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Introduction

Over the last decade, intense efforts have been devoted to
the design, synthesis and structural studies of foldamers—ar-
tificial oligomers that adopt well defined folded conforma-
tions in solution, mimicking the folded structures of biopoly-
mers.[1,2] Foldamers provide a broader context from which to
view biopolymer structures. It has been shown that the sec-
ondary helical and linear motifs of proteins are not restrict-
ed to the a-peptide backbone but belong to many classes of
oligomers as, for example, aliphatic b-, g-, and d-peptides.[2]

Interest for these new molecules stems largely from the
hope that they may mimic not only biological structures but

also biological functions. Some show promising biological
activities[2,3] and others have found applications in molecular
recognition.[4–7]

Judging by the rapidly increasing number of new foldamer
families that are being reported, the synthesis of new inter-
esting oligomers does not constitute a major obstacle. How-
ever, the unambiguous elucidation of a new folded structure
in solution may prove to be a very challenging task. For
oligomers bearing chiral groups, circular dichroism may give
a hint that a structure is folded, though such data should be
handled with great care.[8] For the so called peptidomimetic
backbones, for example, aliphatic b, g, and d-peptides, NMR
protocols simply derived from those developed to study the
structure of a-peptides allow to interpret NMR spectra and
resolve solution structures. In particular, NOESY correla-
tions and scalar couplings between amide protons and adja-
cent aliphatic protons allow to reconstitute the sequence of
monomers and fully assign 1H NMR spectra.[9] In peptides
bearing numerous tetrasubstituted a-carbons, homonuclear
scalar correlations can no longer be used for resonance as-
signment. Heteronuclear multiple bond coherence (HMBC)
experiments have then been exploited to perform sequential
assignments using interactions of the type NHi ! COi !
NHi+1.

[10]
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The situation is even more complicated for the many fam-
ilies of foldamers whose backbone strongly differ from bio-
logical backbones as those that include numerous aromatic
functions. Aromatic 1H NMR signals often strongly overlap
making a direct assignment based on the 1H NMR spectra
difficult if not impossible. Indirect evidence of folding can
sometimes be obtained from strong changes in the UV/Vis
absorption spectra and fluorescence spectra, as with oligo-
phenylethynylenes.[11] A partial assignment of NMR spectra
may allow to identify some NOE correlations and obtain
partial, and yet valuable, evidence of folding.[6,12] However,
these difficulties clearly call for the development of new ap-
proaches to structural studies of foldamers in solution. An
original development was proposed by Moore et al. who in-
troduced two spin labels in an oligophenylethynylene
oligomer and used electron spin resonance spectroscopy to
determine the helical pitch of the folded structures.[13] In the
following we wish to report a simple NMR protocol that al-
lowed the complete assignment of 1H NMR spectra and, to
a large extent, of 13C NMR spectra, and the unambiguous
solution structure elucidation of helical oligoamides derived
from pyridine and quinoline monomers.
Previously, we have reported on the ability of several fam-

ilies of aza-aromatic oligoamides to fold into remarkably
stable helices stabilized by intramolecular aromatic–aromat-
ic interactions and by both attractive and repulsive electro-
static interactions involving either the amide hydrogen or
oxygen on the one hand, and the adjacent aromatic nitrogen
and hydrogen atoms on the other hand.[1c] We have mainly
studied oligoamides of 8-amino-2-quinolinecarboxylic
acid,[14] and oligoamides of 2,6-diaminopyridine and 2,6-pyri-
dinedicarboxylic acids.[15–17] We also recently started to com-
bine these two series in a single sequence.[7] The folded
structures of these oligomers have been extensively charac-
terized in the solid state by single crystal X-ray crystallogra-
phy.[14–16] In solution, however, a number of elements indi-
cate that the same conformations prevail, but this is only
supported by indirect evidence. For example, the 1H NMR
spectra are sharp and distributed over a wide range of
chemical shifts despite the repetitive nature of the sequen-
ces, suggesting different environments of the units; amide
protons involved in intramolecular hydrogen bonding are
deshielded (signals at 10–12 ppm); increasing strand length
results in a strong shielding of aromatic, amide and ester
protons that can be attributed to tight contacts between aro-
matic rings; diastereotopic motifs consistent with the chiral
nature of a helix emerge for long oligomers. All these ele-
ments are consistent with the assumption that the structures
observed in the solid state exist in solution but they do not
provide a definite proof.
In the following, we show that the 1H NMR spectra of

