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Background: Proprotein convertases (PCs) control the maturation of several A Disintegrin and Metalloprotease (ADAM)
proteases.
Results: Mutating a newly identified upstream PC site interferes with activation of ADAMs 9, 10, and 17.
Conclusion: Processing at the upstream PC site is important for the activation of these ADAMs.
Significance: The upstream PC site in several ADAMs suggests a novel general mechanism for their maturation.

Proenzyme maturation is a general mechanism to control the
activation of enzymes. Catalytically active members of the A
Disintegrin And Metalloprotease (ADAM) family of membrane-
anchored metalloproteases are synthesized as proenzymes, in
which the latency is maintained by their autoinhibitory pro-do-
mains. A proteolytic processing then transforms the proenzyme
into a catalytically active form. The removal of the pro-domain
of ADAMs is currently thought to depend on processing at a
canonical consensus site for the proprotein convertase Furin
(RXXR) between the pro- and the catalytic domain. Here, we
demonstrate that this previously described canonical site is a
secondary cleavage site to a prerequisite cleavage in a newly
characterized upstream PC site embedded within the pro-do-
main sequence. The novel upstream regulatory site is important
for the maturation of several ADAM proenzymes. Mutations
in the upstream regulatory site of ADAM17, ADAM10, and
ADAM9 do not prevent pro-domain processing between the
pro- and metalloprotease domain, but nevertheless, cause sig-
nificantly reduced catalytic activity. Thus, our results have
uncovered a novel functionally relevant PC processing site in the
N-terminal part of the pro-domain that is important for the acti-
vation of these ADAMs. These results suggest that the novel PC
site is part of a general mechanism underlying proenzyme mat-
uration of ADAMs that is independent of processing at the pre-
viously identified canonical Furin cleavage site.

The term proenzyme refers to an inactive precursor of an
enzyme, in which the N-terminal portion of the protein acts as
an autoinhibitor to keep the protein in its latent form. The
secretion of inactive enzymes helps to prevent unwanted con-
sequences such as pre-mature or inappropriate activity of the

enzyme. A Disintegrin And Metalloprotease (ADAM)2 family
members are typically produced as proenzymes and require
limited proteolysis at selected sites to generate the active form.
ADAMs are multidomain type I transmembrane proteases
responsible for ectodomain processing of membrane-tethered
proteins. These proteins play important roles in many biologi-
cal processes such as development (1–3), inflammatory re-
sponses (4, 5), pathogenesis of cancer (4, 6), and Alzheimer
disease (7–10). Despite their importance as major proteases
responsible for the secretion and maturation of vital membrane
proteins in vivo, the activation mechanism of ADAMs by pro-
cessing of their pro-domains is not fully understood.

Catalytically active ADAMs are generated as inactive proen-
zymes, in which the N-terminal pro-domain is responsible for
inhibiting the activity via the “cysteine switch” mechanism (11),
where a cysteine residue in the pro-domain coordinates the
zinc ion in the catalytic site, preventing proteolytic activity.
One of the most important post-translational modifications of
ADAMs is thought to be their pro-domain removal in the trans-
Golgi network, a process that results in the mature form of the
enzyme. The role of the pro-domain in the biosynthesis of
the enzyme has been demonstrated to be more than keeping the
enzyme in its latent form. In fact, the presence of the pro-do-
main was also shown to be required for proper intracellular
trafficking of ADAM10 and -17 (12, 13), presumably because it
also acts as an intramolecular chaperone to ensure correct pro-
tein folding and to protect against degradation (14, 15).

Most members of the ADAM family of metalloproteases
contain a proprotein convertase (PC) consensus cleavage site,
characterized by a dibasic motif (16, 17) RXXR, at the boundary
between the pro-domain and the catalytic domain. The in-
volvement of PC or Furin, a member of the PC family, in the
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activation of ADAMs has been demonstrated in several studies.
For example, mutations in the putative Furin site located
between the pro-domain and the catalytic domain of ADAM10,
ADAM12, and ADAM19 prevent the release of the pro-do-
main, thus keeping the enzyme latent (12, 18, 19). In addition,
inhibitors of the early secretory pathway, brefeldin A and
monensin, have been shown to block the processing of ADAM9
and ADAM15 in the Golgi apparatus (14, 20). This intracellular
location where the maturation of ADAMs takes place is consis-
tent with the localization of Furin and other PCs (17). However,
autocatalytic removal of the pro-domain has been shown for
maturation of ADAM8 and ADAM28 (21, 22).

Members of the PC family are serine proteases that include
PACE (Furin), PACE4, PC5/PC6, and PC7/PC8. These en-
zymes recognize dibasic motifs and cleave the peptide bond on
the carboxyl side (16, 17). As a major PC, Furin is concentrated
in the trans-Golgi network and cycles between this compart-
ment and the cell surface through the endocytic pathway.
Numerous studies have shown that Furin activates a large num-
ber of proproteins in multiple compartments (23). The minimal
recognition sequence for Furin requires basic residues at P1 and
P4, but the consensus sequence for efficient cleavage by Furin is
RXXR, although an amino acid with a hydrophobic aliphatic
side chain is not suitable at the P1� position (17).

In this report we show that the removal of the ADAM pro-
domain occurs via cleavage of two different sites, in which, the
boundary canonical sites are secondary to upstream and
unstructured regions, bearing regulatory cleavage sites embed-
ded within the enzyme pro-domain. Processing at the upstream
regulatory site in the pro-domain is mandatory for proenzyme
maturation and full enzyme activation. Mutations in the
unstructured upstream regulatory site did not prevent pro-do-
main processing at the canonical site, but nevertheless, gave rise
to ADAMs in a pseudo mature form on the cell surface with
significantly reduced activity compared with controls. Thus,
our results present a novel and potentially general mechanism
underlying the maturation of pro-ADAMs that deviates from
the current canonical model of activation by processing at the
boundary between the pro- and metalloprotease domains.

EXPERIMENTAL PROCEDURES

Sequence Alignment and Prediction of Disordered Sequences
and Proprotein Convertase Cleavage Sites in ADAM Pro-
domains—Sequence alignment of all the pro-domains of mem-
bers of the ADAM family of membrane-anchored metallopro-
teases (including the signal peptide) were computed by using
the ClustalW2 server. The alignment was cross-referenced with
the propeptide cleavage potential predicted by the ProP server
(24), and the ADAM members, which have been identified to
have an upstream PC site around the same region, were picked
for further analysis. The following ADAM members were
found to possess an upstream PC site: ADAM8-RVRR44/A45,
ADAM9-RERR56/E57 ADAM10-RAKR51/E52, ADAM11-RLVR55/
E56, and ADAM17-RKR58/D59. The pro-domains of these
ADAMs were analyzed for their potential to be disordered
using the Disopred server (25) with a threshold of 5%.

