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ABSTRACT: ADAM33 is an asthma susceptibility gene recently identified through a genetic study of
asthmatic families [van Eerdewegh, et al. (2002)Nature 418, 426-430]. To understand the function of
the gene product, the recombinant metalloproteinase domain of human ADAM33 was purified and tested
for its substrate cleavage specificity using peptides derived fromâ-amyloid precursor protein (APP). A
single Ala substitution at the P2 position of a 10-residue APP peptide, YEVHH*QKLVF, yielded a
20-fold more efficient substrate. Terminal truncation studies identified a minimal nine-residue core
(P5-P4′) important for ADAM33 recognition and cleavage. Full positional scanning of the 10-mer peptide
using the 19 naturally occurringL-amino acids (excluding Cys) revealed a substrate specificity profile. A
strong preference for Val or Ile at P3, Ala at P2, and Gln at P1′ was observed. The substrate binding
model based on the X-ray structure of the ADAM33-inhibitor complex supported the observed substrate
specificity profile. On the basis of this, an improved substrate was designed and a fluorescence resonance
energy transfer (FRET) assay was developed using a fluorogenic derivative of this substrate. Kinetic
studies confirmed that the best substrate, FRET-P2 [K(Dabcyl)YRVAF*QKLAE(Edans)K], was∼100-
fold more efficient than the wild-type APP peptide substrate, with akcat/Km value of (3.6( 0.1) × 104

s-1 M-1. Using this substrate and the FRET assay, ADAM33 enzyme activity and thermal stability were
characterized. ADAM33 dependence on buffer conditions, detergents, and temperature was examined,
and optimal conditions were defined. AccurateKi values for tissue inhibitors of metalloproteinase and
small molecule compounds were obtained.

ADAM331 (a disintegrin and metalloprotease) is an asthma
susceptibility gene identified by a genetic linkage and
polymorphism study of asthmatic families (1). ADAM33
belongs to a family of type I transmembrane metallopro-
teinases which share a conserved structure with multiple
domains: an N-terminal secretion signal sequence, pro and
catalytic domains, disintegrin, and cysteine-rich domains
which are usually followed by an EGF repeat, a transmem-
brane, and a carboxyl-terminal cytoplasmic tail (2). Ap-
proximately half the ADAM family members, including
ADAM33, contain an active site HEXXHXXGXXH con-
sensus sequence of a zinc binding motif and a glutamic acid
in the catalytic domain, which was predicted as a key feature
for being an active metalloproteinase (3, 4). A major function
of those active ADAMs is proteolytic release of cell surface
membrane proteins such as cytokines, growth factors, and
receptors (2, 5). ADAM17/TNF-R converting enzyme (TACE),
one of the best studied ADAMs, sheds soluble TNF-R after
cleavage of the membrane-anchored precursor (6). ADAM17
also processes several other integral membrane proteins such

as amyloid precursor protein (APP) (7), transforming growth
factor-R (TGF-R), and L-selectin (8).

ADAM33 belongs to a subfamily as determined by
sequence homology, which includes ADAM19, ADAM12,
and ADAM13 (1, 9, 10). Recombinant ADAM19 metallo-
proteinase was able to cleave peptides corresponding to the
known cleavage sites of TNF-R, TRANCE, and KL-1 (11).
Overexpression of ADAM19 in L929 cells suggested that
ADAM19 may participate in the shedding ofâ1-neuregulin,
a member of the epidermal growth factor family (12).
ADAM12 was reported to process heparin-binding epidermal
growth factor (HB-EGF) in vivo (13) and to cleave insulin-
like growth factor binding proteins 3 and 5 (14). We have
previously demonstrated that ADAM33 is an active protein-
ase which was able to cleaveR2-macroglobulin (15) and
synthetic peptides (16). The enzymatic activity of ADAM33
can be inhibited by a tissue inhibitor of metalloproteinases
3 and 4 (TIMP-3 and -4, respectively) as well as several
small molecules (16). However, it is still unknown what the
physiological substrates and functions of ADAM33 are, and
what the role of ADAM33 is in the pathophysiology of
asthma. ADAM33 was primarily expressed in lung fibro-
blasts and bronchial smooth muscle cells (1, 17) and was
hypothesized to be involved in bronchial tissue remodeling
in asthmatics (18). The X-ray crystal structure of the
ADAM33 catalytic domain that we reported recently revealed
the Zn-coordinated active site and polypeptide fold, which
resembled that of other metalloproteinases, while the substrate-
binding site contained unique features that allow for structure-
based design of specific inhibitors of this enzyme (19).
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In our previous study, we expressed and purified a soluble
recombinant form of human ADAM33 catalytic protein and
used it to search for cleavable substrates by testing a number
of synthetic peptides, most of which were derived from the
known cleavage sites of shed membrane proteins (16). Four
peptide substrates, KL-1, APP, insulin B-chain, and TRANCE,
were identified which were cleaved by ADAM33. Kinetic
studies indicated that cleavages of these substrates by
ADAM33 were not very efficient. In this report, we have
established a substrate specificity profile of ADAM33
protease activity by an alanine scan of the wild-type APP
peptide and full positional scan of the substituted APP
peptide. We have generated a highly efficient substrate
through a combination of amino acid substitutions of the APP
peptide. With this substrate, properties of ADAM33 were
characterized and the effects of pH, ionic strength, detergents,
and temperature on catalytic activity were examined. Sen-
sitivity of ADAM33 activity to TIMPs and small molecule
inhibitors was also tested.

