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Background: Structural determinants of ADAM17 substrate specificity are unknown.
Results: ADAM17 activity affected by noncatalytic domains and secondary structure of substrates.
Conclusion: Noncatalytic domains and substrate conformation are potentially the key structural elements that determine
ADAM17 specificity.
Significance:Understanding interaction of ADAM17with its substrates will assist in discovery ADAM isoform- and substrate-
specific inhibitors.

ADAM proteases are implicated in multiple diseases, but no
drugs based on ADAM inhibition exist. Most of the ADAM
inhibitors developed to date feature zinc-binding moieties that
target the active site zinc, which leads to a lack of selectivity and
off target toxicity. Targeting secondary substrate binding sites
(exosites) canpotentiallywork as an alternative strategy for drug
discovery; however, there are only a few reports of potential exo-
sites in ADAMprotease structures. In the study presented here,
weutilized a series ofTNF�-based substrates to probeADAM10
and 17 interactions with its canonical substrate to identify the
structural features that determine ADAM protease substrate
specificity. We found that noncatalytic domains of ADAM17 did
not directly bind the substrates used in the study but affected the
binding nevertheless, most likely because of steric hindrance.
Additionally, noncatalytic domains of ADAM17 affected the size/
shape of the carbohydrate-binding pocket contained within the
catalytic domain of ADAM17. This suggests that noncatalytic
domains of ADAM17 play a role in substrate specificity and
might help explain differences in substrate repertoires of
ADAM17 and its closest homologue, ADAM10. We also
addressed the question of which substrate features can affect
ADAMprotease specificity.We found that all ADAMproteases
tested (i.e., ADAM10, 12, and17) significantly decreased activity
when the TNF�-derived sequence was induced into �-helical
conformation, suggesting that conformation plays a role in
determining ADAM protease substrate specificity. These
findings can help in the discovery of ADAM isoform- and
substrate-specific inhibitors.

ADAM17 is a prototypical member of a disintegrin andmet-
alloproteinase family of metzincin proteases (1), which has
been implicated in several aggressive forms of cancer (2, 3),
rheumatoid arthritis (4), and Alzheimer disease (5). The main
contribution of ADAM17 to biological and pathophysiological
processes stems from its ability to “shed” cell surface-bound
molecules such as EGF receptor ligands (6, 7) or TNF� (8, 9).
However, very little is known about which features of ADAM17
or its substrates can play the role in determination of substrate
specificity. Most of the structural and biochemical studies of
ADAM17 focused on its catalytic domain or substrate sequence
as potential drivers of specificity; however, no conclusive evi-
dence has been presented.
The role of ADAM17 noncatalytic domains in enzyme-sub-

strate interactions has not been addressed. Crystallographic
and modeling studies by Takeda et al. (10, 11), demonstrated
the possibility that noncatalytic domains of membrane-bound
ADAM17 can contribute to substrate recognition and binding
of cell surface proteins, which necessitates studies with sub-
strates that can interact with noncatalytic domains. Cleavage
site sequence specificity has been addressed for several mem-
bers of the ADAM family (12–14), but most of the substrates
utilized for these studies were short (�10 residues) and there-
fore were likely to interact only with the catalytic domain of
ADAMs.
Similarly, ADAM17 substrate studies mostly focused on

amino acid sequence as a potential specificity determinant (12),
and no forays were made into other areas, such as substrate
secondary structure.We previously reported that substrate gly-
cosylation can differentially affect ADAM activity (15); there-
fore, it stands to reason that substrate secondary structure can
be another, as yet undescribed specificity determinant.
Studies of enzyme-substrate interactions can lead to the

development of selective inhibitors of ADAM17. Most of the
ADAM17 inhibitors developed to date feature zinc-binding
moieties targeting the zinc of the active site (4, 16, 17). There
are �70 known human metalloproteases (ADAM, ADAMTS,
andMMP) (1) that have zinc in their active site, which explains
off target toxicities of zinc-binding inhibitors (18).
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Targeting secondary substrate-binding sites (exosites) can
potentially work as an alternative strategy for drug discovery
(19–24). Selective exosite inhibitors of ADAM-related MMP
and ADAMTS proteases were discovered by several groups
(25–30), including ours. Exosites are defined as sites outside of
the active site that participate in substrate recognition and
binding (19). In the case of metalloproteases, an “exosite-bind-
ing compound” may simply imply a lack of interaction with the
active site zinc (26, 28).
Although currently there are only a few reports of potential

exosites in ADAM protease structures (11, 31), a recent paper
by Tape et al. (32) demonstrated that it is possible to achieve
selective binding to the ADAM17 ectodomain by an antibody
that exploits exosites. Our group recently reported a discovery
of a small molecule that inhibits ADAM17 in a non-zinc-bind-
ing fashion, which also supports exosite targeting strategies for
ADAM17 drug and probe discovery (15).
TNF�, canonical substrate of ADAM17 (also called “TNF�-

converting enzyme” or TACE), was used as the basis for the
substrates in the studies presented herein (9). Pro-TNF� is a
cell surface-bound transmembrane protein of 233 residues dis-
covered by Carswell et al. (33). Cleavage of pro-TNF� by
ADAM17 releases its mature, biologically active form of 157
residues organized as a trimer (34). Although shedding of
TNF� from the cell surface by ADAM17 is an important bio-
logical event, virtually nothing is known about the structural
determinants of this molecular interaction. In the study pre-
sented here, we utilized a series of TNF�-based substrates that
span from juxtamembrane tomature domain of TNF� to ascer-
tain the effect, if any, of interactions with noncatalytic domains
of ADAM17. Additionally, we were interested to see whether
there are differences in the way ADAM10 and ADAM17 inter-
act with these substrates that can be exploited for selective exo-
site-binding inhibitor discovery.