Cloning of Mouse Full-length ADAM17, ADAM10, and
ADAM9 —Mutations of the PC sites were incorporated in the
following constructs: mouse full-length ADAM17 WT cDNA
(with a C-terminal Myc tag (EQKLISEEDL)) was cloned into
pSECtag. Mutagenic primers were incorporated into the mouse
full-length ADAM17 WT with restriction-free PCR cloning
(26). Mutations in ADAM9 as well as in ADAM10 (with a C-ter-
minal HA tag (YPYDVPDYA)) were incorporated by Transfer
PCR as previously described (27). All sequences were con-
firmed by DNA sequencing.

Transfection of Mouse Embryonic Fibroblasts (MEFs) and
Shedding Assays—Shedding experiments were performed in
Adam17�/� MEFs or Adam10/17�/� MEFs generated from
knock-out mice, as previously described (28, 39). Briefly, MEFs
were generated from either wild type (WT) or Adam17�/�

embryos at E13.5. Double knock out Adam10/17�/� MEFs
were derived from E9.5 embryos. Plasmids encoding AP-tagged
substrates were constructed by inserting partial cDNAs for
human transforming growth factor (TGF) �, betacellulin
(BTC), or EphB4 into the 3� end of human placental AP cDNA
on a pRc/CMV-based expression vector pAlPh. AP-TGF�
was co-transfected with ADAM17 WT or mutants into
Adam17�/� MEFs. AP-BTC was co-transfected with ADAM10 WT
or mutants into Adam10/17�/� MEFs. AP-EphB4 was
co-transfected with ADAM9 WT or mutants into Adam10/
17�/� MEFs. All cells were transfected with LipofectamineTM

(Invitrogen) according to manufacturer’s instructions. Fresh
Opti-MEM (Invitrogen) was added after 12 h, incubated for 1 h,
and then replaced with Opti-MEM containing either 20 ng/ml
of phorbol 12-myristate 13-acetate or 2.5 �M ionomycin, which
was collected after 1 h. Evaluation of AP activity by colorimetric
assays was performed as described previously (29). No AP activ-
ity was present in conditioned media of non-transfected cells.

Western Blot Analysis of the Pro- and Mature Forms of Over-
expressed ADAM17, ADAM10, or ADAM9 in HEK293 Cells—
HEK293 cells were grown in Nunc six-well plates and cultured
in DMEM containing penicillin-streptomycin and 10% FBS,
37 °C, and 5% CO2 to �80% confluence. Mouse full-length
ADAM17 WT and mutants, mouse full-length ADAM10 WT
and mutants, and mouse full-length ADAM9 WT and mutants
were transfected with jetPEI� reagent (PolyPlus) according to
the manufacturer’s instructions. Cells were harvested after
overnight incubation and cell surface biotinylation was per-
formed with a Cell Surface Protein Isolation Kit (Pierce)
according to the manufacturer’s instructions with minor
adjustments. For cell lysis, MMP inhibitors (1 �M marimastat
and 10 mM 1,10-phenanthroline) and EDTA-free complete
Protease Inhibitor Mixture (Roche) were added to the lysis
buffer to prevent autodegradation of the mature form of
ADAM17 (30, 31). Samples from the total lysate were collected
immediately after lysis and analyzed by Western blot. Equal
protein concentrations were loaded for each sample of the WT
or mutant forms of each ADAM and separated by SDS-PAGE
(8% polyacrylamide) and transferred to a nitrocellulose mem-
brane. The blots were probed with polyclonal anti-rabbit sera
against the cytoplasmic domain or pro-domain of ADAM17.
ADAM10 samples were probed with rabbit anti-HA (Santa
Cruz) and ADAM9 samples were probed with rabbit anti-
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ADAM9 antibodies (32). A horseradish peroxidase-conjugated
goat anti-rabbit antibody (Santa Cruz) was used as a secondary
antibody. Signal was detected with ECL (Pierce). The cell sur-
face fraction blots were quantified using ImageJ to calculate the
ratio between the pro- and mature forms.

Cloning, Expression, and Purification of WT or Mutant
ADAM17 Proenzymes in Escherichia coli—The codon usage of
WT human ADAM17 proenzyme DNA (pro-domain and cat-
alytic domain �-signal sequence- Asp23–Val477) was optimized
for expression in E. coli by GeneArt. The ADAM17 proenzyme
was cloned into pET28 with an N-terminal His tag followed by
the tobacco etch virus cleavage site SAGENLYFQGT. Muta-
tions in the upstream site mutant (US), the boundary site
mutant (BS), the double US/BS mutant (2M), and the inactivat-
ing EA mutant in the catalytic site together with the BS mutant
(EA/BS) were introduced by PCR mutagenesis with the pET28
WT ADAM17 proenzyme as a template. Sequences were con-
firmed by DNA sequencing. ADAM17 proenzyme WT and
mutants were expressed and purified according to the following
procedure. Electrocompetent bacteria (E. coli BL21(DE3)) were
transformed with the corresponding ADAM17 proenzyme
plasmid and plated on LB plates containing 30 �g/ml of kana-
mycin. After overnight incubation at 37 °C, single colonies were
selected and cultured in 10 ml of LB medium with 30 �g/ml of
kanamycin overnight at 37 °C. These cultures were added to 1
liter of LB medium containing 30 �g/ml of kanamycin, and
protein expression was induced with 200 �M isopropyl �-D-
thiogalactopyranoside when the optical density of the culture
reached 0.6. Immediately after induction, cells continued to
grow at 15 °C overnight. Cells were harvested by centrifugation
for 20 min at 5000 rpm. The pellets were resuspended with 100
ml of 50 mM Tris, 300 mM NaCl, 20 mM imidazole, 0.1 mg/ml of
lysozyme, 1 �g/ml of DNase, and one tablet of protease inhib-
itor mixture (Roche Diagnostics), pH 8. The resuspended pel-
lets were sonicated and centrifuged at 15,000 rpm for 45 min at
4 °C. The supernatant was applied to a 5-ml Ni2� column (GE
Healthcare). The column was washed with 10 times bed volume
of buffer containing 50 mM Tris, 300 mM NaCl, and 20 mM

