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Abstract: Homo-oligomers constructed by using trans-2-aminocyclohexanecarboxylic acid monomers
without protecting groups were studied. Both ab initio theory and NMR measurements showed that the
tetramer tends to adopt a 10-helix motif, while the pentamer and hexamer form the known 14-helix. It was
concluded that the conformationally constrained backbone is flexible enough to afford both 10-helical and
14-helical motifs, this observation in turn providing evidence of the true folding process. Self-association of
the helical units was also detected, and the results of variable-temperature diffusion NMR measurements
strongly suggested the presence of helical bundles in methanol solution.

Introduction

The artificial secondary structures ofâ-peptides are of major
importance in the field of self-organizing systems by virtue of
the wide range of their potential applications, due to their
propensity to adopt side-chain-controllable compact ordered
conformations.1-6 The conformationally constrainedâ-peptide
oligomers containing cyclic side chains are among the most
thoroughly studied models in foldamer chemistry. Homo-
oligomers constructed by usingtrans-2-aminocyclohexanecar-
boxylic acid (trans-ACHC) monomers, which have protecting
groups at both ends,1-5 (Chart 1), are known to form a highly
stable 14-helix in various solvents (methanol or pyridine).7-15

This structural motif is so stable that it is always predominant
when the chain is longer than three monomers. The chain-length

independence of the folding pattern raises the still open question
of whether these oligomers exhibit a real folding process, or
whether the conformational space of the monomers is too
preorganized to allow partly folded or other stable secondary
structures. The torsional anglesæ, θ, andψ of the â-residues
extracted from the literature data1,5,16-18 for the 10- and 14-
helices with the same helicity occupy adjacent positions in the
Ramachandran plot, which allows a smooth rearrangement
between the two conformational states without unfolding of the
helical pattern if the 10-helix is energetically available under
the corresponding conditions. Accordingly, by utilizing circular
dichroism (CD) spectra together with molecular dynamics
simulation, Seebach et al. proposed an equilibrium between the
10- and 14-helices inâ-hexapeptide derivatives with simple
proteinogenic side chains19 while Fleet et al. demonstrated
experimentally that an oxetane-basedâ-residue leads directly
to the 10-helix formation.20 Such a conformational polymor-
phism is an important feature of any folded system that is
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designed to have a complex dynamic function in general; it is
also observed for the naturalR-peptides: the interplay between
theR-helix and the 310-helix motif can be a crucial factor during
the folding process.21 To reveal similar intrinsic properties of
the â-peptides and experimentally capture the conformational
polymorphism in high-resolution solution structures, short
oligomers with conformationally constrained side chains without
terminal protecting groups were studied in the present work.
We set out to discover the limits of the flexibility oftrans-
ACHC oligomers and to test the ability of these oligomers to
adopt the 10-helix motif besides the well-known 14-helix, which
would suggest that the 10-helix may be a potential conforma-
tional intermediate in the folding process toward the thermo-
dynamically stable 14-helix.

Results and Discussion

In our approach, the potential energy hypersurfaces oftrans-
ACHC homo-oligomers without protecting groups,6-9 (Chart
1), were probed first by a standard restrained simulated
annealing conformational search protocol, carried out by using
molecular mechanics and distance restraints between the relevant
H-bond pillar atoms. The resulting most stable structures for
7-9 were optimized without restraints for both the 10- and 14-
helices. Final minimizations were carried out by using an ab
initio quantum mechanical method22 at the RHF/3-21G level
in a vacuum, as this has been reported to provide a good
approximation for the geometry of theâ-peptides.23 The ab initio
structures converged to the corresponding local minimum of
the potential energy surface. To take into account the effects of
more diffuse basis sets and the electron correlation, the energies
were calculated at the B3LYP/6-311G** level too (Figure 1).
The conformational energy differences between the 10- and 14-
helices (∆E ) E10 - E14) proved to be rather low in terms of
the nonbonding interaction energy scale, indicating a possible
energetic availability of the 10-helix. The∆E values clearly
reveal a trend of an increasing relative stability for the 10-helix
motif as the chain length decreases. The energy difference
obtained with the different approximation levels for7 predict a
conformational equilibrium between the 10- and 14-helices, with
a slight preference for the 10-helix in the case of the RHF/3-
21G level. These findings presage the tendency for the
unprotected tetramer to adopt the 10-helical motif, which is
surprising in light of the earlier literature results on similar
constrainedâ-peptides with protecting groups and offers a
possibility for experimental testing.

