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Abstract
L-selectin is constitutively expressed by neutrophils and plays a key role in directing these cells to
sites of inflammation. Upon neutrophil activation, L-selectin is rapidly and efficiently down-
regulated from the cell surface by ectodomain shedding. We have directly shown that ADAM17 is
a primary and non-redundant sheddase of L-selection by activated neutrophils in vivo. Following cell
activation, intracellular signals lead to the induction of ADAM17's enzymatic activity; however, the
target of this inducer mechanism remains unclear. Our study provides evidence of an activation
mechanism that involves the extracellular region of the mature form of cell surface ADAM17 and
not its intracellular region. We demonstrate that the catalytic activity of purified ADAM17 lacking
a pro-domain and its intracellular region is diminished under mild reducing conditions by DTT and
enhanced by H2O2 oxidation. Moreover, H2O2 reversed ADAM17 inhibition by DTT. The treatment
of neutrophils with H2O2 also induced L-selectin shedding in an ADAM17-dependent manner. These
findings suggest that thioldisulfide conversion occurring in the extracellular region of ADAM17 may
be involved in its activation. An analysis of ADAM17 revealed that within its disintegrin/cysteine-
rich region are two highly conserved, vicinal cysteine sulfhydryl motifs (cysteine-X-X-cysteine,
CXXC), which are well characterized targets for thiol-disulfide exchange in various other proteins.
Using a cell-based ADAM17 reconstitution assay, we demonstrate that the CXXC motifs are critical
for L-selectin cleavage. Taken together, our findings suggest that redox modifications of cysteinyl
sulfhydryl groups in mature ADAM17 may serve as a mechanism for regulating the shedding of L-
selectin following neutrophil stimulation.
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INTRODUCTION
L-selectin is a type-1 transmembrane adhesion protein expressed by leukocytes. It plays a
critical role in directing neutrophils to sites of inflammation by facilitating their accumulation
along the vascular wall in a direct and indirect manner (1-5). L-selectin is tightly regulated,
and one notable process is the cleavage and release of its ectodomain region from the plasma
membrane (ectodomain shedding) (6-8), which serves to control the cell surface density of L-
selectin (9). L-selectin cleavage occurs by cis protease activity and is abrogated by

1The study described was supported by Grant Number HL61613 from the National Institutes of Health.
3Address correspondence and reprint requests to Dr. Bruce Walcheck, University of Minnesota, 295j AS/VM Bldg., 1988 Fitch Avenue,
St. Paul, MN 55108. Tel.: 612−624−2282; Fax: 612−625−0204; E-mail: walch003@umn.edu.
2Current address: Schering-Plough Research Institute, Kenilworth, New Jersey 07033

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2010 February 15.

Published in final edited form as:
J Immunol. 2009 February 15; 182(4): 2449–2457. doi:10.4049/jimmunol.0802770.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hydroxymate inhibitors of zinc-dependent metalloproteases (10,11). L-selectin is one of a few
shed molecules in which the protease responsible for its cleavage has been directly determined
by in vivo assays (12). A disintegrin and metalloproteases (ADAMs4) are a family of
transmembrane proteins with an adhesion function and an active or inactive Zn-dependent
protease domain (13). ADAM17, originally referred to as TNFα converting enzyme or TACE
(14), contains an active protease domain and is a primary sheddase of L-selectin (12,15,16).
The list of putative ADAM17 substrates is still growing and includes various other
inflammatory modulators as well (17).

ADAM17's substrates are shed with varied efficiency and at dissimilar rates, suggesting
differential regulation of the proteolytic process. L-selectin is constitutively expressed at high
levels by leukocytes (e.g. ≈ 50,000 − 100,000 molecules per cell) and can be rapidly and
efficiently shed immediately upon their activation (18). This robust manner of ectodomain
shedding is distinct from most other ADAM17 substrates, such as pro-TNFα, which tends to
be cleaved from the cell surface over an extended period of time following leukocyte activation
(19). Ectodomain shedding by various cell types including leukocytes can be induced by a
variety of physiological stimuli, and is generally blocked by p38 and/or ERK MAPK inhibitors
(20-25). ADAM17 activation occurs in part through an intrinsic process (26,27); however, the
target(s) of the intracellular signaling events following cell stimulation remains unclear.
ADAM17 is a multidomain transmembrane protein comprised of, beginning with its N-
terminus, a pro-domain, metalloproteinase domain, a disintegrin/cysteine-rich region,
transmembrane domain, and a cytoplasmic region (13,28). Direct interactions of intracellular
signaling molecules with the cytoplasmic region of ADAM17 have been broadly described
(28-31), which includes its phosphorylation by ERK MAPK (23,25). Inferred from these
findings is that the cytoplasmic region of ADAM17 may link intracellular signals to the
activation of the sheddase. It is thus interesting that others have reported that this region is not
essential for the induced cleavage of certain ADAM17 substrate, such as pro-TNFα (32).
Whether this is the case only for certain ADAM17 substrates or for particular experimental
systems has not been thoroughly investigated, which includes L-selectin shedding.