imidazole, pH 8. The protein was eluted with buffer containing
50 mM Tris, 300 mM NaCl, and 250 mM imidazole, pH 8. The
eluted protein was dialyzed against 50 mM Tris, pH 8, at 4 °C
overnight. Following dialysis, the protein was applied to a
HiTrap Q HP column (GE Healthcare). The column was
washed with 10 times bed volume of 50 mM Tris, pH 8, and
eluted with a salt gradient starting from 0 M NaCl, 50 mM Tris,
pH 8, to 1 M NaCl, 50 mM Tris, pH 8, in 5 ml/min for 10 min.
Fractions were collected and analyzed by 15% SDS-PAGE. The
fractions containing the ADAM17 proenzyme WT or mutants
were collected and concentrated using a Vivaspin concentrator
with a molecular mass cutoff of 10 kDa to 1 mg/ml concentra-
tion. The protein concentration was determined using the
extinction coefficient of 51760 cm�1 M�1.

Circular Dichroism (CD)—CD measurements were per-
formed using an Aviv 202 spectropolarimeter with a 1-mm path
length quartz cuvette at 25 °C. Wavelength scans were done in
the 190 –260-nm far-ultraviolet range. The CD spectra of
ADAM17 proenzyme WT and mutants were recorded at a con-
centration of 0.1 mg/ml in 150 mM NaCl, 50 mM Tris buffer, pH

8, at 2 s/nm. Data sets were averaged and then normalized to the
baseline at 255 nm.

Activation of Recombinant ADAM17 Proenzyme by Furin
and ADAM17 Activity Assay—Purified ADAM17 proenzymes
including WT, US, BS, 2M, and EA/BS mutants (0.2 mg/ml final
concentration) were incubated with Furin (2 enzyme units,
New England Biolab) in Furin assay buffer (100 mM HEPES, pH
7.5), 0.5% Triton X-100, 1 mM CaCl2, 1 mM 2-mercaptoethanol)
at 37 °C for 3 h. 10 �l of each reaction was separated on a 12%
SDS-PAGE and stained with 12% basic native gel stain Coomas-
sie Blue solution. In addition, the catalytic activity of ADAM17
(10 nM) was measured by hydrolytic processing of the fluoro-
genic substrate Mca-PLAGAV-Dpa-RSSSR by monitoring the
increasing fluorescence intensity at �ex � 340 nm and �em �
380 nm for 40 min at 37 °C with a SynergyTM HT plate reader
(BioTek). All reactions were performed in a fluorogenic buffer
containing 50 mM Tris, pH 8, 150 mM NaCl, and 0.05% Brij-35.

Preparation of Furin-digested ADAM17 Proenzyme WT and
Mutants for N-terminal Sequencing—Purified ADAM17 pro-
enzyme WT and mutants were treated with Furin as described
above and products were separated by SDS-PAGE and trans-
ferred to a PVDF membrane. The different bands were excised
from the membrane and N-terminal sequence analysis was per-
formed using a Procise 492 Protein Sequencer (Applied Biosys-
tems, CA) according to the manufacturer’s instructions.

Statistical Analysis—Data were assumed to meet normal dis-
tribution. The variance between groups that were statistically
compared was similar. All data were expressed as mean � S.D.
p values were generated using two-tailed Student’s t test (*, p 	
0.05; **, p 	 0.01; ***, p 	 0.001). All statistical analyses were
performed with Microsoft Excel software.

RESULTS

Activation Mechanism of ADAM Proenzymes: Prediction of a
Novel Upstream PC Processing Motif—Many enzymes, includ-
ing ADAMs, are synthesized as inactive proenzymes that
undergo post-translational processing to become biologically
active. In mammals, the PC family and specifically Furin has
been shown to be responsible for the maturation of members of
the ADAM family by processing at a PC consensus site at the
boundary between the catalytic domain and the autoinhibitory
pro-domain. To identify additional potential cleavage sites for
PCs in the pro-domains of ADAMs, we subjected the sequences
of different ADAMs to a proprotein convertase cleavage site
prediction program (ProP server (24)), which predicts PC
cleavage sites based on artificial neural networks. In addition,
the sequences were analyzed with disorder prediction by the
Disopred server (25) to provide information regarding the
sequence properties of the PC cleavage sites. This analysis pre-
dicted two distinct PC sites in the pro-domains of ADAM8, -9,
-10, -11, and -17 (Fig. 1, A–E). The first predicted site was the
classical putative boundary PC site between the pro- and the
catalytic domain (Fig. 1F): ADAM8-RETR196/Y197, ADAM9-
RRRR205/A206, ADAM10-RKKR214/T215, ADAM11-RRKR229/
Q230, and ADAM17-RVKR214/R215. Although ADAM pro-do-
mains share low sequence homology, the second predicted
site was located in the same region upstream to the boundary
site (Fig. 1F): ADAM8-RVRR42/A43, ADAM9-RERR56/E57,
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ADAM10-RAKR51/A52, ADAM11-RLVR55/Q56, and ADAM17-
RKR58/D59. In addition, the putative upstream PC cleavage site
appeared to be located in a disordered region, which may indi-
cate an increased accessibility to proteases.

To evaluate the contribution of both the boundary site and
the predicted upstream PC site to the physiological activation

and maturation of different ADAMs, we mutated the respective
sites in the full-length mouse ADAM17, ADAM10, and
ADAM9 (Fig. 1G). To eliminate the PC consensus sites in both
the boundary site and upstream PC site, we mutated the basic
arginine residues in P1 and/or P4 in each of the ADAM
sequences. The following mutants were generated for (a) the

FIGURE 1. ADAM pro-domain sequence alignment of the potential PC sites. Disordered probability predicted by Disopred server (orange graph), with a
threshold of 5% (orange dashed line), and propeptide cleavage potential as predicted by ProP server (blue column), with a threshold of 0.5 (blue dashed line) in
the pro-domain sequence of ADAM8 (A), ADAM9 (B), ADAM10 (C), ADAM11 (D), and ADAM17 (E). Sequence alignment of the pro-domain of ADAM8, -9, -10, -11,
and -17 in the predicted PC sites (F). Schematic presentation of the ADAM domains structure; SP, signal peptide; PRO, pro-domain; CAT, catalytic domain; DIS,
disintegrin domain; CYT, cytoplasmic tail, and below the detailed sequence where the blue underline marks the predicted upstream PC site and red underline
marks the boundary site (G). The residues marked in blue are the mutations introduced in the upstream PC sites and in red are the mutations in the boundary
sites of ADAM9, -10, or -17 in the US, BS, and 2M mutants.
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upstream PC site (US): ADAM17-R58A, ADAM10-R48A/
R51G, and ADAM9-R48A/R51G, (b) the boundary site (BS):
ADAM17-R211A/R214G, ADAM10-R210A/R213A, and ADAM9-
R202A/R205G, and (c) a combination of both mutations desig-
nated as 2M double mutations (Fig. 1G).