The Boc-(1S,2S)-ACHC monomer was synthesized by a
literature method.24 The chain assembly was carried out in the
solid phase; after the third amino acid, the acyl fluoride
method25-27 was used, due to the difficulty of elongation of
the peptide chain. The peptides were detached from the resin
by using liquid HF, and the product was isolated by RP-HPLC.
Products were characterized by means of various NMR methods,
including COSY, TOCSY, and ROESY, in 8 mM CD3OD and
DMSO solutions.

For assessment of the conformational stability of the peptides
in CD3OD, 1H-2D amide proton exchange was utilized. For6,
an unfolded conformation was found, as deciphered from the
immediate amide proton exchange. Following the dissolution
of 7, 1H NMR indicated that the amide protons exchanged
completely only in 2 weeks. The amide protons in8 and9 still
showed strong resonances after the same period of time. The
shielded amide protons of the residues in the corresponding
oligomers were assigned (Figure 2).

The observations confirmed that the studied oligomers adopt
very stable intramolecular H-bonded folding patterns in CD3OD
solution. As concerns the previously reportedtrans-ACHC
oligomers with protecting groups, the amide proton signals were
lost within 65 h,7 which may suggest considerably more shielded
NH protons in our models, but a direct comparison must be
made with caution because of the incidentally different con-
centrations of residual acid (TFA) stemming from the chro-
matographic separation and sample preparation protocol. The
1H-2D amide proton exchange experiments were therefore
repeated for9 with an elevated TFA concentration of 1.0% v/v.
The residual signals of the most shielded protons exhibit a
relative intensity of 0.2 after 65 h for9 (Figure 3). The usual
TFA concentration during HPLC separations is 0.1% v/v; hence,
the applied TFA level in these1H-2D exchange experiments
is drastically higher than one would expect in a normal setup.
Accordingly, these results still support the view of highly
shielded and stable H-bonds in the studied compounds.
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Figure 1. Some of the resulting ab initio structures, and the chain-length
dependence of the conformational energy difference between the 10- and
14-helices: [, RHF/3-21G;2, B3LYP/6-311G**.

A R T I C L E S Hetényi et al.
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The high-resolution 3D structure assignment was carried out
by running ROESY spectra with 225 ms (Figure 4) and 400
ms spin lock in CD3OD. The intensity ratio (R) of the cross-
peaks NHi-CRHi-1 and NHi-CâHi calculated according to eq
1, whereINOE designates the integrated and offset-compensated

ROESY cross-peak intensities, is a sensitive indicator of the
overall fold of the oligomers because it is dependent on the
sixth power of the relative distances.15 By using secondary
structure motifs of (1S,2S)-ACHC obtained by molecular
modeling, representativeR values are estimated as 3.51, 5.83,
and 5.61 for the right-handed 12-helix, left-handed 10-helix,
and left-handed 14-helix, respectively. The random coil gives
anR value of 2.1. It is clear that the 10- and 14-helices cannot
be distinguished in this way, considering their similarR values
and the usual experimental error; nevertheless, the overall fold
can be determined.

Comparison of the experimental intensity ratios and the
theoretical values reveals good agreement with the left-handed
10- or 14-helical fold for each compound, with the exception
of the N-terminal residues (Table 1). For7, the NH2-CRH1 NOE
interaction is missing (i.e.,R ) 0, Figure S6 in the Supporting
Information), which is a major deviation from the regular helix
structure, pointing to a fraying or unusually oriented N-terminal
residue. This observation is supported by the relatively faster
exchange rate of NH2 and the considerable upfield shift of CRH1

(2.14 ppm) in comparison with those for8 (2.96 ppm) and9
(2.95 ppm). For8 and9, theRvalues involving the first residue
are slightly decreased, but there is not a dramatic difference.
The antiperiplanar arrangement of the NHi-CâHi protons in both
the 10- and 14-helices was confirmed by the uniform3J(NHi-
CâHi) values of ca. 9 Hz.

