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Abstract—The influence of the hydrophobic chain length on the chiral recognition capabilities of sodium N-acylprolinate micellar aggre-
gates, used as biomembrane models, was investigated by 1H NMR on the enantiomer couples of ditryptophan. The length of the hydro-
phobic portion of the surfactant is shown to influence the mode of enantiodiscrimination. Interestingly the hydrophobic chain length also
affects the site of binding of heterochiral enantiomers as well as their conformation inside the aggregates.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Chiral recognition plays a crucial role in the physico-chem-
ical features of biological membranes as well as in their bio-
logical features controlled by the membrane organization.1

Biological membranes are formed by hundreds of different
enantiopure components, lipids and proteins, that assemble
and organize themselves in the lipid double layer according
to the programme embedded in their molecular structure.
The investigation of these remarkably complex systems
relies on the use of models, such as micelles and liposomes,
in which chemical composition and complexity are con-
trolled. Many investigations have been carried out on mod-
els aimed at shedding some light on the modes by which
chiral recognition manifests in these systems.2 It has been
shown that chiral recognition affects the organization and
physico-chemical features of the aggregates, as well as the
association of chiral solutes. However, some fundamental
issues are not yet fully understood. It is currently unclear
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how the chiral information is translated from the mono-
meric components to the assembly, in which region or re-
gions of the lipid double layer it is translated and
expressed, and what is the role of the chiral function(s) in
biological membranes.

Recently we reported that the enantiomer couples of ditry-
ptophan 1 are discriminated by 1H NMR in aggregates
formed by sodium N-dodecanoyl-LL-prolinate, 2a, and that
the heterochiral enantiomers (LL-Trp-DD-Trp, LDLD-1 and DD-
Trp-LL-Trp, DLDL-1) feature a site of association in the hydro-
phobic region of the aggregates, thus demonstrating that
enantiodiscrimination takes place far from the functional
groups of the stereogenic centres of the polar head groups,
in the non-functionalized region of the aggregates.2k This
evidence suggested to us that the combination of the mono-
mer structure and self-assembling can translate the chiral
information and hence the enantiodiscriminating capability
to an entire region of the assembly, at a distance from the
stereogenic centres, where recognition cannot be observed
at the monomeric level.

The evidence of the expression of chirality in the hydropho-
bic part of the aggregates led us to investigate the role of
the hydrophobic portion of a chiral amphiphile in the
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transfer of chiral information from the monomer to the
assembly and in the expression of chiral function by the
assembly. Herein, we report an investigation carried out
by 1H NMR and molecular modelling on the chiral recog-
nition of the four stereoisomers of ditryptophan (LL-Trp-LL-
Trp, LLLL-1; DD-Trp-DD-Trp, DDDD-1; LL-Trp-DD-Trp, LDLD-1; DD-Trp-
LL-Trp, DLDL-1), on their site of association, and on their
conformation in aggregates formed by either sodium N-
tetradecanoyl-LL-prolinate, 2b or sodium N-hexadecanoyl-
LL-prolinate, 2c (Chart 1).
N

O

N

N

NH3

CO2
-

H

H

H

N H

CO2Na

O

(CH2)n

H

H

CH3

1-CH2
2-CH2

3-CH2

chain

α
δ anti

δ syn

(ω-1)-CH2
ω-CH3

+

α
α'

β

β'
2

4
5

5'

6'

7'

4'

2'
6

7

1

2a, n=6

2b, n=8

2c, n=10

Chart 1.
Figure 1. Comparison of the aromatic region of the 600.13 MHz 1H NMR
spectra of 20 mM LLLL-1 (solid trace) and DDDD-1 (dashed trace) in (a) 94 mM
2b; (b) 94 mM 2c. The spectra were performed in an aqueous buffered
solution (100 mM phosphate buffer, pD = 5.8) at 300 K.
2. Results and discussion

2.1. Preparation and characterization of surfactants

Surfactants 2b and 2c were prepared and purified according
to a described procedure.3 Their cmc and aggregation num-
ber, n, were measured by conductivity and fluorescence4

experiments, respectively. In aggregating conditions, the
isomers (E and Z) relative to the amidic bond organize in
domains analogously to those previously reported for 2a.4c

The values of cmc and n, reported in Table 1, show that the
chain length influences the aggregation behaviour of so-
dium N-acylprolinates.
Table 1. Aggregation parameters of surfactants 2 measured at 298 K

