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A systematic conformational analysis on blocked �-amino acids as constituents of �-peptides by ab initio
MO theory reveals that the conformer pool of �-peptide monomers is essentially determined by the
conformation of simple submonomer fragments. The influence of single and multiple substitutions at the C(�)
and C(�) backbone atoms on the intrinsic folding properties of the monomers was estimated both in the single-
molecule approximation and in a polar solvent continuum, applying a quantum-chemical SCRF model.
Substitution at C(�) has a higher impact on the �-amino acid conformation than a substitution at C(�). It can be
shown that the conformations of important periodic secondary structures in �-peptides belong to the conformer
pool of the monomers, even for those secondary-structure elements where H-bond formation appears only in
longer sequences. Rules for design of special secondary-structure types by selection of an actual substituent
pattern in the �-amino acid constituents have been derived within the monomer approach.

1. Introduction. ± In recent years, oligomers of �-amino acids, called �-peptides,
have gained much attraction because of their ability to form well-ordered secondary
structures [1 ± 6], e.g., �-strand-like conformers [7 ± 9], reverse turns [10 ± 14], and, in
particular, helices with differing H-bonding patterns [15 ± 34]. Some representatives
are stable against proteases [35 ± 37] and can be translocated across the cell membrane
[38] [39], which makes �-peptides possible candidates for pharmacological applications
[40 ± 49]. In comparison to �-amino acid constituents, �-amino acids offer a much
greater number of different substituent patterns, which should influence the secondary-
structure formation in peptide sequences. Therefore, it might be useful to look for the
intrinsic folding properties in �-peptide models with substituents in various positions.
It is a tempting approach to derive the characteristic secondary structures in peptide

sequences from the conformational properties of the monomer constituents (monomer
approach). Numerous systematic conformational analyses on blocked �-amino acids
and unnatural amino acids have been reported [50 ± 74]. These theoretical studies,
employing molecular-orbital (MO) theory and empirical force fields, indicate that most
of the typical secondary structures found in peptides and proteins already belong to the
conformer pool of the monomers. This concerns even those secondary-structure
elements that are characterized by H-bond formation between amino acid residues that
are more or less distant in the sequence. Obviously, H-bonds may significantly
influence the stability relationships between competing folding alternatives, but they
are not the driving force for the formation of the corresponding conformers themselves.
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As in the case of �-peptides, theoretical conformation analyses on selected
monomers of �-peptides provided a good overview of the possibilities of secondary-
structure formation and enabled particularly the prediction of periodic secondary
structures in this class of compounds [68 ± 74]. It is an advantage of the monomer
approach to realize complete conformational analyses at relatively high levels of ab
initioMO theory. Of course, one has to keep in mind that further secondary-structure
elements might appear only in longer sequences providing novel possibilities of
structuring. Besides, the stability relations between various structure alternatives might
cooperatively change with increasing sequence length as a comparison of the 2.27-
ribbon, the 310-, and the �-helices shows [59] [75 ± 77]. However, since a �-peptide
constituent has three backbone-conformation angles, �, �, and � (cf. Table 1), a
systematic grid-based conformational search on �-amino acid oligomers becomes more
and more difficult at higher levels of MO theory. The employment of empirical force
fields might be an useful alternative in a search for secondary-structure elements in
longer sequences that were not found in the monomer approach, or in investigations of
cooperativity effects. This was successfully shown in numerous molecular-dynamics
simulations on various �-peptide oligomers [78 ± 80].
In this paper, a systematic conformational analysis was performed on blocked

�-amino acids, considering all possible substituent patterns, employing ab initio MO
theory. In particular, we focused on the influence of multiple substitutions on the
intrinsic folding propensities of the various �-peptide monomers. The role of single
substitutions was partially described in preceding papers [70 ± 72], but is considered
here again to generalize and to understand the influence of the various substituent
patterns on folding in this novel class of peptide mimetics. The derivation of some
general rules of �-peptide folding, which might be useful for the design of special
structure types, is attempted.

