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Chiral recognition of dipeptides in phosphatidylcholine aggregates
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Abstract—Enantiodiscrimination of ditryptophan enantiomers (LL-Trp-LL-Trp and DD-Trp-DD-Trp, LL-Trp-DD-Trp and DD-Trp-LL-Trp) was
observed in bio-membrane models, such as micellar aggregates of 1,2-diheptanoyl-sn-glycero-3-phospatidylcholine (DHPC) and multi-
lamellar vesicles of either 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or 1,2-dimyristoyl-sn-glycero-3-phospatidylcholine
(DMPC) by solution 1H NMR and HR-MAS 1H NMR, respectively. The attainment of resolved signals, allowed the first detection of
enantiodiscrimination at a molecular level, and the identification of the site of chiral recognition and of the interactions and conforma-
tions of homo- and heterochiral dipeptides in large-sized aggregates formed by a common component of bio-membranes.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The process of lipid self-assembly to form biological mem-
branes is at the basis of life. The lipid double layer, in fact,
has not only the role of the protective barrier of the cell,
because the organization of lipid molecules into the mem-
brane double layer brings into being a large number of
new functions that are fundamental to cell life and that
are not operative, though codified, in the single lipid entity.
The functions of a bio-membrane are the result of a com-
plex texture of molecular recognition processes, according
to which, single molecules organize themselves into the
lipid double layer, following patterns codified in their
molecular structure. Since most membrane components
are chiral and enantiopure, chirality is a part of the pro-
gram codified in the molecular structure and influences
the membrane organization and functions by way of enan-
tiospecific interactions.
0957-4166/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Several studies have been carried out on model systems for
investigating the role of chirality in the organization and
function of bio-membranes;1–19 however, it has not yet
been clarified how and where exactly the chiral function
is transferred from the molecule to the lipid assembly and
how it is expressed in the complex biological membrane
system. Investigations aimed at clarifying the expression
of enantiospecific lipid–lipid interactions revealed that
homochiral aggregates are characterized by different phys-
ical–chemical features with respect to aggregates formed by
racemic mixtures,1–5 whereas the expression of the chiral
function of model membrane aggregates into recognition
properties towards other chiral molecules was detected in
only a few cases.7–10 Interestingly the investigations on
enantiodiscrimination in aggregates formed by phospha-
tidylcholines gave contrasting results. In fact, the chiral
recognition of odorants in DPPC monolayers,11 the derace-
mization of a helical-shaped molecule in DPPC vesi-
cles,12,13 and the requirement of a specific chirality of
membrane lipids for peptide-induced formation of choles-
terol-rich domains17 were reported. On the other hand,
investigations aimed at verifying whether, and to what
extent lipid bilayers can assist the polycondensation of
amino acids, did not give any evidence of discrimination
between enantiomers;6 analogously, no enantioselective
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Figure 1. Comparison of the aromatic region of the 600.13 MHz 1H NMR
spectra of 5 mM 1 homochiral enantiomers in 50 mM DHPC (DDDD-1 top,
LLLL-1 down). The spectra were obtained in an aqueous buffered solution
(100 mM phosphate buffer, pD = 5.8) at 300 K.
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interaction was shown to be involved in the nicotinic
acetylcholine receptor sterol activation site,18 and in the
inhibition of mechanosensitive channels by neuroactive
peptides.19

The aim of this investigation was to explore the capability
of phosphatidylcholine aggregates to discriminate enantio-
meric molecules and to investigate how changes in the struc-
ture of the hydrophobic residue of the monomer, and
therefore in the morphology of the aggregates, influence
chiral discrimination in membrane models. With this is
mind, we investigated the 1H NMR of the four stereo-
isomers of ditryptophan 1 (LLLL-1 and DDDD-1, LDLD-1 and DLDL-1)
in micellar aggregates formed by 1,2-diheptanoyl-sn-gly-
cero-3-phospatidylcholine, DHPC, and in multilamellar
vesicles (MLV) formed by either 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, POPC, or 1,2-dimyristoyl-sn-
glycero-3-phospatidylcholine, DMPC. Micellar aggregates
were investigated by static 1H NMR, whereas multilamellar
vesicles were investigated under magic angle conditions,
namely HR-MAS.
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Herein we report the observation of the enantiodiscrimina-
tion of LLLL-1/DDDD-1 and LDLD-1/DLDL-1 enantiomer couples in all
the aggregates investigated. NMR investigations allowed
us to detect also the site of recognition and, combined with
Molecular Mechanics calculations, the conformations of
dipeptides inside the aggregates.
Figure 2. Comparison of the aromatic region of the 600.13 MHz 1H NMR
spectra of 5 mM 1 heterochiral enantiomers in 50 mM DHPC (LDLD-1 top,
DLDL-1 down). The spectra were obtained in an aqueous buffered solution
(100 mM phosphate buffer, pD = 5.8) at 300 K.
2. Results and discussion