The extracellular domains of ADAM17 have been shown to participate in the regulation of its
function as well. For instance, the metalloprotease domain of ADAM17 is impinged on by
both intramolecular and intermolecular interactions. In regards to the latter, the tissue inhibitor
of metalloproteinase 3 (TIMP3) forms a noncovalent complex with the catalytic region of
ADAM17 that can inhibit its activity (33). Indeed, macrophages obtained from TIMP3-
deficient mice produced significantly higher levels of soluble TNFα upon their activation when
compared to macrophages from control mice (34). However, it is not clear whether TIMP3 is
involved in the actual activation of ADAM17 or it just serves as an inhibitor of the sheddase.
Intramolecular means of regulating the enzymatic activity of ADAM17 include the association
of its pro-domain with the metalloprotease domain. ADAM17 is synthesized as an inactive
zymogen in which its pro-domain maintains the sheddase in an inactive and stable
conformation (35-38). Converting pro-ADAM17 to mature ADAM17 appears to be an unlikely
mechanism for rapidly activating its catalytic activity considering that this process primarily
occurs intracellularly in the late Golgi compartment by pro-protein-convertases (39,40), and
that pro-ADAM17 molecules are not detected on the surface of resting or activated cells (14,
26,36,41). Others have shown that the disintegrin/cysteine-rich region of the ADAMs can
modulate their activity (32,37,42). For instance, exchanging this region with the corresponding
region from ADAM10 impaired ADAM17's ability to cleave IL-1RII (32). An interesting
feature of the disintegrin/cysteine-rich region is that in all ADAMs it contains a hyper-variable

4Abbreviations used in this paper: ADAM, A disintegrin and metalloprotease; TIMP3, tissue inhibitor of metalloproteinase 3; CGD,
chronic granulomatous disease; DPI, diphenyleneiodonium sulfate; DHR123, dihydrorhodamine123; SOD, superoxide dismutase; DTT,
dithiothreitol; ROS, reactive oxygen species; CXXC, Cys-X-X-Cys; PDI, protein disulfide isomerase; redox, reduction-oxidation.
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segment consisting of varied amino acid sequences. High-resolution structural analyses reveal
that this C-terminus hyper-variable segment is spatially juxtaposed with the N-terminus
catalytic region, where it may play a role in regulating substrate interactions by the ADAMs
(43).

Current research is placing much emphasis on the role for reversible thiol-disulfide conversion
by reduction-oxidation (redox) mechanisms as a dynamic process in cell and protein function.
As revealed for the well studied integrin αIIbβ3, cysteine-rich regions within the integrin's β
chain serve as a fulcrum for conformational change by thioldisulfide conversion, which
regulates its transition to an activated binding state (44). Incidentally, it has been reported that
the treatment of leukocytes with sulfhydryl-modifying agents can alter the efficiency of L-
selectin shedding (45,46). In this report, we demonstrate that redox agents directly alter the
activity of mature ADAM17, implicating a role for reversible thiol-disulfide conversion in
regulating its activation. Indeed, the disintegrin/cysteine-rich region of ADAM17 contains two
highly conserved vicinal cysteine motifs (CXXC, where XX represents two other amino acids),
which in a number of other proteins are known to be targets of redox modification (47-49).
Exchange of the vicinal cysteines in either motif for alanines is shown to abrogate the activity
of ADAM17, as determined by a cell-based ADAM17 reconstitution assay. Taken together,
our findings are consistent with a model in which sulfhydryl groups in the disintegrin/cysteine-
rich region of ADAM17 undergo dynamic redox changes that alter its catalytic activity.

MATERIALS AND METHODS
Antibodies and other reagents

PE-conjugated MEL-14 (anti-mouse L-selectin, rat IgG2a) and FITC-conjugated Gr-1 (RB6
−8C5, rat IgG2b) were purchased from eBioscience (San Diego, CA). PE-conjugated LAM1
−116 (anti-human and mouse L-selectin, mouse IgG2a) was purchased from Ancell (Bayport,
MN). The appropriately conjugated mouse and rat isotype-matched negative control antibodies
were purchased from Caltag Laboratories (Burlingame, CA). HRP-conjugated anti-FLAG
(mouse IgG1) was purchased from Sigma (St. Louis, MO). Anti-TACE polyclonal antibody
(H-300, rabbit IgG) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
actin mAb (Ab-1, mouse IgM) and HRP-conjugated goat anti-mouse IgM were purchased from
Oncogene Research Products (San Diego, CA). HRP-conjugated goat anti-rabbit IgG,
dithiothreitol (DTT), and NHS-SS-LC-biotin were purchased from Pierce (Rockford, IL).
PMA and H2O2 were purchased from Sigma. Superoxide dismutase (SOD), catalase, and
diphenyleneiodonium sulfate (DPI) were purchased from Calbiochem (Gibbstown, NJ). Cell
culture media, PBS, and molecular grade water were purchased from Mediatech (Hevdon, VA).

Radiation chimeric mice
Experimental procedures involving animals were approved by the Animal Care and Use
Committee of the University of Minnesota. ADAM17 deficiency in mice is lethal between
embryonic day 17.5 and soon after birth (15). Chimeric mice reconstituted with
ADAM17ΔZn /ΔZn hematopoietic cells (ADAM17 chimeric mice) are viable and were
generated as previously described (12,50). Age-matched chimeric mice reconstituted with
ADAM17+/+ hematopoietic cells (wild-type chimeric mice) were used for control purposes.