EXPERIMENTAL PROCEDURES

Substrate Synthesis, Purification, and Characterization—
Substrate synthesis was performed on a Protein Technology
PS3 Peptide Synthesizer using Fmoc (N-(9-fluorenyl)methoxy-
carbonyl) solid phase peptide chemistry methodology. Sub-
strates were purified using reversed phase HPLC. Fractions
were analyzed by matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS) and by
analytical reversed phase HPLC.
CircularDichroismSpectroscopy—CDspectrawere recorded

over the range � � 190–250 nm with a Jasco J-810 spectro-
polarimeter using a 0.2-cm path length quartz cell. Substrates
solutions were prepared in deionized water and 50%TFE.2 Raw
CD data (mdeg) was normalized for respective substrate con-
centrations to obtain molar ellipticity (�) to allow for direct
comparison of CD signatures of different substrates.
Enzyme Kinetics—ADAM enzymes were purchased from

R & D Systems (Minneapolis, MN) with the exception of
ADAM17 catalytic domain construct, purchased from Enzo
Life Sciences (Farmingdale, NY). ADAM12was activated as per

the manufacturer’s instructions. Active enzymes concentra-
tions were determined as described elsewhere (14). Substrate
stock solutions were prepared at various concentrations in
R & D Systems-recommended assay buffers. The assays were
conducted by incubating a range of substrate concentrations
(2–100 �M) with various ADAM enzyme concentrations at
25 °C. Experiments with free L-galactose were conducted as
above, but in presence of 60 �M L-galactose and an additional
1-h incubation step at room temperature with ADAM10 and
ADAM17. Fluorescence was measured on a multimode micro-
plate reader Synergy H4 (Biotek Instruments, Winooski, VT)
using �excitation � 360 nm and �emission � 460 nm. Rates of
hydrolysis were obtained from plots of fluorescence versus
time, using data points from only the linear portion of the
hydrolysis curve. The slope from these plots was divided by the
fluorescence change corresponding to complete hydrolysis and
then multiplied by the substrate concentration to obtain rates
of hydrolysis in units of �M/s. Kinetic parameters were calcu-
lated by nonlinear regression analysis using the GraphPad
Prism 5.01 suite of programs. ADAM10 and ADAM17 sub-
strate cleavage sites were established by MALDI-TOF MS.
Inhibition Studies—Substrate and ADAM17 working solu-

tionswere prepared in R & DSystems recommended assay buf-
fers. 5 �l of 3� ADAM17 solution (30 nM) in assay buffer were
added to solid bottom white 384 low volume plates (Nunc cat-
alog number 264706). Next, 5 �l of test compounds (N-hy-
droxyacetamide (AHA) or compound 15) or pharmacological
controls were added to corresponding wells. After 30 min of
incubation at room temperature, the reactions were started by
the addition of 5 �l of 3� solutions of respective substrates (30
�M). Fluorescence was measured every 30min for 2 h using the
multimodemicroplate reader Synergy H4 (Biotek Instruments,
Winooski, VT) using �excitation � 360 nm and �emission � 460
nm. Rates of hydrolysis were obtained from plots of fluores-
cence versus time, and inhibition was calculated using rates
obtained from wells containing substrates only (100% inhibi-
tion) and substrateswith enzyme (0% inhibition). Three param-
eters were calculated on a per plate basis: (a) the signal-to-
background ratio (S/B); (b) the coefficient for variation (CV,
where CV � (standard deviation/mean) � 100)) for all com-
pound test wells; and (c) the Z� factor (18). The IC50 value of
the pharmacological control ((N-hydroxy-1-(4-methoxyphenyl)-
sulfonyl-4-(4-biphenylcarbonyl)piperazine-2-carboxamide;
Calbiochem catalog number 444252) was also calculated using
GraphPad Prism to ascertain the assay robustness.

RESULTS AND DISCUSSION

Substrate Design and Synthesis—Glycosylated substrate 1
and its nonglycosylated counterpart 4 (Fig. 1) were previously
utilized to study the effects of glycosylation onADAMprotease
activity and successfully used as HTS substrates to discover
selective exosite-binding inhibitors of ADAM17 (15). In the
present study, these substrates were used in combination with
free L-galactose to probe the potential carbohydrate-binding
site. Glycosylated substrates 2 and3were synthesized to assess the
effects of size/shape and hydrophobicity of carbohydrate-binding
pocket and effects of noncatalytic domains ofADAM17on carbo-
hydrate binding.