A Mutation in the Upstream PC Site Motif of ADAMs9, -10, or
-17 Interferes with Pro-domain Removal and Activation—To
explore the role of the predicted upstream PC site in the matu-
ration and shedding activity of ADAMs9, -10, and -17, we per-
formed cell-based ectodomain shedding assays with mouse
embryonic fibroblasts isolated from ADAM knock-out mice
(Adam17�/� or Adam10/17�/� MEFs), which eliminate the
endogenous activity of one or both of these major sheddases
(28, 34, 39). These cells were transfected with either of the fol-
lowing full-length mouse ADAM mutants: WT, US, BS, 2M
(Fig. 1), or the Glu 
 Ala mutant in the catalytic site as an
inactive negative control. To monitor shedding, we co-trans-
fected alkaline phosphatase (AP)-tagged cell surface substrates;
TGF�, an EGFR-ligand to monitor the activity of ADAM17 (28,
34), BTC to study ADAM10 (28, 35), or Ephrin receptor B4
(EphB4), which is a substrate for overexpressed ADAM9 (36).
The cells were stimulated with either phorbol 12-myristate
13-acetate (PMA) to stimulate ADAM17, or ionomycin to
enhance the activity of ADAM10 (37–39), or left unstimulated
in experiments with overexpressed ADAM9. In addition, the
WT or mutant forms of each of these ADAM were overex-
pressed in HEK293 cells and analyzed by Western blot (see
“Experimental Procedures”).

ADAM17, one of the best characterized ADAMs, has been
implicated in the shedding of TGF� in mouse embryonic fibro-
blasts and primary keratinocytes (2, 28, 40). As expected,
Adam17�/� MEFs transfected with the catalytically inactive
Glu 
 Ala mutant showed very low levels of TGF� shedding
activity with or without PMA stimulation (1.5 � 0.9 and 1.25 �
0.5%, respectively). Expression of WT ADAM17 significantly
increased TGF� shedding, with a 5-fold increase in activity
observed in the absence of PMA (5.6 � 1.2%) and 20-fold activ-
ity after PMA treatment compared with the inactive Glu 
 Ala
mutant (23.6 � 5.6%) (Fig. 2A). The BS mutant had similar
shedding activity as the WT 5.2 � 0.8% without PMA and
20.1 � 5.1% in the PMA-stimulated cells. These results suggest
that the presence of a PC consensus site in the boundary is not
necessary for the shedding activity of ADAM17. However,
Adam17�/� MEFs transfected with either the US or 2M
mutants showed very low levels of TGF� shedding activity (US,
without PMA 1.4 � 0.3% and with PMA 1.8 � 0.5%; 2M with-
out PMA 1.7 � 0.3% and with PMA 1.8 � 0.5%). Both mutants
had a similarly low activity as the inactive Glu 
 Ala mutant,
indicating that these mutations produced a catalytically inac-
tive form of ADAM17. Interestingly, a single mutation in the
predicted novel upstream PC site (Fig. 2A, US) completely pre-
vented ADAM17-dependent shedding of TGF�, even though
the canonical boundary site was still processed (Fig. 2B). There-
fore, we conclude that processing at the newly predicted
upstream PC site plays a crucial role in maturation or activation
of ADAM17, whereas processing at the boundary site is not
sufficient to allow production of active ADAM17.

ADAMs are usually present in two forms: a pro-form includ-
ing the pro-domain, and a mature form, where the pro-domain
has been processed. In the lysates of cells expressing the indi-
vidual ADAM17 constructs, a band of around 120 kDa was
detected, which corresponds to the pro-form of ADAM17 (30)
(Fig. 2B, upper panel). Following cell surface biotinylation and
immunoprecipitation, we found that the pro-form of WT
ADAM17 and the BS mutant were labeled, presenting a similar
pattern as in the total lysate fraction. There was an increase of
expression of the pro-form in both the BS and US mutants (Fig.
2B, second panel). However, in the US mutant a faster migrating
dominant band appeared at �110 kDa, which thus migrated
close to the mature form of ADAM17 (Fig. 2B, second panel),
with a ratio between the pro- and mature form of 0.28 on the
Western blot in this panel (Fig. 2C). Previous reports demon-
strated that the mature form of ADAM17 can only be detected
when an MMP inhibitor is present during cell lysis because of a
post-lysis autodegradation of the mature ADAM17 (30, 31). As
a control, we added untransfected cell lysates with or without
MMP inhibitors to detect both forms (Fig. 2B, second panel,
A17� and A17�). This indicates that the catalytic activity of
the US mutant ADAM17, which migrated slightly slower than
the mature WT ADAM17, was inhibited, because it was unable
to promote shedding of the cell surface substrate TGF� (Fig.
2A). Thus, preventing cleavage of the upstream PC site in the
pro-domain also prevented the proper functional activation
and maturation of ADAM17. In addition, another slower
migrating band around 130 kDa appeared in lanes loaded with
the US and 2M mutant samples. This band is most likely a
sialylated pro-form of ADAM17 that is generated by modifica-
tion of O-linked carbohydrates in the trans-Golgi network. This
slower migrating pro-form is usually not seen in the endoge-
nous ADAM17, presumably because it is efficiently processed
before the sialylation occurs.

Interestingly, when we used an antibody against the pro-do-
main of ADAM17 in the membrane fraction, the intact pro-
domain of �25 kDa was only detected in the US mutant (Fig.
2B, third panel). These results indicate that in the absence of
cleavage at the upstream PC site, the pro-domain remains
intact and bound to ADAM17, presenting as a pseudo proen-
zyme lacking proteolytic activity.