The dipeptide/aggregate interactions and the conformation
of the dipeptides in the aggregates (micelles of DHPC,
multilamellar dispersions of POPC and DMPC), have been
investigated by 1D and 2D NMR experiments performed
at 600.13 MHz. Experiments concerning multilamellar dis-
persions of POPC and DMPC have been performed under
HR-MAS conditions.

The aromatic region of the 1H NMR spectra of the enan-
tiomer couples of 1 (i.e., LLLL-1/DDDD-1 and LDLD-1/DLDL-1) 5 mM
in a D2O solution of 50 mM DHPC (in 100 mM phosphate
buffer, pD = 5.8) are reported in Figures 1 and 2, whereas
the same region of the spectra relative to the experiments
performed in the presence of multilamellar dispersion of
DMPC and POPC at [lipid]/[peptide] = 10 (100 mM phos-
phate buffer, pD = 5.8) are reported in Figures 3–6, respec-
tively. The complete assignment of the resonances due to
the ditryptophan reported in Figures 1–6 has been
performed as reported previously.9

It can be observed that the NMR spectra of the enantio-
mers, in the presence of aggregates (either micelles or
vesicles), formed by phosphocholines are different. Diaste-
reomeric interactions between chiral aggregates and pep-
tides yield different chemical shifts for some of the
resonances of the enantiomers of 1. In Table 1 we report
1H chemical shift differences of the resonances of homo-
chiral (DDDD resonances subtracted from LLLL resonances) and
heterochiral (DLDL resonances subtracted from LDLD reso-
nances) couples of 1 in the presence of different aggregates.

In analogous investigations carried out in the presence of
micellar aggregates formed by a proline derivative we
observed a discrimination of the enantiomers of 1 and of



Figure 4. Comparison of the aromatic region of the 600.13 MHz 1H HR-
MAS spectra of 36 mM 1 heterochiral enantiomers in the aqueous
multilamellar dispersion of POPC (LDLD-1 top, DLDL-1 down). The spectra
were obtained in an aqueous buffered solution (100 mM phosphate buffer,
pD = 5.8) and performed at 10 kHz, setting the temperature at 300 K.

Figure 5. Comparison of the aromatic region of the 600.13 MHz 1H HR-
MAS spectra of 36 mM 1 homochiral enantiomers in the aqueous
multilamellar dispersion of DMPC (LLLL-1 down, DDDD-1 top). The spectra
were obtained in an aqueous buffered solution (100 mM phosphate buffer,
pD = 5.8) and performed at 10 kHz, setting the temperature at 300 K.

Figure 6. Comparison of the aromatic region of the 600.13 MHz 1H HR-
MAS spectra of 36 mM 1 heterochiral enantiomers in aqueous multi-
lamellar dispersion of DMPC (LDLD-1 top, DLDL-1 down). The spectra were
obtained in an aqueous buffered solution (100 mM phosphate buffer,
pD = 5.8) and performed at 10 kHz, setting the temperature at 300 K.

Table 1. Chemical shift differences (D, in Hz) for the homochiral and
heterochiral couples of 1 in the lipid aggregates

Type D (Hz)

Micelles of
DHPC

MLVs of POPC MLVs of
DMPC

LLLL/DDDD LDLD/DLDL LLLL/DDDD LDLD/DLDL LLLL/DDDD LDLD/DLDL

a 0 �2 12 �6 12 �18
b 6 6 18 0 — —
b 1 — — — — —
2 �1 �3 6 12 0 12
4 7 �10 24 �24 18 �30
5 5 �6 6 �18 0 �24
6 8 �2 6 0 0 �6
7 �3 �1 6 0 0 6
a 0 �2 �1 �6 �6 �12 �12
b 0 �10 8 �6 0 �18 �12
b 0 �5 0 �6 18 — 0
20 �5 1 0 �18 �12 �12
40 �7 �2 6 0 �6 0
50 �5 �2 24 0 12 0
60 �4 �4 6 0 0 0
70 �2 �4 6 �6 0 �6