Surfactant cmc, M n

2a (9.6 ± 0.8) � 10�2 46 ± 2a

2b (7.1 ± 0.11) � 10�4 60 ± 1
2c (2.4 ± 0.12) � 10�5 84 ± 5

a n value from Ref. 4c.
Figure 2. Comparison of the aromatic region of the 600.13 MHz 1H NMR
spectra of 20 mM LDLD-1 (solid trace) and DLDL-1 (dashed trace) in (a) 94 mM
2b; (b) 94 mM 2c. The spectra were performed in an aqueous buffered
solution (100 mM phosphate buffer, pD = 5.8) at 300 K.
2.2. 1H NMR recognition experiments

The dipeptide/aggregate interactions and the conformation
of the dipeptides in the micellar aggregates have been inves-
tigated by 1D and 2D NMR experiments performed at
600.13 MHz. The aromatic region of the 1H NMR spectra
of the enantiomer couples of 1 (i.e., LLLL-1/DDDD-1 and LDLD-1/
DLDL-1) 20 mM in D2O solutions of 94 mM 2b or 2c (in
100 mM phosphate buffer, pD = 5.8) are reported in
Figures 1 and 2.
The complete assignment of the resonances due to ditry-
ptophan, shown in Figures 1 and 2, has been performed
as previously reported.2k The spectra of both LLLL-1/DDDD-1
and LDLD-1/DLDL-1 enantiomers are different because the



Table 2. 1H chemical shift differences (D, Hz) for the enantiomer couples
of 1 in the presence of micellar aggregates of surfactants 2

D, (Hz)

LLLL-1 � DDDD-1 LDLD-1 � DLDL-1

Type 2a 2b 2c 2a 2b 2c

a �4 1 5 �4 �2 �7
b 3 5 7 �14 �14 �17
2 8 18 17 �7 �10 �14
4 �16 �14 �13 �11 �16 �17
5 �4 �2 �5 �10 �13 �15
6 �2 2 3 �2 �2 �4
7 �2 4 6 1 �1 3
a0 1 �8 �9 8 13 13
b0 6 0 3 6 27 28

0 6 11 — 7 5
20 �5 �7 �6 6 7 6
40 �8 5 3 �11 �10 �12
50 7 7 7 �8 �9 �10
60 �2 9 4 �44 0 �3
70 �2 0 1 1 �1 �1
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diastereomeric interactions with the chiral aggregates
formed by either 2b or 2c yield different chemical shifts
for some of the resonances; this is in analogy to what
was observed previously in micellar aggregates of 2a.

In Table 2, we report 1H chemical shift differences of the
resonances of homochiral (DDDD-1 resonances subtracted
from LLLL-1 resonances) and heterochiral (DLDL-1 resonances
subtracted from LDLD-1 resonances) couples of 1 in the pres-
ence of either 2b or 2c, compared to the chemical shift dif-
ferences observed previously in the presence of 2a.2k The
values of chemical shift differences do not show any trend
as a function of alkyl chain length, though the same couple
of enantiomers is discriminated differently in the different
aggregates, thus demonstrating the influence of chain
length on the recognition process.

We also investigated the effect of the aromatic systems of 1
on the chemical shift of resonances due to surfactants,
because it gives information on the site of the binding of
1 stereoisomers. The variations of chemical shifts observed
in the 1H NMR spectra of 2b and 2c aggregates due to the
presence of the dipeptides are reported in Table 3, where
they are compared with the corresponding variation previ-
ously observed in the spectra relative to 2a aggregates.2k As
observed in 2a aggregates, the association of 1 isomers with
2b and 2c aggregates induces a remarkable upfield shift in
some 1H resonances due to the head groups of the Z-iso-
mer of surfactants; in particular, signals due to the dsyn

Z
and danti

Z protons are shifted upfield. Indeed, the corre-
sponding protons of E isomers (dsyn

E and danti
E ) are less

affected by the association with isomers 1, because of the
preferential binding of the dipeptides with the Z-domains
of surfactants 2. In analogy to what was observed in the
Table 3. Variation of chemical shift (in Hz) of the resolved resonances of 1H

Sample a danti
Z dsyn

E danti
E dsyn

Z 1-CH2

2a + DDDD-1 47 82 7 31 110 77
2b + DDDD-1 84 154 31 59 189 145
2c + DDDD-1 87 155 32 56 187 144