Cleavage at the Upstream PC Site Is Necessary for Full
Activation of Both ADAM10 and ADAM9 —Next, we tested
the involvement of the newly identified upstream PC site in
the maturation of other ADAMs. The shedding activity of
ADAM10 was assessed by measuring BTC shedding, and
ADAM9 WT activity was monitored by measuring EphB4
shedding in Adam10/17�/� MEFs. The inactive Glu 
 Ala
mutant of ADAM10 did not exhibit detectable activity, even
after stimulation with ionomycin (0.25 � 0.1%; Fig. 2D). The
shedding of BTC was strongly increased after co-transfection of
Adam10/17�/� MEFs with WT ADAM10 (23.6 � 5.8% iono-
mycin stimulated, 2.2 � 0.85% constitutive). Similar to the
ADAM17 BS mutant, the ADAM10 BS mutant did not have an
effect on its maturation or activation (ionomycin-induced
shedding, 17 � 7.5%; without ionomycin, 2.9 � 0.6% (Fig. 2D)).
This suggests that for ADAM10, the PC consensus site in the
boundary between the catalytic domain and the pro-domain
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was also not required for the sheddase activity of the protein.
However, when the upstream PC site mutation was incorpo-
rated to generate US and 2M mutants, the ionomycin-stimu-
lated shedding activity of ADAM10 was reduced to 10.4 � 3
and 5 � 2.3%, respectively, and constitutive shedding was 1.5 �
0.5 and 1.4 � 0.3%, respectively. These results show that a
mutation in the upstream PC site cleavage impairs the function
of ADAM10 as a sheddase, and are consistent with our identi-
fication of a regulatory role of the upstream PC site in
ADAM17.

Similar to ADAM17, ADAM10 exists in two forms: as a �100
kDa pro-form and a �70 kDa mature form (12). Western blots
of overexpressed ADAM10 in HEK293 cells confirmed the
importance of the upstream PC site. In the total lysates, the

predominant band was the pro-form �100 kDa for all trans-
fected constructs, but in contrast to ADAM17, the mature form
of the US mutant was also detected (Fig. 2E, upper panel). In the
cell surface fraction, the mature form of �70 kDa could be
detected for all variants (Fig. 2E, second panel). However, the
mature form was enriched in the US sample, although the shed-
ding activity was impaired (Fig. 2, D and E, the ratio between the
pro- and mature form is 0.66, Fig. 2F). This result resembled the
ADAM17 US mutant experiment where we could detect large
amounts of mature and processed ADAM17 that was not
active, presumably because of a stabilizing inhibitory interac-
tion between the pro-domain and the catalytic domain.

The involvement of the upstream PC site in ADAM matura-
tion was also apparent in ADAM9. ADAM9-mediated shed-

FIGURE 2. Cell surface shedding activity and Western blot analysis of ADAM17, ADAM10, and ADAM9 WT and PC sites mutants. A, shedding activity of
Adam17�/� MEFs co-transfected with Glu 
 Ala, WT, US, BS, 2M mutants, and AP-TGF�. ADAM17-dependent shedding was stimulated by PMA and calculated
by determining the ratio of AP activity in the supernatants and the AP activity in cell lysates (mean � S.D., n � 3). B, Western blot of the total lysate (upper panel)
or the immunoprecipitated membrane fractions of cell-surface biotinylated WT or mutant forms of ADAM17 (second panel) from HEK293 cells overexpressing
ADAM17 WT and mutants using antibodies against the cytoplasmic portion of ADAM17. The third panel shows a Western blot probed with an antibody against
the pro-domain of ADAM17 of the membrane fraction correlated to the respective constructs, the left lanes are the molecular markers as indicated. C,
proenzyme to mature enzyme ratio quantified by the band densitometry in the membrane fraction blot of ADAM17. The dashed line marks the 1:1 ratio
between the pro-form and the mature form where data above indicates a predominant pro-form and below indicates a predominant mature form (represen-
tative of 3 experiments). D, shedding activity of Adam10/17�/� MEFs co-transfected with the ADAM10 mutants Glu 
 Ala, WT, US, BS, or 2M together with
AP-BTC. ADAM10 shedding was determined by calculating the ratio of AP activity in the supernatants and the AP activity in cell lysates (mean � S.D., n � 3). E,
Western blot of the total lysate (upper panel) or the membrane fraction (immunoprecipitation of cell-surface biotinylated samples; second panel) from HEK293
cells overexpressing ADAM10 WT, US, BS, 2M mutants using anti-HA antibody, the left lanes are the molecular markers as indicated. F, pro/mature ratio
quantified by the band densitometry in the cell surface fraction blot of ADAM10 (representative of 3 experiments). G, shedding of EphB4 in Adam10/17�/�

MEFs co-transfected with ADAM9 Glu 
 Ala, WT, US, BS, 2M mutants, and AP-EphB4 (mean � S.D., n � 6). H, Western blot of the total lysates (upper panel) or
the membrane fractions (immunoprecipitation of cell-surface biotinylated samples, second panel) from HEK293 cells overexpressing ADAM9 WT, US, BS, 2M
mutants using antibodies against ADAM9, the left lanes are the molecular markers as indicated. I, pro/mature ratio quantified by band densitometry in the cell
surface fraction blot of ADAM9 (representative of 6 experiments).
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ding of EphB4 from Adam10/17�/� MEFs transfected with the
corresponding WT or mutant forms of ADAM9 provided evi-
dence for a similar importance of the upstream PC site for the
function of ADAM9 (Fig. 2G). In this experiment, the baseline-
shedding activity was defined as the shedding from Adam10/
17�/� MEFs transfected with the inactive Glu 
 Ala mutant as
a negative control (9 � 1.6%). The background levels of EphB4
shedding under these conditions could be due to low levels of
endogenous ADAM9 or other proteases, except for ADAM10
and ADAM17, which are lacking in these cells. Shedding of
EphB4 was significantly increased when the WT or BS mutant
of ADAM9 were overexpressed, reaching 27.4 � 5.6 and 25.2 �
4.7% AP ratio, respectively. A mutation in the upstream PC site
(US mutant) reduced the shedding activity to 19 � 4.6%, which
was a significant reduction, but not of the same magnitude
compared with the effect of the US mutation in ADAM17 and
ADAM10. The 2M mutant possessed lower shedding activity
(13.8 � 3.1%) than the US mutant, indicating that the presence
of a PC boundary site could contribute to the functional matu-
ration of ADAM9. Although, the effect of the ADAM9 US and
2M mutants are less striking than in the case of ADAM17 or
ADAM10, they nevertheless, support the notion that the
upstream PC site plays a role in the maturation and function of
ADAM9.

