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AbstractÐAn essential step leading to fertilization is the binding of a sperm to the egg plasma membrane. Fertilinb, a membrane
bound protein on the extracellular surface of sperm, partially mediates this binding via the a6b1 integrin. Fertilinb is a member of
the still expanding family of ADAM proteins (a disintegrin and metalloprotease) that are implicated in many cellular functions
ranging from neurogenesis to myoblast fusion and cytokine processing. Fertilinb contains a highly conserved motif (D/E)ECD in
the disintegrin domain. This suggests that (D/E)ECD could be the consensus sequence for recognition of disintegrins by a6b1
integrins. Previously, it has been demonstrated that small peptides containing di�erent moieties of this consensus sequence are
inhibitors of in vitro fertilization. In the present study, we sought to determine whether a four amino acid peptide sequence with
two adjacent acidic residues improved inhibition, and investigated the importance for inhibition of a cysteine versus a cystine. A
series of linear and cyclic peptides were synthesized, in which either one or both adjacent acidic residues in the sequence DECD
were mutated to their corresponding amides (N or Q). To explore the required oxidation state of the cysteine in the (D/E)ECD
sequence, it was protected as a mixed disul®de. Our results indicate that only one acidic residue is required for inhibition of ferti-
lization and a reduced C is required. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

An essential step leading to fertilization is the binding
of a sperm to the egg plasma membrane. Fertilinb, a
membrane-bound protein on the extracellular surface of
sperm, is thought to mediate this binding.1±3 Small
peptides that mimic the binding loop of fertilinb inhibit
fertilization in vitro.4±10 In this work, we investigated
the amino acid requirements for inhibition.

Fertilinb is a member of the still expanding family of
ADAM proteins (a disintegrin and metalloprotease)
that are implicated in many cellular functions ranging
from neurogenesis to myoblast fusion and cytokine
processing.11±13 The ADAM proteins are related to the
soluble snake venom metalloproteases (SVMPs), and
together they comprise the reprolysin super-family of
proteins.14 Both the ADAMs and SVMPs are modular
and contain metalloprotease and disintegrin domains.
In the ADAMs and some SVMPs, the disintegrin
domain is followed by a cysteine-rich region and
lectin-like or EGF-like region. The ADAMs have a

transmembrane domain and cytosolic C-terminal tail.
As new members of the ADAM family are character-
ized, more variations may be identi®ed. However, the
metalloprotease and disintegrin domains are present
throughout the reprolysin super-family.

The disintegrin domains of the SVMPs were the ®rst
disintegrins to be characterized structurally and func-
tionally. The P-II class of SVMP disintegrins are ligands
for the integrin receptor aIIbb3 on platelets.15 Analysis
of the P-II disintegrin amino acid sequences and their
NMR structures revealed that 3 conserved amino acids,
Arg-Gly-Asp (RGD), are present at the tip of a hairpin
loop.16±21 Moreover, small peptides and peptido-
mimetics containing the consensus binding sequence
RGD of the disintegrin-binding loop inhibit the aIIbb3-
®brinogen interaction, and consequently inhibit platelet
aggregation. Thus, it is well established that the mini-
mum recognition element for the aIIbb3 integrins is the
RGD sequence of the snake venom disintegrin domain.
In addition, this recognition is dependent on the con-
formation of the peptide. Some RGD disintegrins
bind to di�erent integrin receptors, e.g. avb3. Con-
formationally constrained peptide mimetics have been
designed that depending on their structure are speci®c
for either aIIbb3 or avb3.22,23
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The high (approx 50%) amino acid identity of ADAM
disintegrins to the snake venom disintegrins suggested
that the ADAM disintegrins might also be a family of
extracellular ligands for integrin receptors. Despite the
overall high similarity of amino acids between the
ADAMs and the SVMPs, the binding loops of most
ADAM disintegrins do not contain the RGD sequence.
This di�erence suggested that the disintegrins might be
speci®c for di�erent integrin receptors depending on
their binding loop sequence.