Leukocyte isolation and treatment
Human leukocytes were isolated from peripheral blood [donated by either healthy individuals
or X-linked chronic granulomatous disease (CGD) patients] in accordance with protocols
approved by the Institutional Review Board: Human Subjects Committee of the University of
Minnesota. Neutrophils were enriched (>95%) by dextran sedimentation and ficoll-hypaque
centrifugation, as previously described (51,52). Mouse leukocytes were derived from the bone
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marrow, as previously described (50,52). Cell viabilities were assessed by exclusion of the
vital dye trypan blue. All media and buffers used for neutrophil isolation and incubations were
sterile and tested for endotoxin. For H2O2 treatment, leukocytes isolated from chimeric mice
were incubated with H2O2 at the indicated concentrations at 37°C for 15 min. To block
intracellular ROS production and its extracellular release, human neutrophils were treated with
10 μM DPI, 2000 U/ml catalase, and 300 U/ml SOD for 30 min room temperature prior to
PMA activation (10 ng/ml).

NADPH-oxidase activity
Intracellular reactive oxygen species (ROS) production was assessed by using
dihydrorhodamine123 (DHR123, Calbiochem), as per the manufacturer's instructions. Briefly,
human neutrophils (2 × 106) were loaded with 100 nM DHR123 for 10 min at 37°C. ROS
production by neutrophils was induced by their activation with PMA (10 ng/ml) at 37°C. Cell
fluorescence, as a result of the intracellular oxidation of DHR123 into rhodamine, was
measured by flow cytometry. Extracellular ROS production was determined by a fluorimetric
assay using an Amplex Red Kit (Molecular Probes, Eugene, OR), as per the manufacturer's
instructions. Amplex Red reacts with H2O2 in a 1:1 stoichiometry to form the oxidation product
resorufin, which can be detected at excitation 530 nm/emission 590 nm. Briefly, human
neutrophils (2 × 105) were stimulated with PMA (10 ng/ml) in the presence of Amplex Red
(100 μM) and HRP (0.2 U/mL). Fluorescence was measured with a FLUOstar OPTIMA plate
reader (BMG LABTECH Inc., Durham, NC).

Cell-free, ADAM17 catalytic activity assay
Recombinant human ADAM17 (R&D Systems, Minneapolis, MN), which lacks a pro-domain
and intracellular region, was used for these assays. The substrate was an internally-quenched
fluorogenic peptide (ADAM17 Substrate II, Calbiochem) containing the known ADAM17
cleavage site (Ala-Val), which has been described by others (53). Peptide sequence = Pro-Leu-
Ala-Gln-Ala-Val-Dpa-Arg-Ser-Ser-Ser-Arg [Dpa = N-3-(2,4-dinitrophenyl)-L-2,3-
diaminopropionyl]. All reactions occurred in 50 mM Tricine buffer (pH 7.5), containing 100
mM NaCl, 10 mM CaCl2, and 1 mM ZnCl2, 10 μM TACE Substrate II, and the indicated
concentrations of ADAM17. Reactions were incubated at 37°C with mechanical shaking for
the indicated times. Fluorescence emission (excitation 320 nm/emission 395 nm) upon peptide
cleavage was monitored with a FLUOstar OPTIMA plate reader. To test the effects of H2O2
and DTT on ADAM17, H2O2 and DTT were added to the solution at the indicate
concentrations.

Cell labeling and flow cytometry
Leukocytes were labeled with particular mAbs, as described previously (12,51). Cells were
typically washed in cold PBS without Ca2+ and Mg2+ plus 5 mM NaN3, mildly fixed with 1%
paraformaldehyde in PBS to preserve antigen expression, and then analyzed on a FACSCanto
instrument (Becton Dickinson, San Jose, CA). Isotype-matched negative control mAbs were
used to evaluate levels of nonspecific staining. Typically, 10,000−50,000 labeled cells were
analyzed.

ADAM17 reconstitution assay
A fibroblast cell line (EC2) derived from ADAM17ΔZn /ΔZn mouse embryos was kindly
provided by Drs. Peschon and Black, Amgen Inc., Seattle, WA (32,54). Human L-selectin and
mouse ADAM17 were stably expressed in these cells by transduction, as previously described
(54). Several mouse ADAM17 cDNA constructs (Fig. 1A, ADAM17, ADAM17Δ, and
ADAM17/10) have been previously described (32) and were kindly provided by Drs. Peschon
and Black. All other ADAM17 constructs listed in Figure 1A were created by PCR mutagenesis
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or by the Quik-change Site-directed Mutagenesis kit (Stratagene, San Diego, CA), as per
manufacturer's instructions. The ADAM17 constructs were sequenced to confirm intended
mutations and the absence of any spontaneous mutations, and constructs that lacked a
cytoplasmic region were engineered with a C-terminus FLAG epitope. The ADAM17
constructs were ligated into a murine stem cell virus-based bicistronic retroviral vector co-
expressing enhanced GFP (MigR1, kindly provided by Dr. Warren Pear, University of
Pennsylvania, Philadelphia, PA). Retrovirus generation and transduction were performed as
previously described (8,54). ADAM17 expression was estimated by immunoblotting and by
GFP fluorescence using flow cytometry.

Precipitation and immunoblotting
Sample preparation was performed as previously described with slight modifications (8,12).
In some experiments, cells were biotinylated to label proteins in the plasma membrane using
EZ-Link sulfo-NHS-LC biotin prior to detergent extraction, as previously described (52,55).
Typically, 5×107 cells were washed in ice-cold TNE buffer (25 mM Tris-Cl, pH 7.4, 150 mM
NaCl, 5 mM EDTA) and then detergent lysed for 20 min with 0.5 ml of lysis buffer [1% Triton
X-100 in TNE buffer containing Complete Protease Inhibitor Cocktail (Roche Diagnostics,
Mannheim, Germany)]. Glycosylated proteins were precipitated from the cell lysates by wheat
germ agglutinin agarose (Vector Laboratories, Burlingame, CA) and biotinylated proteins were
precipitated from the cell lysates by streptavidin agarose (Thermo Scientific, Rockford, IL).
The detergent-extracted proteins were resolved by SDS-PAGE under reducing conditions,
blotted onto a polyvinylidene difluoride membrane, and sequentially reacted with the
appropriate reagents. The membranes were washed and visualized by addition of SuperSignal
chemiluminescent substrate (Pierce) and exposure to film, as per manufacturer's instructions.