2. Methods. ± To examine the influence of disubstitution, systematic conformational
analyses on the blocked �-amino acid monomers aA, bB, aB, and AB were performed
in analogy to the procedure previously described in the investigations of the
unsubstituted compound U and the monosubstituted derivatives A and B [70]. In
our notation, the small letters a and b designate Me substituents in (R)-configuration at
the C(�) and C(�) backbone atoms, respectively, and the capital letters A and B Me
substituents in the corresponding (S)-configurations (cf. Table 1). All combinations of
values of � 180�, �120�, �60�, 0�, 60�, and 120� were assigned to the three dihedrals �,
�, and �. The resulting 63 starting conformations were optimized at the HF/3-21G level
of ab initio MO theory followed by re-optimization of the obtained conformers at the
HF/6-31G* level. The resulting stationary points were characterized by the eigenvalues
of the force constant matrices. Thus, calculation of the free energy differences between
the various conformers becomes possible, too. For selected minimum conformations,
the influence of correlation energy was estimated at the B3LYP/6-31G* level of
density-functional theory (DFT).
Whereas pairs of energetically equivalent conformers with torsion-angle values

differing only by sign exist in the aA and bB series for identical substituents, only
approximated backbone mirror-image conformers can be expected for the model
compounds aB and AB. In all cases, where such an approximated mirror image of any
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determined conformer was not found in the grid-based conformational search, the signs
of the torsion angles of the obtained conformers were reversed, and the corresponding
structure was optimized to test for alternate handedness. Additionally, all conformers
obtained by the ab initio calculations on the unsubstituted and substituted �-amino
acids in previous studies [67] [70 ± 73], but not found in the other series by the above-
described procedures, served also as starting points for complete geometry optimiza-
tions of all other model compounds. Finally, conformational-grid searches for the
(�, �, �) conformation space in 30� intervals were performed with the CHARMm 23.1
all-atom force field [81] [82] as it is incorporated in the Quanta98 program package
(Molecular Simulations, Inc., San Diego, CA) with atom charges calculated according
to Gasteiger and Marsili [83]. Minimum conformations additionally found in this way
served again as starting points for HF/3-21G and HF/6-31G* optimizations. On the
basis of all these calculations, the conformer search in the (�, �, �) space of the various
�-peptide models might be considered as complete.
Solvation effects are expected to have a remarkable influence on the stability and

conformation of molecules. Therefore, a quantum-mechanical version of the Onsager
model (self-consistent reaction field, SCRF) was employed for the estimation of these
effects. Although the medium influence on peptide properties might considerably be
realized by specific solute-solvent interactions, such a continuum approach could
provide at least a reliable trend estimation of the solvation influence on the stability
and geometry changes of the conformers. A dielectric constant of �� 78.4 was selected
to model an aqueous environment. The molecular radii necessary for the solute
molecules in these calculations were estimated from the Connolly surface areas of the
gas-phase conformers. Starting from the HF/3-21G and HF/6-31G* gas-phase
minimum conformations, complete geometry optimizations at the HF/6-31G* level
were also performed in the SCRF calculations.
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Table 1. Substituent Patterns of the Investigated �-Amino Acid Model Compounds

Compound R1 R2 R3 R4 Symbol

Ac-[�-hAla]-NHMe H H H H U
Ac-[(S)-�2-hAla]-NHMe Me H H H A
Ac-[(S)-�3-hAla]-NHMe H H Me H B
Ac-[�2,2-hAla]-NHMe Me Me H H aA
Ac-[�3,3-hAla]-NHMe H H Me Me bB
Ac-[(R,S)-�2,3-hAla]-NHMe H Me Me H aB
Ac-[(S,S)-�2,3-hAla]-NHMe Me H Me H AB
Ac-[�2,2-(S)-�3-hAla]-NHMe Me Me Me H aAB
Ac-[(S)-�2�3,3-hAla]-NHMe Me H Me Me AbB
Ac-[�2,2�3,3-hAla]-NHMe Me Me Me Me aAbB



The Gaussian98 (Gaussian Inc., Pittsburgh, MA) and Spartan4.1 (Wavefunction,
Inc., Irvine, CA) program packages were employed for all quantum-chemical
calculations.