In fact, several investigations have provided evidence
that the fertilinb disintegrin domain binds to the a6b1
integrin receptor on the egg membrane during sperm±
egg binding and fusion. First, these integrin subunits, as
well as others, have been identi®ed on the surface of
mammalian eggs.5,24±27 Second, small peptides corre-
sponding to the disintegrin binding loop of fertilinb
inhibit fertilization in vitro in guinea pigs,4 mice,5±8

monkeys9 and humans.10 Third, sperm will only bind to
somatic cells that express both the a6 and the b1 integrin
subunits.5 Fourth, a 13-amino acid photoa�nity pep-
tide corresponding to the disintegrin binding loop of
fertilinb inhibits in vitro fertilization and exclusively
labels the a6b1 integrin in mouse eggs.28 Fifth, mono-
clonal antibodies to b1 integrin inhibit sperm and
recombinant fertilinb binding to mouse eggs.5,29

These investigations all support the conclusion that the
disintegrin domain of the extracellular sperm protein
fertilinb binds to a6b1 integrin on the plasma membrane
of the egg. However, the minimal peptide motif for
binding to a6b1 (analogous to RGD) has not yet been
ascertained. The sequence alignment between the disin-
tegrin domains of SVMPs and ADAM proteins (Fig. 1)
reveals that the QDE (in mice) and TDE (in guinea pig)

sequences of fertilinb disintegrin directly align with the
RGD sequence in the snake venom disintegrins. There-
fore, it was originally postulated that these could be the
putative binding sites for fertilinb. To test this hypoth-
esis, many small peptides containing the QDE or TDE
sequence were synthesized by di�erent researchers and
tested as inhibitors of sperm-egg fusion.4±9 Inhibition by
these peptides provided evidence for the involvement of
fertilinb disintegrin domain in the mammalian sperm±
egg fusion.

However, as more and more sequences of fertilinb from
di�erent species were determined, their alignment
revealed that the ECD sequence is highly conserved in
the binding loop of fertilinb. The alignment suggested
that ECD could be the minimal recognition sequence
for a6b1 integrin on the egg. In a previous study con-
ducted in our laboratory, a series of cyclic and linear
peptides comprising the sequence ECDAY and their
dimers were synthesized and tested for their inhibitory
e�ects. The linear and cyclic forms of the ECDAY pep-
tides inhibited sperm-egg fusion 50% at 500 mM relative
to a non-peptide control. Interestingly, the disul®de
dimers did not inhibit in vitro fertilization in mice, nor
did an ESDAY mutant. These results supported the
importance of the free thiol of the cysteine residue for
inhibition. However, a control peptide with a scrambled
sequence, CDEAY, also inhibited fertilization. In addi-
tion, the disul®de dimer of CDEAY was also an inhibitor.
It appeared that two adjacent acidic residues might be
su�cient to inhibit sperm binding. As more fertilinb
sequences became available, the alignments hinted that
perhaps (D/E)ECD was actually the consensus sequence.
At that time, we hypothesized that the CDEAY
mimicked the DE of the DECD sequence and that the
dimerization of CDEAY did not interfere with binding.

Figure 1. Sequence alignment of the residues comprising the binding loop region of representative disintegrins. Conserved cysteines are outlined, the
binding loop is underlined, and the consensus residues are boldfaced.
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In the present study, we sought to clarify whether two
adjacent acidic residues improved inhibition and to
further investigate the importance of a free thiol for
inhibition. A series of linear and cyclic peptides was
synthesized (Fig. 2), in which either one or both adja-
cent acidic residues in the sequence DECD were muta-
ted to their corresponding amides (N or Q). The
cysteine free thiols were prepared, as well as the thio-
methyl disul®de of DECD.