these oligomers can be fully assigned using HMBC and
HSQC NMR protocols and a relatively standard equipment,
that is, a 400 MHz spectrometer with a shielded magnet.
Resonance assignment in turn allows for the interpretion of
the NOESY correlations and fully solve the solution struc-
ture. The strategy followed here represents an extension of

the approach developed for peptides bearing numerous tet-
rasubstituted a-carbons.[10] We have used two representative
examples in the quinoline and in the pyridine series (struc-
tures 1 and 2 in Figure 1). But similar experiments may, in
principle, be performed with a wide variety of foldamers
bearing aromatic groups.

Results and Discussion

Choice of the oligomeric sequences : Octamer 1 and tride-
camer 2 (Figure 1) were selected as representative examples
of oligoamides derived from 8-amino-2-quinolinecarboxylic
acid and from 2,6-diaminopyridine and 2,6-pyridinedicar-
boxylic acid, respectively. Their alkyl chains provide high
solubility in chlorinated and aromatic solvents. Both oligom-
ers had to be long enough, firstly to make sure that they are
well folded, as helix stability increases with length[14–17] and,
secondly, to avoid the dimerization of 2 into double helices
which would seriously complicate NMR spectra. Indeed
oligomers such as 2 have been shown to hybridize into
double helical dimers.[16,17] But this tends to decrease with
oligomer length down to undetectable levels for longer
strands.[17] If necessary, the proportion of double helix may
also be reduced upon diluting the sample. On the other
hand, the length of both 1 and 2 had to be limited because
NMR spectra become more and more complex and signals
overlap is problematic as the number of units increases.
CDCl3 was selected because the signals are well spread out
in this solvent. This effect is much more pronounced in the
quinoline series than in the pyridine series (Figure 2), de-
spite the fact that the pyridine derived oligomers intrinsical-

Figure 1. Structures of quinoline derived oligomer 1 and pyridine derived
oligomer 2, and numbering of the aromatic protons and carbons. Mono-
mers are numbered from the N-terminus in 1 and from any terminal
ester of oligomer 2 (the central unit is thus ring 7). Protons and carbons
are numbered according to their position on the aromatic ring, and to the
position of this ring in the sequence. For example, H3-6 corresponds to
the proton in position 3 of the sixth unit; CO2-3 corresponds to the car-
bonyl carbon in position 2 of the third unit.
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ly possess two kinds of monomers whereas the quinoline
oligomers consist of only one kind of monomer. To limit the
number of signals and thus signals overlap in the pyridine
series without reducing oligomer length, we decided to use a
symmetrical oligomer. Symmetry divides the number of sig-
nals per two and leads to an acceptable degree of overlap in
2 (Figure 2, bottom), though it remains more significant
than for 1. As discussed later, symmetry is expected to cause
degeneration of the signals and ambiguity in signal assign-
ment. Nevertheless, this complication was preferred to ambi-
guity arising from signal overlap.
The helical conformation of octamer 1 was previously

characterized in the solid state by X-ray crystallography.[14a]

The helical conformations of oligomers such as 2 with up to
11 pyridine rings but no alkoxy substituents were also char-
acterized in the solid state.[15] As mentioned in the Introduc-
tion, evidence exists that these oligomers adopt helical con-
formations in solution similar to that observed in the solid,
but this evidence is only indirect. For example: i) hydrogen-
bonded amide protons are deshielded (signals at 11–12 ppm
for 1 and 10–11 ppm for 2); ii) consistent with tight contacts
between aromatic rings in the helix, aromatic and ester pro-
tons are shielded compared with shorter oligomers. For ex-
ample, the signal of the methyl ester is found at 3.03 ppm in
1 and 3.34 ppm in 2, compared with about 4.10 ppm in the
corresponding monomers; iii) signals assigned to the OCH2

groups of the alkoxy side chains at 3.6–4.3 ppm in 1 and 3.9–
4.4 ppm in 2 show diastereotopic patterns consistent with
the intrinsic chirality of a helical conformation.