MATERIALS AND METHODS

Reagents.All chemicals were from Sigma-Aldrich (St.
Louis, MO) unless indicated otherwise. Human tissue inhibi-
tors of metalloproteinase (TIMPs) were purchased from R&D
Systems (Minneapolis, MN). All reagents and media for
DrosophilaS2 cell expression were from Invitrogen (Carls-
bad, CA). Small molecule inhibitors IK682 (20) and mari-
mastat (21) were synthesized by Medicinal Chemistry at
Schering Plough Research Institute.

Expression and Purification of the Recombinant Human
ADAM33 Catalytic Domain.The details of expression and
purification of the recombinant human ADAM33 catalytic
domain have been described previously (16). In brief,
ADAM33 pro and catalytic domains (nucleotides 91-1227,
corresponding to amino acids L31-P409) were cloned into
an inducible expression vector, pMT/Bip/V5-His-C (Invit-
rogen), and attached with a V5-6xHis tag on its 3′ end. The
stable transfectedDrosophilaS2 cell line was generated and
maintained at 23°C in DES medium containing 10% fetal
bovine serum (FBS), 0.1% Fluronic F-68, and 300µg/mL
hygromycin B. Expression of the human ADAM33 protein
was induced in the presence of 10µM CdCl2 and 200µM
ZnCl2 in serum-free medium. The ADAM33 catalytic domain
in conditioned medium after induction for 6 days was first
enriched with a SP-Sepharose Fast Flow column, followed
by a Ni-NTA column, and finally purified to homogeneity
by a Superdex-75 column, using the AKTA FPLC system
(Amersham-Pharmacia Biotech, Piscataway, NJ). The N-
terminal amino acid sequence of the ADAM33 protein was
confirmed by protein sequencing (22). The protein concen-
tration of the ADAM33 catalytic domain was estimated by
UV absorption using a molar extinction coefficientε280 of
26 780 M-1 cm-1 (16). The active enzyme concentration of
ADAM33 was determined by the inhibitor titration of the
active site as described in ref16. The enzyme was diluted
in the enzyme dilution buffer [40 mM HEPES (pH 7.0), 20
µM CaCl2, 20 µM ZnCl2, 0.001% Brij35, 0.2 mg/mL BSA,
and 10% glycerol] before being used.

Peptide Synthesis.Peptides were synthesized in-house.
Fmoc chemistry was used on either an ABI model 431A
peptide synthesizer (Applied Biosystems, Foster City, CA)

or an ACT model 496 multiple synthesizer (Advanced
ChemTech, Louisville, KY). The molecular masses of
purified peptides were confirmed by electrospray ionization
mass spectrometry.

Peptide CleaVage Assay.The peptide substrate (50µM)
was incubated with or without ADAM33 (4-80 nM) in assay
buffer [20 mM HEPES (pH 7.0), 0.5 M NaCl, and 0.2
mg/mL BSA] for 1-2 h at room temperature (RT). The
reaction was quenched by adding 10% trifluoroacetic acid
(TFA) to a final concentration of 1%, and samples were
analyzed on an Agilent model 1100 HPLC system with a
C8 column [4.6 mm (inside diameter)× 50 mm (length)].
Solvents were as follows: (A) 0.1% TFA in water and (B)
0.09% TFA in acetonitrile. A linear gradient from 2 to 42%
B was carried out over 7 min at 1.5 mL/min, and the eluate
was monitored at 214 nm. The percentage of peptide cleavage
was calculated using the peak area of the cleaved products
divided by the sum of the peak areas of both the products
and the remaining substrate. The cleavage sites of the peptide
were identified by either electrospray (ES) or matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry.

Kinetic Studies.Kinetic constants of peptide substrates
were obtained by using the HPLC assay described above
and analysis as reported previously (23-25). In brief,
ADAM33 (4 nM) was incubated with peptide substrate
(5-250 µM) in assay buffer for 10-60 min at RT. Reac-
tions were timed to allow less than 15% turnover of the
substrate. The initial cleavage velocities of the peptides were
obtained by plotting cleaved product versus reaction time.
The kinetic constants (kcat, Km, andkcat/Km) were determined
using Prism version 3.0 (GraphPad, San Diego, CA) based
on a best fit of the data with the Michaelis-Menten equation
(26).

