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Abstract: Chiral recognition of the enantiomeric couples of ditryptophan and diphenylalanine was observed
by *H NMR spectroscopy in micelles formed by sodium N-dodecanoyl-L-prolinate. Ditryptophan showed a
selective association with the Z domains of the amidic aggregates, whereas diphenylalanine did not show
any selectivity in the association. Partition coefficients between water and aggregates were evaluated by
diffusion NMR experiments. Intramolecular distances of ditryptophan isomers associated with chiral
aggregates were obtained by ROESY experiments and were used as constraints in molecular mechanics
calculations. From these calculations, information on the conformation of the peptides in the chiral aggregates
was obtained.

Introduction self-aggregated systems that may have acted as primitive
Chiral recognition in biomembrane models is of fundamental biomembranes. Never_theless, It IS possible that arr_1ph|_ph|I|c
interest. In fact, the organization of biomembranes is based On_bo_undary systems, which are considered by many scientists as
molecular recognition phenomena, and the understanding of the',mm;atEIy connected tq the emergence and the. deyel_opr_nent of

fundamental noncovalent interactions responsible for the orga- life,” had p!ayed arole in the hlstor.y OT homochirality in virtue
nization and compartmentalization of simple models, character- °f ecognition and compartmentalization phenomena.
ized by a definite chemical composition, is a first step in the 1N this context, an investigation on chiral recognition of
comprehension of the structure and function of biomembranes. dipeptides in chiral micellar aggregates was performed. Here
Chiral recognition is a particular aspect of molecular recognition; We describe the observation By NMR of chiral discrimination
many components of biomembranes are chiral, and chiral of the LL/DD andLb/pbL enantiomeric couples of ditryptophan
recognition plays a role in the organization of biomembranes (1) and diphenylalaninej by chiral micelles formed by sodium
and in many functions of these self-aggregated systems. Becaus&-dodecanoyl-prolinate (SDP)) and the difference between
many molecules important to life are chiral, to clarify the ho_mo- and heterochiral dipeptides in the interaction with the
noncovalent interactions responsible for chiral recognition chiral aggregates.
phenomena in a biological system is of crucial importance. We chose aromatic peptides because of the high affinity of
Another interesting aspect of the study of chiral recognition aromatic amino acids for lipidic aggregates. In particular,
in biomembrane models relates to the role that biomembranestryptophan is known to play a role in the interaction of
may have played in the homochirality of biopolymers. One of membrane proteins with the lipid double layevioreover, the
the most intriguing problems in life sciences is the time and presence of aromatic portions in the peptide eases the NMR
the mechanism of symmetry breaking. Many theories have beendetection of the sites of peptidenicellar aggregate interaction.
proposed on these topics and in the attempt to explain the

amplification of a first enantiomeric imbalance to the en- (1) Avalos, M.; Babiano, R, Cintas, P.; Jimez, J. L.; Palacios, J. C.
Tetrahedron: Asymmetrg00Q 11, 2845-2874.

antiopurity of biomolecules.In all theories on symmetry (2) (a) Bachmann, P. A';I Luisi, P. L La?\gymaturelggz 357, 57-59. ((b))
i i i ifi i i i Menger, F. M.; Angelova, M. IAcc. Chem. Red.998 31, 789-797. (c
breaking and_ on enantlom_erlc excess gmpllflcatlon little atteptlon Outisson. G.. Nakatan! VTetrahedronl 004 55, 31853100, (d) Segre
has been paid to the possible role of biomembranes, or of simple D Ben-Eli, D.; Deamer, D. W.; Lancet, Drigins Life Evol. Biosphere
2001, 31, 119-145.
(3) (a) Arnett, E. M.; Thompson, Q.. Am. Chem. S0d.981, 103 968-970.
(b) Hitz, T.; Luisi, P. L.Biopolym. (Pept. Sci.2001, 55, 381-390. (c)
Weissbuch, I.; Bolbach, G.; Leiserowitz, L.; Lahav, ®Irigins Life Eol.

T IMC-Sezione Meccanismi di Reazione, CNR.
8 Universitadella Tuscia.

' Universitadegli Studi di Roma “La Sapienza”. Biosphere2004 34, 79-92.
istituto di Metodologie Chimiche, CNR. (4) Yau, W.-M.; Wimley, W. C.; Gawrisch, K.; White, S. HBiochemistry
V Universitadel Molise. 1998 37, 14713-14718.
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As a counterpart, although sodiushdodecanoyl--prolinate is e 0 6% 680

.no.t anatural amphlphlle, W.e have chosen itin th.ls S.tUdy becauseFigure 1. Comparison of the aromatic regions of the 600.13 MHAIMR

it is characterized by a high extent of organization and the gpecira of 20 mML enantiomers in 94 mM SDP: (a) comparison.ofl
interactions involved in its micellar aggregates are similar to (gray trace) anap-1 (black trace) spectra; (b) comparisoniaf-1 (gray
those responsible for the aggregation and organization of thetrace) andbL-1 (black trace) spectra. All the spectra were obtained in an
aggregates formed by natural lipids. In fact, it is known that, aqueous buffered solution (100 mM phosphate buffer, pD 5.8) at 300 K.
under aggregating conditions, the geometrical isomers (Schemea

1) of amidic surfactants form domains on the basis of tRé&tr A
configuration® Moreover, the aggregates formed by SDP are I
able to discriminate enantiomets. i

Results and Discussion \ ! U || | ﬁ) JJ\. | J{H'I I|
II|. |I,|\ [ . V,
The aromatic regions of théH NMR spectra of each - gV \\_J;\jl‘mur- N B
diastereoisomer of 20 mM ditryptophan in,® micellar S . B —

solutions of 94 mM SDP in 100 mM phosphate buffer are 736732 728124 (_;','pz.ﬂ, 716712 708704

reported in Figure 1. It can be observed that the spectra of the

enantiomers are different for both homochiral and heterochiral |"|
isomers, because the diastereomeric interactions with the chiral ||
aggregates yield different chemical shifts for some of the . |
resonances of enantiomeficThe same observation holds also ‘ N
for the enantiomeric couples &f as can be observed in Figure _ || |||
2. Therefore, in the presence of the micellar chiral aggregates, i/ |I N |

we can recognize by NMR the/op and thepL/Lb enantiomers A | iy
of both dipeptides iy '“\ ) "@ \
. W \ "
The signals of the two amino acidic residues Jofwere /__,_/\/ Y \_ﬂ/J N B}
assigned according to the unequivocal assignment of. twed T T Tom Tan DA

