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ABSTRACT: ADAM’s have various roles in intercellular adhesion and are thought to function by binding
integrins through a 13 amino acid motif called the disintegrin loop.Xenopus laeVis sperm express the
protein ADAM 16, and peptides with the sequence of its disintegrin loop cause downstream events in
eggs that require a rise in intracellular calcium similar to that occurring at fertilization. We characterized
the portion of the ADAM 16 disintegrin loop responsible for causing egg activation. A peptide based on
the C-terminal half of the motif, which includes a known integrin-binding sequence, is a partial agonist
of calcium release. A peptide with the N-terminal sequence of the motif activates eggs in a manner virtually
identical to the full-length peptide but lacks a recognized integrin-binding sequence. None of these peptides
alter the permeability or fluidity of liposomes made from membrane lipids ofX. laeVis eggs. This result
reflects the fact that the peptides do not cause calcium to leak across the egg membrane and indirectly
provides evidence that they act through a receptor on the egg surface. The infrared spectrum of the full-
length peptide has a strong absorption peak corresponding to aâ-turn. We predict this structure occurs at
the N-terminal sequence MPKT. A rearranaged peptide lacking any turns fails to activate eggs. These
results provide the first structural information about the active site of an ADAM disintegrin loop. We
interpret these results in terms of active site sequences from other ADAM’s and the role of integrins
during fertilization.

The family of transmembrane glycoproteins designated
ADAM’s 1 consists of approximately 30 members related by
their extracellular metalloproteinase and disintegrin-like
domains (1, 2). The extracellular portions of these proteins
may contain cysteine-rich domains, EGF-like repeats or
thrombospondin repeats, and viral fusion domains. The
disintegrin-like domains of ADAM’s have been implicated
in several cell-cell interactions including those associated
with myocyte fusion (3), the adhesion of sperm to eggs
during mammalian fertilization (4), initiation of development
in amphibian eggs (5), and lymphocyte adhesion (6).

Four ADAM’s have been suggested to play a role in
fertilization. ADAM’s 1, 2, and 3 (fertilinR, fertilin â, and
cyritestin) are expressed on mouse spermatozoa (7, 8). The
disintegrin domains of ADAM’s 2 and 3 are involved in the

binding of sperm to eggs (8, 9), while ADAM 1 may be
involved in fusion of the gametes (10). ADAM 16, which is
expressed onXenopus laeVis sperm, has the capacity to
initiate development of eggs from this species (5). This event
is signaled by a rise in the concentration of intracellular, free
calcium in the eggs that is both necessary and sufficient to
initiate development. Calcium release is necessary for the
activation of eggs from all species that have been studied in
this regard (11-14).

The mechanism by which a sperm stimulates the release
of calcium from the egg’s intracellular stores has been an
area of research that has recently seen a remarkable amount
of progress. Currently, several models exist for how the
sperm causes this release (15). ADAM 16 is only one
candidate molecule involved in this process, and has been
suggested to activate eggs by binding to an uncharacterized
receptor in the egg membrane (5, 16). ADAM 16 has several
characteristics that might be expected of such a sperm
ligand: it is selectively expressed in testes, antibodies to the
disintegrin loop of the protein label the surface of sperm,
and peptides with sequences from its disintegrin domain
induce calcium release in eggs.

The disintegrin-like domains of ADAM’s are related to
the soluble disintegrins from snake venom. The disintegrins
in snake venom are derived from several types of metallo-
proteinases by cleavage of the polypeptide chain (reviewed
in 17). PII metalloproteinases have a single disintegrin
available for cleavage, located at the C-terminus of the
metalloproteinase. The disulfide bond patterns (18, 19) of
these disintegrins have been shown by NMR (20-22) to
provide structure to the active site, which is a flexible loop
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known as the “disintegrin loop”. This loop typically has an
RGD tripeptide at its tip, which is the primary integrin
binding site. PIII metalloproteinases bear a close structural
similarity to ADAM’s, as they include both disintegrin and
cysteine-rich domains located toward the C-terminus of the
metalloproteinase. The distribution of cysteines throughout
the sequences of the disintegrin domains from both classes
of proteins are highly conserved. The disintegrin loops of
ADAM’s and disintegrins derived from PIII metalloprotein-
ases generally lack RGD tripeptides and contain an additional
cysteine residue at the base of the loop. In the case of
catrocollastatin C, a disintegrin derived from a PIII metal-
loproteinase, this additional cysteine residue has been found
to form a bond with the first cysteine in the cysteine-rich
domain (23). Therefore, the active sites in the ADAM
disintegrin-like domains may have additional complexity
compared to those from disintegrins derived from PII
metaloproteinases. The amino acid sequences for many of
these domains are known (www.uta.fi/∼loiika), but neither
the higher-order structure nor the structural requirements for
activity understood (2). In the present study, we have probed
the requirements for activity in one such domain.