Fluorescence Resonance Energy Transfer (FRET)
Assay. Fluorogenic substrates, FRET-P1 [K(Dabcyl)-
YEVAH*QKLAE(Edans)K] and FRET-P2 [K(Dabcyl)-
YRVAF*QKLAE(Edans)K], based on the modified peptide
APP sequence were synthesized and used to measure
ADAM33 enzyme activity. The assay was carried out in 4
nM enzyme and 30µM substrate in an assay buffer
consisting of 20 mM HEPES (pH 7.0), 0.5 M NaCl, and 0.2
mg/mL BSA. The initial reaction velocity was measured at
excitation and emission wavelengths of 340 and 505 nm,
respectively, with a GEMINI fluorescence reader (Molecular
Devices, Sunnyvale, CA) for 15 min.

The inhibition dissociation constants (Ki) for inhibitors
were determined according to the methods described previ-
ously (24, 27). In brief, the FRET assay was performed
in the presence or absence of inhibitors at RT using
ADAM33 (4 nM) and FRET-P2 substrate (30µM). For
testing the tissue inhibitor of metalloproteinases (TIMPs),
ADAM33 and human TIMPs were preincubated for 1 h
at RT. Serial dilutions of TIMPs or synthetic inhibitors
were tested starting at 8µM (TIMP-2), 4 µM (TIMP-3 and
-4), 2µM (TIMP-1 and IK682), or 20µM (marimastat). The
initial velocities were plotted as a function of inhibitor
concentration. For tight binding inhibitors (IK682 and
TIMP-3 and -4), the apparent inhibitor dissociation constants
(Ki

app values) were calculated by fitting the curve to the
following modified Morrison’s equation (28) with Prism
version 3.0:
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where Ki
app ) Ki(1 + S/Km), Vo is the uninhibited initial

velocity,Vi is the initial velocity in the presence of inhibitor
at any given inhibitor concentrationIo, andEo is the initial
enzyme concentration. For all other less potent inhibitors,
the inhibitor dissociation constants (Ki values) were deter-
mined by fitting the data to the rearranged Michaelis-
Menten equation (26) for competitive inhibitor kinetics:

Dependence of ADAM33 ActiVity on pH and Ionic Strength
(NaCl, ZnCl2, and CaCl2) and Others.The pH dependence
experiments were performed in 20 mM buffer (MES for
pH 4.0, 5.0, 6.0, and 6.5, HEPES for pH 7.0, 7.5, and
8.0, and CHES for pH 8.5, 9.0, and 10.0) with 0.5 M NaCl.
The NaCl dependence experiments were performed in 20
mM HEPES (pH 7.5). The experiments for other factors
(ZnCl2, CaCl2, Brij35, glycerol, DMSO, and BSA) were
carried out in the core buffer [20 mM HEPES (pH 7.5) and
0.5 M NaCl].

Temperature Dependence Experiments.Initial rates of
product formation were determined at each temperature in
the assay buffer [20 mM HEPES (pH 7.0) and 0.5 M NaCl]
with a GEMINI fluorescence reader. To determine the
enzyme stability at different temperatures, ADAM33 (80 nM)
was preincubated in the assay buffer for a period of time:
0-150 min at 25°C, 0-60 min at 30°C, 0-40 min at 37
°C, 0-15 min at 45°C, and 0-15 min at 55°C. Aliquots
of ADAM33 were removed at different time points and
frozen at-80 °C, and were later diluted 10-fold to measure
their protease activity. The curve summarizing the decay of
protease activity with time was used to estimate the half-
life of the activity at different temperatures by GraphPad
Prism version 3.0.

RESULTS

We have previously reported that from testing more than
40 potential candidate peptides, four peptides were identified
that were cleaved by ADAM33 (16). The rank order of
relative cleavage efficiencies of these four peptides by
ADAM33 was as follows: KL-1> APP> insulin B-chain
) TRANCE. The efficiency of cleavage of each (kcat/Km up
to 3 × 102 s-1 M-1) was lower than that of authentic
biological substrates of other ADAM proteases (23, 29). To
study the impact of peptide sequence variation on the
cleavage efficiency and substrate specificity, we explored
the structure-activity relationship (SAR) of two ADAM33
peptide substrates by alanine-scan mutagenesis, initially with
KL-1 (16) and with APP in this study.

Alanine Scan of the APP Peptide Substrate. The individual
amino acids of the 10-mer peptide of APP, YEVHH*QKLVF,
were substituted with alanine to assess the relative contribu-
tions of the amino acid side chains (Figure 1). Remarkably,
cleavage of the P2-altered peptide substrate, in which Ala
was substituted for His, was enhanced∼20-fold, whereas
Ala substitution at P4′ increased cleavage efficiency less than
2-fold. In contrast, replacement of each amino acid at P5,
P1′, and P2′ resulted in a more than 10-fold decrease in

cleavage activity. Ala substitutions at the remaining positions
had a relatively weaker effect on cleavage efficiency.

Peptide Size.The relative cleavage efficiency was deter-
mined for a series of different length peptides in which amino
acids were either truncated or extended from the amino or
carboxy terminus of the P2/P4′-Ala-substituted APP peptide
(Table 1). Increased length of the peptide as seen in the
P7-P7′ peptide only slightly enhanced the cleavage ef-
ficiency (compared with that of P5-P5′-a). Terminal trunca-
tions to P4-P4′ and P3-P3′ peptides virtually eliminated
the cleavability. Thus, the P5-P4′ peptide is the minimal
size for ADAM33 recognition and cleavage.