ADAM9 exists in a pro-form of �110 kDa and a mature form
of �80 kDa where the pro-domain is removed (14). Overex-
pression of the ADAM9 WT and mutants resulted in the
appearance of the pro- and mature forms in the total lysate (Fig.
2H, upper panel). However, stronger bands were detected in the
US mutant, whereas the pro-form was dominant in the 2M
mutant. We found no significant differences between the WT
and BS mutants, with the pro- and mature form present in both
cases (Fig. 2H, second panel). The activation pattern of the US
mutant resembled that observed in the ADAM17 and
ADAM10 US mutants, where the mature from was predomi-
nant (the ratio between pro- and mature form is 0.19 (Fig. 2I)),
even though the shedding activity was abolished or strongly
reduced. There were almost no differences in the band pattern
of the 2M mutant when comparing the total lysate fraction and
the cell surface fraction, with the pro-form dominant due to the
improper cleavage of PC in both sites. Taken together, these
results demonstrate that the upstream PC site is a key cleavage
site for the functional activation of several members of the
ADAM family of metalloproteinases.

Purification and Activation of Recombinant Soluble
ADAM17 Proenzyme Mutants—To analyze the molecular
events occurring during the pro-domain removal by PCs in
vitro, we recombinantly expressed and purified the ADAM17
proenzyme (pro-domain and catalytic domain Asp23-Val477) in
E. coli to 
95% purity (Fig. 3A). To assess the importance of
PCs in ADAM17 proenzyme activation, both PC recognition
sites were mutated similar to the previous section in the
ADAM17 pro-domain sequence (Fig. 3B). The mutations in
neither of the PC sites changed the overall secondary structures
of the protein significantly as demonstrated in the CD measure-
ments (Fig. 3C), indicating that the WT and mutant ADAM17
proenzymes are folded in a similar manner.

The purified ADAM17 proenzyme WT and mutants were
incubated with the PC Furin (see “Experimental Procedures”
for details). The degradation patterns were analyzed using SDS-
PAGE, and ADAM17 activity was measured by the proteolysis
of a fluorogenic peptide mimicking the cleavage site of TNF�
(41). The WT ADAM17 proenzyme was cleaved by Furin in
both PC sites resulting in two protein fragments: a 35-kDa
(Arg214-Val477) fragment corresponding to the catalytic
domain (N-terminal sequence, 215RADPD), and a 15-kDa pro-
domain fragment (Asp59-Arg213) (N-terminal sequence,
59DLQTS) (Fig. 4A, WT�). Importantly, the resulting product
was able to cleave the fluorogenic peptide (Fig. 4B, WT�). This
confirmed that the upstream PC site is indeed a relevant PC
site. In agreement with our cell-based shedding experiments,
full activation was also observed in the BS mutant after incuba-
tion with Furin. Similarly to the WT ADAM17 proenzyme, the
BS mutant was cleaved at both the upstream PC site and at the
boundary site, resulting in two protein fragments with the same
N-terminal amino acid sequences as the WT (Fig. 4A, BS�) and
an activated ADAM17 (Fig. 4B, BS�). These results demon-
strate that the presence of the Furin cleavage consensus in the
boundary site is not necessary for full activation of ADAM
proenzyme.

As expected, the 2M mutant could not be cleaved by Furin
and the protein remained full-length and inactive (Fig. 4, A and
B, 2M�). Furin cleaved the US mutant only at the boundary

FIGURE 3. Purification and circular dichroism of recombinant ADAM17
proenzyme WT and mutants. A, representative SDS-PAGE of purification of
ADAM17 proenzyme with a nickel-nitrilotriacetic acid column followed by
anion exchange column: molecular mass (MW), nickel-nitrilotriacetic acid
lysate load (1), nickel-nitrilotriacetic acid flow-through (2), anion exchange
load (3), anion exchange flow-through (4), and anion exchange first peak (5).
B, schematic presentation of ADAM17 domain structure; SP, signal peptide;
PRO, pro-domain; CAT, catalytic domain; DIS, disintegrin domain; CYT, cyto-
plasmic tail. The blue arrow indicates the upstream PC site and the red arrow
indicates the boundary site. Below are the recombinant ADAM17 proenzyme
constructs with an N-terminal His tag: WT, pro-catalytic domains; US-R58A
mutation in the Upstream PC site; BS, R211A/R214G mutation in the bound-
ary site; and 2M, R58A/R211A/R214G containing both PC sites mutations. C,
CD measurements of WT ADAM17 proenzyme and mutants.
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site, resulting in two protein fragments: a 35-kDa catalytic
domain (N-terminal sequence, 215RADPD) and a 20-kDa intact
pro-domain, whereas some of the full-length protein (55 kDa)
remained uncleaved (Fig. 4A, US�). Interestingly, although
Furin cleaved the US mutant, the resulting product could not
process the fluorogenic peptide (Fig. 4B, US�). This suggests
that the unprocessed 20-kDa pro-domain fragment remains
bound to the catalytic domain of the US mutant ADAM17 and
inhibits its enzymatic activity, thus creating a pseudo proen-
zyme form.

To determine whether the pro-domain and the catalytic
domain form a complex in the US mutant after Furin treatment,
the resulting products were subjected to native gel electropho-
resis. As expected, the degradation products of both WT
ADAM17 proenzyme and the BS mutant resulted in a similar
band migration patterns after incubation with Furin (Fig. 4C,
WT�, BS�), indicating that the pro-domain is processed sim-
ilarly in both cases. The US mutant showed no significant dif-
ference in its migration pattern with or without Furin treat-
ment (Fig. 4C, US�) although Furin cleaved the boundary site,
as shown in Fig. 4A, US�. This implies that an intact complex of
the pro-domain and the catalytic domain co-migrates in a
native gel even after cleavage at the boundary site RVKR214/
R215. Accordingly, the 2M mutant, which was not cleaved by
Furin, exhibited a similar behavior as the US mutant where the
pro-domain remained in complex with the catalytic domain
before and after treatment with Furin. The differences in the
rates of band migration between these two mutants may be
explained by the differences in electrostatic protein surface
potentials resulting from the point mutations. Thus, full disso-
ciation of the pro-domain is achieved only after a cleavage at the
non-canonical upstream PC site RKR58/D59.