3. Results and Discussion. ± 3.1. General Possibilities of Backbone Folding in �-
Peptides. To get a first idea of the general role of substituents for structuring in a �-
peptide constituent, the consequences of monosubstitution at the backbone atoms C(�)
and C(�) on the rotation around the N�C(�) and C(�)�C bonds were examined
independently from each other. For this purpose, the model compounds 1 and 2 were
chosen as the N-terminus of an (S)-C(�)-substituted �-amino acid and the C-terminus
of an (S)-C(�)-substituted �-amino acid, respectively. The energy profiles for the
rotation around the N�C(�) bond in 1 described by the torsion angle � and for the
rotation around the C(�)�C bond in 2 described by the torsion angle�were calculated
at the HF/6-31G* level of ab initio MO theory (Fig. 1).

Fig. 1. HF/6-31G* Energy profiles for the rotation around the backbone dihedrals in the model compounds 1 (�,
closed circles) and 2 (�, open circles)
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Fig. 1 shows that (S)-substitution at C(�) in 1 distinctly favors conformations in
between ���180� and �60� with two shallow minima near �150� and �90�,
respectively, corresponding to the NH functionality syn-clinal (sc) to the Me
substituent (nomenclature according to [84]). Another minimum region at ca. ��
60� is ca. 9 kJ/mol above the global minimum and separated by a relatively high barrier
of ca. 24 kJ/mol. Similar results were obtained in theoretical studies on N-isopropyl-
formamide [74]. The rotation around the C(�)�C bond in 2 described by � is
less hindered. As shown in Fig. 1, conformations with � at ca. �120� are preferred, a
second very flat minimum region ranges from 30� to 120�. It is ca. 6 kJ/mol above the
global minimum and separated by a barrier of only ca. 10 kJ/mol. In a first
approximation, the conformation characteristics of the two model fragments should
essentially be reflected in the conformer pools of the various peptide model compounds
provided that linking of the C(�)- and C(�)-atoms does not cause special structuring
effects. Possibly, a greater influence on structuring could be expected from substituents
at C(�) affecting �, than from substituents at C(�) influencing �. This conclusion is
clearly confirmed by the torsion-angle data for the conformers of the monosubstituted
�-amino acid model compounds A and B presented in our preceding paper ([70],
cf. also [71] [72]).
Linking the fragments 1 and 2 leads to a complete �-amino acid constituent.

Because of the nature of the connecting C�C single bond, syn-clinal (sc), anti-clinal
(ac), and anti-periplanar (ap) orientations should predominate in the rotation profile
characterized by the torsion angle �. In fact, a search in the Cambridge Structural Data
Base and NMR data reveal that the sc and ap conformations are distinctly preferred in
�-alanine-containing derivatives [67] [85]. Thus, the backbone torsion angles of the
conformers of the �-amino acid constituents should basically correspond to combina-
tions of those of the various conformers of the fragments 1 and 2, and the optimum
angle values for �. The results of the systematic conformational searches for U, A, and
B [70] [71] are in good agreement with this generalization, and it has to be examined
whether this can be kept for the disubstituted derivatives.
3.2. Conformer Pools of Disubstituted �-Amino Acid Constituents. The conformers

of the disubstituted �-amino acid model compounds aA, bB, aB, and AB, and the
energy differences between them obtained at the HF/6-31G* level of ab initio MO
theory are presented in Table 2. For comparison, the free-energy data, which show close
correspondence, are given in the Supporting Information. In agreement with the results
of the ab initio calculations on �-amino acid derivatives [67] [70 ± 73], conformers with
six- and eight-membered H-bonded pseudocycles (C6, C8) are most stable in the four
disubstituted model compounds. Interestingly, the global minimum of the blocked �-
amino acid bB with disubstitution at C(�) realizes a C8 conformer, whereas the other
model compounds prefer a C6 structure (Fig. 2). In the case of disubstitution at C(�)
(aA), the C6 structure remains most stable possibly due to a smaller influence of
substituents at C(�) on the backbone conformation as already shown in Fig. 1.
The global minima of the various monomers are followed by a group of otherC6 and