Full Positional Scan of the APP Peptide To Probe the
Structure-ActiVity Relationship (SAR).With the P5-P5′
template incorporating two favorable Ala substitutions at P2
and P4′, YEVAH*QKLAF, we performed a full positional
scan by substituting at each position the 19 naturally
occurringL-amino acids except the oxidation-prone Cys. The
relative activity data are detailed in Figure 2A-J. Several
points can be made from these data. P5 Tyr could be sub-
stituted with a large, aromatic residue (Trp or Phe). Smaller,
aliphatic hydrophobic residues (Ile, Leu, Met, and Val) were
also tolerated at the P5 position, maintaining 80-90% of
the activity of the parent template. P4 Glu tolerated many
substitutions except Trp. Basic residues (Arg and Lys),
aliphatic residues (Ile, Leu, Met, and Val), and the polar Gln

Vi ) Vo{[(Eo - Io - Ki
app)2 + 4Ki

appEo]
1/2 +

(Eo - Io - Ki
app)}/2Eo

Vi ) VmaxS/[Km(1 + I/Ki) + S]

FIGURE 1: Alanine scan of the APP peptide substrate. On the basis
of the 10-mer peptide sequence of APP, YEVHH*QKLVF, a series
of peptides in which each of the 10 amino acids in the peptide was
substituted individually with Ala were derived and synthesized. The
peptide substrates (50µM) were incubated with ADAM33 (4 nM)
in assay buffer [20 mM HEPES (pH 7.0), 0.5 M NaCl, and 0.2
mg/mL BSA] for 1-2 h at RT. The reaction was stopped and
subjected to HPLC analysis (see Materials and Methods).

Table 1: Effect of APP Peptide Length on ADAM33 Cleavage
Efficiency

peptide substrate sequencea
relative cleavage

efficiencyb

P7-P7′ GSYEVAH*QKL AFFA 1.2
P5-P5′-a YEVAH*QKL AF 1.1
P5-P5′ Ac-YEVAH*QKLVF-NH 2 1.0
P5-P4′ YEVAH*QKL A 0.9
P4-P4′ EVAH*QKL A 0.1
P3-P3′ Ac-VAH*QKL-NH 2 0.0
a The bold residues are the Ala substitutions from the wild-type APP

sequence, YEVHH*QKLVF. The asterisks denote the cleavage sites.
b The assay was performed with 10 nM ADAM33 and 50µM peptide
substrate at RT for 1 h, followed by HPLC analysis (see Materials and
Methods).
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residues were slightly more favored at the P4 position. The
P3 position demonstrated a stringent requirement for Val.
The small,â-branched Val could only be substituted with a
slightly larger, â-branched sibling Ile. P2 Ala, identified
earlier in an Ala-scan experiment (Figure 1), was the best
residue at the P2 position. Substitution by Met, Leu, Lys, or
Arg resulted in a loss of activity (10-60%). P1 His was

inferior to Met, Phe, and Tyr. Ala, Arg, Gln, Glu, Gly, Leu,
Pro, Ser, and Trp were also tolerated, with the activity within
2-fold of that of the parental peptide, although Val is
prohibited at P1. At P1′ Gln, no equivalent or better
substitutions were found, although Leu, Met, and His were
suboptimal substitutions, which maintained 60-90% of the
activity. P2′ Lys could be substituted with Arg or aliphatic

FIGURE 2: Full positional scan of the APP peptide as ADAM33 substrates to probe structure-activity relationship (SAR). Each position
(X) of the P2/P4′-Ala-substituted APP peptide (YEVAH*QKLAF) was systematically replaced with the 19 naturally occurringL-amino
acids (excluding Cys). The individually synthesized peptides (50µM) were then subjected to the ADAM33 HPLC assay (see Materials and
Methods). The relative activities compared to that of the template peptide are shown on theY-axis.
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residues (Ile, Leu, Met, and Val). At P3′ Leu, was the best
among all the residues, with many other residues being
suboptimal replacements. P4′ Ala, identified in an Ala scan
experiment (Figure 1), was the second best, after Trp;
however, P4′ Ala could be replaced with many other residues.
P5′ was the most permissive site for substitutions, which was
consistent with an earlier C-terminal truncation study: the
P5-P4′ peptide was almost as competent as the P5-P5′
peptide.