Figure 3. Comparison of the aromatic region of the 600.13 MHz 1H HR-
MAS spectra of 36 mM 1 homochiral enantiomers in the aqueous
multilamellar dispersion of POPC (LLLL-1 top, DDDD-1 down). The spectra
were obtained in an aqueous buffered solution (100 mM phosphate buffer,
pD = 5.8) and performed at 10 kHz, setting the temperature at 300 K.
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other chiral molecules.9,15,16 However, this is the first time
that enantiodiscrimination of biomolecules has been
observed by NMR, that is, at a molecular level, in mem-
brane models formed by phosphatidylcholines. Moreover,
the use of HR MAS NMR,20 by yielding sufficiently re-
solved spectra of semisolid samples, allowed us to observe
enantiodiscrimination in models morphologically and ther-
modynamically similar to biological membranes.

It is worthy of note that the same couple of enantiomers
were discriminated differently in the different aggregates.
The DDDD-1/LLLL-1 couple is discriminated by the resonances
of protons at positions b01, 6 and 4 in DHPC micelles, by
the resonances of protons at positions 4, 5 0 and b01 in the
multilamellar dispersion of DMPC, and by the resonances
of protons at positions 4, 5 0 and b in the multilamellar
dispersion of POPC. The DLDL-1/LDLD-1 couple is discriminated
by the resonances of protons in position b01 and 4 in DHPC
micelles, by the resonances of protons at positions a, 4 and
5 in multilamellar dispersion of DMPC, and the resonances
of protons at positions b02, 2 0, 4 and 5 in the multilamellar
dispersion of POPC.



Figure 7. Comparison of the 600.13 MHz 1H HR-MAS NMR (10 kHz) spectra of the aqueous multilamellar dispersion of POPC in the absence (grey
dashed trace) and in the presence of DDDD-1 (black trace).
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The effect of the aromatic systems of 1 on the chemical shift
of resonances due to lipids was also investigated, because it
gives information on the site of binding of the stereoiso-
mers of 1. In Figure 7 the comparison of the NMR spec-
trum of an aqueous multilamellar dispersion of POPC in
the presence and in the absence of one of 1 stereoisomers
(DDDD-1) with a complete spectral assignment can be seen.
The chemical shift differences (expressed in hertz) observed
for each aggregate model between the spectra performed in
the absence and in the presence of dipeptides are reported
in Table 2. All resonances due to phosphocholine protons
are upfield shifted; however, the shift is more relevant for
the protons of the upper acyl chain segments near to the
glycerol backbone (a, a 0 and b) and for the protons of
the choline residue (6, 5 and 4) indicating that these
protons lie preferentially within the shielding cone of the
aromatic system21 and suggesting the headgroup region
as the preferential location of all the stereoisomers of 1 in
all the model aggregates.

All the stereoisomers have a similar position inside the
aggregate independent of the different curvature of micelles
and vesicles and independent of the organization of the
aggregates due to the different nature of the hydrophobic
residue. The relevant chemical shift variation observed
for the signal relative to choline residue protons suggests,
in the balance of all interactions involved, an important
role of a cation–p interaction between the ammonium
group and the aromatic systems of the dipeptides. The
Table 2. Chemical shift variations of the signals due to the aggregates in the

Type LLLL-1 DDDD-1

POPC DMPC DHPC POPC DMPC DHPC

xCH3 6 0 10 6 0 11
Chain 6 6 19 6 6 17
a 42 36 28 36 30 28
a 0 42 48 26 54 54 26
b 30 30 25 24 24 24
1 18 18 15 18 24 16
10 24 18 14 30 12 13
2 18 18 9 18 12 10
3 12 18 8 12 12 8
4 30 24 25 36 24 25
5 48 42 41 54 42 41
6 36 36 30 42 30 29
7 12 — — 12 — —
8 6 — — 12 — —
extent of the variation of the chemical shift of the first
segment of the hydrophobic chain (protons at the a-and
b-positions) and the smaller effect on the protons at the
2- and 3-positions confirm the previously suggested folding
of the choline residue toward the interior of the aggregates
that yields the negative-charged surface detected by capil-
lary electrophoresis experiments.22 A minor involvement
of the hydrophobic region, as the site of binding, with
respect to the head group region is indeed suggested by
the extent of the shift of DHPC aliphatic chain signals
(chain and x; note that in this case, the chain signal is
due only to three methylene protons) and of POPC olefinic
protons (7 and 8). The similar trend observed for all the
analogous signals of DMPC suggests similar situations in
the aggregates formed by this lipid. These results also are
in agreement with a previously reported interfacial location
of analogues of triptophan in aggregates formed by
POPC.23