We have characterized the active site of ADAM 16
necessary for egg activation, using a series of peptides that
span the disintegrin loop. Peptides with the full-length
sequence of the loop or its N-terminal half activate eggs,
whereas a peptide with the C-terminal sequence of the loop
is a partial agonist, at best. None of the peptides used in this
study interact with liposomes made from frog egg lipids,
which indirectly suggests that they act through a protein in
the egg membrane. The infrared spectrum of the full-length,
disintegrin loop peptide provides evidence that it frequently
folds into aâ-turn in solution; we predict this turn occurs in
the N-terminal portion of the peptide. Evidence supporting
this assignment arises from our observation that eliminating
the turn by rearranging the peptide sequence results in a loss
of function. The charge distribution of the MPKTE sequence
and the probability of aâ-turn at this location provide
additional evidence that this sequence is similar to the RGD
in disintegrins derived from PII metalloproteinases. However,
extensive studies of integrins on eggs from several species,
includingX. laeVis, raises the possibility that this sequence
acts through an as yet uncharacterized receptor.

MATERIALS AND METHODS

Materials.Human chorionic gonadotropin, pregnant mare’s
serum gonadotropin, iodoacetamide, diethyl ether, methanol,
chloroform, Sephadex G-50, Triton X-100, and DNTB were
purchased from Sigma-Aldrich, St. Louis, MO. All peptides
were obtained from Synpep, Dublin, CA. Carboxyfluoros-
cein, DPH, and TMA-DPH were purchased from Molecular
Probes, Eugene, OR.

Preparation of Gametes.Mature, wild-type or albino,X.
laeVis females were induced to ovulate by a two-stage
procedure of injecting pregnant mare’s serum gonadotropin
followed by human chorionic gonadotropin (24). The jelly
layers surrounding the eggs were removed prior to the
experiments by incubation in F1 medium (41.25 mM NaCl,
1.75 mM KCl, 0.5 mM Na2HPO4, 2.5 mM HEPES, 0.25
mM CaCl2, and 0.06 mM MgCl2, pH 7.8), containing 0.3%
â-mercaptoethanol and adjusted to pH 8.9. After two minutes

in this solution, the eggs were thoroughly washed with
normal F1 medium. Ten minutes after the wash any damaged
eggs were discarded.

Preparation of Peptides.The peptides used for this study
had the following sequences: full-length ADAM 16 dis-
integrin loop, RMPKTECDLAEYA; N-terminus, YRMPK-
TES; C-terminus, ECDLAEY; the anisotropy control peptide,
Bpa-RMPATACDLAEYA; and the rearranged disintegrin
loop peptide, PELMDCTAREYKA. Each was purified by
HPLC to 95% or greater homogeneity, and the molecular
weight was confirmed by mass spectroscopy. For some
experiments, the full-length and ECDLAEY peptides were
carboxymethylated by incubation with 2 M equiv of iodo-
acetamide in oxidation buffer (250 mM Tris and 1 mM
EDTA, pH 8.5), for 30 min at room temperature, in the dark
(25). The peptides were purified by precipitation with a 3:1
mixture of diethyl ether and methanol, followed by centrifu-
gation to pellet the precipitate, which was then washed three
times with diethyl ether. Typically, less than 1% of the
cysteine residues were in the reduced form after reaction with
iodoacetamide, as determined with DTNB (see below). All
peptides were stored at-20 °C as lyophilized powders and
dissolved in F1 medium, immediately prior to use. The
concentrations of all peptide solutions were determined by
absorption at 280 nm, using extinction coefficients calculated
for each peptide using the ProtParam tool available at the
ExPASy website (www.expasy.ch).

ActiVation Experiments.For each concentration of peptide
tested, eight dejellied eggs were transferred to a round-
bottomed well in a microtiter plate using a 10µL micropipet
with the tip cut to an opening of 2 mm. Each egg was
transferred with 4µL of F1 medium, and additional F1
medium was added such that the final volume after peptide
addition would be 50µL. After addition of the peptide, the
eggs were placed in an 18°C incubator for 90 min prior to
scoring. Fomation of partial cleavage planes in the egg
membrane, observed through a dissecting microscope, was
used as the criterion for scoring the effect of the peptides.
Each replicate of the experiment was performed on a different
day with a mixed population of eggs from at least two
females to reduce individual variation. Using Sigmaplot v.
5.0 (Jandel Scientific, San Rafael, CA), the data set for each
peptide was fit with a nonlinear, third-order Hill Equation.