Modeling of ADAM33-Substrate Binding. An ADAM33-
substrate binding model was established on the basis of the
X-ray structure of the ADAM33-inhibitor complex (19),
and the model was consistent with the experimental results

observed upon alanine scan or full positional scan studies.
As shown in Figure 3, large hydrophobic residues that could
pack in the surface depression were preferred at P5, with
Tyr preferred over Ala by∼10-fold (Figure 1). The P3
position favored small hydrophobic residues that could fit
into the restricted S3 pocket with Val preferred over Ala by
∼5-fold. The S2 saddle point severely restricted P2 in the
vicinity of Câ; unbranched residues were preferred except
for γ-branched Leu, and Ala was preferred over His by∼20-
fold. P1 and P2 fitted against a protein wall on one side, but
the binding pocket was open at the top and on the other side.
At P1, aromatic and hydrophobic residues were somewhat
preferred; His was preferred over Ala by∼3-fold. P1′ fit in

FIGURE 3: (A) Substrate YEVAHQKLA was docked into the ADAM33 protein from the X-ray structure of the ADAM33 complex with
a prime-side hydroxamate inhibitor marimastat (19). The P2′ backbone was anchored at its position in the inhibitor, and the H-bonds of the
P4, P2, P1′, P2′, and P3′ residues were also used as guidepoints. The figure shows the substrate in atom colors, the protein backbone of the
two contactingâ-strands in cyan, H-bonds in yellow, and the active site zinc in magenta. (B) YEVAHQKLA substrate docked into the
ADAM33 protein. The figure shows the solvent-accessible surface of the protein (gray scale) and ball and stick representation of the
substrate (atom colors with carbon black). The P5 residue faces a surface depression. P4 is solvent exposed beyond Câ. P3 fits into a
hydrophobic cavity covered by the Asn276-linked carbohydrate chain. P2 fits on top of the saddle point formed by the histidines ligating
the catalytic zinc. P1 and P2′ extend out flanked by the protein wall toward the top of the figure. P1′ extends into a deep largely hydrophobic
cavity; the Gln side chain could H-bond to Ala374 CO or the OH group of Thr310 or Thr377. P3′ packs against the right edge of the
protein with one side solvent exposed. P4′ is solvent-exposed.
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an enclosed, largely hydrophobic site accommodating hy-
drophobic Leu and Met. Hydrogen bonding to Ala374 CO
and the OH group of Thr310 or Thr377 could help stabilize
the Gln and His side chains; Gln was preferred over Ala by
∼10-fold. At P2′, larger aromatic/hydrophobic residues and
the long aliphatic chains of Arg and Lys were preferred and
Lys was preferred over Ala by∼20-fold. The P4, P3′, P4′,
and P5′ side chains were largely exposed and exhibited little
preference for any residue.

Kinetic Study of Substituted Peptide Substrates. Through
various combinations of amino acid substitutions, peptide
substrates with improved efficiency were identified. Kinetic
constants of representative peptide substrates were deter-
mined and listed in Table 2. Double Ala substitutions at P2
and P4′ of the original APP peptide significantly enhanced
the substrate cleavage with akcat/Km value of (7.2( 0.2)×
103 s-1 M-1 (APP-AA, 45-fold increase relative to that of
wild-type APP). To increase the solubility, Phe at P5′ was
replaced with Glu and a Lys residue was added to each end
of the peptide which slightly reduced the substrate cleavage
efficiency (APP-AAE, 28-fold relative to that of wild-type
APP). Additional replacements of His with Phe at P1 and
Arg with Glu at P4 enhanced cleavage efficiency 79-fold
for the peptide APP-RAFAE, withkcat/Km value of (1.3(
0.2) × 104 s-1 M-1. Two peptides were labeled with a
fluorophore and quencher, Edans and Dabcyl, respectively,
to make fluorogenic substrates for a fluorescence resonance
energy transfer (FRET) assay. Interestingly, a combination
of amino acid substitutions and addition of Edans and Dabcyl
increased cleavage efficiency. The best substrate, FRET-P2,
demonstrated a cleavage efficiency 230-fold greater than that
of wild-type APP, with akcat/Km value of (3.6( 0.1)× 104

s-1 M-1.
Dependence of ADAM33 ActiVity on pH, Ionic Strength

(NaCl, ZnCl2, and CaCl2), and Others. Using two fluorescent
peptide substrates (FRET-P1 and FRET-P2), a FRET assay
was developed to measure ADAM33 protease activity. The
pH and NaCl dependence of ADAM33 activity is shown in
Figure 4. Interestingly, the two substrates had distinct

profiles: FRET-P2 displayed higher activity with a pH
optimum range of 6.5-7.5; in contrast, FRET-P1 had a
broader but lower activity profile with an optimal pH range
of 6.5-9.0. The sensitivity to NaCl was also different for
two substrates: the extent of cleavage of FRET-P1 was
directly proportional to NaCl concentration up to 2 M, while
FRET-P2 was less sensitive to increases in the NaCl
concentration. Due to the profile with a 2-fold higher activity
at neutral pH and a 2-3-fold higher activity at low NaCl
concentrations, FRET-P2 was chosen as a preferred substrate
for further characterization of the ADAM33 enzyme.