C8 conformers of comparable energy in all cases. A further group of minimum
conformations contains the basic conformers of helical structures with larger H-bonded
pseudocycles Cx, although the structural prerequisites for H-bonding are not yet
fulfilled in the blocked monomers. Because of their close relationship to the helical
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structures, these conformers are denoted by Hx. Some special conformers denoted by
CN exhibit H-bonds between two N-atoms, the one as a proton donor and the other as a
proton acceptor. Since these conformers are of relatively high energy in comparison to
the global-minimum structure, they should not play an essential role in the formation of
characteristic secondary structures in �-peptides. The fully extended form of bB was
found to be a stationary point of higher order on the potential hypersurface. Therefore,
it deserves no further consideration. Some of the conformers are less than 5 kJ/mol
above the corresponding global minimum. These structures were reoptimized at the
DFT/B3LYP/6-31G* level. The data in Table 2 reveal that the inclusion of correlation
energy does not significantly change the stability order.
As already mentioned, the central torsion angle � corresponds closely to sc, ap, and

ac conformations, respectively, with the sc and ap ones preferred in the majority of
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Table 2. Torsion Angles (in degrees) and Relative Energies (in kJ/mol) of the Minimum Conformations of the
Disubstituted �-Amino Acids Model Compounds Obtained at the HF/6-31G* Level of ab initio MO Theory

Conf. � � � �Ea) Typeb) Conf. � � � �Ea) Typeb)

aA1 � 110.1 � 61.7 � 178.2 0.0c) C6 bB1 55.3 47.4 � 108.4 0.0c) C8
aA2 � 115.1 63.4 22.2 2.8c) C8 bB2 177.7 60.4 118.6 2.4c) C6
aA3 103.9 176.0 120.9 14.2 bB3 56.7 57.3 166.3 5.2 C6
aA4 � 86.8 124.0 � 52.1 16.7 C8 bB4 63.7 � 171.2 116.4 10.7
aA5 110.9 54.2 45.6 17.7 H10 bB5 � 59.0 127.2 � 91.4 14.6 C8
aA6 � 144.4 63.1 � 124.2 25.5 H14 bB6 176.6 57.3 � 99.9 20.8 CN
aA7 � 64.9 93.3 � 132.0 26.2 H12 bB7 77.6 � 45.0 � 96.6 21.2

bB8 � 179.2 175.9 � 107.7 23.9
aB1 � 146.4 � 67.5 � 126.0 0.0c) C6 bB9 � 179.8 70.7 � 42.8 25.7 CN
aB2 � 66.9 � 47.3 111.9 0.1c) C8 bB10 � 95.3 77.7 � 23.0 27.0 C8
aB3 � 87.3 � 53.1 161.9 0.3c) C6
aB3� 90.9 69.4 156.0 11.9 C6 AB1 � 144.7 � 64.6 � 130.6 0.0 C6
aB4 � 159.3 57.8 100.0 3.4c) C6 AB2 � 75.8 154.9 � 83.6 8.2 −C8×d)
aB5 � 114.5 72.4 8.4 4.3c) C8 AB2� 71.1 � 109.1 70.6 31.4 C8
aB5� 103.3 � 65.5 � 6.5 27.9 C8 AB3 59.4 45.6 � 115.9 8.6 C8
aB6 � 93.8 54.4 87.7 4.8c) AB4 � 114.9 49.3 41.9 12.5 C8
aB6� 81.4 � 50.6 � 90.0 27.3 AB5 � 156.0 48.6 84.0 14.9 C6
aB7 63.3 172.7 129.6 5.7 AB6 � 112.6 � 66.9 81.4 20.6
aB7� � 105.0 178.0 � 65.1 10.3 AB7 � 154.2 56.7 � 120.0 22.1 H14

