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Abstract: A central event in the development of the allergic response is the interaction between immunoglobulin E
(IgE) and its cellular high-affinity receptor FcεRI. Allergen-bound IgE mediates the allergic response by binding
through its Fc region to its cellular receptor on mast cells and basophils, causing the release of chemical medi-
ators. One strategy for the treatment of allergic disorders is the use of therapeutic compounds which would in-
hibit the interaction between IgE and FcεRI. Using a structure-based design approach, conformationally con-
strained synthetic peptides were designed to mimic a biologically activeâ-hairpin region of theR-chain of FcεRI.
Two peptide mimics of the FcεRI R-chain were previously shown to inhibit IgE-FcεRI interactions, one a peptide
comprised ofL-amino acids, covalently cyclized by N- and C-terminal cysteine residues, and the other its
retroenantiomer. In this paper the solution structures of these compounds are derived using NMR spectroscopy.
The topochemical relationship between the retroenantiomeric compounds and the structural basis of their biological
activity is described.

Introduction

The synthetic recreation of protein surfaces offers a unique
opportunity to evaluate the contribution of individual protein
regions to macromolecular recognition events. A peptide-based
approach to mimicking protein surfaces has been limited by
the fact that short linear peptides rarely maintain the conforma-
tion in which they are found in the parent protein. This is
particularly true for peptide models ofâ-sheet structure. While
many examples are available for peptides that fold intoR-helical
structures, peptides forming monomericâ-sheet structures have
been rare. Only very recently have peptide models ofâ-hairpin
structure been described.1-4

The elements of affinity and specificity of molecular recogni-
tion processes depend upon the degree of complementary of
the interacting surfaces. One widely used topochemical ap-
proach to studying molecular recognition is the use of retro-
enantiomeric peptides, modified peptides which containD-amino
acids with sequence inverted relative to anL-amino acid
compound. AD-amino acid peptide with reversed peptide bond
orientation will in principle yield an isomer with similar side-
chain topology. Comparable biological activity has been
observed for retroenantiomeric peptides in a number of biologi-
cal systems,5,6 although this approach has not been universally
applicable.7,8

In this paper we describe the structure of two retroenantio-
meric, â-hairpin-forming, peptide mimics of the high-affinity

receptor for IgE. Theâ-hairpin structure is induced in the
peptides by conformational constraints in the form of cyclization
via a disulfide. The structural relationship between the retro-
enantiomers is described.

Results

Peptide Design. The tertiary structure of a small peptide
only seldom resembles that of its parent protein,9 so the use of
short linear peptides as mimics of protein structure has only
occasionally been successful. In an effort to overcome this
limitation, attempts have been made to limit the conformational
flexibility available to the peptide by the introduction of
conformational constraints.10 This is done commonly by
incorporation of residues that display strong conformational
tendencies11 or by the covalent cyclization of the peptide
backbone.
A â-hairpin region comprised of the C-C′ strands of the

second extracellular domain of theR-chain of FcεRI (FcεRI
R2) has been shown to be important in its interaction with IgE.12

We have synthesized a set of cyclic peptides designed to mimic
this C-C′ â-hairpin structure found in the FcεRI R-chain. Two
peptides were initially prepared, one comprised ofL-amino acids
and another withD-amino acids with sequence reverse (retro-
inverso) relative to theL analog. TheD-peptide was designed
to be a retroenantiomer of theL-amino acid peptide, presenting
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a similar topological surface as theL-peptide, while making use
of the preferred pharmacological properties ofD-amino acids.
The underlying principles of the retro-inverso approach have
been evident for many years.13-15 In support of this theory,L-
and retro-D-peptides have been shown to possess similar
biological activities in a number of cases.5,16 However this has
not proven to be universally true.8,17 TheL- and retro-D-amino
acid FcεRI peptide mimics were cyclized by an intramolecular
disulfide bond formed between amino and carboxyl terminal
cysteine residues. The remaining peptide sequence found in
the mimics is native to the C-C′ region of FcεRI R2. Both
the L and retro-D conformationally constrained FcεRI mimics
inhibited IgE-FcεRI interactions at low micromolar concentra-
tions while uncylized or scrambled sequence controls were
inactive.18 The CD spectra of the peptides suggested the
formation ofâ-character and showed the expected reciprocal
chirality.18 We have used nuclear magnetic resonance spec-
troscopy to characterize the solution structures ofL- and retro-
D-FcεRI mimics, to evaluate the structural basis of the biological
activity of the peptides, and to analyze the structural relation-
ships between retroenantiomers.
Given the tendency ofâ-sheet peptides to aggregate, we