2a + LLLL-1 60 104 17 43 137 104
2b + LLLL-1 86 166 33 60 200 150
2c + LLLL-1 85 164 36 58 193 146

2a + LDLD-1 42 76 8 33 106 71
2b + LDLD-1 58 119 16 40 151 104
2c + LDLD-1 61 119 16 37 143 110

2a + DLDL-1 35 78 7 29 101 74
2b + DLDL-1 52 128 16 37 151 110
2c + DLDL-1 51 121 17 32 136 110

Table 4. Interproton distances (in Å) obtained by ROESY cross peaks, and u

Distance In 2b aggregates

LLLL-1 DDDD-1 LDLD-1 DLDL

b-4 3.2 3.3 3.1 3.0
b0-40 3.1 3.6 3.0 3.3
a-4 2.7 2.9 2.9 3.0
a0-40 3.4 4.8 3.3 3.2
aggregates of 2a, the association of LLLL-1 and DDDD-1 enantio-
mers with the aggregates of 2b and 2c induces an upfield
shift of resonances due to the surfactant head group pro-
tons (up to the third methylene of the alkyl chain) and a
downfield shift of the resonances due to hydrophobic chain
protons, demonstrating that the head groups and the
hydrophobic alkyl chains are in the shielding and deshiel-
ding cone of the aromatic systems, respectively. This find-
ing suggests the location of LLLL-1 and DDDD-1 in the head
group region of the aggregates, independently of the chain
length. On the other hand, there are some differences in the
effect of the association of LDLD-1 and DLDL-1 enantiomers with
NMR spectrum of surfactant 2 due to the presence of dipeptides 1

2-CH2 3-CH2 Chain (x-1)-CH2 x-CH3

39 — �5 — �19
81 79 �13 �26 �25
84 87 �13 �21 �23

58 — �8 — �23
92 84 �14 �26 �26
97 86 �13 �17 �22

35 — 30 — 1
61 75 13 �7 �2
63 79 8 0 �2

37 — 28 — 1
61 75 12 �6 �2
60 79 8 �1 �2

sed as restrains in molecular mechanics calculation

In 2c aggregates

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

3.7 3.9 3.2 3.1
3.3 4.0 3.1 3.5
2.8 3.1 2.9 2.9
3.5 — 3.3 3.1



Figure 3. Conformation obtained by molecular mechanics calculation
relative to (a) LLLL-1 in aggregates of 2b; (b) DDDD-1 in aggregates of 2b; (c) LLLL-
1 in aggregates of 2c; (d) DDDD-1 in aggregates of 2c.
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surfactants 2 as a function of the chain length. All reso-
nances due to the alkyl chain protons of 2a were shifted
upfield, whereas resonances due to the final hydrophobic
fragment of 2b and 2c were shifted downfield. Moreover,
the low upfield variation (lower with respect to that
observed in 2a spectrum) of the signal due to the main por-
tion of the alkyl chain (Chain) is probably due to the down-
field shift of some contributing resonances; therefore, some
other protons of the final part of the alkyl chain of 2b and
2c should be in the deshielding cone of aromatic systems.
Thus, the location of LDLD-1 and DLDL-1 enantiomers is gener-
ally shifted towards the hydrophobic region of the aggre-
gates with respect to the location of LLLL-1 and DDDD-1;
however, the comparison of the three right columns of
Table 3 relative to the LDLD-1 and DLDL-1 enantiomers shows
that the different organizations of the aggregates, due to
the different lengths of hydrophobic chain, influence the
extent of their penetration in the hydrophobic region.

2.3. Calculation

We carried out a conformational search by means of
molecular mechanics calculation using, as distance re-
straints, the experimental distances reported in Table 4, ob-
tained by ROESY experiments.