2 The abbreviations used are: TFE, trifluoroethanol; AHA, N-hydroxyacet-
amide; CD, catalytic domain; ECD, extracellular domain.
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Caescu et al. (12) have previously shown that ADAM10 and
17 do not appear to recognize a specific amino acid signature
within the P4-P5� subsites, even though some preferences
toward particular amino acids in certain positions do exist. It is
therefore a mystery why certain cell surface molecules are
cleaved exclusively by either ADAM10 or ADAM17. Is there a
previously undescribed substrate recognition mechanism that
differentiates ADAM10 and ADAM17?
It has been proposed in the literature (10, 11) that the non-

catalytic domains of ADAM proteases might participate in the
binding of their substrates and therefore might help ADAM
proteases to discriminate between substrates.Wehypothesized
that substrate sequence beyond the P4-P5� subsite residues
would be able to interact outside of the catalytic domain and
engage noncatalytic domains of ADAM10 and ADAM17. To
investigate this possibility, we synthesized substrates that
expanded from the original TNF�-based substrate (Fig. 1, sub-
strate 4) (15) to cover juxtamembrane and link domains (Fig. 1,
substrate 6), link and partialmature domain (Fig. 1, substrate 7),
and the substrate where Pro72 was eliminated and Arg82 was
introduced as compared with substrate 4 (Fig. 1, substrate 5).
Substrate 5 was used to ascertain the effect of small local
sequence changes on ADAM protease activities by comparing
the kinetics of its hydrolysis to the ones of substrate 4.
Substrates 8 and 9 and peptide 10 (Fig. 1) were designed to

assess the effect of substrate secondary structure on activity
of ADAM proteases. For comparative studies, the following
ADAM constructs were utilized: ADAM17 ectodomain (ECD,

Arg215–Asn671), ADAM17 catalytic domain (CD, Arg215–
Val477), ADAM10 ectodomain (ECD, Thr214–Gln672), and
ADAM12 catalytic � disintegrin domain (Glu208–Ser519).
Circular Dichroism Spectroscopic Analysis—To determine

the effect of glycosylation and juxtamembrane region sequence
of TNF� on substrate conformation, CD spectra of substrates
utilized in the study (Fig. 1) in water and TFE were recorded
(Figs. 2 and 3). In water only substrate 9 exhibited characteris-
tics of an �-helix with two minima at � � 208 and 222 nm (Fig.
2D), whereas all other substrates exhibited characteristics of
random coils featuring a single large negative peak at around
� � 198 nm (Figs. 2 and 3).We further characterized substrates
by subjecting them to the conditions emulating intramembrane
environment (i.e., 50%TFE). Interestingly, all substrates under-
went significant structural rearrangement from random coil to
an �-helix upon addition of 50% TFE (Fig. 2). Substrate 9 (3
�-helix-inducing heptads), although not fully �-helical under
100% aqueous conditions, nevertheless exhibited positive
molar absorptivity in the 190-nm region. Absorption in this
region is due to the peptide bond; therefore, the difference in
molar absorptivity in this region signifies a change in di-
hedral angles of peptide bonds between the substrates used
for this study. Peptide 10 was fully �-helical under both con-
ditions (Fig. 2E).
Noncatalytic Domains of ADAM17 Affect Carbohydrate

Binding (Pocket)—To ascertain the effect of the noncatalytic
domains on activity of ADAM17 with glycosylated substrates,
we compared the kinetic parameters for the hydrolysis of gly-

FIGURE 1. Sequences of TNF�-based fluorogenic substrates and �-helical peptide 10. All of the amino acid numbers correspond to Uniprot entry
P01375.
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cosylated substrate 1 and nonglycosylated substrate 4 by
ADAM17 ECD and ADAM17 CD. Specificities of hydrolysis of
both substrates by ADAM17 CD were similar, whereas
ADAM17 ECD specificity was �6-fold greater for the glycosy-
lated substrate (Table 1). This suggests that the presence of
noncatalytic domains is required for increased specificity of
ADAM17 toward the glycosylated substrate. However, the
length of substrate and proximity of glycosylation to the scissile
bond suggested that the actual interaction with the carbohy-
drate moiety most likely occurs within the catalytic domain.
Interestingly, ADAM17 CD exhibited 3-fold higher affinity

toward nonglycosylated substrate than ADAM17 ECD (Km �
4.0 � 0.1 �M versus 12 � 3 �M, for ADAM17 CD and ECD,
respectively) but 2-fold lower affinity toward glycosylated sub-
strate (Km� 6.9� 1.3�M versus 3.0� 0.5�M, forADAM17CD
and ECD, respectively). This suggests that although an interac-
tion with the carbohydrate moiety in all likelihood occurs
within the catalytic domain, the noncatalytic domains affect the
affinity of this interaction indirectly, perhaps by influencing the
geometry of a binding pocket. This suggests cooperativity
between catalytic and noncatalytic domains. To test this
hypothesis, we further probed the potential carbohydrate-

FIGURE 2. Circular dichroism spectroscopy of juxtamembrane, partial mature, and �-helical TNF�-based substrates. A, juxtamembrane substrate (#6).
B, partial mature substrate (#7). C, (EIEALKA)2 substrate (#8). D, �-helical substrate (#9). E, (EIEALKA)3 peptide (#10). Substrates solutions were prepared in
deionized water and 50% TFE. Raw CD data (mdeg) were normalized for respective substrate concentrations to obtain molar ellipticity (�) to allow for direct
comparison of CD signatures of different substrates. All of the substrates underwent significant structural rearrangement from random coil to an �-helix upon
addition of 50% TFE. Substrate 9 (three �-helix-inducing heptads), although not fully �-helical under 100% aqueous conditions, nevertheless exhibited positive
molar absorptivity in the � � 190 nm region.

