was applied using
the Percolator algorithm. TMT reporter ion intensities
were extracted and missing reporter ions replaced by
minimal values. SADAM10/17 to control and ADAM10
to ADAM17 ratios for both technical replicates were cal-
culated using Proteome Discoverer 1.4 software package.

Determination of a TMT ratio cutoff to determine pos-
sible ADAM10/17 substrates was calculated according to
a common TAILS protocol [37]. In short, five times the
standard deviation (SD) from the normal distribution of
control 1 vs control 2 ratios indicated a stringent protease
treated vs control ratio cutoff, which corresponded to a
fold change between control and SADAM10/17-treated
sample of > 3. Furthermore, to ensure reproducibil-
ity between protease-treated technical replicates and to
remove outliers, only ratios of ADAM-treated replicates
1 and 2 vs the averaged control that fulfilled the criteria

for both replicates were considered to indicate a potential
substrate for the respective protease.

Substrate cleavage assays

Recombinant SADAM10 or sADAM17 were incubated with
candidate substrates in 20 mM HEPES pH 7.5 for 16 h at
37 °C. Recombinant human APP695 and APP751 were
expressed and purified as described previously [75, 85].
Other proteins were purchased as follows: murine cystatin
C (# RD272009025; BioVendor-Laboratorni medicina a.s.),
human cystatin C (# RD172009; BioVendor-Laboratorni
medicina a.s.), mouse N-cadherin Fc chimera (# 6626-NC;
R&D Systems), mouse N-cadherin (# 50752-mcch, Sino
Biological Inc.), mouse PCPE-1 (# 2239-PE-020; R&D Sys-
tems Inc.), and mouse fibronectin (# ab92784; Abcam plc.).
For cleavage site determination, 10 ug of human APP695
and APP751 were incubated with sADAM10 or sADAM17
in a 3:1 ratio. 4 pg of the N-cadherin proteins were pro-
cessed at a substrate to protease ratio of 8:1. For murine and
human cystatin C (4 ug), PCPE-1 (5 ng), and fibronectin
(15 pg), aratio of the respective substrate to sSADAM10 and/
or sSADAM17 of 10:1 was chosen. Reaction products were
analyzed by SDS-PAGE and visualized by Coomassie stain-
ing or immunoblotting as well as by LC-MS/MS.

LC-MS/MS analysis of in vitro substrate cleavage
by sADAM10/17

For cleavage site determination, digested proteins and undi-
gested controls of the substrate cleavage assays were dena-
tured and unfolded by the addition of 2 M guanidine hydro-
chloride followed by heating the sample to 60 °C for 20 min.
10 mM of DTT was added and the samples incubated at
60 °C for 30 min. Alkylation of cysteine residues was
achieved by adding 55 mM iodoacetamide and incubation
for 1 h at RT in the dark. Reductive dimethylation of primary
amine groups was carried out by the addition of 30 mM for-
maldehyde and 30 mM of sodium cyanoborohydride. Sam-
ples were incubated over night at 37 °C and the reaction was
quenched by the addition of 100 mM ammonium bicarbo-
nate. Subsequently, the samples were acidified using 10%
formic acid and lyophilized in a speedvac. Proteins were re-
dissolved in '*O-water to decrease the guanidinium hydro-
chloride concentration to 0.5 M and the pH was adjusted to
7.5. For the cleavage analysis of human APP695, APP751,
human cystatin C, and the mouse N-cadherin Fc chimera, the
samples were then digested using trypsin or chymotrypsin
(100 ng protease per sample) at 37 °C overnight. In case of
murine cystatin C, murine fibronectin, murine PCPE-1, and
murine N-cadherin, one aliquot was digested using LysC/
trypsin and another one using chymotrypsin. The respec-
tive endoprotease (1:50) was added and the samples were
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digested over night at 37 °C. All samples were acidified with
10% formic acid. Trypsin and chymotrypsin or LysC/trypsin
and chymotrypsin treated identical samples were combined
and peptides were purified using the C18 Sep Pak column
system. Elution of peptides was achieved using sequential
elution using 50% and 100% ACN. Samples were lyophi-
lized and reconstituted in 5% formic acid prior to LC-MS
analysis on an Orbitap-Velos mass spectrometer (Thermo
Fisher Scientific Inc.). The mouse N-cadherin Fc chimera
sample was measured on an Orbitrap Q-Exactive mass spec-
trometer (Thermo Fisher Scientific Inc.).