Assignment of the spin systems and reconstitution of the se-
quences : Solution studies were performed to assess directly
whether the folded structures observed in the solid state are
also prominent in solution. The structures of 1 and 2 were
investigated by 1D and 2D NMR spectroscopy in CDCl3.
Some information stemming from the coupling pattern
allows to identify a few signals. For 1, singlets found be-
tween 6.15 and 7.10 ppm belong to aromatic H3, doublets
(J=6.7 Hz) and triplets (J=8.0 Hz) between 7.01 and
8.30 ppm belong to protons H5, H7 and H6. For 2, sharp
doublets (J=1.3 Hz) belong to protons H3 and H5 of three
of four pyridinedicarbonyl rings; the central ring gives rise
to a singlet because protons H3 and H5 are equivalent.

Doublets and triplets belong to protons H3, H5 and H4 of
the three diaminopyridine rings.
The spin systems of the different residues of octamer 1

were partially identified from DQF-COSY experiments:
strong correlations between H5, H6 and H7 protons of all
eight quinoline residues and a few weaker long range corre-
lations between H3 on the one hand and H5, H6 or H7 pro-
tons on the other hand allow to regroup most aromatic pro-
tons belonging to the same residue.[18] However, these ex-
periments do not allow to distinguish H5 and H7 protons.
The whole spin systems were unambiguously identified from
HMBC experiments and required the assignment of the part
of the 13C NMR spectrum corresponding to the backbone of
octamer 1 (almost 80 carbons). As shown in Figure 3, long-
range correlations between protons and carbons H6�C10
(3J), C10�H3 (3J), H3�C4 (2J) and C4�H5 (3J) permit the
complete assignment of all spin systems and, at the same
time, to differentiate H5 from H7 on each quinoline ring.
For tridecamer 2, strong DFQ-COSY correlations be-

tween H3 and H5 protons of pyridinedicarbonyl rings allow
to determine all spin systems of these units, though they do
not allow to tell which signal corresponds to H3 and which

Figure 2. Parts of the 400 MHz 1H NMR spectra of oligomers 1 and 2 at a concentration of 5 mm and 1 mm, respectively, in CDCl3 at 300 K showing the
amide, aromatic, OCH2 and OCH3 resonances. The scales of the two spectra have been adjusted so that the signals of similar protons of each compound
coincide.

Figure 3. Parts of the 400 MHz HMBC plot of 1 in CDCl3 at 300 K, show-
ing cross-peaks between protons H3 and H6, and carbon C10 (top) and
cross-peaks between protons H3, H5 and carbon C4 (bottom). The hori-
zontal scale is that of proton resonances and the vertical scale is that of
carbon resonances.
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signal corresponds to H5. On the other hand, the assignment
of the spin system of the three different diaminopyridine
rings is not unequivocal. Overlap between H3, H4 and H5
protons of diaminopyridine rings leads to less well-defined
spin systems of these units, two of them could not be deter-
mined unambiguously. The assignment of these spin systems
and the distinction between H3 and H5 protons on both di-
aminopyridine units and pyridinedicarbonyl units could only
be achieved during the reconstitution of the whole sequence
(see below).
The sequences were assigned on the basis of 2D HMBC,

HSQC and 1D 13C experiments. As shown in Figure 4, for
octamer 1, the strong H7–C7 HSQC and C7–NH, NH–CO
and CO–H3 HMBC correlations allow to go easily from res-
idue i to residue i+1. This assignment is more difficult for
tridecamer 2 because of the presence of the two different
pyridinedicarbonyl and diaminopyridine units. The numer-
ous correlations necessary to go from residue i to residue
i+1 and then residue i+2 are represented in Figures 5 and 6.
Starting from proton H5 of a diaminopyridine unit, correla-
tions H5–C5 (HSQC), C5–NH6 (HMBC), NH6–CO2
(HMBC), and CO2–H3 (HMBC) allow to establish a con-
nection to the adjacent pyridinedicarbonyl ring. Then, corre-
lations H3–C3 (HSQC) and C3–H5 (HMBC) allow to defi-
nitely distinguish H3 from H5 on the pyridinedicarbonyl
unit. A similar string of correlations allows to connect this
H5 proton of a pyridinedicar-
bonyl unit to the H3 protons of
the next diaminopyridine unit:
H5–CO6 (HMBC), CO6–NH2
(HMBC), NH2–C3 (HMBC).
Finally, correlations C3–H3
(HSQC) and H3–C5 (HMBC)
allow to distinguish H3 from
H5 on this diaminopyridine
unit.
The steps described above

allow to shift from one unit to
the next in the sequence follow-
ing well-defined correlations.
To fully assign the sequence, an
unambiguous starting point is
also necessary. A few signals
may easily be assigned because
the proton or carbons to which
they correspond are close to
the N- or C-terminal extremi-
ties of the strands. Their chemi-
cal shifts are noticeably differ-
ent because of the presence of
terminal nitro or methyl ester
functions. In octamer 1, the
signal of carbon C8-1 which
bears the nitro group is found
at 145.0 ppm whilst all other C8
carbons are found between
132.7 and 134.3 ppm. Similarly,

the signal of carbonyl of the ester function CO-8 is found at
164.0 ppm, whilst the signals of amide carbonyls range be-
tween 159.9 and 161.6 ppm. In 2, the signal of the ester