Results

Peptide synthesis

Peptides corresponding to the disintegrin domain of
mouse fertilinb were assembled using solid-phase
synthesis and a-amino Fmoc protection.30 All peptides
were puri®ed by preparative RP-HPLC, and their purity
was assessed by analytical RP-HPLC. Nucleophilic dis-
placement of bromine from an a-bromoacetyl moiety
yielded the cyclic peptides 1b and 3. These cyclizations
were e�ected by employing a dual protection scheme
for the two Cys residues at the C-terminus and the N-
terminus using trityl and acetamidomethyl resepctively.
The identity of intermediate and ®nal peptides was
con®rmed by mass spectrometry (Table 1).

In vitro fertilization assay

An in vitro assay using mouse eggs and sperm was
employed to test the e�ect of the peptides on sperm
binding and fusion to the egg. Zona free eggs and in
vitro acrosome-reacted sperm were used in order to
study the interactions occurring at the plasma mem-
brane. The concentration of sperm used (5�104 sperm/
mL) was chosen so that the control had on average one
sperm fused per egg, i.e. a physiologically relevant level
of sperm±egg fusion. Eggs were preloaded with Hoechst
33342, a dye that ¯uoresces when intercalated with
DNA. Thus upon excitation with UV light, egg chro-
mosomes ¯uoresce blue. If a sperm fuses with a pre-
loaded egg, the dye leaks into the sperm cytoplasm and
the sperm chromosomes also ¯uoresce. A sperm was
scored fused if a sperm head was observed with phase-
contrast microscopy, and if it ¯uoresced.

The inhibition properties of the peptides were measured
in two ways. Both the average number of sperm fused
per egg (fertilization index) and the percentage of eggs
fertilized (fertilization rate) were measured in the pre-
sence and absence of peptides. The average fertilization
rate and index for the non-peptide control were 68%
and 1.2 sperm/egg respectively.

Each peptide was tested in 3±7 independent trials. The
results of these assays are presented in Table 2. Peptides
1a, 1b, 4 and 5 all inhibited in vitro fertilization.
Peptides 2 and 3 did not inhibit fertilization. Peptides 1a
and 5 were assayed in the same trial and with the same
control. There was no signi®cant di�erence in their
potency. Inhibition by peptide 1a was concentration
dependent as shown in Figure 3.

Discussion

Many integrins recognize ligand amino acid sequences
which contain an acidic residue that is essential for
receptor binding. For instance, many integrins recog-
nize the Arg-Gly-Asp (RGD) motif that is present in
extracellular matrix proteins, e.g. ®bronectin, vitro-
nectin, and von Willebrand factor. The RGD motif in
these extracellular ligands can bind to a variety of

Figure 2. Peptides synthesized and tested as inhibitors of fertilization.

Table 1. Chromatographic and mass spectrometric analyses of pep-

tides 1±5

Peptide Formula [MNa+]a tR
b (min) Purity (%)c

1a C30N7O14H40S=755.1 778.1 17.1 99
1b C30N7O14H39S2=785.1 808.1 8.7 98
2 C30N9O12H43S=753.2 776.2 13.0 98
3 C31N7O14H41S3=831.1 854.1 19.8 97
4 C30N8O13H42S=754.1 777.2 12.1 95
5 C25N6O11H36S=640.1 663.1 12.4 98

aMolecular ion observed in mass spectrum obtained by MALDI±TOF.
bAnalytical RP-HPLC; gradient 5±65% CH3CN in H2O (containing
0.1% TFA) over 60 min.
cBy integration of RP-HPLC chromatograms (l=220 nm).