Although the location is the same in all the model aggre-
gates investigated, the values of chemical shift difference
reported in Table 2 show that the same stereoisomer
features in each model different interactions. For example,
in the columns relative to LLLL-1 (Table 2), if we consider the
values relative to the a, a 0 and b protons, we see that a
signal due to the a-proton of POPC features the same
chemical shift variation of the signal due to the a 0-proton
and a higher chemical shift variation with respect to the
b-proton, whereas the trend is different in DMPC
presence of dipeptides

DLDL-1 LDLD-1

POPC DMPC DHPC POPC DMPC DHPC

0 0 13 0 0 13
6 6 20 6 6 20

24 30 27 30 30 26
36 54 27 42 48 28
24 24 24 24 24 24
12 12 11 12 12 10
12 12 8 12 12 9
6 6 4 6 6 4
0 6 3 0 6 2

24 18 19 24 18 19
36 36 35 36 36 35
30 30 26 30 30 26
12 — — 6 — —
6 — — 6 — —



Table 3. Interproton distances (Å) obtained by NOESY and ROESY experiments and used as restrains in molecular mechanics calculations

DHPC buffered solutiona POPC buffered solutionb DMPC buffered solutionb

LLLL-1 DDDD-1 LDLD-1 DLDL-1 LLLL-1 DDDD-1 LDLD-1 DLDL-1 LLLL-1 DDDD-1 LDLD-1 DLDL-1

b-4 — — 2.8c 2.5c — — 3.0 — 2.7 — 3.0 —
b 0-40 3.1 3.2 3.1d 3.1d 3.1c 3.1c 3.1d 3.1d 3.3c 3.2c 3.2d 2.9d

a-4 2.8 2.7 2.8 2.7 2.7 2.7 3.0 2.8 2.8 2.9 3.3 2.7
a 0-40 3.0 3.1 2.9 2.9 3.1 3.2 2.9 3.0 3.3 3.5 2.9 2.8

a ROESY experiments (5 mM dipeptide and 50 mM DHPC in 100 mM phosphate buffer).
b NOESY experiments (36 mM dipeptide and 362 mM POPC in 100 mM phosphate buffer).
c Signals due to diastereotopic b (b 0) protons are coincident.
d The distance reported is the average of the distances obtained for the diastereotopic b 0 protons (hri = hr6i1/6; (1/r6 + 1/r 06)/2 = 1/hr6i).

Table 4. Torsional angles of low energy conformers of ditryptophan stereo
calculations

Dipeptide w / x

Dipeptides in DHPC micelles

LLLL-1 �115.2 �169.1 �179.7
DDDD-1 115.2 169.0 179.6
LDLD-1 65.7 146.6 178.9
DLDL-1 �65.7 �146.7 �178.8

Dipeptides in POPC MLVs

LLLL-1 �115.2 �169.1 �179.6
DDDD-1 115.4 169.0 179.7
LDLD-1 65.6 146.7 178.8
DLDL-1 �65.6 �146.7 �178.8

Dipeptides in DMPC MLVs

LLLL-1 �115.2 �169.1 �179.7
DDDD-1 115.2 169.1 179.7
LDLD-1 65.6 146.7 178.8
DLDL-1 �65.6 �146.6 �178.8

w = H3N+–Ca–C(O)–NH; / ¼ CðOÞ–NH–Ca0–CO�2 ; x = O–C(O)–N–H; v
v02 ¼ Ca0 � Cb0 � C30 � C20 .

Figure 8. Stick representation of the minimum energy conformer,
obtained by a restrained conformational search, of (a) DDDD-1 in POPC,
(b) LDLD-1 in POPC, (c) LLLL-1 in POPC, (d) DLDL-1 in POPC.
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(a 0 > a > b) and DHPC (a � a 0 � b). Similar observations
can be done for the other stereoisomers (e.g., b, 1 and 1 0

for DDDD-1 and a, a 0 and b for heterochiral dipeptides). This
shows that although the three lipids feature the same chiral
headgroup, the interactions of the solutes with the head-
groups in the aggregates formed by each lipid are different.
This observation, and the fact that each couple of enantio-
mers is discriminated differently in the different aggregates
(Table 1), supports the hypothesis that chiral recognition in
polymolecular aggregates is due to a whole region of the
aggregate rather than to the interaction with the stereo-
genic center of a single monomer and, therefore that the
chiral information is translated from the monomer to the
aggregate through a complex mixture of interactions.