As regards the theoretical models, another major difference
between the two helical structures is that the 10-helix should
give CRHi-CâHi+2 and the 14-helix CRHi-CâHi+3 NOE interac-
tions. For 7, a marked signal can be observed between the
protons at 2.85 ppm, unambiguously assigned to CRH2, and at
4.02 ppm. The resonances of CâH2 and CâH4 overlap near 4.02
ppm, but analysis of the vicinal coupling constant pattern clearly
demonstrates the prevailingtrans-diaxial orientation of CâH2

and CRH2, which rules out their proximity of<2.5 Å, estimated
from the cross-peak intensity. The nonoverlapping intraresidue
CâHi-CRHi NOE signals for residues 3 and 4 are of much lower
intensities (25%). The cross-peak in question is therefore
assigned to the long-range CRH2-CâH4 interaction. The CRH1-
CâH3 interaction in the ROESY spectrum at the given signal-
to-noise ratio is indistinct, in parallel with the irregular
N-terminal residue orientation deciphered from the missing
NH2-CRH1 NOE cross-peak. The proximity of CRH2-CâH4 can
only be maintained by the cooperation of two H-bonds, CO4-
NH3 and CO3-NH2, forming a stable 10-helix motif involving
residues 2-4, while the absence of the CRH1-CâH3 and NH2-
CRH1 NOE interactions can be explained by an irregularly
oriented N-terminal residue. The rotation of the first residue is
not hindered sterically or by hydrophobic stabilization in the

Figure 2. NH/HD exchange results for7-9 in CD3OD.

R ) INOE(NHi-CRHi-1)/INOE(NHi-CâHi) (1)

Figure 3. Comparison of the NH/ND exchange rates: (a) without additional
TFA; (b) with 1% TFA. The displayed intensities are assigned as follows:
×, NH2; O, NH3; +, NH4; 4, NH5; /, NH6.
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10-helix due to the lack ofi-(i + 3) side-chain-side-chain
proximity (Figure 5). The preference for the distorted 10-helix
motif in 7 can be explained by the fact that only three amide
bonds are available for H-bonding stabilization. In the 10-helix
conformation, two H-bonds can be formed for such a short chain
length, while the 14-helix facilitates only one H-bond. The extra
electrostatic stabilization counteracts the conformational strain
encountered at the monomer level.2 In contrast with the ACHC
tetramer with an unprotected N-terminal, the ACHC tetramer
studied by Gellman et al.8,10 possesses four amide groups. The
additional amide NH on the first residue can also participate in
a H-bond, furnishing two stabilizing H-bonds in the 14-helix,
and here the contribution from the third H-bond cannot
counteract the conformational strain occurring when the N-
terminal residue is also regularly positioned in the 10-helix.
These findings suggest that the formation of a stable 14-helix
requires at least four amide bonds in theâ-peptide chain and
the helix nucleation with three residues can start with the 10-
helix motif.

For8 and9, all the CRHi-CâHi+3 interactions could be readily
identified (Figure 6). These results strongly suggest that8 and

9 adopt a left-handed 14-helix pattern, which is in accord with
the earlier literature results and proves that removal of the
protecting groups does not affect the stability of the 14-helix at
this chain length. The lowerRvalues found for the first residues
support a fraying N-terminal, but the presence of the CRH1-
CâH4 NOE interaction is promoted by the sterically hindered
rotation caused by the well-knowni-(i + 3) side-chain-side-
chain interaction in the 14-helix.

The presence of the H-bonds stabilizing the helices was tested
by using IR spectroscopy in the intramolecular H-bond-
promoting solvent CD3OH at a concentration of 8 mM (Figure
7). The carbonyl stretching vibrations of the peptide backbone
are sensitive markers of the peptide secondary structure, as the
vibrational frequency of each CdO bond depends on the
H-bonding and the interactions between the amide units, both
of which are influenced by the secondary structure. For all the
molecules, two characteristic bands were observed, at 1679 and
1648 cm-1. The high-frequency band was assigned to amide
CO groups not involved as acceptors in H-bonding, and the
low-frequency band to intramolecular H-bonds. The relative
intensity of the 1648 cm-1 band increases on going from7 to
9, which is in line with the assigned secondary structures. In

Figure 4. Diagnostic cross-peaks in ROESY spectra and signal assignments for (a)7, (b) 8, and (c)9 in CD3OD: red, positive intensity levels; blue,
negative intensity levels.