thought it important to verify that the cyclo(L-262) and cyclo-
(rD-262) (rD ) retro-D) peptides were indeed monomeric species.
No concentration effect was seen in the CD spectra of the
peptides in the concentration range 10µM to 1 mM. No
significant changes in chemical shift (<0.01 ppm) or line widths
were observed in 1-D1H-NMR spectra from 100µM to 10 mM.
These results suggest that in the concentration range tested the
peptide is monomeric. As a further test to confirm the
monomeric status of peptide samples, translational diffusion
coefficients were measured and hydrodynamic calculations
performed for the cyclo(rD-262) peptide. Translational diffusion
coefficients were measured using pulse-field-gradient NMR
methods. Two different approaches were used, varying either
gradient strength or gradient pulse length (see the Materials and
Methods). The two approaches gave translational diffusion
coefficients of (2.21( 0.06)× 10-6 and (2.19( 0.04)× 10-6

cm2/s. To interpret the significance of these experimental
values, hydrodynamic calculations were performed on NMR-
derived structural models of cyclo(rD-262). The hydrodynamic
calculations were initially performed using BRKTOS19 (a
program which converts coordinates to a sphere model) and
subsequently were carried out using an all atom bead method20

employing a MATLAB adaptation of the program HYDRO.21

Hydration of the peptide structure was performed by solvating
the peptide in a 10 Å layered water box in InsightII (Biosym,
San Diego) and equilibrating according to standard protocols.
Only water molecules within a given distance from the peptide
were then included in the hydration shell of the structure and
incorporated in the hydrodynamic calculations. The calculated
translational diffusion coefficients for the cyclo(rD-262) struc-
tures were 2.33× 10-6, 2.20× 10-6, and 2.13× 10-6 cm2/s,

for hydration shells of 3.5, 3.75, and 4.0 Å, respectively. This
level of hydration is consistent with NMR-observed and
hydrodynamics-calculated values for translational diffusion
coefficients for the protein ubiquitin.22 All experimental
evidence fully supports the assumption of monomeric peptide
structure.
NMR. Identification of amino acid spin system type was

accomplished by analysis of TOCSY spectra. Sequential
resonance assignments were performed using connectivities
between HNi and HR

i+1 protons in an overlay of TOCSY and
NOESY spectra.23 Figure 1 illustrates an example TOCSY-
NOESY map for the cyclo(rD-262) peptide. The unambiguous
connecting walk permits sequential residue assignments. Analy-
sis of the HN-HR fingerprint region also reveals that interresidue
HN

i-HR
i+1 NOEs are stronger than intraresidue HN-HR NOEs

for the following residues: for cyclo(L-262), Ile2, Tyr3, Tyr4,
Lys5, Glu8, Leu10, Lys11, Tyr12; for cyclo(rD-262), Tyr2,
Lys3, Leu4, Ala5, Asp8, Lys9, Tyr10, Tyr11, Ile12, Cys13. This
information suggests these residues exist in an extended
conformation,24 consistent with aâ-strand conformation for
these residues.
Coupling constants were calculated from 1-D proton spectra

and 2-D DQF-COSY spectra, and were in good agreement with
each other. Figure 2 illustrates the 1-D proton spectrum and
2-D DQF-COSY spectrum for the cyclo(rD-262) peptide, from
which 3J(HN-HR) coupling constants were calculated. In both
the L- and retro-D-peptides those residues designed to form
â-strands show large values for3J(HN-HR) consistent with the
putativeâ-structure, while those residues in the predictedâ-turn
show smaller coupling constants.
Protection from hydrogen-deuterium exchange suggests that