Table 2. Linear and cyclized peptides evaluated in this study and

their e�ect on in vitro fertilization of mouse eggs

Peptide % Inhibition by FRa % Inhibition by FIb

1a 64�5 78�5
1b 59�6 79�7
2 ÿ0.75�16 18�9
3 4�25 16�3
4 70�9 80�7
5 70�6 93�3

aThe ratio of fertilization in the presence of 500 mM peptide as mea-
sured by number of eggs fertilized (fertilization rate) relative to a non
peptide control. The average FR for the no peptide control was 68%.
Errors are �SEM. Each peptide was tested with 50±100 eggs and 3±7
independent trials were performed with each.
bThe ratio of fertilization in the presence of 500 mM peptide as mea-
sured by the number of sperm fused per egg (fertilization index) rela-
tive to a non peptide control. The average FI for the no peptide
control was 1.2. Errors are �SEM.
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integrins, i.e. aIIbb3, a5b1, avb3, avb1, avb5 and a2b1.31 A
second peptide motif Leu-Asp-Val (LDV) is present in
integrin binding proteins in the immunoglobulin family
and this motif binds to a4b1, a5b1 and a4b7 integrins.32

In addition to RGD and LDV, a number of other
binding motifs have been identi®ed in extracellular
matrix molecules such as KQAGDV in the ®brinogeng
chain that binds to aIIbb3 integrin, and LRE in laminin
that binds to a6b1 and a7b1.33 It is not yet clear whether
all of the amino acids in the highly conserved motif
(D/E)ECD of fertilinb are required for sperm±egg
adhesion. Previously, only peptides corresponding to
part of this sequence or containing 2±4 ¯anking residues
on either side of the sequence have been tested. In mice,
these include QDEC,6 ECDAY,7 and AQDECDVT.8

We wanted to compare side by side peptides that con-
tained the two conserved adjacent acidic residues DE, to
a peptide that only contained the E. Elucidation of the
importance of individual amino acids is important for
the development of better peptidomimetic inhibitors.
The aim of this study was to establish the minimal
number of amino acids in the putative binding loop of
the disintegrin fertilinb required for inhibition of sperm
adhesion to the egg.

The peptides designed contained the four amino acid
sequence DECD. At the penultimate C-terminal posi-
tion, a cysteine was incorporated for cyclization to
thioethers 1b and 3. Peptide 1a is a linear control for
cyclic peptide 1b and includes an alanine in place of
the penultimate cysteine. A tyrosine was included at
the C-terminus for facile quantitation. This aromatic
residue does not reduce binding a�nity or alter binding

speci®city. The ECDAY peptide, for example, has the
same IC50 as an 8-mer AQDECDVT that contains only
fertilinb residues.7,8 Moreover, this peptide competi-
tively inhibits binding of the 13 amino acid photoa�nity
label used to identify a6b1 as the fertilinb receptor.28

Peptide 2 was designed as a mutant in which the two
adjacent acidic residues (D and E) were replaced by their
corresponding amides (N and Q). In the mutant peptide
4, only one of the two acidic residues (E) was replaced
by its corresponding amide (Q). Peptide 3 was designed
to examine the importance of a free thiol for inhibition
in the sequence DECD, by protecting the Cys residue as
a mixed disul®de that has minimal steric hindrance.

The cyclic peptides 1b and 3 were synthesized because
cyclization should reduce the peptide's molecular
entropy, and if constrained to the correct conformation,
increase its binding a�nity for its receptor. In the case
of the snake venom disintegrins, this is the case.34 The
binding a�nity of RGD peptides to integrins is greater
when the peptides are constrained to be cyclic using a
thioether linkage.

First, peptide 1a was compared directly to the pre-
viously studied inhibitor, 5.7 A minimal di�erence was
observed in the inhibitory e�ects of these two peptides.
It was concluded, therefore, that inclusion of an acidic
residue (D) to form a 4-mer sequence (DECD) does not
lead to improved inhibition over the 3-mer sequence
(ECD). This is consistent with the results of Yuan et al.8

who tested an octapeptide, AQDECDVT, that con-
tained the DECD sequence. A high concentration (500
mM) of this peptide was also required for 50% inhibi-
tion. Moreover, inhibition by peptide 1a was con-
centration dependent (Fig. 3).