Figure 4. Parts of the 400 MHz HMBC plot of 1 in CDCl3 at 300 K, show-
ing cross-peaks between carbons C7 and amide protons (top), between
amide protons and carbonyl carbons (bottom left), and between carbonyl
and H3 protons (bottom right) used for sequence assignment to go from
residue i to residue i+1. The horizontal scale is that of proton resonances
and the vertical scale is that of carbon resonances.

Figure 5. Schematic representation of HSQC and HMBC correlations which allow to connect residue i to resi-
due i+2 in tridecamer 2.
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carbon CO-1 is 164.1 ppm whilst other carbonyls are found
between 160.0 and 161.5 ppm.
These experiments have allowed to assign the signals of

all aromatic and amide protons and carbons in 1 and 2. Two
tables giving this full assignment and the correlations ob-
served between them can be found in the Supporting Infor-
mation. Of course, the presence of C2-symmetry axis in 2
causes all signals to be degenerate and to belong to two
equivalent protons at different positions of the strand.
An interesting observation that can be made from this as-

signment concerns the variation of the amide resonances as
a function of their position in the sequence (Figure 7). Both
for 1 and 2, the most shielded amide protons are the ones at
the core of the sequence, and also the ones at the extremi-
ties. The shielding of the protons at the core of the sequence
is not surprising since they are sandwiched between aromat-
ic rings. The chemical shift of the peripheral amide protons
may arise from a higher conformational mobility at the

strands extremities and thus a weaker effect of the deshield-
ing associated with intramolecular hydrogen bonding.

Determination of the conformations : Determinations of the
structures were carried out with NMR 1H/1H ROESY ex-
periments. Many attempts were first performed by using
NOESY experiments, but in the range of molar masses of
both compounds, NOE correlation signals have the same
phase as the diagonal signals, and so cross-peaks can hardly
be distinguished from other correlations, TOCSY for in-
stance, or noise. The ROESY experiment is more effective
in our case, since the phase of the diagonal signals is the
same as TOCSY breakthrough signals, and NOE correla-
tions are in anti-phase.
The regions of the ROESY plot of octamer 1 containing

important data concern aromatic, side chain OCH2, amide
and ester resonances. Aromatic proton H3 from a residue i
shows up to six NOE correlations with aromatic protons H5,
H6 and H7 from residues i+3 and i�2 (Figure 8a). Of
course, H3 protons in residues 1 and 2 correlate only with
protons in residue 4 and 5, respectively, and H3 protons of
residues 6, 7 and 8 only correlate with protons in residues 4,
5 and 6, respectively. Interestingly, the OCH2 protons of a
residue i (which can be identified through an NOE correla-
tion with the nearby proton H3) show the same NOE corre-
lations with aromatic protons H5, H6 and H7 from residues
i+3 and i�2. The signals of OCH2 protons show diastereo-
topic patterns, except those of residues 6, 7 and 8 at the C-
terminus. The methyl ester protons show a single correlation
with aromatic proton H3-6 (Figure 8b). The intensity of this
cross-peak is one of the strongest observed on the ROESY
spectra; the proton–proton distance is thus one of the short-
est. In the region of amide resonances, the signal of the
amide of residue i shows cross-peaks with the signals of
amides residues i�2, i�1, i+1 and i+2 (Figure 8c). Most of
these numerous NOE correlations are schematized in Fig-
ure 8e. They are all consistent with a helical structure of oc-
tamer 1.
NOE correlations were more difficult to identify for tri-

decamer 2 because of the C2 symmetry of the strand, and
because of the overlap between aromatic 1H NMR signals.
The regions of the ROESY plot containing important data
again concern aromatic and amide proton resonances. NOE
correlations between aromatic protons overlap too much
and are too weak to be distinguished from TOCSY correla-
tions or noise. Fortunately, in the region of amide resonan-
ces, five cross-peaks are well-defined, two with weak intensi-
ty and three with high intensity (Figure 8d). As shown in
Figure 9, these five cross-peaks are consistent with the heli-
cal structure observed in the crystal of analogues of 2. The
three stronger cross-peaks can be assigned to correlations
between amide protons following each other in the sequence
(i, i+2); they arise from the close distance between the two
protons of a 2,6-pyridinedicarboxamide unit (Figure 8f). Of
course, the symmetry of the oligomer and degeneracy of the
signal allows other assignments, but these would be incom-
patible with the helical structure observed in the crystal