FIGURE 3. Correlation of circular dichroism spectra of juxtamembrane (substrate 6), substrate with two �-helical heptads (substrate 8), and �-helical
(substrate 9) substrates. A, molar ellipticity spectra of juxtamembrane (substrate 6), substrate with two �-helical heptads (substrate 8), and �-helical
(substrate 9) substrates. B, correlation plot of molar absorptivity at � � 192 nm versus kcat of juxtamembrane (substrate 6), substrate with two �-helical heptads
(substrate 8), and �-helical (substrate 9) substrates. Data points for ADAM17 ECD and CD for substrates 8 and 9 overlap in B. The linear regression analysis of a
plot of molar absorptivity at � � 192 nm versus kcat exhibited excellent R2 values, suggesting a strong correlation between the secondary structure of
TNF�-based substrates and the activity of ADAM10 and 17.
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binding site using free 60 �M L-galactose. None of the kinetic
parameters for either substrate hydrolysis by ADAM17CDwas
affected by the presence of L-galactose (Table 1). In contrast,
ADAM17 ECD exhibited higher affinity toward the nonglyco-
sylated substrate (Km � 4.0 � 0.3 �M versus 12 � 3 �M, for
L-galactose versus no L-galactose, respectively) and lower turn-
over of glycosylated substrate (kcat � 0.08 � 0.01 s�1 versus
0.25 � 0.03 s�1, for L-galactose versus no L-galactose, respec-
tively). The lack of affinity change for binding of glycosylated
substrate by ADAM17 ECD can be attributed to the inability of
free L-galactose to bind to the pocket already occupied by TF
antigen (Gal�1–3GalNAc�1). In the case of nonglycosylated
substrate, free L-galactose potentially binds to an unoccupied
pocket of ADAM17 ECD and induces affinity change to the
levels of ADAM17 CD and ADAM17 CD � free L-galactose
(Km � 4.0 � 0.3, 4.0 � 0.1, and 3.4 � 0.9 �M for ADAM17
ECD � L-galactose, ADAM17 CD, and ADAM17 CD � L-ga-
lactose, respectively). Different effects of L-galactose on
ADAM17 CD and ECD kinetic parameters thus supports the
hypothesis of noncatalytic domains influencing the shape or
the size of the carbohydrate-binding pocket within the catalytic
domain ofADAM17.Another possibility, however small, is that
free L-galactose and TF-antigen bind to different binding sites
to produce the effects described above.
We were interested to see whether L-galactose would have

the same effect on the closest homologue of ADAM17,
ADAM10.WeutilizedADAM10ECDconstruct for these stud-
ies. Similarly to ADAM17 ECD, the addition of L-galactose to
the ADAM10 reaction with glycosylated substrate did not pro-
duce significant changes in affinity (Table 1; Km � 12 � 1.6
versus 8.5 � 1.3 �M for L-galactose versus no L-galactose,
respectively). Strikingly, the effect on turnover of glycosylated
substrate was opposite in the case of ADAM10 as compared
with ADAM17;�3-fold decrease of turnover for ADAM17 and
�6-fold increase for ADAM10. For the nonglycosylated sub-
strate, binding of L-galactose brought on similar affinity
changes for both enzymes but resulted in 14-fold drop of

ADAM10 turnover while not affectingADAM17. This suggests
differences in the manner ADAM10 and 17 accommodate free
L-galactose, which can be exploited for inhibitor development.

To investigate the effects of noncatalytic domains on the car-
bohydrate-binding pocket, we compared kinetic parameters for
the hydrolysis of glycosylated substrates 2 and 3 (Fig. 1). Sub-
strate 3 has a bulkier and more hydrophobic carbohydrate as
compared with substrate 2, but the same primary structure
(73LAQAVRSSSR82). The bulkier carbohydrate has no effect on
kinetic parameters of the ADAM17 CD construct (Table 2),
whereas ADAM17 ECD experienced�3-fold loss of both affin-
ity and turnover (Table 2; Km � 7.6 � 1.3 �M versus 22 � 6.0
�M, for substrate 2 versus substrate 3, respectively; kcat� 0.08�
0.01 s�1 versus 0.06 � 0.02 s�1, for substrate 2 versus substrate
3, respectively) resulting in�10-fold loss of specificity (Table 2;
kcat/Km,� 6.1� 0.8� 104M�1 s�1versus 0.68� 0.06� 104M�1

s�1 for substrate 2 versus substrate 3, respectively). Because
different effects on ADAM17 ECD and CD were observed, it is
reasonable to propose that the shape or the size of the carbohy-
drate-binding pocket is different in these two constructs. It also
suggests that ADAM17 CD has a larger carbohydrate-binding
pocket as compared with ADAM17 ECD.
The experiments with glycosylated substrates point to the

possibility of noncatalytic domains affecting the size or shape of
binding pockets within the ADAM17 catalytic domain. This, in
turn, suggests the regulatory role of noncatalytic domains and
possible allosteric effects of ligands binding to these domains.
Contribution of ADAM17Noncatalytic Domains to Substrate

Cleavage Site Specificity and Substrate Binding—Wepreviously
reported differential effects of glycosylation on cleavage sites by
various ADAMs (15). Briefly, ADAM10 and 17 cleaved only at
the cognate scissile bond Ala762 Val in case of both glycosy-
lated (substrate 1) and nonglycosylated (substrate 4) substrates,
whereas ADAM8 cleaved the nonglycosylated substrate only at
Ala762Val, butwas able to cleave atAla2Val,Gln2Ala, and
Val2 Arg in the case of the glycosylated substrate. ADAM12
cleaved at two positions of the nonglycosylated substrate (Ala

TABLE 1
Kinetic parameters for glycosylated substrate 1 and nonglycosylated substrate 4 substrate hydrolysis by ADAM10 and 17 constructs in presence
and absence of L-galactose
The results are reported as averages � S.D. (n � 3).