There was no signi®cant di�erence in the percent inhi-
bition measured for the linear (1a) and cyclic (1b) forms
of the DECD peptide. This minimal di�erence in inhi-
bition between peptides 1a and 1b could be a result of
constraining the peptide into the wrong conformation
for binding. We examined the conformational hetero-
geneity of 1a and 1b in D2O by 1H NMR. The
a-hydrogen region of the 1b spectrum clearly shows that
either a single conformer is present or di�erent con-
formers are rapidly interconverting on the NMR time
scale, there is no evidence for conformational popula-
tions that cannot rapidly equilibrate. The a-hydrogen
region of the 1a spectrum shows the same. The reason
for no improvement of inhibition upon cyclization is
most likely that we have constrained the peptide into a
conformation or subset of rapidly interconverting con-
formations that do not correspond to the optimal
receptor-bound conformation. A de®nitive explanation
awaits full structure determination of both the cyclic
and linear peptides, as well as direct binding assays to
puri®ed receptors.

The control peptide 2, in which both the adjacent acidic
residues (D and E) in the sequence (D/E)ECD were
replaced by their corresponding amides, showed no
inhibition of in vitro fertilization. The control peptide 4,
in which only one acidic residue (E) is substituted by its

Figure 3. Concentration dependence of inhibition of in vitro fertiliza-
tion by 1a. Striped bar, inhibition of fertilization in the presence of
peptide as measured by the number of eggs fertilized (fertilization rate)
relative to the non peptide control. Solid bar, inhibition of fertilization
in the presence of peptide as measured by the number of sperm fused
per egg (fertilization index) relative to the non-peptide control. Error
bars are SEM.
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corresponding amide (Q), was designed to form the
sequence DQCD. This is the sequence found in the dis-
integrin binding loop of another ADAM protein, cyri-
testin (ADAM 3), that is also found on the surface of
fertilization competent sperm. It had been reported
previously that, in addition to fertilinb, cyritestin is also
involved in sperm±egg plasma membrane adhesion and
fusion.8,35 An octapeptide, SKDQCDFP, correspond-
ing to the cyritestin binding loop is a reasonable inhi-
bitor of sperm binding to egg membrane.8 In our
studies, inhibition of fertilization by peptide 4 demon-
strates that the ¯anking amino acid residues in the
octapeptide reported before are not required for inhibi-
tion, although they may confer receptor speci®city. This
result, in combination with earlier results, clearly
indicates that at least one of the adjacent acidic residues
(D or E) in the sequence (D/E)ECD is required for
inhibition.

Inhibition of fertilization by peptides derived from
cyristestin, i.e. 4 and SKDQCDFP, strongly suggests
that more than one disintegrin on the sperm surface is
involved in egg adhesion. Future work will address
whether cyritestin binds to the a6b1 integrin receptor
like fertilinb, or if it interacts with a di�erent integrin
receptor. Until the receptor for cyritestin is identi®ed,
we can not say whether only one of the two adjacent
acidic residues (D or E) in the binding sequence (D/
E)ECD is required for binding to the integrin a6b1.

Peptide 3 was made to test the importance for inhibition
of the free thiol of the conserved cysteine residue. This
peptide showed no inhibition of in vitro fertilization.
This result clearly shows that the conserved cysteine is
required as a free thiol for inhibition of in vitro fertili-
zation. Lack of inhibition by peptide 2, that also con-
tains a free thiol, argues that peptides 1a, 1b, 4 and 5 are
inhibitors because of their full sequence, not because a
thiol(ate) inactivates sperm-egg adhesion.