several amides are either buried or involved in hydrogen bond
formation.23 Both cyclo(L-262) and cyclo(rD-262) demonstrate
significant protection levels for five to six of the amide protons
(Figure 3). It is unusual for small peptideâ-hairpin models to
show measurable levels of amide protection from deuterium
exchange, and the presence of amide protection in these peptides
suggests stable structure. The exchange rates, corrected for
temperature, pH, and nearest neighbor effects, for the cyclo(L-
262) peptide are significantly faster than their equivalents in
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Figure 1. An illustration of the TOCSY-NOESY walk used for the
sequential assignment of the cyclo(rD-262) peptide. SequentialdRN(i, i
+ 1) connectivities are indicated for residues 2-13.
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the cyclo(rD-262) peptide, suggesting a larger population of
hydrogen-bonded conformers in the retro-D-peptide than in the
L-peptide. This is also supported by the generally smaller
3J(HN-HR) coupling constants observed for theâ-residues of

the L-peptide compared to its retroenantiomer (Figure 4). In
addition to the direct exchange experiments, a qualitative
comparison of exchange can be made by analysis of interactions
of amide protons with bulk water.25 Figure 3c demonstrates a

Figure 2. Both 1-D (bottom) and 2-D DQF-COSY (top) experiments were used to derive3J(HN-HR) coupling constants. The cyclo(rD-262)
spectra are shown as an example. The sharp single peaks at 7.55 and 7.18 ppm represent the C-terminal amide peaks.

Figure 3. Hydrogen-bonded amides are suggested from the results of hydrogen-deuterium exchange experiments for cyclo(L-262) (a) and cyclo-
(rD-262) (b) and supported by solvent mapping analysis studies (illustrated in (c)). No amide signals were observed for residues Lys5 in cyclo(L-
262) and Tyr2 and Lys9 in cyclo(rD-262) in the HD exchange experiments, presumably due to fast exchange, and consequently are not shown in
(a) or (b). Solvent mapping studies (c) were used only qualitatively to confirm direct exchange experiments.
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cross section of a ROESY spectrum indicating peptide-water
cross peaks, the intensity of which is relative to the chemical
exchange rate of the amide proton. For comparison a one-

dimensional spectrum is also displayed. As is also shown in
the hydrogen-deuterium exchange experiments (Figure 3a), the
solvent interaction analysis indicates some amide peaks that are

Figure 4. Summary of NMR chemical shifts, amide coupling constants, amide exchange rates, and observed cross strand NOEs.∆CR-∆Câ is a
qualitative indicator of secondary structure in proteins with positive values being associated with theR-helix and negative values correlated with
â-strands. FordR(i, i + 1) NOE results are reported on a log scale; values are normalized between spectra from XEASY analysis, with a maximum
value of 10 000. Amide exchange rates were calculated from a single exponential decay fit of the raw exchange rates (Figure 3) and reported here
normalized for primary structure effects;44 t1/2 times are on a log scale. In the summary of cross strand NOEs the thickness of the arrow is proportional
to the number of observed interresidue NOEs (1-3).
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well protected (for example, Ile12), while others show inter-
mediate protection factors (Ala9) or very rapid exchange rates
(Tyr2). This implies that some portions of the structure are
more stable than others.
A summary of chemical shifts, coupling constants, amide

protection factors, and sequential and cross-strand NOEs is
shown in Figure 4. Elements of secondary structure are
suggested by several NMR criteria. Twoâ-strands are predicted
on the basis of strongdR(i, i + 1) NOEs, large3J(HN-HR)
values, and negative chemical shift values for∆CR-∆Câ. The
observed set of long-range NOEs demonstrate the formation of
a compact stable structure stabilized by interstrand interactions
between both backbone and side-chain atoms and are consistent
with theâ-hairpin structure found in the native protein.
Structure Calculations. NOE-derived distance constraints,

3J(HN-HR) couplings constants, and hydrogen bonds implied
by amide protection studies were input as restraints in the
distance geometry program DIANA with the REDAC proce-
dure.26 DIANA uses no assumptions about protein energetics
other than van der Waals repulsions, and standard bond lengths
and angles; calculated structures are unrefined, and structures
have only been adjusted by rotation and translation for
comparison purposes. The structures calculated for cyclo(L-
262) and cyclo(rD-262) are shown in Figure 5. Parts a and c
of Figure 5 demonstrate the superposition of backbone and
carbonyl oxygen atoms of the 20 lowest target function
calculated structures for cyclo(L-262) and cyclo(rD-262), re-
spectively.
For the family of structures the root mean squared (rms)