The conformations obtained are reported in Figures 3 and
4. Figure 3 shows that in the aggregates of 2b and 2c, LLLL-1
and DDDD-1 enantiomers have the same ‘folded conforma-
tion’, where the aromatic systems of the amino acid resi-
dues are arranged in a parallel mode, analogous to that
previously found in 2a.2k Figure 4 shows that, on the other
hand, the LDLD-1 and DLDL-1 isomers feature in both 2b and 2c
aggregates a ‘folded conformation’, where the aromatic
Figure 4. Conformation obtained by molecular mechanics calculation relative
aggregates of 2a; (d) DLDL-1 in aggregates of 2b; (e) DLDL-1 in aggregates of 2c; (f)
systems are not parallel, and that this conformation is com-
pletely different from the ‘defolded conformation’ previ-
ously found in the aggregates of 2a and also reported for
comparison in Figure 4e and f. The chain length and the
corresponding different organization of the aggregates im-
to (a) LDLD-1 in aggregates of 2b; (b) LDLD-1 in aggregates of 2c; (c) LDLD-1 in
DLDL-1 in aggregates of 2a.
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pose a different site of binding and a different conformation
to the LDLD-1 and DLDL-1 isomers.

The different conformation and the correspondingly differ-
ent relative position of the aromatic systems of LDLD-1/DLDL-1
amino acid residues should influence the chemical shift of
resonances due to aromatic protons. Actually, in the
‘defolded conformation’, as observed in 2a aggregates
(Fig. 4c and f), the aromatic systems are far from each
other whereas in the ‘folded conformation’, as observed
in aggregates of 2b and 2c (Fig. 4a, b and d, e), the shield-
ing cone of one system should influence the resonances of
the second system protons and vice versa. Thus, the
different conformation should influence the chemical shift
difference between the corresponding protons of the two
amino acid residues (i.e., 2-20, 4-40, . . .) in the conformation
of LDLD-1 and DLDL-1 found in 2b/2c aggregates with respect to
the conformation of the same dipeptides found in 2a.

Since the effect of ring current can be better detected in the
absence of specific interactions we calculated the 1H NMR
spectra of both the conformations found for LDLD-1 by DFT
calculation in vacuum,5 and made a comparison between
experimental and calculated spectra. In the experimental
spectra, the most relevant variation concerns the 2-20 chem-
ical shift difference in the spectra of LDLD-1 and DLDL-1 enantio-
mers obtained in the presence of 2b and 2c with respect to
those obtained in the presence of 2a (Table 5). In the calcu-
lated spectra, there are variations between the ‘defolded’
and the ‘folded’ conformation in the 2-20 (�470 Hz vs
360 Hz) 5-50 (36 Hz vs 121 Hz) and 7-70 (�24 Hz vs
249 Hz) chemical shift differences. The fact that in both
the calculated and experimental spectra, the largest varia-
tion concerns the 2-20 chemical shift difference supports
the different conformations of LDLD-1 and DLDL-1 enantiomers
obtained in the presence of 2b and 2c with respect to 2a.
We believe that the very close value of the experimental
chemical shift differences between the corresponding pro-
tons of amino acid residues of LLLL-1 and DDDD-1 in all 2 aggre-
gates (reported in Table 5) confirms the validity of this
approach to support the consistency of LDLD-1 and DLDL-1 con-
formations found by ROESY experiments and molecular
mechanics calculation.
Table 5. Chemical shift differences (in Hz) between the signals of the
corresponding protons of the dipeptide amino acid residues in the 1H
NMR spectra

Sample 2-20 4-40 5-50 6-60 7-70

LLLL-1 in 2a 67 110 89 50 31
LLLL-1 in 2b 78 115 97 48 33
LLLL-1 in 2c 83 122 92 50 32

DDDD-1 in 2a 54 119 100 50 30
DDDD-1 in 2b 53 134 107 55 29
DDDD-1 in 2c 59 138 105 52 26

LDLD-1 in 2a �47 �84 �40 13 0
LDLD-1 in 2b �32 �77 �43 10 0
LDLD-1 in 2c �28 �67 �39 10 0

DLDL-1 in 2a �34 �86 �37 13 0
DLDL-1 in 2b �15 �71 �40 10 0
DLDL-1 in 2c �8 �62 �34 11 �4
3. Conclusions

The influence of chain length on the chiral recognition
capabilities of sodium N-acyl-LL-prolinates was investigated
by NMR, molecular mechanics calculation, and ab initio
calculation using the four stereoisomers of ditryptophan
as probes of chirality. The chain length influences the
aggregating behaviour of the surfactants, as expected, but
it also influences their enantiodiscriminating capabilities
because enantiomers are discriminated differently in the
different aggregates. Moreover, the specific interactions
with the different aggregates control the extent of penetra-
tion of heterochiral enantiomers in the hydrophobic region
of the aggregates and determine the variation of their con-
formation within aggregates of 2b and 2c with respect to
the conformation previously found in aggregates of 2a.2k