ADAM33 contains a Zn2+ ion in its active site, which
plays an essential role for the metalloproteinase catalytic
activity, and Ca2+ ion for its structural stability (19). Thus,
effects of these ions on ADAM33 activity were evaluated.
With increasing concentrations of Zn2+, reduced enzyme
activity was observed, probably due to a competition effect
(Figure 5A). With a Ca2+ concentration of less than 10 mM,
ADAM33 activity was sharply inversely related to the Ca2+

Table 2: Steady-State Kinetic Parameters for Substituted APP
Peptide Substrates Determined for ADAM33 Metalloproteinase

a The bold residues are the Ala substitutions from the wild-type APP
sequence.b Kinetic constants (mean( SD) were determined by
incubating ADAM33 (4 nM) with peptide (5-250µM) in assay buffer
for 10-60 min at RT, and product formation was assessed by HPLC.
The Michaelis-Menten equation was used to calculate kinetic constants
(see Materials and Methods).

FIGURE 4: Dependence of ADAM33 protease activity on pH
(A) and NaCl concentration (B). Two fluorogenic substrates,
FRET-P1 [K(Dabcyl)YEVAH*QKLAE(Edans)K] and FRET-P2
[K(Dabcyl)YRVAF*QKLAE(Edans)K], were used to measure
ADAM33 enzyme activity by the FRET assay. The experiments
were performed using 10 nM enzyme and 30µM substrates in 20
mM buffer, 0.5 M NaCl (for pH dependence), or 20 mM HEPES
at pH 7.0 (for NaCl dependence) and RT (see Materials and
Methods). The initial reaction velocity (Vo) was measured as relative
fluorescence units per second (RFU/s) at excitation and emission
wavelengths of 340 and 505 nm, respectively, with a GEMINI
fluorescence reader.
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concentration. However, with a Ca2+ concentration of>10
mM, ADAM33 activity was directly proportional to the Ca2+

concentration (up to 250 mM) (Figure 5B). In addition,
detergents known to stabilize membrane proteins were also
examined for their influence on ADAM33 catalytic domain
activity. Figure 5C illustrates that ADAM33 activity de-
creased with increasing concentrations of nonionic detergent
Brij35. The loss of activity was more pronounced at Brij35
concentrations below its critical micellar concentration
(CMC) of 0.01%. A similar inverse relationship of ADAM33
activity with detergents CHAPS (zwitterionic) and laurylâ-D-
maltoside (nonionic) was observed (data not shown).
ADAM33 activity was increased∼30% with the addition
of BSA up to 1 mg/mL (data not shown). In addition, there
was no significant effect on ADAM33 activity of DMSO
(0-5%) or glycerol (0-10%) (data not shown).

Temperature Dependence of ADAM33 ActiVity. To exam-
ine the effect of temperature on ADAM33 protease activity,
the initial rate of substrate cleavage was measured between
25 and 45°C. As shown in Figure 6A, there was a linear
increase in ADAM33 enzyme activity with an increase in
temperature; ADAM33 activity nearly doubled between 25
and 37°C. The effect of prolonged preincubation at different
temperatures on ADAM33 protease activity was also exam-
ined. It was noticed that ADAM33 activity decreased with
preincubation atg25 °C, with a faster decrease at higher
temperatures. The half-life of the ADAM33 enzyme was
sharply reduced from 40 min at 25°C to 5 min at 37°C
(Figure 6B).

In addition, the initial rate of substrate cleavage at 25°C
was measured at different concentrations of the enzyme. The
ADAM33 activity was proportional to increasing enzyme
concentrations and was linear in the range of 10-60 nM
(Figure 7A). ADAM33 activity was also increased with the
substrate concentration and fit to simple Michaelis-Menten
kinetics. A plot of ADAM33 activity versus the substrate
FRET-P2 is shown in Figure 7B. ADAM33 had the follow-

FIGURE 5: Effect of ZnCl2 (A), CaCl2 (B), and Brij35 (C)
concentrations on ADAM33 protease activity. The fluorogenic
substrate FRET-P2 [K(Dabcyl)YRVAF*QKLAE(Edans)K] was
used to measure ADAM33 enzyme activity by the FRET assay.
The experiments were performed using 10 nM enzyme and 30
µM substrates in the core buffer of 20 mM HEPES at pH 7.0
and RT (see Materials and Methods). The initial reaction velocity
(Vo) was measured as relative fluorescence units per second
(RFU/s).

FIGURE 6: (A) Temperature dependence of ADAM33 protease
activity. The initial cleavage velocity (Vo) of the substrate FRET-
P2 [K(Dabcyl)YRVAF*QKLAE(Edans)K] was determined at each
temperature in the assay buffer [20 mM HEPES (pH 7.0) and 0.5
M NaCl] with a GEMINI fluorescence reader. (B) Temperature
dependence of the half-life of ADAM33 enzyme activity. ADAM33
(80 nM) was incubated at 25, 30, 37, 45, and 55°C in the assay
buffer. At each time point, aliquots were removed and frozen at
-80°C; samples were later diluted 10-fold to measure their protease
activity. The curve summarizing the decay of protease activity with
time was used to estimate the half-life of the activity at different
temperature (see Materials and Methods). The half-lives of ADAM33
were 40 min at 25°C, 15 min at 30°C, 5 min at 37°C, and∼1
min at 45°C.
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ing apparent kinetic constants:kcat ) 1.2 ( 0.1 s-1, Km )
31.8 ( 0.4 µM, and kcat/Km ) (3.6 ( 0.1) × 104 s-1 M-1.