736 732 728 724 720 716 712 708 704

o' proton signals ofL-1 in CDsOD reported in the literaturé; (ppm)

because of the strong spectral similarity, to@nd o’ proton Figure 2. Comparison of the aromatic regions of the 600.13 MHAIMR
signals ofop-1, oL-1, andib-1 were assigned accordingly. 2D spectra of 20 mM2 enantiomers in 94 mM SDP: (a) comparison.of2
NMR experiments, performed on each diastereomdrinfthe (black trace) anap-2 (gray trace) spectra; (b) comparisonLot2 (black

trace) andbL-2 (gray trace) spectra. All the spectra were obtained in an

presence of a buffered micellar chiral solution of SDP, allowed aqueous buffered solution (100 mM phosphate buffer, pD 5.8) at 300 K.

all NMR signals to be assigned, as shown in Figure 1 and
reported in Table 1!H and 13C resonances of ditryptophan  Scheme 1

isomers (3.8 mM) in the presence of SDP (94 mM) as well as o, Na" co, Na’
those of the.L andLp isomers in 100 mM BO phosphate buffer Ey Ey
are available as Supporting Information (Tables-6S)8 N H N H
Note that in the presence of micellar chiral aggregates NMR ):o >—C11H23
chiral discrimination is still observable in the NMR spectra of < H o)
. . . . 117723
the racemic mixtures of and?2, as clearly shown in Figure 3, 37 3E
(5) (a) Borocci, S.; Mancini, G.; Cerichelli, G.; Luchetti, Langmuir 1999 i
15, 2627-2630. (b) Cerichelli, G.; Luchetti, L.; Mancini, G.angmuir Where_we _report the spectrum of th? buﬁered solution of the
1997 13, 4767-4769. racemic mixture ofL-1 andpb-1 obtained in the presence of
(6) (a) Belogi, G.; Croce, M.; Mancini, G.angmuir1997, 13, 2903-2904.
(b) Bella, J.; Borocci, S.; Mancini, G.angmuir1999 15, 8025-8031. SDP a?gregates' i . .
(7) Skrabal, P.; Rizzo, V.; Baici, A.; Bangerter, F.; Luisi, P.Riopolymers The 'H NMR spectra of the dipeptides in the presence of
1979 18, 995-1008. ; o
(8) Spectral assignment of diphenylalanine was judged unnecessary for theChlral a?qgregatesf also allowed us to Study t_he aSS_OC|at|(1n of
aim of this study. and2 with the chiral aggregates. The chemical shifts of some

J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004 13355



ARTICLES Bombelli et al.

Table 1. 'H Spectral Assignment of 20 mM Ditryptophan observed for the isomers af and similar for the resonances of
B%?;SL%?':%T;;'Bgnsgg‘%?%fn?,\ljlﬁgged?ufnomt'on (100 mM 0z anddg protons. These results suggest on one hand a weaker
N-Dodecanoyl-L-prolinate binding of2 as compared t& and on the other a different mode
S(u-1) 8(o0-1) S(0-1) S(o1-1) of interaction of thel and2 isomers. In fact, the high extent of
type (ppm) (ppm) (ppm) (ppm) chemical shift variation of the resonances®@fY" and A"t
a 3.081 3.087 4.168 4.174 protons implies thal isomers bind more specifically to the
B 3.184 3.179 3.050 3.073 domains of the SDP micelles, whereas the lack of this effect
i ;igi ;:igg ;:22; ;:ggg shows that the2 isomers do not feature any specificity of
5 6.967 6.973 6.841 6.858 binding. The different chemical shift variation of and og
6 7.060 7.064 7.014 7.018 protons is clearly evidenced by 2D TOCSY experiments
ZL, 47133’%23 Zg’g’g Z-i’ég Z-igi reported in Figure 5 for the_-1 andLL-2 isomers. The selective
B 3.25,3.13 3.24,3.13 3.105 3.095 association of a solute with ttiedomains of SDP micelles has
2 7.124 7.132 7.135 7.125 already been reported in the case of a biphenylic derivétive.
‘5‘: g-g‘l‘; g-ggg g-gg? Z-ggg This selectivity can be ascribed either to a better fitting of the
6 6.977 6.980 6.922 6.996 solute into the grooves formed by tAégsomer or to the presence
7 7.301 7.305 7.319 7.317 of larger grooves in the domains formed by theésomer, or

both.

resonances of SDP in the spectra recorded in the absence and From thetH NMR spectra, differences in the association of
in the presence of the dipeptides are reported in Table 2. Forhomochiral enantiomersti( and pp) of 1 with respect to
clarity, the 1H NMR spectrum of a buffered 94 mM SDP heterochiral onesp{ andLp) can also be observed. In fact,
solution with the corresponding spectral assignment is reported Table 2 shows that the association.of1 andpp-1 with SDP

in Figure 4. Because of the associationldéomers with SDP  micelles induces a slightly larger upfield shift of the headgroup
micelles, soméH resonances due to SDP protofgs(", 62", protons of SDP, 67", 672™) with respect to the shift induced
and 1-CHj) are significantly upfield shifted, while the resonances by pL-1 andip-1. Furthermore, some protons of the aliphatic
due to 5g¥" and 02" protons are scarcely affected by the chain (chain, 11-Ck) are upfield shifted by the association of
association ofl isomers. Note that the chemical shift variations heterochirall, whereas the same protons are downfield shifted
of the same resonance&;»", 62", and 1-CH, due to the by the association of homochiral These observations suggest
association of the isomers @ are much smaller than those different sites of binding for homochiral and heterochitaln

7.50 7.40 7.30 7.20 7.10 7.00 6.90 6.80
(ppm)

Figure 3. Aromatic region of the 600.13 MH# NMR spectrum of the racemic mixture of-1 andpb-1 in an aqueous phosphate buffer solution of 94
mM SDP.