Figure 6. Parts of the 400 MHz HMBC plot of 2 in CDCl3 at 300 K, show-
ing cross-peaks between carbons C5 and C3 and amide protons (top), be-
tween amide protons and carbonyl carbons (bottom left), and between
carbonyl and protons H3 and H5 (bottom right) used for sequence as-
signment to go from residue i to residue i+2. The horizontal scale is that
of proton resonances and the vertical scale is that of carbon resonances.

Figure 7. Variation of chemical shift of amide protons with their position
in the sequence for a) octamer 1 and b) tridecamer 2. The line is for
guiding the eye only.
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(Figure 9). The two weaker correlations occur between pro-
tons more remote from each other in the sequence (ring i
and ring i+4). Again, other possible assignments are not
consistent with the helical structure observed in the crystal.
Due to the low number of NOE correlations in tridecam-

er 2, molecular modeling calculations were not attempted.

The main obstacle to a full
analysis of this structure is the
overlap between aromatic sig-
nals. Full assignment of the se-
quence was possible; however,
we could not fully assign the
ROESY spectrum. Measure-
ments at higher field (e.g.
600 MHz with a cryoprobe)
may be attempted in the future.
The conformation of octamer

1 in solution was further inves-
tigated by restrained molecular
dynamics calculations. Distance
constraints were extracted from
the ROESY spectrum. NOE
correlations which could not be
assigned unambiguously be-
cause of NMR signals overlap
were not used in structure cal-
culations. Inter-proton distances
for octamer 1 were obtained by
measuring cross-peaks volumes
in the ROESY spectra, taking
as a reference a distance of
2.3 N between the proton H3 of
each quinoline ring and the dia-
stereotopic OCH2 protons of
the same ring. Distance re-
straints were assigned as strong,
medium and weak, and set at
intervals of 2.2 � 0.4, 3.5 � 0.9
and 5 � 0.6 N, respectively.
Structures were calculated from
30 inter-residue NOE (distance
constraints) using the MM3*
force field in the MacroModel
program, by using a fully ex-
tended conformation of the
oligomer as well as a helical
conformation as starting struc-
tures. Monte Carlo-style confor-
mational search was also per-
formed with the fully extended
conformation as starting struc-
ture. All simulations converged
towards helical structures each
time, with MM3*, regardless of
the starting structure. The su-
perimposition of the 10 lowest
energy structures (Figure 10a)

showed that the helical backbone is well-defined. Some dis-
order around isobutyl chains in position 4 of the quinoline
rings reveals the flexibility of these substituents. Overlay of
the lowest energy structure and the crystal structure (Fig-
ure 10b) reveals a very similar backbone conformation in so-
lution and in the solid-state. The slight discrepancies be-

Figure 8. Parts of the 400 MHz ROESY plots (tm=300 ms) of 1 and 2 showing cross-peaks between a) aromat-
ic protons in 1; b) ester and aromatic protons in 1; c) amide protons in 1; d) amide protons in 2. Structures of
e) octamer 1 and f) tridecamer 2 summarizing NOE correlations identified from ROESY spectra. * and * in
charts a) and e) represent correlations between a proton in residue i and protons in residues i�2 and i+3, re-
spectively. A few unassigned correlations are labeled “nd”.
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tween the crystal structure and the energy minimized struc-
tures might reflect minor but genuine differences between
solid state conformation and solution conformations. More
likely, these differences originate from imperfections in the
force field parameters.