The effects of natural and synthetic MMP inhibitors on
ADAM33 protease activity were tested by the optimized
FRET assay. Whereas no inhibition by TIMP-1 was ob-
served, theKi values (mean( SD) for TIMP-2-4 were 660
( 150 nM (n ) 2), 7 ( 1 nM (n ) 3), and 40( 10 nM (n
) 2), respectively. TheKi values for the hydroxamate-based
compounds IK682 (20) and marimastat (21) were determined
to be 15( 3 nM (n ) 3) and 120( 30 nM (n ) 2),
respectively.

DISCUSSION

In this study, we report the establishment of a substrate
specificity profile and enzymatic characterization of the
human ADAM33 metalloproteinase. To probe peptide speci-
ficity, the APP peptide, YEVHH*QKLAF, was used as a
model system and a template sequence for amino acid
replacement studies. The C-terminal and N-terminal amino
acids of the APP peptide were systematically removed or
extended, which revealed that the minimal size required for

ADAM33-mediated cleavage was the P5-P4′ peptide,
although not all nine residues are equally important. Full
positional scanning revealed that the three most stringent
residues are P3 Val, P2 Ala, and P1′ Gln, and are likely to
be in most direct contact with the substrate-binding pockets
in ADAM33. The least stringent position is P4, accom-
modating almost all residues except Gly or Trp. Four other
positions (P5, P1, P2′, and P4′) appear to favor mostly
hydrophobic residues (aromatic or aliphatic). However, no
synergistic enhancement was observed when two or more
of these “good” residues at P5, P1, P2′, and P4′ were
combined into a single peptide sequence in the context of
the most stringent residues mentioned above (data not
shown). It is postulated that different combinations of
residues interact differently with their conformationally
plastic protein partners. Similar context-dependent confor-
mational effects have been observed (30-32).

The substrate specificity profile made it possible to
generate a significantly improved substrate through a com-
bination of amino acid substitutions. The best substrate,
FRET-P2 [K(Dabcyl)YRVAF*QKLAE(Edans)K], was cleaved
∼100-fold more efficiently than the wild-type APP peptide
substrate, with akcat/Km value of (3.6( 0.1)× 104 s-1 M-1.
This is similar to thekcat/Km values of peptide substrates of
ADAM proteases: ADAM17 cleavage of proTNF-R peptide
(1.7× 105 s-1 M-1) (29) or ADAM9 cleavage of proTNF-R
peptide and APP (2× 105 and 6× 104 s-1 M-1, respectively)
(23). The ADAM33 cleavage efficiency of FRET-P2 was
within 10-fold of thekcat/Km values of the best substrates of
some ADAMs.

Using this substrate and a fluorescence resonance energy
transfer (FRET) assay, ADAM33 protease activity and its
sensitivity to various factors, such as pH and ionic strength,
were studied. Interestingly, two substrates, FRET-P1 and
FRET-P2, showed distinct profiles of pH dependence and
NaCl concentration dependence (Figure 4A,B), and this was
caused by the two amino acid substitutions that differed
between the two substrates: Glu to Arg at P4 and His to
Phe at P1. It is likely that the more important difference is
His at P1 of FRET-P1 which appears to titrate at pH∼6.5-
7.0. The positively charged form at lower pH was a poorer
substrate; especially at the P1 residue, the enzyme is probably
very sensitive to charge here. A higher salt concentration
could help neutralize the unfavorable effects of this positive
charge. In contrast, the P4 residue is distant from the catalytic
center and solvent exposed so that the Glu to Arg change is
likely less important. Further study is needed to understand
the interaction between these substrates and the enzyme.

The ADAM33 active site contains a catalytic Zn2+ ion,
which is coordinated by a water molecule and the three
histidine residues in a zinc-binding motif, HEXXHXXGXXH
(19). Within the motif, the conserved Glu346 presumably
can activate zinc-coordinated water which in turn acts as a
nucleophile attacking the carbonyl carbon of a peptide scissile
bond of the substrate (33). In this study, it was found that
the Zn2+ concentration inversely affected ADAM33 protease
activity. It is possible that free Zn2+ ion in buffer may directly
compete with ADAM33-bound catalytic Zn2+ ion, thus
interfering with the peptide hydrolysis reaction. There are
several reports that matrix metalloproteinases also require
calcium for stability and activity (34, 35). For instance,
Housley et al. demonstrated that calcium was essential for