Preparation of Lipid from X. laeVis Eggs for Leakage and
Anisotropy. Plasma membranes ofX. laeVis eggs were
purified by the method of Monneron and d’Alayer (26), as
modified by Luria et al. (27). The light and heavy fractions
were combined and the lipids extracted with three volumes
of a 3:1 mixture of chloroform and methanol. In preparation
for leakage experiments or fluorescence anisotropy, the lipids
in chloroform layer were dried under a vacuum overnight
to remove any trace chloroform. For leakage experiments,
the lipids were hydrated at a concentration of 10 mg/mL by
gentle mixing in CTE buffer (100 mM carboxyfluorescein,
10 mM TES, 0.1 mM EDTA, pH 7.4), under nitrogen gas.
The resulting multilamellar vesicles (MLV’s) were converted
to unilamellar vesicles (ULV’s) by passing the solution
through a hand-held extruder (Avestin, Ottawa, Canada) (28).
Free carboxyfluorescein was separated from the ULV’s by
passing them through a Sephadex G-50 column with TEN
buffer (10 mM TES, 50 mM NaCl, 0.1 mM EDTA, pH 7.4)
as the mobile carrier. For fluorescence anisotropy, the lipids
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were hydrated in TEN buffer at 2.5 mg/mL for experiments
with DPH or 0.5 mg/mL for experiments with TMA-DPH.
The resulting MLV’s were labeled with DPH (2 mM in
DMF) for 30 min at a 1:400 molar ratio of dye: lipid or
TMA-DPH (2 mM in DMF) for 45 min at the same ratio.

Leakage Experiments.The time course of fluorescence
leakage from liposomes loaded with carboxyfluorescein was
measured with a luminescence spectrometer (LS-50b, Perkin-
Elmer, Norwalk, CT) using excitation and emission wave-
lengths of 450 and 550 nm, respectively. All samples were
observed in a quartz fluorimetry cell with a 40µL nominal
volume and an 8.5 mm path-length (Starna, Atascadero, CA).
Liposomes were used at a concentration optimized to provide
the maximum signal after lysis with Triton X-100. Prior to
the addition of peptide, the fluorescence from 45µL of
liposomes was monitored for 100 s to determine the basal
leak rate. Peptide or F1 medium was then added to the
liposomes and rapidly mixed, without removing the cell from
the beam. The concentration of peptide used in this experi-
ment was limited to 0.3 mM, as higher concentrations
resulted in greater than 10% quenching of the fluorescence
from carboxyfluorescien. The molar ratio of peptide to lipid
in these experiments was approximately 5:1, based on the
amount of lipid extracted from the eggs. After monitoring
the fluorescence for 800 s, the vesicles were lysed with
0.05% Triton X-100, final concentration, to determine the
maximum fluorescence yield for the sample.

Steady State, Fluorescence Anisotropy.Steady-state anisotro-
pies of DPH and TMA-DPH labeled MLV’s were measured
with an L-format luminescence spectrometer (LS-50b, Per-
kin-Elmer). The excitation and emission wavelengths were
set to 360 and 430 nm, respectively. Samples were observed
in 3.5 mL, methacrylate fluorimetry cells with 10 mm path
lengths (Perfector Scientific, Atascadero, CA). Peptides were
incubated with 45µL of liposomes at a final concentration
of 3.1 mM (20% F1 medium) for 15 min prior to measure-
ments. Immediately prior to observation, the samples were
diluted to 3 mL with TEN buffer. Four to nine measurements
were averaged for each sample, and each sample was
replicated multiple times as indicated in Table 1. In parallel
with each peptide sample, the anisotropy of the dyes in the
presence of 20% F1 medium was included as a negative
control.

Determination of Free Cysteine in Peptides.The function
of disintegrin loop peptides depends on the oxidation states
of the cysteine residues in their sequences. Oxidation of
cysteine by DTNB yields a product that absorbs at 412 nm

(29). Peptides were diluted to 1 mM in F1 medium and
exposed to air at room temperature. At intervals of 15 min,
10 nmol of peptide was taken from this stock solution, added
to 110 µL of DTNB reaction buffer (180µM DTNB, 100
mM NaH2PO4, pH 8.0), and incubated for 15 min at room
temperature. The amount of free cysteine in each sample
was determined from the absorption at 412 nm. With each
trial, the absorbance at 280 nm was measured for a parallel
sample prepared from the stock, as a control for possible
peptide loss.

Infrared Spectroscopy.FTIR spectra were collected with
a Perkin-Elmer, model 2000 FTIR spectrometer and recorded
with the manufacturer’s Spectrum 2000 software (Norwalk,
CT). The sample compartment of the spectrometer was kept
at 0% relative humidity by flushing it with dry air from a
Whatman model 75-62 generator (Haverhill, MA). All
measurements were made at room temperature (∼23 °C).
Samples were placed in a cell composed of two CaF2

windows separated by a 6µm thick Mylar spacer. Single
beam spectra of both the buffer and sample were recorded
in the same cell to ensure a constant path length. Two
hundred and fifty-six scans, with a resolution of 4 cm-1, were
averaged for each sample. The difference between the sample
and the buffer was calculated using the Spectrum software,
and the water absorption at 2100 cm-1 was found to be flat.
The amide I region of the spectrum was evaluated between
1620 and 1700 cm-1, and no adjustment of the baseline was
required prior to fitting. The spectra were exported to
Sigmaplot v. 5.0 and Peak Fit v. 4.0 (Jandel Scientific, San
Rafael, CA) for curve fitting. The spectra were fit as a sum
of Pearson IV distributions having different wavenumbers
and bandwidths. The secondary structure was then assigned
to each distribution on the basis of peak wavenumber (30).