Table 1. R Values from ab Initio Structures and NMR Measurements

9 8 7

i
calcd

10-helix
calcd

14 -helix exptl
calcd

10-helix
calcd

14-helix exptl
calcd

10-helix
calcd

14-helix exptl

2 6.1 4.9 3.8 5.3 6.1 3.7 5.8 6.3 0.0
3 7.1 4.9 5.9 5.2 6.3 4.6 5.5 4.4 4.2
4 6.6 4.7 5.7 6.0 6.1 4.8 6.0 6.5 4.2
5 5.7 5.7 6.0 4.8 6.3 6.0
6 5.9 5.1 7.5

Figure 5. Prevailing structure of7 determined by NMR.

Figure 6. NOE cross-peaks defining long-range CRH2-CâH4 interaction
for 7 and CRHi-CâHi+3 interactions for9.
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the amide I region for7, a weak shoulder was observed at 1656
cm-1, which may be indicative of a weaker H-bond. This
observation can be correlated with the fraying N-terminal of
the tetramer and may provide additional evidence of the
structural dissimilarity of7.

A series of publications have revealed that the interpretation
of the CD spectra ofâ-peptides requires special care, as they
are extremely sensitive to minor variations in the structure that
do not affect the overall fold of the molecule.8,19 The best
assignment between the CD features and the 10- and 14-helical
patterns appears to be as follows: (i) the 10-helix motif gives
rise to a single strong Cotton effect near 205 nm and (ii) the
14-helix motif contributes with Cotton effects of opposite sign
near 200 nm and near 215 nm.19aWe compared the CD spectra
for the model compounds (Figure 8).

The data obtained for7-9 display similar features, a positive
Cotton effect at 197 nm and a negative Cotton effect at 217
nm, but there are marked differences in the relative intensities

of the Cotton effects for7 as compared with the longer
oligomers. The intensity of the negative Cotton effect at around
217 nm is significantly less for7, while the positive Cotton
effect, at slightly lower frequency, gives a signal comparable
in strength with those for8 and 9. The assignment rule of
Seebach et al.19 allows the considerably lower signal near 217
nm and the strong positive Cotton effect for7 to be assigned to
a conformational ensemble containing the 10-helix motif in
significant amount or possibly as the predominant conformation
in light of the NMR results. The clear unbiased Cotton effects
with opposite sign for8 and9 can be assigned to the 14-helix.

The intriguing question of the much higher shielding from
the solvent for the NH protons may be explained by the self-
association phenomenon on the basis of the early works of
Gellman et al.8,14 For characterization of the self-association,
diffusion NMR measurements with a stimulated gradient echo
and longitudinal eddy current delay were used.28 Through
exploitation of the relationship between the apparent hydrody-
namic radius and the diffusion constant, the aggregation numbers
(N) were determined by following the literature methods,28,29

via the following equations:

where I is the corresponding NMR signal intensity,G is the
gradient strength,V is the molecular volume,γ is the gyro-
magnetic ratio, and∆ andδ are the diffusion delay and gradient
pulse length parameters for the stimulated gradient echo pulse
sequence. The aggregation numbers were determined from three
independent measurements with an average error of 0.12 (Tables
S1-S3 and Figures S3-S5 in the Supporting Information). As
an internal reference, TMS was used. This measurement samples
the ensemble average of the molecules; hence, the resulting
aggregation number is an average over the aggregated species,
giving rise to nonintegral values. The diffusion model utilized

(28) Antalek, B.Concepts Magn. Reson. 2002, 14, 225-258.
(29) Valentini, M.; Vaccaro, A.; Rehor, A.; Napoli, A.; Hubbell, J. A.; Tirelli,

N. J. Am. Chem. Soc. 2004, 126, 2142-2147.

Figure 7. Comparison of the IR spectra oftrans-ACHC oligomers recorded
in CD3OH: (a) 7, (b) 8, and (c)9. The thick curve denotes the measured
data, and the thin curves denote the component bands obtained from
nonlinear fitting.

Figure 8. Comparison of the CD spectra oftrans-ACHC oligomers
recorded in CD3OH: thick curve,7; dashed curve,8; thin curve: 9. The
mean residue ellipticity is depicted.

N )
(mTMS/m)3VTMS

Vi
(2)

m ) -
ln(I/I0)

k
(3)

k ) (γGδ)2(∆ - δ/3) (4)
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assumes spherical symmetry for the species, this condition being
met for the helix monomers, where both the helix diameter and
the helix length are approximately 10 Å. The aggregated species
diverge from spherical symmetry, but the trends in the aggrega-
tion propensities can be followed reasonably well.