RESULTS
The role of ADAM17's cytoplasmic region in L-selectin shedding

To directly analyze expressed ADAM17, we have used an ADAM17 reconstitution system
that measures L-selectin levels on the cell surface by flow cytometry (54). Using this approach,
we initially examined the importance of the cytoplasmic region of ADAM17. This region was
of interest, in part, because ERK MAPK can phosphorylate it at threonine-735 upon cell
activation (23,25), suggesting that the cytoplasmic region of ADAM17 may be a conduit for
inside-out signaling that promotes the very rapid induction of L-selectin shedding. Indeed,
MAPKs play a broad role in the induction of ectodomain shedding by various physiological
stimuli (20-25). Consistent with these findings, we have found that selective inhibitors of p38
or ERK MAPKs can block L-selectin shedding by human and mouse neutrophils following
their activation with diverse stimuli (data not shown).

Fibroblasts derived from ADAM17-deficient mice, immortalized in part by constitutive
induction of the Ras signaling pathway (32), were engineered to stably express L-selectin.
These cells were then transduced with a bicistronic retroviral vector containing wild-type
ADAM17 and GFP, which are expressed in a proportional manner. The GFP-positive cells
down-regulated their surface expression of L-selectin in the absence of an exogenous
stimulating agent, which appears to be due to the activation state of the immortalized cells
(54), whereas GFP-negative cells maintained high levels of surface L-selectin expression (Fig.
1B). We then reconstituted the ADAM17-deficient cells with a substitution construct of
ADAM17 in which threonine-735 was exchanged for an alanine (T735A, Fig 1A). As was
observed for cells expressing wild-type ADAM17, the GFP-positive cells expressing
ADAM17/T735A also down-regulated their surface L-selectin (Fig. 1B). Since the
cytoplasmic region of ADAM17 undergoes other modifications upon cell activation (28), we
assessed its overall requirement for L-selectin shedding using two other ADAM17 constructs.
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The first lacked a cytoplasmic region (17Δ, Fig. 1A) and for the other, the cytoplasmic region
of ADAM17 was exchanged for that of ADAM10 (17/10, Fig. 1A). Of the ADAM family
members, ADAM17 and ADAM10 are the most similar in terms of structure, domain
composition, and function (14,56-58); however, ADAM10 is not a primary sheddase of L-
selectin upon cell activation (12,59). The reconstitution of ADAM17-deficient cells with either
construct again resulted in the down-regulation of L-selectin surface expression (Fig. 1B).
Altogether, these data indicate that the cytoplasmic region of ADAM17 is not critical for L-
selectin shedding.

Redox conditions directly alter the activity of mature ADAM17
It has been reported that sulfhydryl-modifying agents can alter L-selectin shedding by human
neutrophils. For instance, reducing agents, such as DTT, inhibited L-selectin shedding upon
neutrophil activation, whereas various oxidizing agents, such as H2O2, induced its shedding
(45,46). We observed this as well for mouse neutrophils, in which H2O2 treatment resulted in
a down-regulation of cell surface L-selectin in a dose-dependent manner, as determined by
flow cytometry (Fig. 2A). Furthermore, the treatment of neutrophils with DTT prior to H2O2
exposure was found to block L-selectin shedding (Fig. 2A). In an initial series of experiments,
we tested whether H2O2 treatment activated ADAM17 by examining primary mouse
neutrophils from radiation chimeric mice reconstituted with hematopoietic cells either
expressing or lacking functional ADAM17 (wild-type chimeric mice or ADAM17 chimeric
mice, respectively) (12,50). We found that neutrophils isolated from wild-type chimeric mice
but not from ADAM17 chimeric mice greatly down-regulated their surface L-selectin
expression upon H2O2 exposure (Fig. 2B), indicating the involvement of ADAM17.

In additional studies, we directly assessed the effects of redox conditions on ADAM17's
activity by using a cell-free, enzymatic assay. The substrate used was an internally-quenched
fluorogenic peptide that upon cleavage at an alanine-valine bond by ADAM17 produces a
fluorescent signal (53). Commercially available, recombinant ADAM17 was used that
consisted of the extracellular region of the human protein without a pro-domain, and was active
over a range of concentrations (Fig. 3A). When incubated with DTT under mild reducing
conditions, the catalytic activity of ADAM17 was greatly diminished (Fig. 3B). In contrast,
H2O2 enhanced substrate cleavage by ADAM17, and following DTT treatment, the addition
of H2O2 significantly increased ADAM17's activity in a dose-dependent manner (Fig. 3C, D).
Taken together, these findings demonstrate that the activity of mature ADAM17 can be up-
regulated or down-regulated by an oxidizing or reducing environment, respectively.