In order to investigate the conformation of the four stereo-
isomers of 1 associated with the phosphocholine aggre-
gates, we carried out a conformational search by means
of molecular mechanics calculations using, as distance
restrains, the experimental distances (Table 3) obtained
by ROESY (micellar aggregates of DHPC) and by NOESY
(vesicular aggregates of POPC and DMPC) experiments.

The conformations obtained are substantially similar in
DHPC micelles and POPC or DMPC vesicles. As an exam-
isomers, in the different aggregates, obtained by molecular mechanics

v1 v2 v01 v02

�168.4 �111.8 �71.2 79.9
168.4 111.8 71.1 �79.9
�179.9 �118.9 173.8 �111.7

179.9 118.8 �173.8 111.7

�168.4 �111.8 �71.2 80.0
168.4 111.8 �71.2 �79.9
�179.9 �118.9 173.7 �111.7

179.9 118.9 �173.7 111.8

�168.4 �111.8 �71.2 79.9
168.4 111.8 71.1 �79.9
�179.9 �118.8 173.7 �111.7

179.9 118.9 �173.8 111.8

1 = H3N+–Ca–Cb–C3; v2 = Ca–Cb–C3–C2; v01 ¼ HN� Ca0 � Cb0 � C30 ;
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ple, the conformations of the diastereoisomers of 1 relative
to the experiments in POPC vesicles are reported in Figure
8, whereas the torsion angles relative to the structures
defined by an energy minimum are given in Table 4 for
all experiments. The conformation of homochiral dipeptides
(Fig. 8a and c) is ‘folded’: the aromatic portions of the
amino acidic residues face each other in an almost mirror-
like mode. The conformation of heterochiral dipeptides
(Fig. 8b and d), is completely different, as the planes of
the aromatic residues are not parallel and the indolic resi-
dues are oriented differently so that nitrogen atoms point
towards opposite directions. The specific interactions with
the aggregates impose different conformations to homo-
and heterochiral ditryptophan; these conformations are
different with respect to those found in phosphate buffer
(previously reported9), similar for both homo- and hetero-
chiral ditryptophan, folded and with indolic residues
oriented in opposite directions.
3. Conclusions

We have observed, by 1H NMR, the chiral recognition of
the enantiomer couples of ditryptophan in micelles and
vesicles formed by phosphatidylcholines. To the best of
our knowledge, this is the first time that the enantio-
discrimination of biomolecules has been observed by
NMR, that is, at a molecular level, in a membrane model
formed by phosphatidylcholines. 1D NMR experiments
also suggested that the association site of all stereoisomers
is in the headgroup region, in all the models investigated,
independently on the surface curvature and on the organi-
zation of the aggregates. However, the morphology and/or
the organization of each model affects the specificity of
recognition and of interaction with the dipeptides. This is
in agreement with the recent findings of a different extent
of deracemization of a helical-shaped molecule as a func-
tion of the size, and therefore, of the different curvature
and organization of different-sized phosphatidylcholine
vesicles.13

The different conformations of homo- and heterochiral
enantiomers obtained by bidimensional NOE experiments
combined with Molecular Mechanics Calculations, though
substantially similar in all the models investigated, are the
results of specific interactions with different aggregates.

The finding of enantiodiscrimination in membrane models
formed by the components of natural membranes supports
the view that chirality plays a fundamental role in the orga-
nization of biological membranes. A full understanding of
chiral expressions in bio-membranes will not only clarify
important aspects of the function of these systems, but it
will also have implications in the understanding of the
transfer of chirality from the molecular to higher organiza-
tion levels. Furthermore, it will open up new perspectives in
considering a possible role of these biological systems in the
history of the lack of chiral symmetry of Nature, especially
in amplification processes of an initially small enantiomeric
imbalance yielded by any of the possible physiochemical
processes proposed.24–26
4. Experimental

4.1. Materials

1,2-Diheptanoyl-sn-glycero-3-phospatidylcholine (DHPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospatidylcholine (POPC)
and 1,2-dimyristoyl-sn-glycero-3-phospatidylcholine (DMPC)
were purchased from Avanti Polar Lipids (Alabaster, AL,
USA) and used without further purification. The LLLL/DDDD

enantiomer couple of ditryptophan 1 were purchased
from Research Plus Inc. and used as such. The other two
isomers of 1, LDLD-1 and DLDL-1, were prepared as previously
described.9 D2O (99.9% atom D) was purchased from
Cambridge Isotope Laboratories, Inc. All other reagents
of the highest purity grade were from Fluka or Sigma–
Aldrich.