Conclusion

In conclusion, we observed that good inhibition of
sperm-egg binding requires at least one of the conserved
adjacent acidic residues (D or E), along with the con-
served cysteine in a reduced state in the binding
sequence (D/E)ECD of fertilinb. It is known that integ-
rin ligand binding and receptor activation are depen-
dent on divalent cations, and the ligand binding sites
within integrins coincide with the putative cation bind-
ing sites.31 It is possible that a divalent cation could be
coordinated simultaneously with the ECD ligand motif
and the active site within the integrin, with the acidic
residue providing a cation coordinating group. This
requirement explains the observation that an acidic
residue is critical for integrin binding during fertiliza-
tion. Moreover, the LDV binding site in a4b1 has
been mapped and it corresponds to the RGD binding
site in aIIbb3.36 Thus, it appears that there is a common
ligand-binding pocket in these integrins. The require-
ment for inclusion of acidic residues from the (D/
E)ECD sequence of fertilinb, suggests that the fertilinb

disintegrin binding site will map to the homologous
region in a6b1. Our work corroborates the work of
others8 that suggested more than one ADAM protein is
involved in sperm±egg adhesion during fertilization. In
order to completely understand the speci®cities of small
peptide inhibitors, binding studies with isolated recep-
tors will be necessary.

Experimental Procedures

Materials

Amino acids were purchased from Advanced Chemtech
(Louisville, KY). Peptide synthesis resin and O-(7-aza-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
¯uorophosphate (HATU) were purchased from
Perseptive Biosystems (Framingham, MA). Solvents
were from Fisher Scienti®c, Inc. (Spring®eld, NJ). Other
reagents were purchased from Sigma-Aldrich Co. (Mil-
waukee, WI).

General

Peptides were puri®ed by preparative RP-HPLC using a
Vydac C18 Column (218TP1022, 1.0�25 cm). Gradient
elution was performed at 10 mL/min, with an increasing
concentration of CH3CN in H2O. The eluent contained
a constant concentration of TFA (0.1%). Column e�u-
ent was monitored at 220 nm and 274 nm. Fractions
containing the desired peptide were collected and lyo-
philized. They were analyzed by analytical RP-HPLC
using a Vydac C18 column (218TP54, 0.46 � 25 cm) at
1 mL/min and gradient elution as described above.
MALDI±TOF mass spectrometry was carried out using
a Bruker Protein TOF instrument at the CASM facility
at SUNY Stony Brook. The matrix used was a-cyano-4-
hydroxycinnamic acid. Mass calibrations were per-
formed using internal standards with appropriate mole-
cular weights.

Peptide synthesis

Peptides were synthesized on a Rainin PS3 synthesizer
using Na-9-¯uorenylmethyloxycarbonyl-[5-(4-amino-
methyl)-1-(3,5-dimethoxyphenoxy)-valerate]-polyethylene
glycol-polystyrene (Fmoc-PAL-PEG) or Fmoc-PAL
resins. A typical synthesis was performed on a 0.2 mmol
scale. All amino acids were of l-con®guration and were
Fmoc protected at the N-terminus. Fmoc deprotection
was e�ected with 20% piperidine in DMF followed by
washing with DMF. The amino acids were coupled with
HATU activation in a 4-fold molar excess with 8% di-
isopropylethylamine (DIPEA) in DMF as solvent. The
®rst amino acid was coupled twice. The coupling times
were typically 20 min. Before deprotection of the Fmoc,
capping was e�ected using a solution of 5% acetic
anhydride and 8% DIPEA in DMF. The amino acid
side-chains of Asp, Glu, and Tyr were t-butyl protected.
Cys was protected with trityl (Trt) or acetamidomethyl
(Acm) depending on its position in the sequence. The
®nal protected peptide on the resin was washed with
CH2Cl2 and Et2O and dried in vacuo.
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Cleavage and deprotection of the resin was e�ected by
treatment of the resin with a cleavage cocktail con-
taining anisole, thioanisole, H2O and TFA (10:3:3:84)
for 2±3 h. The resin was removed by ®ltration and
washed with small quantities of TFA. The combined
®ltrate and washings were concentrated under a stream
of N2. The crude peptides were obtained by trituration
with Et2O and collection of the precipitate, followed by
further washing with Et2O. After puri®cation by pre-
parative RP-HPLC, the molecular masses of the pep-
tides were con®rmed by mass spectrometry and their
purity assessed by analytical RP-HPLC.