Enzyme
kcat/Km kcat Km

Glycosylated Nonglycosylated Glycosylated Nonglycosylated Glycosylated Nonglycosylated

M�1 s�1 s�1 �M

ADAM17 ECD 7.6 � 1.7 � 104a 1.2 � 0.1 � 104a 0.25 � 0.03a 0.14 � 0.01a 3.0 � 0.5a 12 � 3a
ADAM17 CD 3.2 � 0.02 � 104 1.7 � 0.2 � 104 0.22 � 0.03 0.07 � 0.01 6.9 � 1.3 4.0 � 0.1
ADAM17 ECD � L-gal 2.3 � 0.14 � 104 1.9 � 0.13 � 104 0.08 � 0.01 0.1 � 0.01 3.2 � 0.3 4.0 � 0.3
ADAM17 CD � L-gal 3.6 � 0.4 � 104 1.8 � 0.14 � 104 0.36 � 0.03 0.06 � 0.03 10 � 1.3 3.4 � 0.9
ADAM10 ECD 0.8 � 0.3 � 104a 2.5 � 0.7 � 104a 0.06 � 0.01a 0.28 � 0.03a 8.5 � 1.3a 12 � 3a
ADAM10 ECD � L-gal 2.8 � 0.00 � 104 0.9 � 0.04 � 104 0.34 � 0.02 0.02 � 0.00 12 � 1.6 2.0 � 0.5

a Reported in Ref. 15.

TABLE 2
Effect of noncatalytic domains on kinetic parameters of hydrolysis for glycosylated substrates 2 and 3 by ADAM10 and 17
The results are reported as averages � S.D. (n � 3).

Enzyme

kcat/Km kcat Km

Substrate 2
(73–82)

Substrate 3
(73–82)

Substrate 2
(73–82)

Substrate 3
(73–82)

Substrate 2
(73–82)

Substrate 3
(73–82)

M�1 s�1 s�1 �M

ADAM17 ECD 6.1 � 0.8 � 104 0.68 � 0.06 � 104 0.42 � 0.01 0.15 � 0.03 7.6 � 1.3 22 � 6.0
ADAM17 CD 0.11 � 0.01 � 104 0.12 � 0.01 � 104 0.08 � 0.01 0.06 � 0.02 68 � 11 50 � 9
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2 Val and Gln 2 Ala) and three positions in the case of the
glycosylated substrate (Ala2Gln, Gln2Ala, and Val2Arg).
Neither ADAM10 nor ADAM17 cleavage site specificity was
affected by glycosylation. We were interested to see whether
noncatalytic domains of ADAM17 played a role in its cleavage
site specificity.We digested glycosylated substrates 2 and 3 and
the nonglycosylated analogue substrate 5 using ADAM17 CD
and ECD constructs. Additionally, we used juxtamembrane
substrate 6 and substrate 7, which contains the link and a por-
tion of mature domain of TNF�. Both ADAM17 CD and ECD
constructs cleaved all of the tested substrates only at canonical
scissile bond Ala76 2 Val, suggesting that structural features
that drive ADAM17 cleavage site specificity are contained
within its CD.
A small sequence shift did not appear to affect affinity of

interaction for either ADAM10 or ADAM17 (Table 3; Km �
12.3 � 3 �M versus 10.0 � 1.2 �M for ADAM10 ECD with
substrates 4 and 5 and 12.3 � 3 �M versus 7.2 � 0.6 �M for
ADAM17ECDwith substrates 4 and 5, respectively). The effect
on turnover rate was, however, different: ADAM10 exhibited
�9-fold decrease of kcat, whereas ADAM17 remained unaf-
fected (Table 3; kcat � 0.28 � 0.03 s�1 versus 0.03 � 0.004 s�1

for ADAM10 ECD with substrates 4 and 5 and 0.14 � 0.01 s�1

versus 0.2� 0.02 s�1 forADAM17ECDwith substrates 4 and 5,
respectively). Because both ADAM10 and ADAM17 prefer Pro
in subsite P5� (P5� � Pro72) (12), the effect on the ADAM10 kcat
parameter can be attributed to the presence of Arg82 in the P6
position. This suggests that ADAM10 is more sensitive to local
sequence variability than ADAM17.
In the model of interaction between cell surface-bound