Prediction of Secondary Structure.The secondary structure
of the disintegrin domain of ADAM 16 was predicted using
the Chou-Fasman algorithm as implemented on the ExPASy
website (31). Predictions forR-helicies were made using a
seven amino acid window; whereas, five amino acid windows
were used for predictions forâ-sheets and turns. We used
the amino acid propensities originally defined by Chou and
Fasman, and each amino acid in the windows contributed
equally to the prediction (31).

RESULTS

Effects of Peptides DeriVed from ADAM 16.We deter-
mined the percentage ofX. laeVis eggs activated by each of
three peptides with sequences from the ADAM 16 disintegrin
loop (Figure 1). Egg activation was evaluated by pigment
contraction and the formation of partial cleavage planes in
the plasma membranes of eggs. These phenomena are
programmed, downstream effects that require calcium release
but occur in response to sperm or any other stimuli capable
of causing that release (32, 33). Peptides were the reagents
of choice in these experiments for two reasons: native
ADAM’s have not been purified and disintegrin loop peptides
from ADAM’s and disintegrins derived from PIII metallo-
proteinases mimic the corresponding recombinant proteins
in functional assays (4, 34-39).

The data sets for the peptides were compared after fitting
them with a nonlinear, third-order Hill equation. The full-
length peptide (RMPKTECDLAEYA) activated eggs in a

Table 1: Effects of ADAM 16 Peptides on Permeability and
Fluidity of Frog Egg Liposomesa

peptide % leak rDPH rTMA-DPH

F1 medium 1.7( 0.1 (6) 0.176( 0.007 (11) 0.196( 0.008 (6)
full-length 8.4( 0.3 (4) 0.168( 0.008 (5) 0.206( 0.006 (4)
N-terminal 8.2( 0.1 (4) 0.177( 0.008 (6) 0.212( 0.005 (6)
C-terminal 8.5( 0.6 (4) 0.168( 0.004 (3) 0.208( 0.009 (3)
Bpa-peptide 0.094( 0.012 (3) 0.125( 0.006 (3)

a The percentage of carboxyfluorescein leaked by ULV’s (% Leak),
the DPH anisotropy of MLV’s (rDPH), and the TMA-DPH anisotropy
of MLV’s ( rTMA-DPH) are shown for frog egg liposomes in the presence
of peptides based on the sequence of the ADAM 16 disintegrin loop
as specified in Materials and Methods. SEM’s are shown for the number
of trials indicated in parentheses.
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dose-dependent manner with a Hill Coefficient (nH) of 1.3
( 0.2 and an effective concentration (EC50) of 164 ( 16
µM. The N-terminal peptide (YRMPKTE), lacking the
integrin recognition sequence ECD, activated eggs with a
similar Hill coefficient nH ) 1.6 ( 0.3, but at a higher
effective concentration, EC50 ) 240 ( 40 µM (p < 0.05).
Although the increased EC50 of the N-terminal peptide
probably reflects the loss of structural constraints imposed
by the C-terminal sequence, this result suggests that the
N-terminal portion of the disintegrin loop is most likely
responsible for the biological activity.

In agreement with this observation, we found that the
C-terminal peptide (ECDLAEY) induced no response at any
concentration in three of eight trials, and in the remaining
five the response was nearly zero. The average response of
eggs to this peptide was poorly fit by the nonlinear Hill
Equation (R2 ) 0.65); so the C-terminal peptide is at best a
partial agonist. This result is significant, because this peptide
includes the integrin recognition sequence ECD. Thus, we
tentatively suggest that the active site for these peptides acts
independently of the ECD, a suggestion that we pursue
further in th the next section.

Stability of the Integrin Recognition Sequence.Although
the N-terminal portion of the disintegrin loop reproduces the
effects of the entire loop, failure of the C-terminal peptide
to elicit calcium release could be the result of cysteine residue
oxidation in the integrin recognition sequence. Since car-
boxymethylation of disintegrin loop peptides based on
ADAM 2 and Atrolysin A results in the loss of function (36,
37, 39), it has been suggested that the cysteine in the ECD
sequence must be in the reduced state or participating in a
disulfide bond for these peptide to have activity. In agreement
with these observations, carboxymethylation of both the full-
length and the C-terminal peptides completely blocked the
capacity to activate eggs at concentrations as high as 1 mM.
Carboxymethylation changes the charge and length of the
cysteine side chain, which may, in turn, change the inter-
action of the peptides with their binding sites.