Cyclized peptides (1b,3)

The peptidyl resin was assembled as described above.
The C-terminal Cys and the N-terminal Cys were
introduced as Fmoc-Cys(Trt)-OH and Fmoc-Cys
(Acm)-OH, respectively. The capping of the N-terminus
of the peptides was e�ected with bromoacetic acid.
After the synthesis of each peptide, the resin was cleaved
and deprotected to a�ord peptides with a reduced-Cys
at the C-terminus. The cyclization of the crude peptides
was achieved under dilute alkaline conditions (pH 8),
forming a thioether linkage through the deprotected
Cys. After puri®cation of the cyclized peptides, the
Acm group of the N-terminus Cys was removed
with dimethyl(methylthio)sulfonium tetra¯uoroborate
(DMMT)37 and treated with dithiothreitol (DTT) to
a�ord cyclized material with a reduced Cys. The reac-
tion mixture was concentrated by lyophilization and
chromatographed (5±65% CH3CN over 1 h) to provide
compound 1b. Peptide 3 was formed from the precursor
to peptide 1b by deprotecting the Acm group with
DMMT to form the mixed disul®de. The reaction
mixture was lyophilized and chromatographed by pre-
parative RP-HPLC to provide compound 3.

In vitro fertilization assay

Eggs and sperm were isolated from ICR (Taconic
farms) or CD-1 (Charles River Laboratories) mice as
described in Yuan et al.8 Zona pellucida were removed
by treatment with acid Tyrode's solution for 30 s and
recovered at 37 �C, 5% CO2 for 1 h. Zona-free eggs
were loaded with Hoechst 33342 (1 mg/mL) for 30 min
and washed through six drops of M16 medium (0.5%
BSA).

Eggs (20±30/40 mL) were incubated with peptide in M16
medium (3% BSA) for 45 min and then sperm were
added (5�104/mL). After 45 min the eggs were washed
in M16 medium (3% BSA) and mounted onto micro-
scope slides. Fusion was scored by ¯uorescent labeling
of sperm nuclei by Hoechst 33342 present in preloaded
eggs. 3±7 experiments per peptide were performed and
25±100 eggs per peptide were used. A DAPI (465 nm)
cuto� ®lter was used for ¯uorescence microscopy.

NMR spectroscopy

All spectra were acquired in D2O and were externally
referenced to the solvent. The spectra were acquired on

a Varian INOVA 500 MHz spectrophotometer. 1H
NMR data are reported in the following manner:
chemical shift in ppm (multiplicity, integrated intensity,
coupling constant in hertz). 1a: d 6.968 (d, 2, J=8.4),
6.524 (d, 2, J=8.4), 4.766 (m, 2), 4.633 (dd, 1, J=8.9,
5.4), 4.485 (dd, 1, J=7.9, 7.2), 4.430 (dd, 1, J=10.2,
4.8), 4.300 (dd, 1, J=12.9, 7.3), 2.990 (dd, 1, J=14.1,
6.9), 2.893 (dd, 1, J=14.0, 8.5), 2.827 (m, 2), 2.765 (dd,
1, J=7.7, 6.9), 2.669 (m, 3), 2.510 (dd, 1, J=15.5, 9.4),
2.228 (dd, 2, J=15.6, 8.0), 2.009 (s, 3), 1.897 (m, 1),
1.283 (d, 3, J=6.5); 1b: d 7.118 (d, 2, J=7.5), 6.808 (d,
2, J=7.5), 4.735 (m, 1), 4.595 (m, 2), 4.465 (dd, 1,
J=8.5, 5.5), 4.357 (dd, 1, J=7.0, 6.5), 4.323 (dd, 1,
J=7.5, 7.0), 3.433 (d, 1, J=15.0), 3.264 (d, 1, J=15.0),
3.166 (dd, 1, J=14.5, 5.5), 2.840±2.996 (m, 9), 2.467
(dd, 2, J=7.4, 7.2), 2.281 (m, 1), 2.054 (m, 1).
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