4.2. Samples

A 100 mM sodium phosphate buffer in D2O was used to
prepare all solutions considered in this investigation
(pD = 5.8). DHPC micellar samples were prepared 50 mM
(well above the 1.9 mM critical micellar concentration27).

The solutions of dipeptides were prepared by directly
dissolving into the NMR sample tubes 1.4 mg of 1 in
700 lL (5 mM) of micellar solution.

The samples of POPC, POPC/peptide (in a 10:1 molar
ratio), DMPC and DMPC/peptide (in a 10:1 molar ratio)
were prepared by dissolving the proper amount of lipid
and, when necessary, of 1 in CHCl3. The samples were
vortex mixed and the organic solvent was removed by roto-
evaporation followed by high-vacuum pumping overnight.
The samples were then hydrated using a 100 mM sodium
phosphate buffer in D2O to obtain a final concentration
of POPC or DMPC = 362 mM and were taken through
five cycles of vortex mixing and freeze-thawing to obtain
homogeneous dispersions.

4.3. NMR experiments

1D and 2D NMR experiments were performed on a Bruker
AVANCE AQS600 spectrometer operating at 600.13 MHz
and 150 MHz for the 1H and 13C Larmor frequency,
respectively. The spectrometer was equipped with a Bruker
multinuclear inverse probe head. 1H NMR spectra were
referenced with respect to the residual proton signal of
D2O (d = 4.780 ppm at 300 K). All 1D experiments were
performed without suppression of the residual HDO signal.
The spectral assignment was performed using conventional
2D experiments,28 as reported previously.9

ROESY (rotating frame Overhauser enhancement spec-
troscopy)28 experiments were performed in the TPPI phase
sensitive mode with a spectral sweep width of 6 kHz in
both dimensions, 1024 data points in f2 and 512 increments
in f1, and a recycle delay of 2 s. A mixing time of 80 ms was
used, and mixing was achieved by the continuous wave
method with a field strength of 5 kHz. Zero filling in f1

to 1024 real data points and 90� phase-shifted square-sine
bell window functions in both dimensions were applied
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before Fourier transformation. All HR-MAS experiments
were performed on a Bruker AVANCE 600 spectrometer
operating at 600.13 MHz, using a Bruker HR-MAS probe
with an internal lock. The samples were loaded in 4 mm
ZrO2 cylindrical rotors with spherical inserts (internal
volume of 45 lL). All HR-MAS NMR experiments were
performed setting the temperature at 300 K and with a
spinning speed of 10 kHz, accumulating 256 or 1K FIDs
with 16K data points (time domain) and a spectral width
of 6.5 kHz. A 90� excitation pulse (7–8 ls) was used with
a relaxation delay of 2 s. Prior to Fourier transformation,
the data were zero filled to 16K points and resolution
enhanced using a Gaussian multiplication (LB = �14 Hz,
GB = 0.1245 Hz) or apodized using an exponential line
broadening of 1 Hz. The spectral assignment was per-
formed with the usual 2D techniques.28 All the 2D experi-
ments in HR-MAS condition were performed setting the
temperature at 300.0 K and with a spinning speed of
10 kHz.

2D-NOESY28 spectra were obtained in TPPI phase-sensi-
tive mode, using a spectral width of 6 kHz width in both
dimensions, 512 increments, 32 scans, 1K data points, a
relaxation delay of 2 s and mixing times of 10 ms. Sine
squared window functions in both dimensions were applied
before Fourier transformation.

All the experiments were performed after a sufficient equili-
bration time.
4.4. Determination of the dipeptide intramolecular
distances

Inter-proton distances were obtained by integration of the
cross-peaks in ROESY/NOESY spectra as previously
described in an analogous investigation.9
4.5. Molecular modelling

Molecular mechanics calculations were performed with the
MacroModel 6.0 package29 running on a Silicon Graphics
O2 R10000 workstation, and using AMBER* force field.
The electrostatic interactions were evaluated using the par-
tial atomic charges of the AMBER* force field;30,31 a
dielectric constant of 10 was used to reproduce the micel-
lar32,33 medium. A conformational search with distance
restrains was carried out on the molecular structures of
the four stereoisomers of ditryptophan as described
previously.9
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