The question that follows is this: is the failure of the
C-terminal peptide to induce the rise in intracellular calcium
due to oxidation of the cysteine residues during its prepara-

tion and over the course of the experiment? We directly
measured the rate at which the sulfhydryl group oxidized
under the conditions used for our activation studies (Figure
2). After reacting with reduced cysteine residues, the
oxidizing agent DNTB absorbs light at 412 nm. Absorption
of tyrosine residues in both peptides was used to monitor
the amount of peptide in each reaction. The ratio of these
absorption values is proportional to the percentage of peptides
with reduced cysteines. Immediately after resuspension,
greater than 80% of both peptides were in the reduced state.
We did not observe significant oxidation (p < 0.05 relative
to t ) 0) of the sulfhydryl group in these peptides until 48
h after resuspension. Thus, the failure of the C-terminal
peptide to induce calcium release by eggs cannot be attributed
to oxidation of the cysteine residue during the course of the
experiment. We conclude that the ECD sequence is not likely
to be involved in activation of the egg by the full-length
peptide.

Nevertheless, there is a strong possibility that the cysteine
residues are involved in maintaining structures and confor-
mations within ADAM proteins. The cysteine in the ECD
tripeptide is thought to provide an additional constraint on
the disintegrin loops of ADAM’s as compared to disintegrins
derived from PII metalloproteinases (4, 23, 36, 38). We will
explore the role of conformation in the capacity of the full-
length peptide to initiate calcium release by eggs in the final
portion of this section.

Effects of Peptides DeriVed From ADAM 16 on Membrane
Permeability.The fact that ADAM 16 peptides are based
on a sperm protein does not ensure that they initiate a
physiologically relevant calcium release. Disruption of the
egg cortex could also lead to activation by causing a calcium
leak. Peptides based on the ADAM 16 disintegrin loop
induce calcium release by eggs in the absence of extracellular
calcium (5). However, the close proximity of the cortical
calcium-rich endoplasmic reticulum to the plasma membrane
raises the possibility that membrane disruptive peptides could
release sufficient calcium to activate an egg. Therefore, we
evaluated the potentially destabilizing effects of these pep-
tides using liposomes made from frog egg membrane lipids.

The capacity of the peptides to alter membrane perme-
ability can be assessed by examining their effect on the
leakage of carboxyfluorescein from ULV’s. The dye is
loaded at a self-quenching concentration and increases the

FIGURE 1: Dose response of eggs to peptides based on the sequence
of the ADAM 16 disintegrin loop. We determined the responses
of eggs to the full-length ADAM 16 peptide (closed triangles,n )
4), the N-terminal peptide (closed circles,n ) 4), or the C-terminal
peptide (open circles,n ) 8). Error bars represent the SEM. The
data for the full-length peptide (dashed line,R2 ) 0.98) and
N-terminal peptide (solid line,R2 ) 0.98) were fit with 3rd order
Hill Equations.

FIGURE 2: Oxidation of cysteine residues in peptides with the
integrin binding sequence ECD. The full-length (open circles) and
C-terminal (closed circles) peptides were resuspended in F1 medium
(pH 7.8) at room temperature and exposed to room air to promote
oxidation. The amount of free cysteine determined at the indicated
intervals by Ellman’s reaction. Error bars represent the SEM forn
) 3.
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relative fluorescence intensity of the sample as it leaks into
the medium (40). We report the net change in fluorescence
observed in the 10 minutes following the addition of 0.25
mM peptide as the percentage of leakage for the full-length
peptide, the C-terminal peptide, and the N-terminal peptide
ADAM 16 peptides (Table 1). After correcting for the
quenching of fluorescence by the peptides, it is apparent that
they all cause increases in relative fluorescence intensity by
approximately 6% relative to F1 buffer alone (1.8%). These
apparent changes in permeability do not correlate with the
capacity of the peptides to activate eggs.

Since membrane permeablilty is directly related to fluidity
(41), we used fluorescence anisotropy to determine if the
changes in permeability reflected by the leakage studies
corresponded to changes in fluidity of the membrane bilayers.
The polarizing dyes DPH and TMA-DPH are sensitive to
changes in the order of the hydrocarbon core or the aqueous
interface, respectively. None of the peptides significantly
altered the anisotropy of either dye relative to the F1 buffer
control (Table 1). Since we incubated the MLV’s with
approximately three times the saturating dose of peptide used
in the egg-activation assay, it seems unlikely that these
peptides affect the fluidity of membrane bilayers in the egg
cortex at the doses used in those assays.