Cysteine-containing functional motifs in ADAM17 are critical for its activity
Integrin adhesion proteins are well described for undergoing changes in conformation and
binding activity upon the treatment of cells and purified protein with redox agents (44,45,
60-63). Within the β subunit of all integrins are cysteine-rich regions that contain CXXC
sequences, and for αIIbβ3, these vicinal cysteine motifs have been directly demonstrated to be
active sites for thiol-disulfide exchange (48,49). Moreover, this motif is a well described active
site for reversible thiol-disulfide conversions in oxidoreductases, such as the protein disulfide
isomerase (PDI) family (47). An analysis of ADAM17 revealed the presence of two CXXC
motifs (C522XXC or C600XXC). Both motifs are located in the disintegrin/cysteine-rich region
of ADAM17 and are highly conserved (Fig. 4), underscoring a likely importance. We again
used the cell-based, ADAM17 reconstitution assay to address whether the CXXC motifs of
ADAM17 are critical for L-selectin shedding. For convenience, all mutations were engineered
into the ADAM17Δ construct, which is functional (Fig. 1B) and contains a C-terminus FLAG
epitope for detection. We initially exchanged the cysteine residues of C522XXC or C600XXC
with alanines (Fig. 1A, AXXA-1 or AXXA-2, respectively) and reconstituted ADAM17-
deficient cells with either construct. In contrast to GFP positive cells expressing the ADAM17
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construct 17Δ, L-selectin surface expression remained at high levels in the GFP positive cells
expressing the ADAM17 constructs AXXA-1 or AXXA-2 (Fig. 2B), demonstrating that these
mutations impaired ADAM17 activity.

It has been reported that cysteine oxidation can be influenced by flanking basic residues, and
that the XX dipeptide can control the thiol-disulfide redox properties of CXXC active sites
(64-66). Both XX dipeptides of the CXXC sequences in ADAM17 possess a basic charge and
contain a highly conserved lysine residue (Fig. 4). Therefore, we generated two additional
ADAM17 constructs in which the XX dipeptide of C522XXC or C600XXC were exchanged
for glutamic acid residues (Fig. 1A, CEEC-1 or CEEC-2, respectively) and we examined
whether this overt change in charge had any effect on L-selectin shedding. Of interest is that
only cells expressing the CEEC-2 construct failed to down-regulate L-selectin surface
expression (Fig. 1B). For all of the ADAM17 constructs that demonstrated impaired L-selectin
cleavage (AXXA-1, AXXA-2, and CEEC-2), we found that they were not only expressed at
the protein level (Fig. 1C), but also present on the cell surface (Fig. 1D). The immature form
of ADAM17 has a molecular mass ≥ 20 kD greater than the mature form due to the pro-domain
region (35-38). If this region were differentially processed by any of the non-functional
ADAM17 constructs, perhaps accounting for their inactivity, we would expect an obvious shift
in their gel migration following SDS-PAGE. However, the cell surface forms of 17Δ, which
is functional and was used to derive the other ADAM17 constructs, as well as AXXA-1,
AXXA-2, and CEEC-2 all demonstrated a similar molecular mass (Fig. 1C, D).

Inhibition of NADPH oxidase does not disrupt induced L-selectin shedding
Considering that H2O2 induced L-selectin shedding by leukocytes and also directly increased
the catalytic activity of ADAM17, we investigated whether NADPH oxidase-derived ROS was
involved in the induction of L-selectin shedding upon neutrophil activation. This was examined
by two approaches. First, we treated human neutrophils with DPI, a flavoprotein inhibitor that
blocks NADPH oxidase (67,68), and the extracellular ROS scavengers catalase and SOD. As
shown in Fig. 5A and B, DPI and catalase/SOD abolished intracellular ROS production and
its release by neutrophils when optimally induced by phorbol ester stimulation. However, the
treatment of neutrophils with DPI/catalase/SOD in combination did not block the efficient
downregulation in L-selectin surface expression upon neutrophil activation with PMA (Fig.
5C). Next, we examined L-selectin shedding by peripheral blood neutrophils isolated from
CGD patients, which lack a functional NADPH oxidase. Neutrophils isolated from CGD
patients, as expected, demonstrated greatly impaired intracellular and extracellular ROS
formation upon their activation with PMA (data not shown). These cells expressed high levels
of surface L-selectin in a resting state, which was efficiently down-regulated upon their overt
activation (Fig. 5D). Hence, these findings exclude a role for NADPH oxidase-generated ROS
in the induction of L-selectin shedding by neutrophils upon their immediate activation.

DISCUSSION
L-selectin is constitutively expressed at high levels on the surface of resting neutrophils, and
these molecules are shed upon neutrophil stimulation in a distinctly robust manner (18). The
primary sheddase of L-selectin in vivo is ADAM17 (12). The activity of ADAM17 is regulated
and intracellular signals lead to the induction of its enzymatic activity (26,27). For instance,
the MAPK signaling pathway participates in the activation of ADAM17 (20-25). The target
of this inducer mechanism, however, remains unclear. We demonstrate in this study that the
cytoplasmic region of ADAM17 is not critical for L-selectin shedding, which is consistent with
other ADAM17 substrates as well (32). A caveat for these finding, however, is that a cell-
based, ADAM17 reconstitution assay was not performed with primary neutrophils, nor did it
involve their physiological stimuli. Moreover, the cytoplasmic region of ADAM17 may
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contribute to the regulation of its sheddase activity in other manners, such as by controlling
ADAM17's distribution and proximity to its substrates in the plasma membrane during
neutrophil polarization (69). We also demonstrate that sulfhydryl-modifying agents can
directly regulate the enzymatic activity of mature ADAM17 through its extracellular region.
Two vicinal cysteine sulfhydryl motifs that provide redox-sensitive sites in various other
proteins occur in the disintegrin/cysteine-rich region of ADAM17, and we show that theses
motifs are critical for ADAM17 activity. Hence, our findings support thiol-disulfide conversion
within the extracellular portion of ADAM17 as a mechanism that couples intracellular
signaling and ADAM17 activation.