ADAMprotease and its substrates put forward by Takeda et al.
(10, 11), the hypervariable region of the enzyme binds the jux-
tamembrane region of cell-bound substrate when cleavage
occurs in cis. If cleavage were to occur in trans, the hypervari-
able region would interact with portion of the substrate most
distant from the membrane, which in the case of TNF� would
mean within or in the vicinity of �-sheet domains. We were
interested to seewhether the TNF�-based substrate containing
juxtamembrane sequence (Fig. 1, substrate 6) would exhibit dif-
ferent kinetic parameters as comparedwith shorter substrate 5,
which likely interacts only with the catalytic domain. ADAM10
ECD did not exhibit significant differences in hydrolysis of
either substrate, whereas ADAM17 ECD had less affinity
toward juxtamembrane substrate 6 (Table 3;Km � 7.2� 0.6�M

versus 24 � 6.2 �M for ADAM17 ECD with substrates 5 and 6,
respectively). This suggests that the juxtamembrane sequence
does not contribute additional productive interactions with
ADAM10 andADAM17 noncatalytic domains andmight actu-

ally create a steric clash in the case of ADAM17. To investigate
this further, we compared kinetic parameters of hydrolysis of
substrates 5 and 6 by ADAM17 ECD to ADAM17 CD.
ADAM17 CD had almost identical affinity for both substrates
(Table 3), which supports the idea of juxtamembrane substrate
clashing with noncatalytic domains of ADAM17 ECD. These
observations are in agreement with Lee et al. (36), who sug-
gested that C-terminal (i.e., noncatalytic) domains of ADAM17
can create a steric obstacle for interactions between N-TIMP-3
and ADAM17 ECD.
Substrate 7 (Fig. 1, Pro72–Arg108) lacks the juxtamembrane

region but instead extends into mature domain of TNF�. Both
ADAM10 and ADAM17 gain affinity as compared with sub-
strate 4 (Table 3), but in the case of ADAM10 it resulted in
�20-fold decrease of turnover, whereas ADAM17 turnover
was slightly affected (Table 3; kcat � 0.28 � 0.03 s�1 versus
0.013 � 0.001 s�1 for ADAM10 ECD with substrates 4 and 7
and 0.14 � 0.01 s�1 versus 0.07 � 0.005 s�1 for ADAM17 ECD
with substrates 4 and 7, respectively). Again, ADAM17 CD
exhibited identical affinity toward both substrates.
The experiments described herein suggest that noncatalytic

domains of ADAM10 and ADAM17 can affect the way these
enzymes interact with their respective substrates. Moreover,
substrates interacting with noncatalytic domains of ADAM10
and ADAM17 affected enzyme activity in different ways, sug-
gesting that noncatalytic domains might contain the key struc-
tural elements that determine ADAM substrate repertoires.
Effect of Substrate Secondary Structure on ADAM17 Spec-

ificity—The cleavage of TNF� by ADAM17 on the cell surface
occurs in its juxtamembrane region 20 amino acids away from
transmembrane domain (9). The juxtamembrane region of
TNF� is disordered according to the Uniprot database entry
based on the primary structure composition (P01375, TNFA_
HUMAN), whereas the transmembrane region is predicted to
be �-helical. We have previously shown that TNF�-based sub-
strate can form an �-helix under conditions emulating the
intramembrane environment (15). We were interested to see
whether activity of ADAM17 can be modulated by a substrate
possessing a distinct secondary structure. The �-helical sub-
strate 9 exhibited significant improvement of affinity toward
ADAM17 ECD as compared with the random coil substrates 6
and 8 (juxtamembrane substrate and substrate with 2 �-helix-
inducing heptads, respectively). Km values were 24 � 6.2, 7.5 �
1.3, and 2.0 � 0.1 �M for substrates 6, 8, and 9, respectively
(Table 4), which constitutes 12- and 4-fold improvement of
affinity as compared with juxtamembrane substrate and the
substrate with two �-helix-inducing heptads, respectively. The
rate of turnover of �-helical substrate 9 by ADAM17 ECD was

TABLE 3
Effect of juxtamembrane and part of mature domain of TNF� on Km and kcat parameters for hydrolysis of substrates 4, 5, 6, and 7 by ADAM10 and 17
The results are reported as averages � S.D. (n � 3).

Enzyme

kcat Km

Substrate 4
(72–81)

Substrate 5
(73–82)

Substrate 6
(57–82)

Substrate 7
(72–108)

Substrate 4
(72–81)

Substrate 5
(73–82)

Substrate 6
(57–82)

Substrate 7
(72–108)

s�1 �M

ADAM10 ECD 0.28 � 0.03 0.03 � 0.04 0.06 � 0.01 0.013 � 0.001 12 � 3 10 � 1.2 13 � 0.5 4.3 � 1.5
ADAM17 ECD 0.14 � 0.01 0.2 � 0.02 0.34 � 0.03 0.07 � 0.005 12 � 3 7.2 � 0.6 24 � 6.2 3.3 � 0.2
ADAM17 CD 0.07 � 0.01 0.05 � 0.01 0.12 � 0.03 0.03 � 0.001 4.0 � 0.1 16 � 5 20 � 0.2 4.3 � 1.5
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affected much more drastically as compared with random coil
substrates. The �-helical substrate demonstrated greater than
100- and 20-fold decrease of kcat as compared with juxtamem-
brane substrate and substrate with 2 �-helix-inducing heptads,
respectively (Table 4). Such a dramatic effect of �-helical struc-
ture on enzyme activity is likely a consequence of tight binding
exhibited by this substrate. It is therefore entirely possible that
the repertoire of substrates of membrane-bound ADAM17 can
be limited to sequences located within disordered regions of
cell surface proteins. By the same token, it is conceivable that
ADAM17 activity can be regulated by�-helical structure. Addi-
tional investigations of effects of substrate conformation on
ADAM17 activity are therefore warranted.
As discussed above under “Contribution of ADAM17 Non-