deviations calculated for backbone atoms are 1.58 Å for cyclo-
(L-262) and 1.08 Å for cyclo(rD-262) (see Table 1). Global
rms deviations are illustrated in Figure 5b,d, where the width
of the ribbon is proportional to the rms deviation of the backbone
atoms. The rms deviations are larger for cyclo(L-262) than for
its retroenantiomer cyclo(rD-262) and imply greater conforma-
tional flexibility. These values result from the observed smaller
coupling constants, which effect a greater available range of
backbone dihedral angles, and from generally weaker cross
strand NOEs, giving larger upper limit distance constraints input
into DIANA. The larger rms deviations are also anticipated
from the lower protection factors observed for amide protons
in cyclo(L-262).
Cyclo(L-262) forms a type III′ â-turn27 for residues Asp6-

Ala9 and shows a high amide protection factor for Ala9,
involved in thei, i + 3 hydrogen bond. In contrast the cyclo-
(rD-262) peptide shows its highest amide protection factors at
the base of theâ-hairpin, suggesting that for some reason the
retro-D structure forms, or maintains, the hydrophobic cluster
found at the base of theâ-hairpin better than theL-peptide.
However, the turn in cyclo(rD-262) is not as well defined
spectroscopically; in contrast to cyclo(L-262), the two R
hydrogens of Gly7 are either averaged or equivalent and the
â-methylene hydrogens of Glu6 and Asp8 are not spectroscopi-
cally distinct. The calculated structures of cyclo(rD-262) result
in two distinct turn structures; 85% of calculated structures
demonstrate dihedral angles roughly analogous to the type III′
turn observed for theL-peptide, but ca. 15% of the structures
consistently demonstrate the inverse type III turn. Experimental
data do not allow us to determine if these represent subpopu-
lations or merely result from ambiguities resulting from the

poorly defined hydrogen atoms in the turn of cyclo(rD-262),
likely arising from interconverting conformers.

Discussion

The cyclo(L-262) and cyclo(rD-262) peptides exhibit a
structure similar to that predicted for the C-C′ region in the
homology-based model of the FcεRI R-chain.18 A detailed
structural comparison between the peptide structures and the
protein region will be of great interest when the crystal structure
for the FcεRI R-chain becomes available. The formation of
structure in the peptides is dependent on covalent cyclization
using the intramolecular disulfide. Peptides demonstrate random
coil structure without this disulfide bond.18 Peptide models of
stableâ-hairpins are rare and only recently has some insight
been gained into the formation of these structures.1-4,28 The
peptide mimics of the FcεRI R2 C-C′ region are unusually
well structuredâ-hairpins; this is illustrated by their long H-D
exchange half-lives. Using some protein structures solved in
this laboratory as a standard for comparison, cyclo(rD-262) show
smaller amide protection values than the very stableâB-âC
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J.Biochemistry1994, 33, 6004-6014.

Figure 5. Superimposition of the 20 lowest target function calculated
structures for cyclo(L-262) (a) and cyclo(rD-262) (c). (b) and (d)
illustrate the ribbon representation of the structures where ribbon
widths are proportional to the global backbone rms deviations (see also
Table 1).
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hairpin from Abl SH2,29 but greater amide protection values
than are observed for the relatively flexibleâ4-â5 hairpin
structure of the Abl SH3 protein.30 As far as we are aware,
cyclo(L-262) and cyclo(rD-262) are the first syntheticâ-hairpins
to demonstrate significant protection in amide hydrogen-
deuterium exchange experiments. The peptides described here
have a number of features which may contribute to their unusual
structural stability. It has been suggested that the formation of
a hydrophobic cluster is a crucial nucleating event in the
formation of aâ-hairpin.4 The aromatic and hydrophobic resi-
dues at the base of theâ-hairpin in cyclo(L-262) (CIYY-
KDGEALKYC) and cyclo(rD-262) (CYKLAEGDKYYIC) are
probably important in stabilizing structure. Additionally the
FcεRI peptides have a glycine residue at position 2 of theâ-turn.
Glycine is the most common residue found in turns, and its
flexibility effectively accommodates tight turns.27 The peptides
do exhibit deviations in behavior from ideal planarâ-sheet
structure, in that both demonstrate helical twist of the strands
and show some bending in the plane of theâ-strands. As
expected cyclo(L-262) shows a right-handedness to the helical
twist, while cyclo(rD-262) demonstrates a more marked left-
handed twist. Variability in the amount of twist contributes
to the increase in rms deviations at the termini of the pep-
tides (see Figure 5), as a wide range of helical twist is con-
sistent with the set of constraints used for structure calculations.
These deviations from ideal behavior are expected for peptide
mimics of aâ-hairpin structure, as opposed to aâ-hairpin in
the context of a protein where the structure is tethered to the
rest of the molecule covalently and by a network of interstrand
interactions.
The structural relationship between peptide retroenantiomers