Conclusion

The NMR protocols developed for solving the solution
structures of a-peptides have been applied to aliphatic b-
and g-peptides but are not directly applicable to aromatic
oligomers. In particular, the string of spin systems in an aro-
matic sequence cannot be reconstituted solely from correla-
tions between protons. We have shown that the assignment
of a large part of the 13C NMR spectrum through HMBC
and HSQC experiments allows to unambiguously assign the
proton NMR spectrum. This has been implemented both
with quinoline- and pyridine-derived oligoamide foldamers,
and should be applicable to a wide range of oligomers in-
cluding various combinations of monomers. This assignment
in turns allows for the interpretation of NOE correlations
and, when enough distance constraints can be obtained, to

the direct determination of the
solution structure. The full as-
signment also paves the way to
other types of NMR experi-
ments, for example the investi-
gation of dynamic phenomena
within the oligomer. For aza-ar-
omatic oligoamides, the struc-
tures obtained in solution cor-
respond very well with those
observed in the solid state. In
the pyridine series, overlap be-
tween aromatic signals still
comes as a limitation to inter-
pret NOE correlations. Howev-
er, it should be emphasized that
the oligomers studied here are
highly repetitive sequences, and
also that the instrumentation
used -a simple 400 MHz spec-
trometer- is relatively standard.
More advanced instrumentation
should allow to fully solve even
more complicated cases.

Experimental Section

NMR Spectroscopy

General methods : Spectra were re-
corded with a Bruker Avance 400 NB
US NMR spectrometer by means of a

5 mm direct QNP 1H/X probe with gradient capabilities. The tempera-
ture was maintained at 300 K for the structure determination. 1H, 13C,
double quantum filtered correlated spectroscopy (DQF-COSY),[19] heter-
onuclear single quantum coherence (HSQC),[20] heteronuclear multiple
bond correlation (HMBC),[21] and rotating frame nuclear Overhauser
spectroscopy (ROESY),[22] spectra were used for sequence-specific as-
signments of both compounds. Data processing was performed with
XWIN-NMR software.

Sample preparation : The synthesis of octamer 1 was described previous-
ly.[14b] The synthesis of tridecamer 2 was performed by using published
procedures.[16,23] NMR samples were prepared by dissolving the solids in

Figure 9. Part of the crystal structure of an analogue of 2 showing the
five correlations observed in the 400 MHz ROESY plot of 2 (dotted
lines). These correlations are consistent with the distances observed in
the crystal : d(NH6-4–NH2-6) = 2.61 N; d(NH6-6–NH2-8)=2.81 N;
d(NH6-2–NH2-4) = 2.59 N; d(NH6-2–NH6-6)=3.24 N; d(NH2-4–NH2-
8) = 3.45 N.

Figure 10. a) Side view and top view of superimposed ten lowest energy structures of 1 obtained from restrain-
ed stochastic dynamic simulations at 1000 K with a helical conformation used as a starting structure. b) Super-
imposition of the lowest energy calculated structure and of the crystal structure. Root-mean-square (RMS) dif-
ferences of bond and angle deviations from the crystal structure were 0.377 N and 38, respectively.

www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6135 – 61446142

I. Huc et al.

www.chemeurj.org


CDCl3 (0.5 mL) to reach a concentration of 5 mm for 1 and of only 2 mm

for 2 to avoid its hybridization into double helices.[16,17]

Octamer 1: The DQF-COSY was performed by a gradient-selection
pathway. Acquisition with 512(t2)R256(t1) data points; relaxation delay of
2 s; sweep width of 1000 Hz in both dimensions; QF mode in t1 and eight
scans per increment. Processing was done after a sine-bell multiplication
in both dimensions, and Fourier transformed in 1 kR1 k real data points.

The HSQC acquisition was performed with 1024(t2)R512(t1) data points
in echo-antiecho mode with Z gradients selection; a relaxation delay of
2 s and 32 scans per increment; and a sweep width of 4800 Hz for the
proton dimension and 17000 Hz for the carbon dimension. Processing
was done after a cosine multiplication in both dimensions, and Fourier
transformed in 1 kR1 k real data points.

The HMBC acquisition was performed with 1024(t2)R512(t1) data points
in QF mode in t1 with Z gradients selection; a relaxation delay of 2 s and
40 scans per increment; and a sweep width of 4800 Hz for the proton di-
mension and 17000 Hz for the carbon dimension. Processing was done
after a cosine multiplication in both dimensions, and Fourier transformed
in 1 kR1 k real data points.

The ROESY acquisition was performed with 1024(t2)R256(t1) data points
in States-TPPI mode with Z gradients selection and with CW-spin lock
for mixing; a relaxation delay of 2 s and 64 scans per increment; a sweep
width of 3400 Hz in both dimensions; and a mixing time of 300 ms. Proc-
essing was done after a sine-bell multiplication in both dimensions, and
Fourier transformed in 1 kR1 k real data points.