catalytic Domains to Substrate Cleavage Site Specificity and
Substrate Binding,” the noncatalytic domains did not contrib-
ute to the binding of juxtamembrane substrate 6.Wewere curi-
ous whether the same is true for the substrate containing the
�-helical juxtamembrane sequence. Indeed, ADAM17 CD
exhibited almost identical kinetic parameters for all three sub-
strates (Table 4) as compared with ADAM17 ECD. This advo-
cates the idea that noncatalytic domains of ADAM17 do not
contribute to interactions with juxtamembrane region of
TNF�, at least in an in vitro setting. The circular dichroism
spectra of substrate 9 (Fig. 2D) indicated�-helices at both 100%
aqueous and 50%TFE, and thus the portion of the TNF�-based
substrate that interacts with catalytic domain is likely �-helical.
This in turn suggests that the catalytic domain of ADAM17
potentially contains secondary binding sites responsible for
�10-fold improved affinity of ADAM17 toward �-helical sub-
strate (substrate 9) as compared with a random coil one (sub-
strate 6) (Table 4).
Effects of substrate �-helicity on activity of ADAM10 were

less pronounced as compared with ADAM17. Observed were
15- and 7.5-fold decreases of kcat and 2.5- and 1.1-fold decreases
ofKm as comparedwith juxtamembrane and substratewith two
�-helix-inducing heptads, respectively (Table 4). For compari-
son, ADAM12 did not cleave the �-helical substrate and its
activity toward juxtamembrane and substratewith two�-helix-
inducing heptads was weak (kcat � 0.006 � 0.01 s�1 and
0.003 � 0.002 s�1, for juxtamembrane and substrate with two
�-helix-inducing heptads, respectively).

To confirm that the effect of substrate 9 on ADAM10 and
ADAM17 kinetics was due to the induction of �-helical char-
acter upon TNF� native sequence (71SPLAQAVRSSSR82)
rather than interactions of �-helical heptads (EIEALKA)3 with
the enzymes, we synthesized just the (EIEALKA)3 portion of
the molecule and tested it in ADAM10 and ADAM17 inhi-

bition assays. (EIEALKA)3 formed an �-helix in water (Fig.
2E). If interaction of substrate 9 with ADAMs was due to just
an �-helical secondary structure, we could expect competi-
tion between �-helical substrate 9 and peptide 10, resulting in
inhibition of hydrolysis of 9. The addition of (EIEALKA)3 did
not induce significant inhibition of hydrolysis of �-helical sub-
strate 9 by ADAM10 ECD, ADAM17 CD, or ADAM17 ECD
constructs (data not shown), suggesting that �-helicity alone is
not enough for binding to either ADAM. We further tested
(EIEALKA)3 for inhibition of hydrolysis of substrate 8 (data not
shown) and commercial ADAM substrate Mca-KPLGL-
Dpa-AR (data not shown). In both cases (EIEALKA)3 (up to a
concentration of 100 �M) did not exhibit significant inhibition
of substrate hydrolysis.
The data presented in this section demonstrate that the sec-

ondary substrate structure can play a role in ADAM protease
activity and specificity. Significant differences in kinetic param-
eters for hydrolysis of juxtamembrane substrate (substrate 6)
and its analogues (substrates 8 and 9) (Table 4) can be attrib-
uted to a difference in the peptide bond angles rather than addi-
tional interactions with ADAM noncatalytic domains. As wit-
nessed by the CD spectra of three abovementioned substrates
(Fig. 3A), the main difference lies in the 190–200-nm region
where peptide bonds absorb. Substrate 6 exhibited negative
molar absorptivity, substrate 8was close to 0, whereas substrate
9 showed a positive signal consistent with �-helical secondary
structure. This suggests that a scissile bond (Ala76–Val) in all
three substrates is potentially presented to ADAMproteases in
a somewhat different environment, which resulted in drastic
loss of turnover and increase of affinity byADAM17. The linear
regression analysis of a plot ofmolar absorptivity at � � 192 nm
versus kcat exhibited excellent R2 values for ADAM17 CD and
ADAM10ECD (Fig. 3B;R2� 0.999 and 0.982, forADAM17CD
and ADAM10 ECD, respectively) and a very good R2 value of
0.815 for ADAM17 ECD. This suggests a strong correlation
between the secondary structure of TNF�-based substrates and
activity of ADAM10 and 17.
Inhibition Studies—Both �-helical (substrate 9) and glycosy-

lated (substrate 1) substrates exhibited higher affinity toward
ADAM17 as comparedwith their nonglycosylated, randomcoil
counterpart (substrate 4) potentially because of the additional
interactions with ADAM17 exosites. Based on the existing
model of ADAM17 interactions with its substrates (10, 11), it is
highly likely that the carbohydrate moiety of glycosylated sub-
strate and the �-helical juxtamembrane sequence interact with
exosites of ADAM17, which in turn suggests the existence of
multiple exosites.We investigated this hypothesis by using exo-
site and active site inhibitors of ADAM17 in the presence of

TABLE 4
Kinetic parameters for hydrolysis of substrates containing juxtamembrane region of TNF� and �-helix-inducing heptads by ADAM10, 12, and 17
The results are reported as averages � standard deviation (n � 3).CDD, catalytic domain � disintegrin domain.