It has been reported that redox processes are of mechanistic significance in regulating the
catalytic activity of metalloproteases. A prevailing hypothesis is that oxidation of a cysteine
in the pro-domain of metalloproteases can dissociate its interaction with the Zn atom in the
catalytic domain to activate the latent metalloprotease (i.e. redox-mediated cysteine switch)
(70-74). Such a mechanism has also been proposed to regulate ADAM17's activity, as oxidation
of a synthesized peptide mimicking its pro-domain restored the enzymatic activity of ADAM17
(75-77). However, in various studies only mature ADAM17 and not its pro-form has been
identified on the surface of resting and activated cells (26,36,41,75), which is the location at
which L-selectin shedding primarily occurs (18,78). Others have reported that the treatment
of neutrophils with reducing agents inhibit L-selectin shedding, whereas oxidizing agents
induce its shedding (45,46), and we found that H2O2-treated neutrophils shed L-selectin in an
ADAM17-dependent manner (Fig. 2). However, we cannot exclude the possibility that these
agents indirectly affected the activity of ADAM17. Therefore, we directly examined the effects
of redox agents on ADAM17 activity in a cell-free assay. We found that the enzymatic activity
of a purified form of human ADAM17 lacking its pro-domain and intracellular region was
enhanced in the presence of H2O2 and diminished under very mild reducing conditions by
DTT. Of interest is that the low activity state of ADAM17 under reducing conditions was
converted to a significantly higher activity under oxidizing conditions (Fig. 3C). We observed
that DTT and H2O2 had the same effects on a recombinant, soluble form of mouse ADAM17
from the same commercial source (data not shown); however, this reagent contained a mixture
of mature and pro-ADAM17, which confounds interpretation of the results. Taken together,
our findings point to the involvement of cysteinyl sulfhydryl groups in the extracellular portion
of mature ADAM17 that are sensitive to thiol-disulfide conversion and may serve to regulate
its catalytic activity.

Accumulating evidence implicates thiol-disulfide rearrangements in the extracellular portion
of cell surface proteins as a key mechanism of stimulus-response coupling. For instance, a
variety of studies have reported a role for this process in the regulation of integrin binding
activity (44). Within the cysteine-rich regions of the β subunit for all integrins occurs a vicinal
cysteine sulfhydryl motif referred to as CXXC. This motif was originally determined to be a
redox-sensitive site in various oxidoreductases, such as members of the PDI family (47).
Moreover, CXXC motifs in the integrin αIIbβ3 have been directly shown to be active sites for
thiol-disulfide exchange and conformational change (44,48,49). An analysis of ADAM17
revealed two highly conserved CXXC motifs occurring in its disintegrin/cysteine-rich region
(C522XXC and C600XXC). We found that exchanging the cysteines in either motif with
alanines (AXXA) abrogated L-selectin shedding (Fig. 1B), demonstrating that these residues
are critical for ADAM17 activity. In further support of this, a nonfunctional ADAM17 variant
identified in a mutagenized cell line was found to contain a point mutation at residue Cys-600
(79,80). Replacement of this residue with any other amino acid prevented the activity of the
expressed ADAM17 construct (80). The above findings implicate a role for the CXXC motifs
in ADAM17 in its activation, perhaps by serving as active sites for redox modifications.
However, we cannot formally rule out the possibility that redox agents may affect other cysteine
residues in mature ADAM17. Strategies involving mass spectrometry peptide mapping, for
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instance, will be useful in determining whether the conversion of inactive to active ADAM17
is accompanied by selective thiol-disulfide conversion at the CXXC locations.

The sequence of the XX dipeptide of CXXC active sites in oxidoreductases has been reported
to be important in controlling their thiol-disulfide redox properties (64,66). Moreover, the
specificity of cysteine oxidation can be influenced by flanking basic residues (65). Both XX
dipeptides of the CXXC sequences in ADAM17 possess a basic charge and contain a highly
conserved lysine residue (Fig. 4). Interestingly, we found that exchanging the dipeptide region
of the C522XXC or C600XXC motif of ADAM17 with glutamic acid residues (CEEC-1 and
CEEC-2, respectively) had differential effects on L-selectin shedding. Only cells reconstituted
with the CEEC-2 construct demonstrated impaired L-selectin shedding. These findings suggest
that the two CXXC motifs in the disintegrin/cysteine-rich region of ADAM17 may vary in
their biological function and/or redox properties. Of interest is that the C600XXC motif
comprises the four amino acids preceding the predicted hyper-variable region of ADAM17.
The hyper-variable region occurs in all ADAM family members and consists of amino acid
sequences that are the most divergent and variable in length (43). The hyper-variable region
may constitute a potential protein-protein interface, and structural analyses indicate that it is
spatially juxtaposed to the catalytic domain of the ADAMs (43). Hence, alterations in
sulfhydryl redox events at the C600XXC location would likely influence the conformation and
activity of ADAM17. An alignment of 39 ADAM sequences including 23 human ADAMs
reveals that the CXXC sequence preceding the hyper-variable region only occurs in ADAM10
and ADAM17 (43), two sheddases that have several substrates in common (17). It will be
interesting to further investigate the effects of varied types and number of amino acids occurring
between the cysteines of the CXXC motifs on ADAM17's activity.