has been much discussed (recently reviewed in ref 31). Activity
studies between retroenantiomeric peptides have been analyzed
in a number of different systems,5,6,16 and conformational
analyses have been carried out on small cyclic retroenantiomeric
peptides.7,32 In addition, a number of theoretical papers have
speculated on the topological similarity of retroenantiomers.8,13,15

Given the dynamic nature of these peptide structures and the
fact that the side-chain conformations are generally only well
defined out to theâ-carbon positions, it is impossible to define
a single structure for each peptide. However, from the analysis
of cyclo(L-262) and cyclo(rD-262) it is clear that the retroenan-
tiomeric peptides can present very similar, although not identical,
topochemical surfaces. Figure 6 shows a GRASP surface
representation of two similar conformers of cyclo(L-262) and
cyclo(rD-262). This topological similarity between the two
compounds is reflected in their similar affinity for IgE.18

However, cyclo(L-262) and cyclo(rD-262) are not structurally
identical on their surfaces. The issue of differing structures by
retroenantiomeric peptides is well understood and has been
discussed by others.8 Some subtle structural difference re-
sults in an apparent greater flexibility of cyclo(L-262) in
comparison with cyclo(rD-262), and is demonstrated most clearly
in differences in amide protection factors (Figure 4). Neverthe-
less, this study has demonstrated that the general structural
principles of the retroenantiomeric approach are valid, at least
in certain systems. Further, we have shown that conformation-
ally constrained peptide structures can be induced to mimic
structures found in proteins and, in doing so, may mimic the
biological activity of that protein region. The ability to
synthetically recreate protein surfaces offers a unique approach
for characterizing molecular recognition events. These con-
formationally stable mimics of the FcεRI protein may represent
a step toward the rational design of therapeutics for treating
allergic disorders.

Materials and Methods

Peptide Synthesis, Refolding, Purification, and Preparation.
Peptides were synthesized on an Applied Biosystems 430A peptide
synthesizer using standard fmoc chemistry. Crude peptide was reduced
with dithiothreitol and HPLC purified. The purified peptides were then
subjected to an air oxidation protocol for intramolecular disulfide
formation.33 Peptides show greater than 95% intramolecular disulfide
bonding at the end of this procedure as monitored by HPLC and
MALDI-MS analysis. The calculated molecular mass for the cyclized
peptides cyclo(L-262) and cyclo(rD-262) was 1566.82, while the
observed masses by MALDI-MS were 1566.7 and 1567.3, respectively.
No significant impurities were detectable by NMR. The cyclized
product was then repurified by RP-HPLC and used for the experiments
described below. The sequences of the peptides used in this study are
as follows: cyclo(L-262) “L-(CIYYKDGEALKY)” D-C-amide (allL-
amino acids except the C-terminal residue); cyclo(rD-262) D-C-”L-
(YKLAEGDKYYIC)”-amide (all D-amino acids except the N-terminal
residue). For NMR samples, lyophilized peptide was dissolved in 90%
H2O/10% D2O, pH adjusted to 5.5.
Nuclear Magnetic Resonance.All NMR experiments were per-

formed on a Bruker DMX-500 spectrometer. Two-dimensional spectra
were recorded in pure phase absorption mode using States-TPPI phase
cycling procedures. TOCSY, NOESY, and ROESY spectra were
collected at 288 K for various mixing times. Water suppression was
achieved either by presaturation during the relaxation delay or by using
the Watergate pulse scheme.34 For determination of coupling constants,
one-dimensional spectra were collected with 16 384 data points and
high digital resolution and 2-D DQF-COSY were collected with 64
scans and 8192 real data points.13C resonances were assigned from a
13C-1H HMQC experiment performed in 99.996% D2O at natural
abundance. The rate of hydrogen-deuterium exchange was analyzed
using a series of one-dimensional spectra. For cyclo(rD-262) exchange
was measured at 288 K, pH 5.0; 22 spectra were collected over a period
of 3 h. Because of spectral overlap of amide signals at 288 K, cyclo-
(L-262) exchange was monitored at 298 K, pH 4.5; 14 spectra were
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Table 1. Statistics for NMR Calculations