The acquired MS/MS spectra were searched with Seques-
tHT against the Homo sapiens (49,429 entries) or Mus mus-
culus (17,453 entries) database using Proteome Discoverer
1.4 containing the proteins of interest as well as common
contaminants. Static modifications applied for searches
were carbamidomethylation on cysteines. Dimethylation
of lysines and peptide N-termini, oxidation on methionines
and '80 C-terminal labeling were set as variable modifica-
tions. Spectra were searched with semi-enzyme specificity
for trypsin and full enzyme specificity for chymotrypsin. An
MS mass tolerance of 10 ppm and an MS/MS tolerance of
0.04 Da were used.

Peptide grouping was applied to group peptides spectrum
matches (PSMs) with the same modification under the same
peptide. Peptides were identified using a false-discovery
rate <0.01 (high). Ion intensities, as well as peptide spectral
match counts, for all identified peptides were extracted from
the data and N-terminally dimethylated as well as peptides
lacking the C-terminal '®0 label were considered to indi-
cate a possible SADAM10 or sSADAM17 prime or non-prime
cleavage site if they displayed a strongly higher abundance
in the SADAM10/17-treated samples (> eightfold change,
Suppl. file 2).

Shedding assay

For shedding experiments, ADAM10~~; 177/~ HEK293T
cells were used, kindly provided by Dr. Bjorn Rabe, Univer-
sity of Kiel. Transient transfection was performed at 80-90%
cell confluence with the following constructs: pcDNA3.1
(empty vector), murine ADAM10 and murine ADAM17
in pcDNA3.1, double tagged murine ADAM17 in pcDNA
4/TO, murine ADAMS in pCMV6, human ADAMS in
PAAVSI1, human CD23 in pIRES2-EGFP, human meprin §
in pSGS, human APP695 and APP751 in pClneo. For trans-
fection, plasmids were mixed with the transfection reagent
polyethyleneimine (PEI, Polysciences Europe GmbH) in a
ratio of 1:3 in serum-free medium. After an incubation step
of 30 min at room temperature, the mixture was added to
the cells for 5 h and then replaced by fresh medium. After
24 h of serum starvation, culture medium was replaced
with fresh serum-free medium alone or containing 0.5 uM
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recombinant SADAM10 or SADAM17. For the detection of
C-terminal fragments (CTFs), the medium was additionally
supplemented with the y-secretase inhibitor DAPT. After
24 h, cell-culture supernatants were collected, cleared by
centrifugation (15,000xg, 5 min, 4 °C) and cells harvested.
For the analysis of ADAM17, CD23 and meprin p shed-
ding cell supernatants were additionally ultracentrifuged at
186,000xg for 2 h at 4 °C. For a comparable analysis of
possible shedding events, supernatants were normalized to
the protein content of the respective cell lysates and ana-
lyzed by immunoblotting. For concentration of respective
supernatant, proteins were precipitated with trichloracetic
acid [TCA 10% (wt/vol)]. After incubation on ice for 60 min,
proteins were pelleted (15,000xg, 15 min, 4 °C), washed
with acetone, and dissolved in SDS-PAGE loading buffer.

Co-immunoprecipitation

The MDA-MB-231 ADAMS knockout cell clone was tran-
siently transfected with a human ADAMS Flag tag expres-
sion construct [86], and after 48 h, cells were lysed in KEB
buffer (50 mM Tris pH8, 137 mM NaCl, 2 mM EDTA, 0.5%
NP40, 10 mM Phenanthroline, hr Holding GmbH), PhosS-
top™ (Roche Deutschland Holding GmbH). A monoclonal
Flag M2 antibody (# F3165, Sigma-Aldrich Inc.) or mouse
IgG (Sigma-Aldrich Inc.) was covalently coupled to mag-
netic beads using the Dynabeads™ antibody coupling kit (#
14311D, Invitrogen AG). The cell lysates were incubated
with the beads for 2 h at 4 °C, followed by three wash steps
with lysis buffer. SDS-PAGE loading buffer including DTT
was added to the beads and the samples were heated up to
95 °C for 5 min to elute the bounded proteins. The samples
were analyzed by SDS-PAGE and immunoblotting using
specific antibodies for ADAMS (AF1031) and ADAM17
(A300D).