Considering that H2O2 can induce ADAM17-dependent L-selectin shedding upon neutrophil
treatment, we explored whether NADPH oxidase-derived ROS could serve as an activating
agent for L-selectin shedding by neutrophils. This was addressed in two ways. First, human
neutrophils were treated with the potent NADPH oxidase inhibitor DPI in combination with
ROS scavengers. Second, we examined peripheral blood neutrophils isolated from CGD
patients lacking NADPH oxidase activity. In either case, L-selectin shedding was not
prevented, suggesting that NADPH oxidase-derived ROS is not essential for the activation of
ADAM17. At this time we cannot rule out a role for separate sources of ROS production.
Alternatively, ADAM17 could be a substrate of a transmembrane oxidase activity. Members
of the PDI family are oxidoreductases, which are multifunctional proteins that catalyze thiol-
disulfide reactions between its own CXXC active sites and sulfhydryl groups of its substrates
(47). Of interest is that PDI has been implicated in regulating ectodomain shedding (46,81).
PDI can be released from neutrophils upon their degranulation and it has also been detected
on the cell surface of resting neutrophils (46,82). Bennett et al. have reported that the treatment
of neutrophils with oxidoreductase inhibitors promoted rapid and efficient L-selectin shedding
independent of cell activation, and this occurred to a degree upon their treatment with anti-PDI
mAbs as well (46). The authors speculated that PDI might constitutively act on L-selectin.
Consistent with our findings, however, is the possibility that an oxidoreductase activity targets
ADAM17, which could maintain the sheddase in a low or high activity state through the
reduction or oxidation, respectively, of active sites for thiol-disulfide conversion.

Integrins have also been reported to possess an intrinsic oxidoreductase activity. This has been
best demonstrated for αIIbβ3 in which its CXXC sites undergo intramolecular thiol-disulfide
exchange (44,48,49). Considering that the CXXC motifs occur in the cysteine-rich regions of
all integrins, a similar oxidoreductase activity may occur by other members of this family as
well. Several ADAMs have been reported to interact with integrins (83), which includes
ADAM17 and α5β1 (84). Thus, an intriguing hypothesis is that such an interaction may be of
mechanistic significance in regulating the catalytic activity of ADAM17 through a thiol-
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disulfide exchange process. As with αIIbβ3 (48,49), ADAM17 may also possess an endogenous
thiol-isomerase activity, and upon receiving a cue from an intracellular signal, ADAM17 may
catalyze a thiol-disulfide exchange within its own CXXC motifs, resulting in its switch to an
activated sheddase.