The measured aggregation numbers, 5.91, 6.60, and 7.49,
revealed an increasing trend for7, 8, and 9, respectively, in
CD3OD at 303.1 K. The driving force for the aggregation may
be a specific head-to-tail H-bond pattern leading to a rodlike
superstructure, and/or the solvent-driven side-by-side hydro-
phobic interactions between the helical units, resulting in helix
bundles. Head-to-tail NOE interactions were not detected, and
a rodlike assembly would not explain the extra NH shielding
observed in the exchange experiments; this hypothesis can
therefore be eliminated. The temperature-dependent aggregation
number measurements furnished a maximum curve (Figure 9),
which is characteristic of ionic tensides.30-32 For this type of
molecule, a lower temperature is advantageous for the formation
of a stable sovation shell, preventing aggregation, while a higher
temperature affords a higher disaggregating kinetic energy. This
result supports solvent-driven helix bundle formation, which can
effectively increase the shielding of the NH protons from the
solvent. The self-association does not affect the secondary
structure stability, as constant helical patterns were observed at
the disaggregating temperature of 310 K.

Conclusions

It may be concluded that the conformationally constrained
backbone is flexible enough to afford both 10- and 14-helical
motifs; in turn, this observation provides evidence of the true
folding process, and the question arises of whether the 10-helix
is a nucleating intermediate in the folding of the 14-helix. In
summary, it may be stated that a sharper picture of the folding
rules of conformationally constrainedâ-peptides was obtained.
The evidence of the chain-length-dependent conformational
preference indicates the flexibility of the studied models despite
the conformationally constrained side chains, which could be
exploited to construct folded structures with dynamic functional-
ity. The studied models undergo hydrophobically stabilized
helical bundle formation in CD3OD, where the propensity for
self-association increases with the chain length. This finding
draws the attention of theâ-peptide community to the fact that
oligopeptide aggregation might always be present, even if the
usual indicators such as NMR signal broadening cannot be

observed. This points to the intrinsic self-associating propensity
of helical units with hydrophobic side chains in polar solvents.

Experimental Section

Peptide Synthesis.The synthesized (S,S)-ACHC-containing oligo-
mers were as follows: H-(ACHC)3-NH2 (6), H-(ACHC)4-NH2 (7),
H-(ACHC)5-NH2 (8), and H-(ACHC)6-NH2 (9). The sequences
were synthesized by a solid-phase technique, utilizing tBoc chemistry.33

The peptide chains were elongated on ap-methylbenzhydrylamine resin
(0.63 mmol/g), and the syntheses were carried out manually on a 1
mmol scale. Couplings were performed with 3 equiv of dicyclohexy-
lcarbodiimide and hydroxybenzotriazole, without difficulties until the
third amino acid. After this incorporation, the coupling step became
extremely difficult: all the usual coupling methods, including the
O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophos-
phate orO-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexaflu-
orophosphate methods failed (more than 50% of the free amino function
of the third amino acid remained unacylated, even after three repeated
coupling steps and an elongated reaction time). Only the acid fluoride-
producing tetramethylfluoroformamidinium hexafluorophosphate cou-
pling proved more successful; merely approximately 20% of the amino
functions remained unacylated after one coupling step (by repetition,
this could be decreased to 10%). The amino acid incorporation was
monitored by means of the ninhydrin test34 and by the cleavage of
aliquots from the resin. The completed peptide resins were treated with
liquid HF/dimethyl sulfide/p-cresol/p-thiocresol (86:6:4:2, v/v) at 0°C
for 1 h. The HF was removed, and the resulting free peptides were
solubilized in 10% aqueous acetic acid, filtered, and lyophilized. The
crude peptides were purified by reversed-phase HPLC (RP HPLC),
using a Nucleosil C-18 7µm column (16× 250 mm). The HPLC
apparatus was made by Knauer (Berlin, Germany). The solvent system
used was as follows: 0.1% trifluoroacetic acid (TFA) in water, 0.1%
TFA, 80% acetonitrile in water, gradient 0%f 0% B over 15 min,
then 25%f 55% over 60 min, flow rate 3.5 mL/min, detection at 206
nm (Figure S1 in the Supporting Information). The appropriate fractions
were pooled and lyophilized. The purified peptides were characterized
by mass spectrometry, using a Finnigan TSQ 7000 tandem quadruple
mass spectrometer equipped with an electrospray ion source (Figure
S2 in the Supporting Information).