As a positive control for these experiments, we used a 14
amino acid peptide with the modified amino acid benzophen-
ylalanine at the N-terminus (Bpa-RMPATACDLAEYA). The
benzophenone group of this amino acid interacts with lipid
bilayers and can be used to tether them to solid supports
(42). This peptide could not be used as a positive control in
the carboxyfluorescein experiments, because the benzophe-
none group quenches approximately 30% of the total
fluorescence at 30µM. However, the group neither polarizes
light nor strongly interferes with emission by DPH or TMA-
DPH. This peptide caused a 50% decrease in the anisotropy
of DPH and a 25% decrease in the anisotropy of TMA-DPH
relative to the F1 buffer (Table 1) (43, 44). Such decreases
in anisotropy correspond to increases in fluidity and perme-
ability of the membrane lipids. The result provides evidence
that a considerably more hydrophobic peptide than those
derived from the ADAM 16 sequence is necessary to
significantly alter membrane order.

Effects of Conformation of the Peptides on ActiVity. We
expect that the conformations stabilized by the cysteine in
ECD are functionally significant and frequently occur in
biologically active peptides. However, structural data are
difficult to obtain from peptides, because they are relatively
unconstrained in solution. The integrin-binding sequence
from fibronectin, GRGDS, forms aâ-turn that is stable
enough to be deduced by NMR (45, 46). However, the time
scale of chemical shifts in NMR spectroscopy (∼103 Hz)
(47) is relatively slow compared to conformational changes
in the peptide backbone. Therefore, we examined the
structures that arise in the full-length disintegrin loop peptide
of ADAM 16 by FTIR spectroscopy. This method has a fast
time scale (∼1012 Hz) (47) compared to the frequency of
conformational changes of the peptide backbone (∼109 Hz)
(48), making it ideal for studying the structures assumed by
peptides in solution. Thus, a population of highly mobile
peptides appears as a group of fixed conformations by FTIR
that cannot be resolved by NMR. The carbonyl groups of
peptide bonds absorb in the amide I region of the infrared

spectrum (49), and different secondary structures are associ-
ated with different frequencies of absorption in this region
(50-53).

The FTIR spectrum of the full-length disintegrin loop
peptide can be accurately fit by the sum of three distributions
(Figure 3). The dominant peak at 1677 cm-1 represents 54%
of the spectrum and corresponds toâ-turn conformations.
The remainder of the spectrum is described by two peaks at
1655 and 1639 cm-1, which indicate the presence of
unordered and extended structures, respectively. Sinceâ-turn
conformations generate such a large portion of the spectrum
and are the only highly defined structure of the three, we
hypothesized that it could be important for the peptide
function. FTIR spectra lack positional information, and
alternate methods are needed to determine the locations at
which â-turns form in the ADAM disintegrin loop.

We used the Chou-Fasman algorithm to predict possible
locations ofâ-turns in the ADAM 16 disintegrin-like domain.
Within the disintegrin loop, the propensity forâ-turn
formation exceeds those forR-helix andâ-sheet conforma-
tions only at the M and E residues in the N-terminal portion
(Figure 4), indicating that turns can begin at these amino
acids. The algorithm also stipulates that the probability of
turn formation for the sequence of each proposed turn must
exceed a minimum cutoff value based on known frequencies
with which amino acids occur at different positions within
a turn (31). Only the segment of the peptide with the
sequence MPKT passes this second criterion for a stable
â-turn (Table 2). As this algorithm was intended for the
prediction of stable structures in crystallized proteins, we
suggest that transient turns likely form at this location.

ADAM disintegrin loop peptides are sensitive to re-
arrangements that presumably disrupt their structure function
relationships. We tested this hypothesis by rearranging the
amino acids in the ADAM 16 disintegrin loop such that the
propensity forâ-turn formation was lower than that for
R-helicies throughout the motif (Figure 5), and the MPKT
sequence was lost in the process. The FTIR spectrum of this
rearranged peptide (PELMDCTAREYKA) can be accurately

FIGURE 3: FTIR spectrum of the ADAM 16 disintegrin loop
peptide. The calculated spectrum for the full-length peptide (dashed
line) is the sum of three Pearson VI peaks (thin, solid lines) that fit
the observed spectrum (bold, solid line) withR2 ) 0.997. Peak I is
centered at 1677 cm-1 (54%) and corresponds toâ-turns. Peak II
is centered at 1655 cm-1 (7%) and corresponds to unordered
structure. Peak III is centered at 1639 cm-1 (39%) and corresponds
to a â-sheet or extended structure.
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fit by the sum of two distributions (Figure 6). The peak at
1680 cm-1 is associated withâ-turns and represents only
18% of the total spectrum, which is considerably less than
what we observed in the spectrum of the full-length peptide.
This rearranged peptide has absolutely no capacity to induce
the release of calcium in eggs at concentrations as high as 1
mM. These data provide evidence that a naturally occurring
structure, which we suggest is aâ-turn located at the
sequence MPKT, is necessary for the function of the ADAM
16 disintegrin loop.