Secondary Cleavage at the Boundary Site Is Furin Inde-
pendent—The data above shows that cleavage at the boundary
site occurs after the primary cleavage at the upstream PC site
even in the absence of the PC consensus site (Fig. 4B, BS
mutant). In this in vitro system, the second cleavage can either
be performed by an unspecific activity of Furin or by ADAM17
itself. To address this question, we generated a mutant
ADAM17 proenzyme protein carrying the inactivating EA
mutation and a BS mutation in the boundary site (EA/BS). This
mutant allowed us to examine whether ADAM17 itself was
responsible for cleavage at the boundary site after the initial
cleavage by Furin at the upstream PC site. After treatment with
Furin, the EA/BS mutant showed a slight reduction in molecu-
lar weight compared with the non-treated protein (Fig. 4D).
This resulted in cleavage by Furin at the upstream PC site
RKR58/D59 generating a �50 kDa fragment corresponding to
the ADAM17 zymogen where the N-terminal His tag and
Asp23-Arg58 residues were removed. The second cleavage at
the boundary site RVKR214/R215 did not occur in this mutant,
suggesting that neither Furin, due to the mutation in the
boundary site, nor ADAM17, due to the inactive mutant, could
cleave the boundary site. From these results, we conclude that
the second cleavage in the boundary site can be processed by
other proteases besides Furin and could be autocatalytic. How-
ever, the second cleavage event at the BS was dependent on the
primary cleavage at the non-canonical upstream PC site
RKR58/D59.

DISCUSSION

Two mechanisms have been proposed for the activation of
ADAM proenzymes. One is the removal of the pro-domain by
autocatalysis, which was demonstrated for ADAM8 (22) and

FIGURE 4. Cleavage of the upstream PC site is essential for dissociation of ADAM17 pro-domain and proenzyme activation. A, degradation pattern of the
ADAM17 proenzyme by Furin. 5 �g of ADAM17 proenzyme WT or mutants were preincubated with 2 enzyme units of Furin for 3 h and analyzed by 12%
SDS-PAGE: WT, BS, US, and 2M without Furin (�) and in the presence of Furin (�). N-terminal sequencing of the 35-kDa band of WT�, BS�, and US� yielded
in the same N terminus of the ADAM17 catalytic domain beginning at residue 215: RADPD. The lower 15-kDa band in WT� and BS� had the N-terminal
sequence of DLQTS, corresponding to residue 59. B, fluorogenic peptide hydrolysis assays of the Furin-treated ADAM17 proenzyme. Purified ADAM17
proenzyme WT and mutants were preincubated with Furin as mentioned above and 10 nM protein samples were tested in the presence of 10 �M fluorogenic
substrate for hydrolysis activity. The data were collected during steady state activity and normalized to the activity of the activated WT (mean � S.D., n � 3). C,
native gel analysis of ADAM17 proenzyme: WT, BS, US, and 2M untreated (UN), without Furin (�) and in the presence of Furin (�). D, EA/BS ADAM17 proenzyme
mutants (R211A/R214G/E406A) in which the boundary site was deleted and ADAM17 was inactivated by the Glu 
 Ala mutation was processed by Furin and
analyzed by SDS-PAGE as described above, without (�) or with (�) Furin.
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ADAM28 (21). The second is the processing at a canonical PC
cleavage site between the pro- and metalloprotease domain,
which has been proposed and demonstrated as a pre-requisite
for activation of several ADAMs, including ADAM9 (14),
ADAM12 (18), ADAM15 (20), ADAM17 (30), and ADAM19
(19). Here we identify a crucial novel upstream PC cleavage site
that has an important role in the activation of several ADAMs.
Our results suggest that processing at this novel site needs to
occur to allow the pro-domain to dissociate from the catalytic
domain, at least in the case of ADAM17, and that processing at
the previously identified boundary site between the pro- and
metalloprotease domain is not sufficient to activate ADAM17.

Based on our findings, we propose that processing at the
upstream PC cleavage site is a general novel activation mecha-
nism that is shared by several ADAMs (Fig. 5). After ADAMs
are translated and translocated across the ER membrane as
inactive proenzymes, they are delivered to the Golgi compart-
ment with the intact pro-domain. This is presumably meant to

keep these ADAMs inactive and prevent inappropriate pro-
cessing of growth factors and substrates, for example, to pre-
vent intracrine signaling via prematurely released growth fac-
tors (42). After trafficking of the proenzyme to the later
compartments of the secretory pathway, it encounters PCs
such as Furin in the trans-Golgi network (Fig. 5A) (17, 23, 43).
The pro-domain processing then takes place in the two distinct
sites in the pro-domain, namely the upstream PC site discov-
ered here, and the boundary site, which contains a PC consen-
sus sequence, but can also be processed autocatalytically. The
exact order of these processing events under physiological con-
ditions remains to be established, and two scenarios are shown
in Fig. 5. In one model, processing at the upstream site (Fig. 5B)
is a pre-requisite for activating the ADAM, which then pro-
cesses the BS (Fig. 5C), although PCs or other enzymes could
also have a role in processing at the boundary site. Together,
these two processing events result in the release of the inhibi-
tory pro-domain, which is a pre-requisite for the activation of
the ADAM (Fig. 5, D and E). In the second model, processing at
the boundary generates an intermediate product, in which the
upstream site is exposed to other proteases (Fig. 5, F and G).
However, our results suggest that removal of the residual pro-
domain requires processing at the upstream site, at least for
ADAM17. If the upstream site is not processed, then the
ADAM is presented as a pseudo-proenzyme on the cell surface,
in which the pro-domain has been processed at the boundary
site, but cannot dissociate without processing at the upstream
PC site (Fig. 5H). The enzyme therefore remains in its latent
form and is unable to process its substrates on the cell surface
(Fig. 5I).

According to our results, only PC proteases are involved in
the processing of the upstream PC site. This is consistent with
the observation that Furin-deficient cells fail to activate
ADAM17 (44). Moreover, a report by Schwarz et al. (45) dem-
onstrated that a mutation in the boundary site did not affect the
shedding activity of TNF� in cell-based assays, similar to our
results with the BS mutant. Interestingly, in both studies, very
little, if any of the mature form of ADAM17 was detected by
Western blot. This is consistent with previous observations that
overexpressed WT ADAM17 can usually only be detected as a
pro-form, although the reason for this remains to be deter-
mined (38, 46). Nevertheless, the overexpressed ADAM17 is
able to rescue defects in TGF� or TNF� shedding in
Adam17�/� MEFs, demonstrating that it is catalytically active.