NMR Experiments. NMR measurements were performed on a
Bruker Avance DRX 400 MHz spectrometer with a multinuclear probe
with a z-gradient coil in 8 mM CD3OD and DMSO solutions at 303.1
K. The ROESY measurements were performed with a WATERGATE
water suppression scheme. For the ROESY spinlock, 225 and 400 ms
mixing times were used, and the number of scans was 64. The TOCSY
measurements were performed with homonuclear Hartman-Hahn
transfer with the MLEV17 sequence, with an 80 ms mixing time, and
the number of scans was 32. For all the 2D spectra 2K time domain
points and 512 increments were applied. The processing was carried
out by using a cosine-bell window function, single zero filling, and
automatic baseline correction.

The PFGSE NMR measurements were performed by using the
stimulated echo and longitudinal eddy current delay (LED) sequence.28

A time of 1.5 ms was used for the dephasing/refocusing gradient pulse
length (δ), and 100 ms for the diffusion delay (∆). The gradient strength
was changed quadratically from 5% to 95% of the maximum value
(B-AFPA 10 A gradient amplifier), and the number of steps was 16.
Each measurement was run with 32 scans and 16K time domain points.
For the processing, an exponential window function and single zero
filling were applied. During the diffusion measurements, the fluctuation
of the temperature was less than 0.1 K. Prior to the NMR scans, all
the samples were equilibrated for 30 min.

(30) Gonza´lez-Pérez, A.; Del Castillo, J. L.; Czapkiewicz, J.; Rodrı´guez, J. R.
Colloids Surf., A2004, 232, 183-189.

(31) Jolicoeur, J.; Philip, P. R.Can. J. Chem. 1974, 52, 1834.
(32) The studiedâ-peptides were dissolved as TFA salts.

(33) Merrifield, R. B.J. Am. Chem. Soc. 1963, 85, 2149-2154.
(34) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, P.J. Anal. Biochem.

1970, 34, 595-598.

Figure 9. Temperature dependence of the aggregation numbers:b, for 7;
9, for 9.
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IR Experiments. The IR measurements were performed on a Bio-
Rad Digilab Division FTS 65A/869 FT-IR spectrometer. The samples
were prepared as 8 mM solutions in CD3OH. The experiments were
run with the spectral window 4000-400 cm-1 at an optical resolution
of 4 cm-1 with 256 scans. The detector was DTGS (deuterated tryglycyl
sulfate); the sample was placed in a 0.1 mm liquid cell, and KBr
windows were applied.

CD Measurements.CD spectra were measured on a Jobin-Yvon
Mark VI dichrograph at 25°C in a 0.02 cm cell. Four spectra were
accumulated for each sample. The baseline spectum recorded with only
the solvent was subtracted from the raw data. The concentration of the
sample solutions was 4 mM in CD3OH. Molar ellipticity, [Θ], is given
in deg cm2 dmol-1. The data were normalized for the number of
chromophores.

Molecular Mechanical Calculations.Molecular mechanical simula-
tions were carried out on an HP workstation xw6000 in the Chemical
Computing Group’s Molecular Operating Environment. For the energy
calculations, the MMFF94s force field was used, with a 15 Å cutoff
for van der Waals and Coulomb interactions. The lowest-energy
structures of the 10- and 14-helices for7-9 were determined by using
relevant H-bond pillar atom distance restraints: NHi-COi+1 and NHi-
COi+2 for the 10-helix and 14-helix, respectively. Before the restrained
simulated annealing (RSA), a random structure set of 100 molecules
was generated by saving the conformations during a 100 ps dynamics
simulation at 1000 K every 1000 steps. The RSA was performed for
each structure with an exponential temperature profile in 75 steps, and

a total duration of 25 ps, and the H-bond restraints were applied as a
10 (kcal/mol)/Å2 penalty function. Minimization was applied after every
RSA in a cascade manner, using the steepest descent, conjugate gradient,
and truncated Newton algorithm.

Ab Initio Calculations. The molecular structure, stereochemistry,
and geometry of the ACHC oligomers were exclusively defined in terms
of their z-matrix internal coordinate system. The optimizations were
carried out with the Gaussian03 program by using the RHF/3-21G basis
set with a default setup. Single-point energies were additionally
calculated by using density-functional theory at the B3LYP/6-311G**
level.
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