In conclusion, our data demonstrates for the first time that the activity of mature ADAM17 can
be altered by redox conditions, in which a reducing environment diminishes its activity and an
oxidizing environment increases its activity. Moreover, ADAM17 contains two highly
conserved CXXC motifs within its disintegrin/cysteine-rich region that are essential for L-
selectin shedding. Taken together, these findings suggest a possible mechanism for ADAM17
activation that involves the targeting of critical sulfhydryl groups by redox agents or an
oxidoreductase activity, resulting in reversible thiol-disulfide conversions, switching
ADAM17 from a less active to a fully active conformation, or perhaps lowering the threshold
for other agonists to induce an active conformation. This process may be essential for the very
robust shedding of L-selectin upon neutrophil activation. Alternatively, redox modification of
ADAM17 may serve as a general process for its activation. Indeed, others have reported that
the treatment of cells with sulfhydryl-modifying agents induces the shedding of TNFα's
receptors (76,85). We as well as others have reported that ADAM17's sheddase activity is also
induced during neutrophil apoptosis (52,86), and this process appears to involve an up-
regulation in cell surface levels of processed ADAM17 (86). It will be interesting to determine
whether redox modification of ADAM17 may regulate its activity during this cellular event as
well.
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Figure 1. Effects of ADAM17 reconstitution on L-selectin shedding
A, ADAM17 cDNA constructs. 17, full length ADAM17; T735A, full length ADAM17/
T735A; 17Δ, ADAM17 cytoplasmic tail deletion; 17/10, ADAM17 containing an ADAM10
cytoplasmic tail; AXXA-1, C522KNC → A522KNA; AXXA-2, C600KVC → A600KVA;
CEEC-1, C522KNC → C522EEC; CEEC-2, C600KVC → C600EEC. All constructs lacking a
cytoplasmic tail (CT) contained a C-terminus FLAG epitope. SS, signal sequence; Pro,
prodomain; Met, metalloprotease; Dis/Cys, disintegrin/cysteine-rich; TM, transmembrane;
B, ADAM17-deficient cells stably expressing wild-type L-selectin were transduced with a
bicistronic retroviral vector for proportional expression of an ADAM17 construct and GFP.
Each transductant was stained with an L-selectin mAb and then dual analyzed by flow
cytometry. GFP expressing cells (open histograms) and non-expressing cells (filled
histograms) were each electronically gated and their relative expression of L-selectin was
determined, as previously described (54). Cells transfected with an empty vector are indicated
(vector). The x-axis = Log10 fluorescence and y-axis = cell number. Results are from
representative experiments performed 3−5 times. C and D, The EC2 transductants expressing
17Δ, AXXA-1, AXXA-2, CEEC-2, or empty vector (vector) were sorted to match their levels
of EGFP expression, which ranged from 77 to 81%. C, Detergent lysates from equivalent cell
numbers of each transductant were treated with wheat germ agglutinin agarose to selectively
precipitate glycoproteins, which were then subjected to reducing SDS-PAGE and
immunoblotting with an anti-FLAG mAb, as described in the Material and Methods. D,
Equivalent cell numbers of the EC2 transductants expressing 17Δ, AXXA-1, AXXA-2,
CEEC-2 or empty vector (vector) were biotinylated to label cell surface proteins, then detergent
lysed and directly subjected to SDS-PAGE for the detection of actin content to assess cell
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equivalency among the samples (lower panel), or treated with streptavidin agarose to
selectively precipitate the biotinylated proteins, which were subjected to reducing SDS-PAGE
and immunoblotting with anti-mouse ADAM17 polyclonal sera (upper panel), as described in
the Material and Methods.
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Figure 2. ADAM17-dependent L-selectin shedding by H2O2-treated neutrophils
A, Bone marrow leukocytes from C57BL/6 mice were either untreated or treated with H2O2
at the indicated concentrations for 15 min at 37°C (left panel). In addition, some leukocytes
were initially incubated with DTT (200 μM) for 15 min at 25°C then H2O2 (100 μM) for 15
min at 37°C, as indicated (right panel). All cells were then double-stained for surface expression
of L-selectin and the neutrophil marker Gr-1. B, Radiation chimeric mice reconstituted with
hematopoietic cells either lacking functional ADAM17 (ADAM17 chimeric mice) or
expressing functional ADAM17 (wild-type chimeric mice) were generated as described in the
Materials and Methods. Bone marrow leukocytes from age-matched, ADAM17 or wild-type
(WT) chimeric mice were either untreated or treated with H2O2 (4mM) for 15 min at 37 °C,
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as indicated. All cells were then double-stained for surface expression of L-selectin and the
neutrophil marker Gr-1. Relative staining levels were determined by flow cytometry (A and
B). For all histogram plots, the dashed line indicates staining by an isotype-matched negative
control mAb. The y axis = cell number and the x axis = Log 10 fluorescence. Results are
representative of 3 independent experiments.
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Figure 3. The activity of purified ADAM17 is modulated by redox conditions
A, Various concentrations of recombinant human ADAM17 lacking a pro-domain and
intracellular region was incubated with an internally-quenched fluorogenic peptide substrate.
B, ADAM17 (75ng) was incubated with peptide substrate in the absence or presence of various
concentrations of the reducing agent DTT, as indicated. C, ADAM17 (75ng) was incubated
with peptide substrate in the presence of DTT (50 μM), H2O2 (4 mM), or DTT for 50 min and
then H2O2. The fluorescent signal of the peptide substrate alone (peptide), or when in the
presence of DTT or H2O2 (peptide/DTT or peptide/H2O2, respectively) is plotted. D, ADAM17
(75ng) was incubated with peptide substrate in the presence of DTT (50 μM) or DTT with
varying concentrations of H2O2. Data are expressed as percent inhibition as follows: percent
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inhibition = (1 – fluorescence intensity of mixture solution of ADAM17 with DTT ± H2O2 /
that of ADAM17 without DTT ± H2O2) × 100%. In panels A, B, and D, each reaction was
done in triplicate and the average is shown. Representative data from 3 separate experiments
are shown. For panel C, each data point represents the mean ± SD of three separate experiments.
The variability in the fluorescent signal between panels A-D is due to the use of different lot
preparations of the commercially available ADAM17 and fluorogenic peptide. All results
shown were consistent between lot preparations.
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Figure 4.
Alignment of the two CXXC motifs in the disintegrin/cysteine-rich region of ADAM17 from
various animal species.
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Figure 5. NADPH oxidase-generated ROS is not critical for the induction of L-selectin shedding
by human neutrophils
A and B, The efficiency of the NADPH oxidase inhibitor DPI on intracellular ROS production
and the ROS scavengers catalase and SOD on extracellular ROS production by human
neutrophils were assessed using the indicators DHR123 and Amplex Red, respectively.
Neutrophils from normal healthy donors were stimulated with PMA (10 ng/ml) in the absence
or presence of DPI or catalase plus SOD, as described in the Material and Methods.
Fluorescence emission upon DHR123 conversion to rhodamine was measured by flow
cytometry (A), and Amplex Red conversion to resorufin was measured by a fluorescence plate
reader (B). C, Neutrophils were either stimulated with PMA (10 ng/ml) for 15 min at 37°C in
the absence or presence of DPI/catalase/SOD, as indicated, or they were not stimulated PMA
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(Unstim.). D, Neutrophils from normal healthy donors or from CGD patients were incubated
at 37°C in the presence or absence of PMA for 15 min, as indicated. Neutrophils were then
labeled with PE-conjugated LAM1−116 to determine relative L-selectin expression (C and D).
Treatment of neutrophils with the appropriate concentrations of carrier alone had no effect on
L-selectin expression (data not shown). Non-specific antibody labeling was determined using
the appropriate isotype negative control mAb, as indicated. Cells were analyzed by flow
cytometry and the mean fluorescence intensity of 10,000 cells was determined for each cell
sample. The data in panels A-C are representative of at least three independent experiments
using neutrophils isolated from separate donors. The data in panel D is representative of two
independent experiments using neutrophils isolated from separate donors.
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