Table 2. Chemical Shift Values (ppm) and Chemical Shift Variations (ppm, in Parentheses) of the Resolved Proton Signals of 0.094 M
Sodium N-Dodecanoyl-L-prolinate in the Absence and in the Presence of 20 mM Dipeptides

o OAM O O oM 1-CH, 2-CH, chain 11-CHs
SDP 4.267 3.706 3.561 3.461 3.431 2.355 1.595 1.293 0.885
SDP+ Lp-1 4.197 3.580 3.547 3.406 3.255 2.236 1.536 1.243 0.883
(0.070) (0.126) (0.014) (0.055) (0.176) (0.119) (0.059) (0.050) (0.002)
SDP+ pL-1 4.208 3.576 3.549 3.412 3.262 2.231 1.534 1.246 0.883
(0.059) (0.130) (0.012) (0.049) (0.169) (0.124) (0.061) (0.047) (0.002)
SDP+ pp-1 4.188 3.570 3.550 3.410 3.247 2.227 1.530 1.302 0.917
(0.079) (0.136) (0.011) (0.051) (0.184) (0.128) (0.065)  —0(009) 0.032)
SDP+ LL-1 4.167 3.533 3.528 3.389 3.203 2.181 1.499 1.306 0.924
(0.100) (0.173) (0.028) (0.072) (0.228) (0.174) (0.096) —0(013) 0.039)
SDP+ LL-2 4.264 3.702 3.564 3.456 3.420 2.351 1.587 1.300 0.894
(0.003) (0.004) (-0.003) (0.005) (0.011) (0.004) (0.008) —0(007) 0.009)
SDP+ pp-2 4.260 3.701 3.566 3.443 3.417 2.350 1.588 1.296 0.892
(0.007) (0.005) (-0.005) (0.018) (0.014) (0.005) (0.017)  —0(003) 0.007)
SDP+ Lp-2 4.255 3.693 3.558 3.433 3.405 2.341 1.579 1.284 0.881
(0.012) (0.013) (0.003) (0.028) (0.026) (0.014) (0.016) (0.009) (0.004)
SDP+ pL-2 4.263 3.698 3.564 3.435 3.411 2.347 1.585 1.284 0.881
(0.004) (0.008) (-0.003) (0.026) (0.020) (0.008) (0.010) (0.009) (0.004)
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Figure 4. *H NMR spectrum of 94 mM SDP in an aqueous phosphate buffer solution (100 mM phosphate buffer, pD 5.8).
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Figure 5. Comparison of théH spectral regions relative to pyrrolidinit proton signals of aqueous solutions of (left) 94 mM SDP in phosphate buffer
solution, (middle) 94 mM SDP and 20 mM-2 in phosphate buffer solution, and (right) 94 mM SDP and 20 mM in phosphate buffer solution.

fact, on one hand, the upfield shift observed for the resonances The partition ofl and2 isomers in buffer and in the chiral

of the aliphatic chain, as a consequence of the association ofmicellar phase was studied by pulsed-field-gradient NMR (PFG-
the heterochiral isomers df demonstrates a penetration of the NMR) experimentS. PFG-NMR studies of peptidemicelle
aromatic system in the hydrophobic region of the aggregate asinteractions have been previously reporiédlhe partition

the protons of the aliphatic chain are in the shielding cone of coefficients obtained by PFG-NMR experiments, reported in
the aromatic system. On the other hand, the downfield shift Table 3, are in good agreement with data reported in the
observed for the same resonances following the association ofliterature for the partition of in water and in sodium dodecyl
the homochiral isomers df suggests a site of binding in the sulfate micelles determined by UV spectroscépy.

headgroup region, as the same protons are in the deshielding For comparison with other literature d&t&°we also report
cone of the aromatic system. Alternatively, in the case of the the association constants of dipeptides with the chiral aggregates
association of homochiral isomers the downfield shift observed (Table 3). These constants refer to the equilibrium

for the resonances of the aliphatic chain could be explained with ) )

a more extended form of the chain. peptidet D = peptideD 1)

As expected, a lower concentration bisomers induces a . L .
. . L ; where D is the micellized surfactant whose concentration equals
smaller chemical shift variation characterized by an analogous ) . ) o -
the analytical concentration minus the critical micellar concen-

trend. These data are available as Supporting Information (Table

tration, cmc.
7S). ! . e .
) In Table 3 it can be observed that diffusion experiments put

(9) (a) Stilbs, P.Prog. Nucl. Magn. Reson. Spectrod@87, 19, 1—45. (b) into evidence thatl isomers have a higher affinity for SDP

Price, W. S.Concepts Magn. Resoft997, 9, 299-336. (c) Galantini, |.; i i is hi i

Giampaolo, S. M.; Mannina, L.; Pavel, N. V.; Viel, $. Phys. Chem. B micelles tharg isomers. .Thls hlgher.aﬁmlty’ already suggested

2004 108, 4799-4805. by the results reported in Table 2, is probably due to the larger
(10) (a) Deaton, K. R.; Feyen, E. A.; Nkulabi, H. J.; Morris, KNFagn. Reson. i i i ; T i

Chem 2001, 39, 376282, (b) Chen. A~ Wu. D.; Johnson. C. .. dr. aromatic portion oq isomers and to their better fitting into the

Phys. Chem1995 99, 828-834. (c) Orfi, L.; Lin, M.; Larive, C. K.Anal. grooves of SDP micelles.