aB8 � 83.2 122.5 � 53.1 9.0 C8 AB8 � 117.0 69.3 � 97.3 27.6 H12

aB8� 63.1 � 129.1 87.8 11.8 C8 AB9 80.1 � 47.8 � 95.1 29.2
aB9 � 108.9 179.0 135.4 9.3 AB10 61.4 57.2 95.4 29.4 H10

aB9� 62.7 172.8 � 69.6 24.7 AB11 � 156.5 � 66.5 25.8 33.7 CN
aB10 � 66.7 100.9 � 127.4 20.3 H12 AB12 67.5 136.1 � 150.5 34.2
aB11 � 157.9 62.0 � 112.2 23.0 H14 AB13 87.5 158.2 127.3 34.4
aB12 � 159.0 � 72.5 37.7 26.1 CN

a) Total energies of the most stable conformers. aA : ET��570.927948 a.u., bB : ET��570.929923 a.u., aB :
ET��570.928331 a.u., AB : ET��570.931911 a.u. b) Cx: H-bonded cycle with x atoms. CN: six-membered H-
bonded pseudocycle with an NH ¥¥¥ N H-bond. Hx: monomer of a helix with x-membered H-bonded turns.
c) Relative energies at the DFT/B3LYP/6-31G* level. aA1: 3.0 kJ/mol, aA2 : 0.0 kJ/mol (� 574.480159 a.u.);
bB1: 0.0 kJ/mol (� 574.481805 a.u.), bB2 : 0.4 kJ/mol; aB1: 0.0 kJ/mol (� 574.480652 a.u.), aB2 : 3.1 kJ/mol,
aB3 : � aB1, aB4 : 4.6 kJ/mol, aB5 : 0.9 kJ/mol, aB6 : 9.2 kJ/mol. d) Cf. text.



cases. Nearly two-thirds of all conformers with � close to 180� were obtained for the
(R,S)-C(�),C(�)-disubstituted model compound aB. In this �-amino acid derivative,
the minimum structure with �� 180� (aB7) is only by 5.7 kJ/mol less stable than the
global-minimum conformer. This is in excellent agreement with experimental data
showing an extended conformation of an (R,S)-C(�),C(�)-disubstituted �-amino acid
as the preferred structure with the side chains pointing in opposite directions
[7 ± 10] [86]. This situation is completely different in the alternate vicinally disubsti-
tuted model compound AB. Here, conformers with an extended structure were not
found. Almost all conformers exhibit the sc conformation for �. Interestingly, there is
also a low-energy conformer of this �-amino acid model compound with the central
backbone dihedral in between the ac and ap orientations (AB2). Although rather
similar to a C8 structure, the distance between the C-terminal peptide O-atom and the
N-terminal peptide H-atom is much longer than in typical H-bonds, due to the
repulsion of the Me side chains. Consequently, � corresponds to a more-extended
conformation in comparison to an idealC8 conformer. Despite the missing H-bond, this
conformer is still by ca. 23 kJ/mol more stable than the approximate mirror image
conformerAB2�, which exhibits H-bonding (Fig. 3). This is caused by the preference of
negative � values for this type of a C(�)-substitution.
Analyzing the results obtained for the geminally disubstituted �-amino acid

derivatives, the conformational flexibility seems to be less restricted in aA than in bB
indicated by the smaller number of conformers. This reflects well the conclusions drawn
from the energy profiles for the rotations around the N�C(�) and C(�)�C bonds in
the model fragments 1 and 2, respectively (cf. Fig. 1). Moreover, these data support
considerably the results from previous studies showing that substitutions at C(�) have a
higher impact on the backbone flexibility than substitutions at C(�) [70]. Due to the
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Fig. 2. Global-minimum conformations of the disubstituted �-amino acid model compounds aA, bB, aB, andAB