DISCUSSION

ADAM 16 is the only ADAM for which the disintegrin
domain has been implicated in initiation of intracellular
signaling. We have shown here that within the ADAM 16
disintegrin loop, the N-terminal sequence, RMPKTE, leads
to downstream events requiring a rise in intracellular calcium.
This sequence may represent another novel integrin-binding
site within the ADAM family. Known binding sites include
the following: (1) the tripeptide ECD in the disintegrin loop
of ADAM 2 binds to theR6â1 integrin (34, 54); (2) ADAM

28 binds theR4â1 integrin in lymphocytes through an
extended charge surface on one face of the domain (6, 55);
(3) ADAM 1 has a putative binding site for integrins with
the sequence DLEECDCG, which is outside the disintegrin
loop motif (56); (4) hADAM 15, which is involved in tissue
remodeling of athlerosclerotic lesions, binds theR9â1
integrin through an active site with the consensus sequence
RX6DLPEF within the disintegrin loop (57, 58).

In addition to hADAM 15’s ability to bindR9â1, it is the
only ADAM that has an RGD tripeptide (59, 60). This
tripeptide is located in the X6 portion of RX6DLPEF and
binds to theRvâ3 integrin. The location of the RGD in
hADAM 15 is in the same position of the disintegrin loop
as the KTE in ADAM 16. We interpret this result as
additional evidence that both halves of an ADAM disintegrin
loop could serve as active sites nearly independently of each
other.

FIGURE 4: Conformation propensities for the ADAM 16 disintegrin
loop. The Chou-Fasman algorithm, as implemented on the ExPASy
server, was used to predict the propensities forâ-turn (solid line),
â-sheet (dotted line), andR-helical (dashed line) conformations in
the disintegrin-like domain of ADAM 16. This figure shows the
propensities for the integrin-binding motif, RMPKTECDLAEY, and
several bracketing amino acids. The propensity forâ-turn formation
is greater than one and all other propensities at the M and E residues.

Table 2: Probabilities of Turn Formation for Tetrapeptides within
the ADAM 16 Disintegrin Loop Sequencea

tetramer pbend(× 104)

YRMP 0.08
RMPK 0.18
MPKT 1.16
PKTE 0.49
KTEC 0.58
TECD 0.49
ECDL 0.37
CDLA 0.34
DLAE 0.08
LAEY 0.45
AEYC 0.41
minimum 0.75

a The probability of turn formation (pbend) is indicated for each four
amino acid segment of the ADAM 16 disintegrin loop. The minimum
probability for turn formation according to the algorithm is indicated
in the last entry of the table.

FIGURE 5: Conformational propensities resulting from rearranging
the sequence of the ADAM 16 disintegrin loop. The integrin-binding
motif of ADAM 16 was replaced with the sequence PELMDCT-
AREYKA. The propensities forâ-turn (solid line),â-sheet (dotted
line), andR-helical (dashed line) conformations were determined
for the resulting disintegrin-like domain. TheR-helical conformation
is greater than 1 and all other conformational propensities at all
positions in the disintegrin loop region.

FIGURE 6: FTIR spectrum of the peptide with the rearranged
sequence. The calculated spectrum (bold line) is the sum of two
Pearson VI peaks (solid lines) that fit the observed spectrum with
R2 ) 0.9998. The observed and calculated spectra overlap
completely. Peak I is centered at 1680 cm-1 (18%) and corresponds
to â-turns. Peak II is centered at 1649 cm-1 (82%) and corresponds
to unordered structure.
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Sequences homologous to RX6DLPEF are present within
all mammalian ADAM’s, except ADAM’s 10 and 17, and
this motif has been implicated in gamete adhesion during
fertilization (57). Disintegrin-like domains from hADAM15
and ADAM 2 expressed in bacteria, and then used in an in
vitro fertilization assay, prevented the adhesion of mouse
gametes. However, the recombinant disintegrin domain from
ADAM 17, lacking the RX6DLPEF motif, did not inhibit
fertilization in the same type of assay. ADAM 16 also has
this motif, but the majority of it, DLAEY, is in C-terminal
half of the disintegrin loop, which lacks the capacity to
initiate calcium release by eggs. Nevertheless, we cannot
discount the possibility that this motif in the ADAM 16
disintegrin loop has the capacity to block the binding ofX.
laeVis sperm to eggs.

The N-terminal half of the ADAM 16 disintegrin loop is
the most likely portion of the sequence to fold into aâ-turn,
which is required for the biological effect. The KTE sequence
within this domain was proposed to be an RGD homolog,
because an ATA mutant of the N-terminal sequence failed
to induce calcium release by eggs (5). In support of this
hypothesis, peptides containing the sequence RGD have been
observed to activateX. laeVis eggs (61). Peptides with the
sequence GRGDS also form highly stable Type IIâ-turns
in solution (46). We suggest that the proline residue
immediately preceding the KTE likely prompts the formation
of this conformation in the ADAM 16 disintegrin loop.
However, PKTE may not be a direct analogue of RGD,
because RGE forms a different turn structure than RGD (46),
fails to bind integrins, and does not activate eggs (61). These
results reflect that the binding-site for the ADAM 16
disintegrin loop recognizes a weakly defined charge distribu-
tion, positive-neutral-negative, arranged in specific con-
formation.