FIGURE 7: (A) Dependence of the initial velocity of ADAM33
protease activity on the concentration of ADAM33. The reaction
was performed in the assay buffer [20 mM HEPES (pH 7.5) and
0.5 M NaCl] with 30 µM substrate FRET-P2 [K(Dabcyl)-
YRVAF*QKLAE(Edans)K] at RT. (B) Kinetic analysis of ADAM33
protease activity by the HPLC assay. ADAM33 (4 nM) was
incubated with the substrate FRET-P2 (5-200 µM) in assay
buffer for 10-60 min at RT. The amount of the cleaved substrate
was determined by the HPLC assay (see Materials and Methods).
The kinetic constants were determined on the basis of the best fit
of the data with the Michaelis-Menten equation (26): kcat ) 1.2
( 0.1 s-1, Km ) 31.8( 0.4 µM, andkcat/Km ) (3.6 ( 0.1) × 104

s-1 M-1.
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stability and correct processing of pro-MMP-3 into the low-
or high-mass MMP-3 active species and for thermostability
of the low-mass catalytic domain (34). Previous X-ray
structure analysis of ADAM33 revealed that its catalytic
domain contained a Ca2+ ion, which may be important for
its structural stability (19). Our experimental data indicated
that the concentration of calcium affected ADAM33 activity.
We hypothesize that the purified catalytic domain of
ADAM33 is stabilized by a higher concentration of calcium,
which may in turn enhance the enzyme activity.

ADAM33 is an integral membrane protein. To study its
protease properties, a recombinant form of the ADAM33
catalytic domain was isolated and the X-ray structure was
obtained (19), as was done for ADAM17 (36) and ADAM19
(11). To measure protease activity of ADAMs, it is typical
to include a detergent in the assay buffer to stabilize the
diluted enzyme. For example, nonionic detergent Brij35 was
used in activity measurements of ADAM8 (37), ADAM15
(37), ADAM28 (37), ADAM17 (29, 38), and ADAM19 (39).
Alternatively, the zwitterionic detergent CHAPS was used
for ADAM8 (40) and ADAM12 (41). During our optimiza-
tion of ADAM33 assay conditions, several detergents known
to stabilize membrane protein were tested, including Brij35,
lauryl â-D-maltoside, and CHAPS. However, none improved
ADAM33 activity; rather, some had an adverse effect. It was
likely that these detergents interfered with the enzyme’s
interaction with the substrate which was labeled with Edans
and Dabcyl. A similar substrate, labeled with a different
fluorophore and quencher, was not affected by detergents.
Nevertheless, our final optimal condition of the ADAM33
assay with the substrate FRET-P2 does not include any
detergents.

The thermostability of the ADAM33 catalytic domain was
also studied, and temperature dependence data revealed that
the catalytic activity of ADAM33 was higher at 37°C than
at 25 °C. However, the half-life of the enzyme was
significantly shorter at the higher temperature. This instability
is most likely due to it being an isolated catalytic domain
alone in the buffer system instead of a whole protein in its
native membrane physiological environment. In addition, it
is likely that the half-life of the enzyme was underestimated
to some degree since the procedure of freezing and thawing
of the enzyme at the end of the preincubation period at each
temperature may partially inactivate the enzyme. Neverthe-
less, the assay of ADAM33 activity is preferably set at 25
°C for reasons of both convenience and prolonged enzyme
life.

Last, the sensitivity of ADAM33 protease activity to TIMP
inhibitors and hydroxamate-based compounds (16) was
reexamined with the optimized FRET assay. TheKi values
that were obtained were in general agreement with those
obtained by HPLC analysis with a low-efficiency peptide
substrate, KL-1 [kcat/Km ) (2.6 ( 0.5)× 102 s-1 M-1] (16).
Since the substrate FRET-P2 is∼100-fold more efficient
than KL-1, the current FRET assay is much more sensitive
than the previous HPLC assay and uses only one-twentieth
to one-eightieth of the amount of enzyme used before. This
is a significant advantage in reducing systematic errors and
lowering the detection limit for determining the “tight-
binding” inhibition constant where the enzyme concentration
is approximately equal to, or even higher than, the apparent
inhibition constant (27). Thus, theKi values (mean( SD)

for TIMP-2-4 as determined by the FRET assay were 660
( 150, 7( 1, and 40( 10 nM, respectively, which would
be considered to be closer to their true values than theKi

values obtained previously by HPLC analysis (1400( 300,
60 ( 20, and 220( 20 nM, respectively) (16). As a
comparison, theKi values for TIMP-2-4 in the ADAM17
FRET assay were 11( 0.9, 1.1( 0.5, and 92( 25 nM,
respectively (16). Similarly, the inhibition constants for the
hydroxamate-based inhibitors determined by the FRET assay
were 15( 3 nM for IK682 and 120( 30 nM for marimastat,
whereas theKi values by previous HPLC analysis were 23
( 7 nM for IK682 and 160( 40 nM for marimastat (16).

In summary, for the first time, we have established a
substrate specificity profile for the ADAM33 enzyme and
generated a highly efficient peptide substrate with∼100-
fold greater efficiency than the previous peptide substrate.
A sensitive and rapid FRET assay was developed and used
to define several important characteristics of ADAM33
protease activity, including the enzyme thermal stability, the
pH optima, the ionic strength effects, and the minimum
substrate size. More accurateKi values for TIMP inhibitors
and small molecule compounds were obtained.
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