For co-immunoprecipitation of mADAM17 and murine
ADAMS, ADAM107'7; 177/~ HEK293T cells were tran-
siently transfected as described above. After 48 h, cells were
harvested and lysed in 450 pl lysis buffer (cOmplete™ pro-
tease inhibitor cocktail, 120 mM NaCl, 50 mM Tris, 0.5%
NP-40, pH 7.4). The cell lysate was filled up to 1 ml with
PBS and anti-myc antibody (# 2276, Cell-Signaling Tech-
nology, Inc.) added over night at 4 °C. In addition, Pierce™
Protein G Agarose beads were washed with PBS three times,
centrifuged (1000xg, 3 min, 4 °C), and incubated with 3%
BSA/TBS over night at 4 °C. The next day, 50 ul of blocked
beads were added to the sample and incubated for 30 min
at 4 °C. After centrifugation (1000xg, 3 min, 4 °C), beads
were washed several times with lysis buffer. After the addi-
tion of SDS-PAGE loading buffer including DTT beads were
heated up to 65 °C for 30 min and analyzed by SDS-PAGE
and immunoblotting.
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Cell lysis, SDS-PAGE, and immunoblot analysis

Cells were harvested in ice-cold PBS and centrifuged at
1100xg for 5 min at 4 °C. Cell pellets were washed three
times with PBS and resuspended in lysis buffer [cOm-
plete™ protease inhibitor cocktail, 1% (v/v) Triton-X 100,
PBS, pH 7.4] and incubated for 45 min at 4 °C. After
centrifugation for 15 min at 15,000xg at 4 °C, the protein
amount of lysates was determined using the BCA protein
assay kit (Thermo Fisher Scientific Inc.). For a comparable
analysis of possible shedding events, supernatants were
normalized to the protein content of the respective cell
lysates and analyzed by immunoblotting.

For separation by SDS-PAGE, protein samples were
boiled in sample buffer containing DTT. After blot-
ting transfer, nitrocellulose or PVDF membranes were
saturated with 5% dry milk or 3% BSA for 1 h at room
temperature. Then, membranes were incubated with the
primary antibody at 4 °C overnight. The following pri-
mary antibodies were used for detection: anti-GAPDH
(# 2118; Cell-Signaling Technology, Inc.), anti-actin (#
A2066; Sigma-Aldrich, Inc.), anti-p tubulin (# NB600-
936; Novus Biologicals, LLC), anti-ADAMI10 (# 124695;
Abcam plc.), anti-mADAMI17 (polyclonal, generated
against ectodomain), anti-hADAM17 (A300D, generated
against disintegrin domain), C-terminal anti-ADAM17
(# AB19027, Merck Merck KGaA), anti-hADAMS (#
PA5-47047, Thermo Fisher Scientific Inc.), anti-meprin f
(polyclonal Ab, generated against ectodomain), anti-APP
(IC16, monoclonal, detecting amino acids 1-8 of A [87],
anti-sAPPa (14D6, monoclonal, directed against amino
acids 11-16 of A [88], C-terminal anti-APP (CT15, poly-
clonal, corresponding to amino acids 680-695 of APP695)
[89], anti-N-cadherin (# EPR1791; Abcam plc.), anti-Myc
(# 2276, Cell-Signaling Technology, Inc.), anti-Strep (#
34850, QIAGEN GmbH), and anti-HA (# C29F4, Cell-
Signaling Technology, Inc.). Horseradish peroxidase-
conjugated secondary antibodies (Thermo Fisher Scien-
tific Inc.) were added in 5% dry milk/TBS for 1 h at room
temperature and chemiluminescence detected using the
Super Signal™ West Femto kit or SuperSignal™ West
Pico PLUS kit (Thermo Fisher Scientific Inc.) with the
LAS-3000 Imaging System (FUJIFILM Europe GmbH).

Homology modelling

Model of murine ADAMI10 (UniProt accession 035598,
aa residue 215-673) was built based on the crystal struc-
ture of human ADAM10 (PDB: 6BE6) using the SWISS-
MODEL workspace [90]. Structure visualization and anal-
ysis were carried out using PyMOL (Schrodinger LLC).

Protein—protein interaction network analysis

For protein—protein interaction analysis and visualiza-
tion, the Cytoscape software with an implemented strin-
gApp was used [58, 91]. The STRING database was que-
ried with TAILS-identified substrates, TIMP-1, TIMP-3,
meprin §, APP, and ADAM10/17 with a confidence cutoff
score of 0.5, while 14 additional interacting proteins were
accepted. Missing but experimentally confirmed interac-
tions or shedding activities were manually integrated into
the map: shedding of meprin p by ADAMI10/17 [54-57],
APP shedding by meprin p [75], BMP1-PCPE-1 interac-
tion [92], BMP1-FN interaction [93], and TIMP-1 inhibi-
tion of ADAMI0 [71].
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