The observation of the enantiodiscrimination of LDLD-1 and
DLDL-1 enantiomers in concurrence with the evidences of their
site of binding remote from the head group stereogenic cen-
tres confirms that in the aggregation, the chiral information
and the discriminating capability are translated from the
monomer to entire regions of the aggregates, at distances
from the stereogenic centres where chiral recognition
cannot be observed at the monomeric level. The recogni-
tion processes concerning enantiodiscrimination and the
variation of conformation occurring in the hydrophobic
region demonstrate that this zone, although governed by
Van der Waals interactions, features a high extent of
organization imprinted by the monomer structure via
selfassembling.
4. Experimental

4.1. Materials

Sodium N-tetradecanoyl-LL-prolinate 2b and sodium N-
hexadecanoyl-LL-prolinate 2c were prepared and purified
as previously described.3

The LLLL/DDDD enantiomer couple of ditryptophan 1 was pur-
chased from Research Plus Inc. and used as such. The
other two 1 isomers, LDLD-1 and DLDL-1, were prepared as pre-
viously described.2k D2O (100% atom D) was purchased
from Armar Chemicals. All other reagents of the highest
purity grade were purchased from Fluka or Sigma–
Aldrich.

4.2. Characterization of surfactants

The critical micellar concentration (cmc) of surfactants 2
was measured, at 298 K by conductivity measurements
on solutions obtained by adding known volumes of a con-
centrated aqueous solution of surfactant (25 mM and
5 mM for 2b and 2c, respectively) to a known volume of
bidistilled water; measurements were carried out on an
Hanna conductimeter, HI-9932, equipped with a thermo-
stating apparatus.

The aggregation number of aggregates, n, formed by 2b
and 2c was measured by fluorescence experiments, accord-
ing to a described procedure, using 4-(1-pyrenil)-butanoic
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acid and hexadecylpyridinium chloride as fluorescent probe
and quencher, respectively.4

4.3. Sample preparation

A 100 mM sodium phosphate buffer in D2O was used to
prepare all solutions considered in this investigation
(pD = 5.8).

Solutions of dipeptides were prepared by dissolving
5.46 mg of 1 in 700 lL (20 mM) of 94 mM micellar solu-
tion directly into the NMR sample.

4.4. NMR experiments

1D and 2D NMR experiments were performed on a Bruker
AVANCE AQS600 spectrometer operating at 600.13 MHz
and 150.92 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 as previously reported.2k

ROESY (rotating frame Overhauser enhancement spec-
troscopy) 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
before Fourier transformation.

4.5. Determination of dipeptide intramolecular distances

Inter-proton distances were obtained by integration of the
cross-peaks in the ROESY spectra as previously described
in an analogous investigation.2k

4.6. Calculation

4.6.1. Conformational search. Molecular mechanics calcu-
lations were performed with the MacroModel 6.0 package6

running on a Silicon Graphics O2 R10000 workstation,
and using AMBER* force field. The electrostatic interac-
tions were evaluated using the partial atomic charges of
the AMBER* force field,7 and a dielectric constant of 10
was used to reproduce the micellar medium.8 A conforma-
tional search with distance restrains was carried out on the
molecular structures of the four stereoisomers of ditrypto-
phan as previously described.2k

4.6.2. Ab initio calculation. A density functional theory
(DFT) approach was used for calculating the 1H NMR
chemical shifts of LDLD-1 different conformations, according
to a previously described procedure.5 The geometries of
the minimum energy conformation in 2a and 2b, obtained
by a restrained conformational search, were used as initial
structures for the DFT calculation. The geometries were
optimized in vacuum by using the hybrid exchange correla-
tion functional B3LYP,9 in conjunction with the 6-
31G(d,p) basis set, with a constrain on the dihedral angles
/, w, v1, v2 of both residues. The nuclear shieldings were
calculated in vacuum at the B3LYP/cc-pVTZ level of the-
ory and converted in chemical shifts by referencing them
to TMS (d = rTMS � r). The DFT calculation was per-
formed using the Unix version of the GAUSSIANGAUSSIAN 0310 run-
ning on a HP Proliant DL585 machine.
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