Peptides with the RMPKTE sequence have previously
been shown to cause calcium release by eggs in the absence
of extracellular calcium (5), and we extend this observation
by demonstrating that peptides based on the sequence of the
ADAM 16 disintegrin loop do not release internal calcium
stores by disrupting the egg membrane. Both observations
indirectly suggest that the peptides act through a receptor
on the egg surface. On the basis of apparent similarity of
RMPKTE to RGD and its relationship to the location of the
RGD in hADAM 15, it is tempting to speculate thatRvâ3
is the receptor involved. TheRv subunit is the only integrin
to be identified on amphibian eggs, but it was found on eggs
from the salamanderPluerodeles waltl(62). Studies of eggs
from a number of species, includingX. laeVis, raise the
possibility that another, unidentified receptor may be in-
volved, as we discuss below.

Integrins have been found on the surfaces of eggs from
species as divergent as sea urchins and mice. In the eggs of
the sea urchinStrongylocentrotus purpuratus, the RBâC
integrin heterodimer has been identified (63). Upon fertiliza-
tion, the vitelline envelope, a proteinaceous matrix surround-
ing the egg, visibly swells. The extracellular portion ofRBâC
remains associated with this matrix, suggesting a tight
association between integrin and matrix. Since ADAM’s have
not been identified in this species, integrins may play a
traditional role of adhering membrane to matrix.

In mice, studies of disintegrin loop peptides and disinte-
grin-like domains of ADAM 2 expressed in bacteria have

provided compelling evidence that this protein can interact
with the R6â1 integrin on the surface of the egg (34, 54,
64). However, the necessity of this interaction is called into
question by recent studies of eggs in which the genes for
integrins have been knocked out. The integrinsR3â1, R5â1,
R6â1, and Rvâ3 have been identified on the surfaces of
mouse eggs by immunolocalization (64, 65). Elimination of
either theR6 (66) or â1 (67) integin subunits does not
adversely affect fertilization. Additional treatment with
function blocking monoclonal antibodies against either the
â3 or Rv subunits also fails to reduce fertilization rates. In
contrast to the integrin knockout eggs, sperm from ADAM
2 knockout mice bind eggs much less efficiently than normal
sperm (9). These results have been interpreted as indicative
that integrins are not necessary for sperm-egg binding and
fusion (67).

The presence of integrins on the surfaces ofX. laeVis eggs
is far less clear than for mice and sea urchins. The cloning
and expression patterns of mRNA’s for the integrin subunits
R2, R3, R4, R5, R6, RIIb, and Rv have been studied inX.
laeVis (68-70). Precursor and mature forms of theR5 (71)
and Rv (70) proteins have been detected in lysates from
fertilized eggs (stage 1 embryos). Likewise, mRNA’s for the
â1, â2, â3, andâ6 subunits have been characterized (72),
but so far onlyâ1 protein has been found in egg lysates
(73). The actual expression patterns of integrins are more
complex than reflected simply by their detection in egg
lysates. Both immunolocalization (73) studies and analyses
of biotinylated proteins (74) on the surfaces ofX. laeVis
oocytes provide evidence that theâ1 subunit is internalized
during the maturation of Stage VI oocytes to eggs and is
absent from the egg plasma membrane. Since it has only
been identified in complexes withâ1 as the fibronectin
receptor (75, 76), R5 is unlikely to be on the egg surface,
and aâ subunit to complementRv has not been identified
on the egg surface. Only a few classes of integrins have been
detected inX. laeVis eggs, and they can be intermittently
expressed on the membrane. Thus, it remains unclear whether
integrins are present on the egg at fertilization. Although
more integrins may be identified as the sequencing of
genomes fromX. laeVis and Xenopus tropicaliscontinue,
an alternative interpretation of our results is that ADAM 16
interacts with a binding site other than an integrin.

In summary, we have determined several characteristics
that are necessary for the activation ofX. laeVis eggs by the
disintegrin loop of ADAM 16. First, the sequence required
to cause this effect is located primarily in the N-terminal
half of the disintegrin loop and is distinct from other
sequences in disintegrin loops associated with binding to
integrins such as ECD and RX6DLPEF. Second, this
sequence is the most likely portion of the disintegrin loop
to form a stableâ-turn, which is necessary for the effects
caused by the peptides described here. Third, the oxidation
state of the cysteine residue in the disintegrin loop or its
participation in a disulfide bond is not necessary for egg
activation by the N-terminal sequence. Fourth, the peptides
used in this study do not alter the permeability or fluidity of
the plasma membrane, providing indirect evidence that they
act through an as yet unidentified receptor on the egg surface.
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