In contrast to previous studies showing that the activation of
ADAM10 requires processing at the boundary site (12), our
functional studies of the shedding activity of ADAM10 mutants
lead us to a different conclusion. Expression of ADAM10 with a
mutation in the boundary site (BS mutant) leads to a high level
of BTC shedding, similar to expression of WT ADAM10. Thus
the functional maturation of ADAM10 was not impaired by this
mutation. The reason for this discrepancy remains to be estab-
lished. In the case of ADAM9, it has been shown that deletion of
the boundary site RRRR205/A206 did not hinder the maturation
of ADAM9. Instead, the BS mutant appears to be processed at a
different site, adjacent to the boundary site (14). Indeed, we
have found that the ADAM9 BS mutant could promote shed-
ding of EphB4 at a similar level as the WT protein, demonstrat-

FIGURE 5. Schematic presentation of ADAM proenzyme activation by
pro-domain removal. ADAMs are generated as an inactive proenzyme with
an autoinhibitory pro-domain (catalytic domain of ADAM is represented by a
yellow circle, the pro-domain is represented by two connected parts (blue)
where the upstream PC site is located in the middle (dark blue line) and the
boundary site is connected to the catalytic domain (yellow line)). The removal
of the pro-domain occurs in the trans Golgi compartment (A) and the first
cleavage event is performed by Furin or PC at the upstream PC site (B). This
leads to conformational changes, which expose the boundary site for rapid
cleavage by either Furin or other proteases (C). The activated ADAM is traf-
ficking to the membrane (D) to shed cell surface substrates (E). However,
when only the boundary site is cleaved as in the US mutant (F) the pro-do-
main remains attached to the catalytic domain, thus forming an inactive
tightly bound binary complex (G). This pseudo-proenzyme form is delivered
to the membrane (H) but is unable to shed cell surface substrates (I).
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ing that mutation in the boundary site did not prevent the func-
tional maturation of ADAM9. By analogy to our results with the
related ADAM17, it is possible that upon cleavage of the
upstream PC site RERR56/E57 in ADAM9, the secondary cleav-
age occurs at a site adjacent to the boundary PC site by another
protease, leading to proper activation.

It should be noted that the ectodomain shedding activities of
ADAM10 and ADAM9 were not completely abolished by intro-
duction of the US mutation, whereas the activity of ADAM17
was strongly affected by the US mutant (Fig. 2). However, intro-
duction of the US and BS mutations into ADAM10 and
ADAM9 further reduced their shedding activity. There could
be several explanations for this phenomenon: 1) in contrast to
ADAM17, the PC cleavage regulation of ADAM10 and
ADAM9 may depend on both PC sites, 2) PCs are not the only
proteases responsible for removal of the pro-domain of
ADAM10 and ADAM9, therefore, other proteases could con-
tribute to the removal of the pro-domain but with lower effi-
ciency, 3) or the affinities of the pro-domains of ADAM10 and
ADAM9 to their relative catalytic domains are not as high as
ADAM17 pro-domain to ADAM17 catalytic domain. Never-
theless, these findings point to a general strategy for ADAM
activation, where the newly discovered upstream PC site plays
an important role in the maturation of the ADAM proenzymes.

Based on our predictions, ADAM8 also should possess an
upstream PC site in its pro-domain (RVRR44/A45) in addition to
its boundary site (RETR200/Y201), which has been suggested to
be a suboptimal consensus cleavage sequence for Furin (22).
The processing of ADAM8 at the boundary site between the
pro- and metalloprotease domain depends on autocatalytic
activity (21, 22). However, these previous studies did not
address the possible requirement for processing at the
upstream site by PC. In this scenario the autocatalytic cleavage
could only occur after the initial cleavage by a PC at the
upstream site. Interestingly, Hall et al. (47) had demonstrated
that one of the fragments produced during the purification of
ADAM8 begins with the N-terminal Ala45, providing validation
to the processing of ADAM8 in the upstream PC site. There-
fore, it would be interesting to revisit ADAM8 for similar stud-
ies of the contribution of the upstream site to PC-dependent
activation.

Multiple cleavage sites within the pro-domain region have
also been reported for other members of the MMP family (48,
49). It has been proposed that a primary cleavage occurs in a
“bait” region that disrupts the pro-domain structure, creating
an unstable intermediate at the boundary between the pro- and
catalytic domains, making it accessible to PC activity for
removal of the pro-domain (50). Comparably, the upstream PC
site in the case of ADAMs is the bait region located in an
approachable and accessible loop in which the cleavage leads to
conformational changes creating an unstable intermediate and
exposing the boundary site for proteolytic digestion. Moreover,
previous reports showed that the pro-domain of ADAM17 is
constituted by two independent subunits, one including Pro18–
Ser54 and the second including Val55-Arg214 (33). The newly
characterized upstream PC site RKR58/D59 is located after the
N-terminal subunit, suggesting the existence of an N-terminal
unit in ADAM17 pro-domain divided by the upstream PC site.

Taking into account both the fact that the cysteine switch is not
necessary for ADAM17 inhibition (13) and our results showing
that cleavage at the upstream PC site leads to removal of the
pro-domain, it is reasonable to assume that the N-terminal pro-
domain plays a major role in the autoinhibitory activity.

In summary, by analyzing the molecular mechanism driving
the activation of ADAMs, we have characterized a new key
regulatory PC cleavage site in the pro-domain sequence. Our
results demonstrate that Furin can cleave at two distinct sites
located in the pro-domain: the putative boundary site and the
newly characterized upstream PC site. Processing at the
upstream site is particularly important for activation of
the ADAM proenzyme, whereas PC-dependent processing at
the boundary site does not appear to be essential. In the absence
of the upstream PC site cleavage, the ADAM may be present on
the cell surface as a “proenzyme-like” form. Our results provide
new insights into the understanding of how the maturation of
ADAMs is controlled by precisely orchestrated sequential pro-
cessing of their pro-domains, which is essential for proper acti-
vation of these important regulators of cell-cell signaling.
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