Chem.1998 70 1339-1345. (d) Gao, X.; Wong, T. GBiophys. J1998 In addition, Table 3 shows that heterochiral dipeptides have
(11) lamamura, T.; Konishi, KJ. Colloid Interface Sci1998 198, 300-307. a higher affinity for the chiral micellar phase with respect to

J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004 13357
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Table 3. Dipeptide and Sodium N-Dodecanoyl-L-prolinate Aggregate Parameters Obtained by Diffusion Experiments

vaee Dubs Dobs(SDP)a K
(107 m?s7Y) (10 m?s7Y) Xo (10 m?s7Y) Xmic p (o]

SDP ([SDP]< cmc) 4.45+ 0.08

SDP ([SDP]> cmc) 0.83+ 0.02 0.99

LL-1 4.43+0.08 0.92+ 0.01 0.962+ 0.004 0.83+ 0.02 0.99 93H- 100 272+ 30
DD-1 4.43+ 0.08 0.93+0.01 0.959+ 0.004 0.83£ 0.02 0.99 860t 87 251+ 26
DL-1 4.43+ 0.08 0.85+ 0.01 0.981+ 0.004 0.84f 0.02 0.99 190@t 407 554+ 119
LD-1 4.43+0.08 0.85+ 0.01 0.981+ 0.004 0.84+ 0.02 0.99 190Gt 407 554+ 119
LL-2 4.68+ 0.06 2.0+ 0.1 0.69+ 0.03 0.844+ 0.02 0.99 82+ 12 24+ 4
DD-2 4.68+ 0.06 2.0+ 0.1 0.69+ 0.03 0.83+ 0.02 0.99 82+ 12 24+ 4
LD-2 4.68+ 0.06 1.6+ 0.1 0.79+£ 0.03 0.85+ 0.02 0.99 138t 25 40+ 7
DL-2 4.68+ 0.06 1.6+0.1 0.79+ 0.03 0.85+ 0.02 0.99 138t 25 40+ 7

aWe usedDmic = (0.78 £ 0.01) x 1019 m? s~ as the value of the diffusion coefficient for micellized surfactant as explained in the Experimental
Section.

Table 4. Interproton Distance Obtained from ROESY and NOESY
Experiments and Used as Restraints in Molecular Mechanics
Calculation

SDP buffered solution? buffer solution®
proton -1 pp-1 Lb-1 DL-1 -1 pL-1
p-4° 3.0 3.0 2.7 3.0 3.0 2.9
p-4 2./ 3.3 2.8 2. 3.3 3.2
a-4 2.8 3.0 3.1 3.4 3.4
o'-4 3.6 4.1 3.5 3.4 3.6 3.3

aROESY experiments (20 mM dipeptide and 94 mM SDP in 100 mM
phpsphate bufferf NOESY experiments (3.8 mM dipeptide in 100 mM
phosphate bufferf. The signals due to diastereotogic(5’) protons are
coincident.d The distance reported is the average of the distances obtained
for the diastereotopi@’ protons (0= mCY6, (1/r® + 1/(r")6)/2 = 1/m6L).

the homochiral isomers, the binding ¥ andbL enantiomers
being stronger than that @b andLL enantiomers.

The information obtained by th&H NMR (Table 2) and

diffusion experiments ofh isomers suggests that, in a dynamic
situation, thepL-1 andLp-1 isomers penetrate into the hydro-
phobic part of the aggregates whereas.th& andpp-1 isomers
bind more specifically to the region close to headgroups of the
micellized surfactant. In fact, by comparing the/LL andpL/
LD couples, we observe a larger upfield shift induced by the
homochiral dipeptides on the headgroup signals (Table 2) in
correspondence with a lower extent of association (Table 3).
The observation of upfield and downfield shifts induced on the
1H resonances of the aliphatic chain by heterochiral and
homochiral ditryptophan, respectively (Table 2), strongly sup-
ports this hypothesis.

Because of the stronger binding dfto SDP micelles with
respect to that o2, we further investigated only the association
of 1 isomers with the chiral SDP aggregates. In particular, to
compare the conformation of the four diastereomers bbth
in the presence and in the absence of chiral aggregates, ¢
conformational search was carried out by means of molecular
mechanics calculation using, as distance restraints, the experi-

mental distan r r in Table 4 in ROESY and Figure 6. Stick representation of the minimum-energy conformer, obtained
ental distances reported able 4 obtained by ROESY a dbyarestrained conformational search, offa)1 in SDP, (b).p-1in SDP,

NOESY experiments. o (c)LL-1in SDP,(d) oL-1in SDP, (e).L-1 in phosphate buffer, and (fL-1
The obtained conformations are reported in Figure 6, whereasin phosphate buffer.

the torsion angles relative to the structures defined by an energy

minimum are given as Supporting Information (Table 8S). conformations obtained in the micellar medium (Figure 6a,c),
Figure 6 shows that the conformations of homochiral dipeptides the indolic nitrogens face each other, whereas, in the conforma-
in the chiral aggregates (Figure 6a,c) and in phosphate buffertion obtained in the simple phosphate buffer (Figure 6e), the
(Figure 6€) are rather similar; in fact, although some variations indolic nitrogens point toward opposite directions. In phosphate
in the torsion angles are present, the aromatic portions of the buffer, the conformation assumed by heterochiral dipeptides is
amino acidic residues face each other in both media and thesimilar, i.e., “folded”, to that of the homochiral isomers (Figure
dipeptides show a “folded conformation”. Note that, in the 6f). In contrast, in the chiral aggregates (Figure 6b,d), the

7
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Figure 7. Stick representation of the minimum-energy conformer, obtained
by a restrained conformational search, ofu@)l in SDSR and (bpL-1in
SDSR.

conformations are very different; in fact, the aromatic rings of
the heterochiral dipeptides do not face each other, and the
resulting conformations are “defolded”.

A conformational search carried out without distance restraints
on LL-1 andpL-1 yielded for both isomers folded structures,
which we report as Supporting Information (Figure 1S).