Tridecamer 2 : The DQF-COSY was performed by a gradient-selection
pathway. Acquisition with 256(t2)R256(t1) data points; relaxation delay of
2 s; sweep width of 800 Hz in both dimensions; QF mode in t1 and one
scan per increment. Processing was done after a sine-bell multiplication
in both dimensions, and Fourier transformed in 1 kR1 k real data points.

The HSQC acquisition was performed with 1024(t2)R256(t1) data points
in echo-antiecho mode with Z gradients selection; a relaxation delay of
2 s and 64 scans per increment; and a sweep width of 4400 Hz for the
proton dimension and 18000 Hz for the carbon dimension. Processing
was done after a cosine multiplication in both dimensions, and Fourier
transformed in 1 kR1 k real data points.

The HMBC acquisition was performed with 1024(t2)R256(t1) data points
in QF mode in t1 with Z gradients selection; a relaxation delay of 2 s and
78 scans per increment; and a sweep width of 4400 Hz for the proton di-
mension and 18000 Hz for the carbon dimension. Processing was done
after a cosine multiplication in both dimensions, and Fourier transformed
in 1 kR1 k real data points.

The ROESY acquisition was performed with 512(t2)R512(t1) data points
in States-TPPI mode with Z gradients selection and with CW-spin lock
for mixing; a relaxation delay of 2 s and 32 scans per increment; a sweep
width of 640 Hz in both dimensions and a mixing time of 300 ms. Process-
ing was done after a sine-bell multiplication in both dimensions, and
Fourier transformed in 1 kR1 k real data points.

Molecular modeling calculations

General : Restrained molecular modeling calculations for octamer 1 were
performed on a R10 000 O2 Silicon Graphics workstation using Macro-
model version 6.5 (Schrçdinger Inc.). Conformational minima were
found using the modified MM3* (1991 parameters) force field as imple-
mented and completed in the MacroModel program. Build structures
were minimized to a final RMS gradient � 0.005 kJN�1mol�1 by the
truncated newton conjugate gradient (TNCG) method (1000 cycles). In
all cases the extended cut-off option was used throughout (VdW = 8 N,
electrostatic = 20 N and hydrogen bond = 4 N).

Extraction of distance constraints from 2D ROESY spectra : Interproton
distances for octamer 1 were obtained by measuring cross-peak volumes
in the ROESY spectra, taking as a reference the distance of 2.3 N be-
tween the proton H3 of the quinoline ring and the diastereotopic protons
OCH2 in position 4. Distance restraints were assigned as strong, medium
and weak, and set at intervals of 2.2 � 0.4, 3.5 � 0.9 and 5 � 0.6 N, re-
spectively. For this purpose a flat-bottomed well potential was used.

Stochastic dynamic simulations : Stochastic dynamic simulations were ac-
complished using the variant of molecular dynamics that is implemented
in MacroModel. The forces from the force field were augmented by fric-
tional and random forces that simulate some properties of a solvent
medium.[24] Two runs were performed with a fully extended conformation
and a helical conformation used as starting structures. The chosen tem-
perature was 1000 K, the time step was 1.0 fs, the total simulation time in
each case was 5 ns and 500 snapshots were saved for each run. All saved
conformers were fully minimized without constraints and ranked by as-
cending energy (TNCG, 1000 steps). The final 20 structures with the
lowest energy were used for the structural analysis.

Monte Carlo-style conformational search : This search is implemented in
MacroModel.[25,26] The manual setup was selected, that is, the 14 single
bonds corresponding to the junction between the amide function and the
aromatic rings were kept flexible. In order to insure convergence 1000
steps were made per input structure, in an energy range of 20 kJmol�1

(solution accessible conformation). The same constraint set as above was
used throughout. Each conformer was fully minimized (1000 cycles,
TNCG method, RMS �0.005 kJN�1mol�1, MM3* force field). The least-
used structures were used as starting geometries only if their energies
were within the energetic window (20 kJmol�1 of the lowest energy struc-
ture yet found). Afterwards the 186 conformers found at this stage were
re-minimized, unconstrained, leading to a final set of 54 conformers. The
Insight II program (Accelrys Inc.) was used for structural analysis of the
different obtained conformations.
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