cyclo(L-262) cyclo(rD-262)

no. of residues 13 13
no. of distance restraints
NOEs
intraresidue 84 77
sequential 47 45
i, i + 2 8 6
cross strand 14 15
total no. of NOEs 155 146

no. of dihedral angle restraints 11 11
no. of hydrogen bond restraints 4 5
no. of stereospecificâ-methylenes 5 4
rms deviations (Å) for
calculated structures
all residues (1-13)
backbone atoms 1.58( 0.77 1.08( 0.34
heavy atoms 2.88( 0.96 2.50( 0.67

without termini (2-12)
backbone atoms 0.98( 0.41 0.72( 0.27
heavy atoms 2.42( 0.79 2.27( 0.69

â-turn only (6-9 or 5-8)
backbone atoms 0.22( 0.16 0.08( 0.05
heavy atoms 1.08( 0.33 0.91( 0.33
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recorded in 1 h. Signal intensity was plotted versus time and fitted to
a single exponential decay in order to derive exchange rates. Solvent
accessibility of amide protons was also confirmed by analyzing amide
cross peaks with bulk water in ROESY experiments.35 NOE correla-
tions in H2O and D2O were assigned in XEASY36 and peak volumes
integrated using the program PEAKINT.36 Peak volumes are converted
into upper limit distance constraints using the program CALIBA,37

where nonstereospecifically assigned methylene and methyl groups are
corrected for center averaging23 and distance constraints involving
methyl groups are increased by 1.0 Å to account for their greater
intensity.38

Measurements of the translational diffusion coefficients were
performed using pulse-field-gradient NMRmethods. Two measurement
schemes were employed, based on variation of either gradient-pulse
length,39 in the range of 2-10 ms at a constant magnetic field gradient
(21 G/cm), or the gradient strength (from 2 to 21 G/cm) in the pulse
sequence incorporating bipolar gradient pulses.40 Thirty to forty 1-D
spectra, corresponding to various gradient lengths or strengths, were
acquired in a pseudo-2-D fashion, and intensities of the NMR signals
were fitted to standard equations41 using a MATLAB platform

employing a simplex algorithm. Peptide hydration was performed in
InsightII (Biosym, San Diego) using a 10 Å layered waterbox. The
heavy atoms of the peptide and water oxygen atoms were assigned
radii of 1.0 and 1.6 Å, respectively.22 The errors calculated for the
derived translational diffusion coefficients were assessed as standard
deviations of diffusion coefficients calculated from different peaks in
the NMR spectrum.
Structure Calculations. Structures were calculated using the

DIANA program.42 Both one-dimensional1H spectra (Figure 2a) and
double quantum filtered COSY spectra (Figure 2b) were used to derive
3J(HN-HR) coupling constants. For the one-dimensional spectral data,
spin-spin couplings were calculated by fitting individual amide peaks
to a double Lorentzian equation and measuring the separation between
the two Lorentzian maxima. Because several of the peaks in the one-
dimensional spectra overlap, we additionally used two-dimensional
DQF-COSY experiments to unambiguously resolve cross peaks and
calculate3J(HN-HR) constants. For fits of the DQF-COSY peaks,
spectra were imported into the program MATLAB and one-dimensional
slices of each peak were extracted and fit to an antiphase superposition
of two Lorentzians, due to the nature of antiphase doublet peaks in the
DQF-COSY. Restricted values ofφ were derived as previously
described.43 Structures were initially calculated without hydrogen
bonds, and restraints for these were added only when present in a set
of initial calculated structures, and when the amide exchange protection
factor was significant.
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Figure 6. Similarity of topochemical features presented by the retroenantiomeric peptides. Solid surface representations demonstrate that side
chains can be presented analogously in cyclo(L-262) and cyclo(rD-262) structures. The surface which is predicted to be exposed in the FcεRI
R-chain protein is shown, and several prominent side chains are indicated. The figure was prepared using the program GRASP.45
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