With regard to the conformational search results, it is not
trivial to understand if the unfolded conformation of heterochiral
dipeptides in the chiral aggregates is due to the chiral environ-
ment or to the structural features (for example, the anisotropy)
of the mlc_:ellar_aggr_egates. . . Figure 8. Representation of the different binding modes of (a) homochiral

To clarify this point, we performed diffusion and ROESY  and (b) heterochiral with the micellar aggregates.
experiments onL-1 andpL-1 in aggregates formed by sodium
N-dodecanoylsarcosinate, SDSR),(which is a “nonchiral”
amidic surfactant featuring the same functional groups and theIn the conformation of heterochiral bound to the chiral
same kind of organization of SDP.Partition coefficients aggregates (Figure 6b,d) the polar part is embedded in the
obtained forL-1 andpL-1 are 13264+ 202 and 259 751, hydrophobic part. The SDP aggregates seem to impose a
respectively (all other parameters relative to the diffusion completely different conformation to the heterochiral dipeptides
experiments are reported in Table 9S of the Supporting as compared to the homochiral ones. This result is in agreement
Information). Therefore, it seems that the different extents of with the results obtained by 1D NMR recognition experiments
association observed for homochiral and heterochiral dipeptidesand by diffusion experiments. Therefore, the major penetration
with SDP are not due to a chiral recognition phenomenon. The and higher extent of associationiaf-1 andpL-1 might be due
dipeptide intramolecular distances obtained by ROESY experi- to their defolded and “thinner” conformation. In Figure 8 we
ments (reported in Table 10S of the Supporting Information) tried to represent, with the limits of a static representation, our
were used in a conformational search that yielded the minima hypothesis on the different modes of interaction of homo- and
reported in Figure 7. It can be observed that the conformation heterochiral1 isomers with the chiral SDP micelles. Our
of LL-1in SDSR micelles (Figure 7a) is folded and SUbStantia”y hypothesis would |mp|y that the observed recognitionmﬂ_
similar to that featured in SDP micelles (Figure 6a,c) with the andpL-1 takes place far from the chiral headgroups, in a chiral

indolic nitrogens facing each other, whereas the conformation environment, a “chiral pocket’, whose chirality is induced by
of bL-1 in SDSR micelles (Figure 7b) is slightly more open  the headgroups.

than that in phosphate buffer (Figure 6f) but is still substantially
folded with respect to the conformation obtained in the chiral

SDP aggregates (Figure 6b,d). of aggregates formed by SBPAIl the results discussed above

These results suggest that probably both the chiral and theg oot the hypothesis that, in chiral aggregates, chiral recogni-
anisotropic environments of the aggregates are responsible for,;

the diff ; ; r teatured bv h d het hiral tion may occur in a chiral environment induced in an internal
d'e |t_§ren CSOSF? rma |onst ealurfe ; y orgo- an d the te_r O(éD'rgRregion of the aggregate by remote stereogenic centers. Therefore,

IpepUdes in aggregates. In fact, we observed that in chiral recognition in polymolecular aggregates cannot be simply
aggregatesL-1 has an intermediate conformation between those

) ; ascribed to non-covalent-specific interactions between the solute
featured in phosphate buffer and in SDP aggregates, respec- P

tively and the monomers behaving as single entities; it is more likely

.AII these results suggest that micelle-associated homochlrgl(lz) Kloosterman, D. A.: Goodwin. J. T Burton, P. S.. Conradi, R. A.
dipeptides show, as reported elsewhere for other hydrophobic™ ~ Stockman, B. J.; Scanill, T. A.; Blinn, J. Biopolymers200Q 53, 396~
dipeptides'? two distinct regions: a polar one exposed to the 410.

X i ~ (13) Monti, D.; Cantonetti, V.; Venanzi, M.; Ceccacci, F.; Bombelli, C.; Mancini,
water and a hydrophobic one exposed to the aggregate interior. ~ G. Chem. Commur2004 972-973.

Recently, we have reported on the chiral topology of a chiral
porphyrin induced by specific interactions with an internal region
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due to the aggregate as a whole and in its complexity and canused for most 1D and 2D experiments was 20 mM,; it was lowered to
occur in regions of the aggregate quite far from the stereogenic 3.8 mM for NOESY, NMR diffusion, and some 1D experiments.

centers.

Experimental Section

Materials. Sodium N-dodecanoylprolinate 3] was prepared as
previously describedl SodiumN-dodecanoylsarcosinatd)(was pur-
chased from Aldrich and purified by means of several crystallizations
by MeOH and EfO. The four diastereomers of diphenylalanir® (
and theLL/pp enantiomeric couple of ditryptophaf)(were purchased
from Research Plus Inc. and used as such. The other two isomgrs of
Lb-1 andpL-1, were prepared as described below.

Preparation of L,p-H-TrpTrp-OH ( Lb-1) andp,L.-H-TrpTrp-OH
(bL-1). A 13 mL sample of methanol was added to 280 mg (0.460
mmol) of (Z)-b(L)-Trp-L(D)-Trp-OBzl in a two-necked round-bottom
flask. The solution previously flushed with,M/as flushed gently with
H, after addition, under nitrogen, of Pd/C (10% of the amount of
peptide, w/w). The reaction was monitored by TLC (CklleOH,
1/1). After removal of the catalyst by filtration on Celite, the solvent
was removed under vacuum to yield 150 mg of the dipeptid&MR,

0 (DMSO): 2.769 (dd, 1Hg, |23s| = 24 Hz,3Jon-—pn = 9.0 Hz); 3.134
(dd, 1H,5', |2g| = 20 Hz,%Ju-pn = 5.4 Hz); 3.158 (dd, 1H3, |23
=24 HZ,3J(1H7/3H =9.0 HZ); 3.278 (dd, lH@', |2J/;| =20 HZ,3J(1H7/3'H

= 5.4 Hz); 3.767 (dd, 1Hg, 3Jun-pn = 9 Hz); 4.566 (s, 1He') 7.018

(t, 1H, 5 or B, J, = 7.2 Hz); 7.051 (t, 1H, or 5,J, = 7.2 Hz); 7.130

(t, 1H, 6 or 8, J, = 7.2 Hz,J, = 1.2 Hz); 7.148 (t, 1H, Bor 6, J,
7.2 Hz,Jn= 1.2 Hz); 7.199 (d, 1H, 2 or'2J = 1.8 Hz); 7.207 (d, 1H,
2'or2,J=1.8Hz); 7.403 (d, 1H, 7 or'7J, = 7.2 Hz); 7.426 (d, 1H,
7 or7,J,= 7.2 Hz); 7.641 (d, 1H, 4 or'4J, = 7.2 Hz); 7.654 (d, 1H,
4 or4,J,=7.2 Hz); 8.430 (s, 1H, amidic H); 10.909 (d, 1H, 1 ¢r 1
Jo = 1.8); 10.962 (d, 1H, 1 or'1J, = 1.8). 13C NMR, & (DMSO):