Enzyme
kcat/Km kcat Km

Substrate 6 Substrate 8 Substrate 9 Substrate 6 Substrate 8 Substrate 9 Substrate 6 Substrate 8 Substrate 9

M�1 s�1 s�1 �M

ADAM17 ECD 1.5 � 0.25 � 104 0.9 � 0.04 � 104 0.16 � 0.08 � 104 0.34 � 0.03 0.064 � 0.01 0.003 � 0.001 24 � 6.2 7.5 � 1.3 2.0 � 0.1
ADAM17 CD 0.62 � 0.08 � 104 0.9 � 0.04 � 104 0.16 � 0.00 � 104 0.12 � 0.03 0.07 � 0.01 0.004 � 0.001 20 � 0.2 7.9 � 0.4 2.3 � 0.6
ADAM10 ECD 0.5 � 0.04 � 104 0.39 � 0.006 � 104 0.06 � 0.00 � 104 0.06 � 0.01 0.03 � 0.004 0.004 � 0.001 13 � 0.5 6.2 � 0.7 5.5 � 1.5
ADAM12 CDD 0.03 � 0.001 � 104 0.05 � 0.004 � 104 ND 0.006 � 0.01 0.003 � 0.002 ND 18 � 5 6.2 � 1.6 ND
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�-helical (substrate 9), glycosylated (substrate 1), and nongly-
cosylated (substrate 4) substrates. AHA, a known zinc binder
and competitive millimolar range inhibitor of many metallo-
proteases (37), inhibited hydrolysis of all three substrates equi-
potently (Fig. 4A) (IC50 � 1.6 � 0.1, 1.2 � 0.02, and 0.8 � 0.02
mM for glycosylated, nonglycosylated, and �-helical substrates,
respectively). Compound 15, a noncompetitive ADAM17
inhibitor recently reported by our group (15), appreciably
inhibited hydrolysis only of the glycosylated substrate (Fig. 4B).
AHA most likely only binds within the active site of ADAM17
because of its size and therefore is unable to interact with
ADAM17 exosites that glycosylated and potentially �-helical
substrates bind to. The equipotent inhibition of all three sub-
strates, therefore, is unsurprising. The noncompetitive exosite
inhibitor (compound 15) preferentially abrogated hydrolysis of
glycosylated substrate and sparedhydrolysis of nonglycosylated
and �-helical substrate (Fig. 4B). This suggests that �-helical
and glycosylated substrates bind to ADAM17 in a different
fashion and that the �-helical substrate binding does not inter-
act with a pocket where compound 15 can be localized. These
data, in combinationwith loss of turnover and increase of affin-
ity of the �-helical substrate toward ADAM17, as compared
with non-�-helical substrates 6 and 7 (Table 4), led us to believe
that the �-helical substrate interacts with unique exosites com-
pared with a glycosylated substrate. Thus, an �-helical sub-
strate can potentially lead to discovery of inhibitors that inter-
act with exosite(s) different from the one that compound 15
interacts with. Because ADAM17 has a wide repertoire of sub-
strates (e.g. Notch, EGF receptor ligands, TNF�), a small mol-
ecule inhibitor capable of selectively inhibiting hydrolysis of a
particular substrate while sparing hydrolysis of other substrates
can be of value for both therapy and research.
Significance—Todevelopmolecules capable of selective inhi-

bition of ADAM17-mediated hydrolysis, one needs to under-
stand how different members of the ADAM protease family
interact with their substrates and whether there are unique fea-

tures in the way these interactions occur. Although utilization
of full-length proteins to study enzyme-protein interactions is
believed to be more physiologically relevant and preferred over
synthetic substrates, this approach has proved highly problem-
atic in the field of ADAMs research. For example, it was
observed that ADAM17 failed to cleave several full-length pro-
teins in biochemical assays but was able to cleave peptides
based on their cleavage sites (reviewed by Roy Black in Ref. 38).
Among the full-length proteins that exhibited this behavior
were pro-TGF� (35), L-selectin, p55TNFR, and p75TNFR (38),
all validated physiological substrates of ADAM17. Moreover,
the lack of suitable methodologies (long and expensive produc-
tion process, sensitivity issues forHPLC-basedmethods, stabil-
ity issues for fluorescamine labeling approach, etc.) for kinetic
studies using recombinant full-length proteins justifies utiliza-
tion of synthetic fluorogenic substrates for specificity studies.
In the present study we used TNF�-based fluorogenic sub-

strates to determine that one of the key structural elements
within ADAM17 structure responsible for substrate specificity
are its noncatalytic domains, most likely via presenting a steric
hindrance. Moreover, noncatalytic domains of ADAM17 likely
affected the size/shape of the carbohydrate-binding pocket
contained within the catalytic domain of ADAM17. This sug-
gests that noncatalytic domains of ADAM17 play a role in sub-
strate specificity andmight help explain differences in substrate
repertoires of ADAM17 and its closest homologue, ADAM10.
We also determined that the substrate secondary structure

modulates ADAMactivity. ADAMs can be differentiated based
on this property, and this information can be used in the ratio-
nal design of ADAM isoform-selective inhibitors.
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