174.20,172.86, 172.85, 137.13, 136.91, 128.36, 128.10, 125.06, 124.48,

NMR Spectroscopy NMR spectra were recorded on a Bruker AC
300 P spectrometer operating at 300.13 MHz and on a Bruker AVANCE
AQS600 spectrometer operating at 600.13 and equipped with a Bruker
multinuclear z-gradient inverse probe head capable of producing
gradients in thez direction with a strength of 55 G cmh 'H NMR
spectra were referenced with respect to the residual proton signal of
D,O (6 = 4.780 ppm at 300 K). All 1D experiments were performed
both with and without suppression of the solvent signal, the solvent
suppression being achieved by using either low-power presaturation
or WATERGATE In contrast, in 2D experiment&the solvent signal
was always suppressed using WATERGATE.

TOCSY experiments were recorded in the TPPI phase-sensitive mode
with a spectral width of 6 kHz in both dimensions, a recycle delay of
2 s, a mixing time of 80 ms, 1K data pointsfiy and 512 increments
in f1. Zero filling in f, to 1K real data points and sinusoidal window
functions in both dimensions were applied before Fourier transforma-
tion. ROESY experiments were performed in the TPPI phase-sensitive
mode with a spectral sweep width of 6 kHz in both dimensions, a
recycle delay of 2 s, an 80 ms mixing time of on-resonance continuous-
wave spin lock aty(H2) = 5 kHz, 1K real data points ify, and 512
increments irf,. Zero filling in f; to 1K real data points and 9@hase-
shifted square sine bell window functions in both dimensions were
applied before Fourier transformation.

IH—-13C gradient-selected HSQC experiments, wiit GARP
decoupling, were recorded in the eetantiecho phase-sensitive mode
by using a selected heteronuclear scalar coupling constad¢ of =
150 Hz and the following parameters: a spectral width of 6 kHfz in
and 20 kHz inf;, 1024 data points iff,, 512 increments iy, and a
recycle delay of 1 s. The data were processed with a sine bell window
function and a 512« 512 data matrix size.
1H—13C gradient-selected HMBC experiments were recorded in the

121.78,121.63, 119.36, 119.25, 119.11, 119.08, 112.19, 112.12, 110.90magnitude mode with a low-pass filter of 3.57 ms and a delay for

110.27, 55.05, 54.28, 30.51, 28.38. Anal. Calcd fopHZN4Os:
1.5H0: C, 63.24; N, 13.41; H, 5.99. Found for tbe isomer: C,
63.34; N, 13.13; H, 6.12. Found for the isomer: C, 63.28; N, 13.31;
H, 6.01.

Preparation of (Z)-p(L)-Trp-L(p)-Trp-OBzl. Into a two-necked
round-bottom flask equipped with a Ca@ube were introduced 100
mg (0.023 mol) of Z)-b(L)Trp-OH (Bachem) and 1.5 mL of freshly
distilled CHCl,. After cooling at 273 K, 34 mg (0.25 mmol) of
1-hydroxybenzotriazole and 48 mg (0.25 mmol) of EBICI were
added under stirring. After 30 min 92 mg (0.25 mmol) oL{b)-Trp-
OBzl (Bachem) was added to the reaction mixture, controlling the pH
and keeping it in the range-8 by addition ofN-methylmorpholine.

evolution of 80 ms. The following parameters were also used: a spectral
width of 6 kHz inf, and 30 kHz inf;, 1024 data points irf, 512
increments irf;, and a recycle delay of 1 s. The data were processed
with a sine bell window function and a 512 512 data matrix size.
Determination of Dipeptide Intramolecular Distances.Interproton
distances were obtained by the intensity of cross-peaks in ROESY

spectra using eq 2,
ro=r (Irefcref)l/6
L=
ij re IijCij

wherer;; andl; are the distance and the cross-peak intensity between

@

The reaction mixture was stirred for 24 h at room temperature. After Protonsi andj, respectivelyyrr andlrr are the reference distance and

removal of the solvent under reduced pressure, the residue was dissolvede intensity of the reference cross-peak, respectively,craud Crer
in 4 mL of ethyl acetate, and the organic solution was sequentially aré the correction factors that take into account the offset dependence

washed with an aqueous solution of 10% KHS®ith water, and with
an aqueous solution of 5% NaHG®emoval of solvent under vacuum
gave 110 mg (35% yield) ofZ)-p(L)-Trp-L(D)-Trp-OBzl, which was

of the spin-lock frequenci they were not used in the calculation of
distances from NOESY experiments.
The reference distance used in the ROESY experiments is the

determined to be pure by NMR characterization and used as such fordistance between thé;>" and 6" protons, because they are

the next step!H NMR, 6 (CDCl): 2.80-3.30 (m, 4H, and j3');
4509 (m, 1H,a'); 4.843 (m, 1H,0); 4.96-5.18 (m, 4H, benzylic
methylenes); 5.367 (m, 1H, amidic H); 6.235 (m, 1H, termin&)N
6.330 (d, 1H, 2 or 2 J, = 2.13 Hz); 6.702 (d, 1H, 2 or'2J, = 2.13
Hz); 6.98-7.41 (m, 18H, aromatic H); 7.557.74 (m, 2H, 1 and'}.
Samples A 100 mM sodium phosphate buffer in,O, pD 5.8, was

used to prepare all solutions considered in this study. The SDP and

nondegenerate and their internuclear distances will be independent of
the conformation of the pyrrolidinic rin. The 6:"andd,2™ distance,

1.76 A, was obtained by ab initio HF/6-31G* calculation in a vacuum
on theN-acetyl+-prolinate aniort® To check the reliability of distances
obtained by ROESY experiments, we estimated by ab initio HF/6-31G*
calculation the distance between two aromatic protowstiro positions,

(14) Piotto, M.; Saudek, V.; SkiénaV. J. Biomol. NMR1992 2, 661-665.

SDSR concentration, 94 mM, ensures the predominance of micellar (15) Braun, S.; Kalinowski, H.-O.; Berger, 950 and more basic NMR

aggregates (10 and 8 mM being the critical micellar concentrations of

SDP2and SDSR® respectively, in the absence of buffer and definitely
lower in buffer and in the presence of solutes).

experiments: a practical cours&iley-VCH: Weinheim, Germany, 1998.
(16) Amdahti, E.; Bardet, M.; Molko, D.; Cadet, J. Magn. Reson., A996
122, 230-232.
(17) Patel, A. B.; Srivastata, S.; Phadke MRgn. Reson. Cheri998 36, 815~

. . . . 825.
Dipeptide samples were prepared by dissolving the proper amount 1) spartan 5.01, Wavefunction, Inc., 18401 Von Karman Ave., Site 370,

of 1 and2 directly into the NMR tubes. The concentration of dipeptide
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namely, the distance between protons in thedd 3 positions, and a nonlinear least-squares fit (Simplex algorithm). All decays were
compared it with values obtained by ROESY experiments. The monoexponentici? and the plots of the logarithm of the NMR signal
calculated (2.45 A) and experimental (2.6 A) distances of the protons intensity against the square of the gradient strength always gave straight

in ortho positions are in good agreement. lines?6
The reference distance used in the NOESY experiments is the Determination of Dipeptide Partition from Diffusion Experi-
distance between protons in the 4 and 5 anandl 5 positions ¢rtho ments. The analysis of PFG-NMR data is based on a two-site model,
positions), which we set as 2.5 A. assuming the dipeptide to be in equilibrium between the aqueous (free)
Molecular Modeling. Molecular mechanics calculations were and the micellar (bound) phases. If the equilibrium is fast with respect
performed with the MacroModel 6.0 packayeunning on a Silicon to the NMR and diffusion time scales, then the observed diffusion

Graphics 02 R10000 workstation and using an AMBER* force ff@ld.  coefficient of the dipeptides is given ¥y’
The electrostatic interactions were evaluated by using the partial atomic _
charges of the AMBER* force field; dielectric constants of 10 and 78 Daps = %Dp + (1 = X;)Dy 4)

were used to reproduce the miceffarand the agueous media, whereDy and Dy refer to the diffusion coefficients of the bound and

respectively. . L . . free dipeptides, respectively, arglis the molar fraction of the bound
A conformational search with distance restraints was carried out on dipeptides Doss is obtained by measuring the diffusion coefficient of
/obs

the molecular structures_of the four stereoisomers of ditryptophan usingthe dipeptide in the dipeptide/surfactant solutin.is considered to
the low-mode conformational search (LMCS) proce&t£0000 steps be equal to the diffusion coefficient of the micell@yic2’ However,

of Monte Carlo simulation each run). The generated structures were because both micellar and monomeric surfactant molecules undergoing

L : A
ehnerFt;:]yl nll_";r.gl.zed to a gradient :;)_wer thar;] %901 ka Tl l“!S'gg ¢ fast chemical exchange are present in the dipeptide/surfactant solution,
the Pola 1 Ibiere conjugate gradient method; an energy window of 'y e ot equal the measured diffusion coefficient of the micelles.
25 kJ mott above the global minumum was used. The intramolecular Therefore, to determine the trimwe value, a hydrophobic probe is

hydrogen _dlstances obtaln_ed from ROESY expe_rlments were u_sed 8S3dded in a trace amount to the dipeptide/surfactant solution. Here we
restraints in the conformational search and were imposed by using the

; . chose hexamethyldisilane (HMD$)!*and the following value was
FXDI command in BatchMin. . . found: Dmic = (0.78 £+ 0.01) x 107 m? s7*. D was obtained by

All structures found by the restrained search were energy M measuring the diffusion coefficient of the dipeptide in a buffere®D
m'zed_ without restraints to a gradient lower than 0.0001 kJ bt solution at the same concentration as that used in the dipeptide/surfactant
by using the T_NGC metho@_ﬂ’. . solution (3.8 mM). The diffusion coefficient of a small noninteracting

A conformational search in phosphate buffer solution was performed ,,j0.cjje 5-mercaptoethanol at 10 mM, was also measured in buffered
on LL- andoL-ditryptophan without distance restraints. D,0O and 94 mM SDP solution to ascertain that, in our experimental

PFG-NMR Diffusion Experiments. The self-diffusion coefficients  qgitions, obstruction effects and viscosity changes were negligitie.
of 1 and2 were monitored by PFG-NMR experiments. The stimulated- 14 previously mentioned partition equilibrium can be characterized
echo sequence incorporating bipolar gradient pulses and a Iongltudmalby a partition coefficientp defined as the ratio of the dipeptide
eddy current delay (BPP-LEBjwas used, and when necessary, the o centrations in the micellar and aqueous phases, ffiat is
HOD residual signal was suppressed by means of a low-power
presaturation. In the BPP-LED experiment, the amplitude of an NMR X, Vg
signal observed at the echo is givertby p= (1 — %) Vric ®)

| =1, ex{—D(ygo)(A — 0 T 3) whereVaqandVmic are the volumes of the aqueous and micellar phases,
0 79 3 2 respectively; their ratio was estimated by their respective weight
fractions!®d
wherely is the resonance amplitude at zero gradient strengihthe The association constai, relative to equilibrium 1, was calculated
magnetogyric ratio of the protor, 6, and A are the strength, the according té°2°
duration, and the separation of the gradient pulses, respectively, and [DP]
is equal to the gradient pulse recovery time. The gradient strength was —_ '~ lbound
logarithmically incremented in 16 steps from 2% to 95% of the [DPired SDPic
maximum gradient strength. Diffusion times and gradient pulse . . ) ) ) )
durations were optimized for each experiment to achieve a 95% decreasdV€"e [DP] is the concentration of the dipeptides in the respective
in the resonance intensity at the largest gradient amplitude; typically, phases, and [SDRI is the concentration of micellized surfactant
diffusion times between 150 and 600 ms and bipolar sine gradient puIsesmOIGCUIes' Equation 6 can be rearranged to

(6)

between 1.0 and 1.6 ms were employed. The longitudinal eddy current X
delay was held constant at 25 ms, whereas the gradient pulse recovery = 1= %% _TSDPL )
time was set to 0.1 ms. After Fourier transformation and phase ( Xo)Ximicl b

correction, the baselim_a of the s_pectr_a Was_garefully adjusted. Th_e data,here [SDPJis the SDP analytical concentration ang is the fraction
were analyzed by plotting the signal intensities (areas) as a function of ¢ icellized surfactant obtained by the diffusion coefficients of free

the gradient strength and fitting the resulting decay curves to eq 3 With ¢, ¢ tant Di, and of the aggregate®m, and by the diffusion

(19) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.; CoeﬁicienF observed in aggregating Conditioﬂshi.SDP).loc D(SDP)
Caufield, C.; Chang, G.; Hendrikson, T.; Still, W. @. Comput. Chem. was obtained by a separate PFG-NMR experiment performed on a
(20) %9)93\/1; 4408—4337.K " b A C b A- Sinah U. C.: Ghio. C buffered 1 mM SDP solution, i.e., well below the SDP cmc (10 mM
a) Weiner, S. J.; Kollman, P. A;; Case, D. A,; Singh, U. C.; Ghio, C.;
Alagona, G.; Profeta, S., Jr.; Weiner, . Am. Chem. Sod 984 106, in pure DO).
765-784. (b) McDonald, D. Q.; Still, W. CTetrahedron Lett1992 33,

7747-7750. Conclusions

(21) (a) Bunton, C. A.; Minch, M. J.; Hildago, J.; SepulvedaJLAm. Chem. . i . .
Soc.1973 95, 3262-3272. (b) Carpenter, K. A.; Wilkes, B. C.; Weltrowska, The interaction between chiral micellar aggregates formed
G.; Schiller, p. W.Eur. J. Biochem1996 241, 756 764, by 3 and the four diastereomers band2 was investigated by

(22) Kolossvay, I.; Guida, W. C.J. Am. Chem. Sott996 118 5011-5019.
(23) Ponder, J. W.; Richards, F. M. Comput. Cheml987, 8, 1016-1024.
(24) Wu, D.; Johnson, C. S., Ji. Magn. Reson1995 115 260-264. (26) Chen, A.; Shapiro, M. Jl. Am. Chem. Sod.999 121, 5338-5339.
(25) Stejskal, E. O.; Tanner, J. E. Chem. Phys1965 42, 288-291. (27) Stilbs, PJ. Colloid Interface Sci1982 87, 385-394.
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NMR spectroscopy. Our results evidenced chiral recognition teristic of sphingolipids, which, being among the main com-
of the enantiomeric couples of the dipeptides and markedly ponents of biomembranes, feature the phosphate group only in
different extents of association bfand2. We could not observe  the case of sphingomyelins. Moreover, the components of
enantioselectivity in the association with the chiral aggregates, primordial biomembranes were possibly different from today’s
whereas we evidenced some differences in the extent and inphospholipid$¢ and any type of aggregate of amphiphilic
the mode of association of the homochiral diastereomeds of molecules might have acted as a primordial biomembrane.
with respect to the heterochiral ones, though these seem not The investigations on chiral recognition in self-aggregated
completely due to the chiral environment of the aggregates. Thesystems are also of importance in a wider context and scope,
differences concern a higher extent of association of heterochiralbecause they may clarify the interactions involved in the transfer
diastereomers with respect to homochiral diastereomers, dif-of chirality from the molecular to a higher level of complexity.
ferent co_nformation_s, folded_ for homoc_hirhhnd defold_ed for_ Acknowledgment. This work has been carried out in the
heterochirall, and different sites of binding. The chemical shift  fame of the project “the use of surfaces and vesicles for the

variations of the SDP resonances suggest, in factithdtand  ampjification of homochirality in polypeptide chains” of COST
bL-1 are associated with a more internal region of the aggregatection D27 (prebiotic chemistry and early evolution).
with respect toLL-1 and pp-1; the evidence of different

conformations supports this result. The proposed model of
interaction implies that chiral recognition occurs, in the case of
heterochiral dipeptides, in a region far from the stereogenic
centers.

Supporting Information Available: H and 13C spectral
assignments of 3.8 mM ditryptophan diastereocisomers in 100
mM phosphate buffer (pD 5.8) in the absence and in the
presence of chiral micellar aggregates, chemical shift values of
These results confirm that chiral recognition in biological the proton signals of sodiuri-dodecanoylprolinate in the

. . rabsence and in the presence of 3.8 mM ditryptophan diastereo-
membranes is a complex process that may also oceur in Intemamers torsional angles of low-energy conformers of ditryptophan
regions of the lipid double layer, i.e., far from the stereogenic .~ > ™" ges 9y ' ditryptoph:
centers diastereoisomers obtained from molecular mechanics calculation,

Because of the high organization observed in a simple systemd'tryptOphan and SDSR aggregate parameters obtained by

such as the model we have investigated, we believe that it isdn‘fusmn NMR experiments, ditryptophan interproton distances

) . . obtained from ROESY experiments performed in the presence
reasonable to investigate the role of more organized systems,

such as primordial biomembranes, in the homochirality of of 94 mM SDSR, and stick representation of the minimum-

biopolymers. Although the micellar aggregates considered as agggi%)é dcg nf:r:rzi:egrari]r?gjoc-:oEfno(imh:;g:nc;?ZzzlrcﬂltrngtlgphTahr:s
model in this study are formed by a surfactant whose structure y ( ).

does not resemble membrane phospholipids, the interactionshm""tferlal is available free of charge via the Intemet at
. L . . ttp://pubs.acs.org.

involved are very similar to those involved in a more complex

and organized aggregate. The amide bond is, in fact, charac-JA0470057
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