geminal disubstitution with the same substituents in aA and bB, each minimum
conformation of these compounds has an energetically equivalent mirror-image
conformer, whose torsion angles differ only by sign. Thus, helices of alternate
handedness have also the same energy and are formed with the same probability. This
equivalence gets lost in the disubstituted �-amino acid models aB and AB, and, of
course, for geminal disubstitution with different substituents. In these cases, the
position of the side chains should have a great influence on the formation of secondary-
structure elements, as it was already shown in the comparison of the conformers AB2
and AB2�. Thus, it could be possible to determine not only the helix type, but also its
handedness by the selection of the substitution pattern.
Our theoretical results for the conformation characteristics of mono- and

disubstituted �-amino acid constituents are in good agreement with experimental data
collected on numerous �-amino acid derivatives. Since most of the structural features
are valid for different substitution patterns of �-peptide monomers, only selected
minimum conformations will be discussed. TheC6 andC8 conformers can be assigned to
two and three structure families denoted by (CI6, CII

6 ) and (CI
8, CII

8 , CIII
8 ), respectively

(Fig. 4). C6 Conformers have not been observed in linear �-peptides so far.
Investigations on various polyamides show that nearest-neighbor interactions in H-
bond formation, although relatively stable according to the calculations, seem to be of
minor importance in reality [87 ± 89]. In fact, most of the experimental data hint to the
larger C8 pseudocycles, which can be compared with the �-turns in �-peptides. The CII8
minimum structure aA2, which corresponds formally to the minimum structures aB5/
aB5� and AB4 in Table 2, was confirmed by X-ray diffraction experiments on the
C(�),C(�)-disubstituted 1-(aminomethyl)cyclopropanecarboxylic acid [90]. This type
of C8 conformation is also reflected in the corresponding C(�),C(�)-disubstituted
model compound bB (bB10). Here, the (R)-side chain is in a pseudo-equatorial position
due to the H-atom at the N-terminal peptide group. However, the alternate CIII8
conformer (bB1) is much more favored and is the most-stable structure in bB. It was
also observed in the �-amino acid analogue of proline as part of a turn structure [91].
The formation of periodic secondary structures in oligomers of �-amino acids, in

particular helices with characteristic H-bonding patterns, was one of the most
important findings in �-peptide research. Remembering that the conformational
properties of monomer units already reflect structural features of characteristic
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Fig. 3. Comparison of the C8 minimum structures AB2 and AB2�



secondary structures formed in longer sequences, it might be interesting to look at
whether these �-peptide structures could be derived from the monomer properties
presented in Table 2. The formal possibilities of H-bonding in forward (N- to C-
terminal) and backward (C- to N-terminal) direction along the sequence are illustrated
in Fig. 5. As already pointed out in our previous study on the U, A, and B monomers
[70], oligomers of the various C6 conformations could easily be thought of, since H-
bonding occurs within the same �-amino acid unit (1� 1 interaction, nomenclature
according to [92]). Periodic structures of C6 conformers could formally be described as
H6 helices, although they are more sheet- or ladder-like. Molecular-dynamics studies
revealed an H6 structure for oligomers of the C6 conformer bB2 in Table 2 as a free-
energy minimum [78], which resembles common �-strand structures of �-peptides.
Other sheet-like alternatives in �-peptides are oligomers of C8 conformers with the H-
bonds formed in backward direction. Although the H-bonded pseudocycle involves
three residues (1� 3 interaction), nonperiodic and periodic oligomers can be
constructed from all C8 conformers in any combination. A periodic secondary structure
consisting of four CI8 units (H8) of the C(�)-monosubstituted �-amino acid B was
predicted by ab initio calculations to be of comparable stability to the experimentally
determined H14 and H12 helices [70]. Oligomerization of CII8 conformers such as aA2
leads to a twisted sheet-like structure, which formally could also be considered as anH8

helix. This secondary structure was indeed realized in crystals of oligomers consisting of
1-(aminomethyl)cyclopropanecarboxylic acids [90]. Oligomers of �-aminoxy acids and
�-hydrazino acids, derived from �-amino acids by replacement of the C(�)-backbone
atom by O- and N-atoms, respectively, adopt an equivalent secondary structure
[64] [65] [93 ± 95]. Thus, this secondary-structure type can be considered a general
conformational feature of oligomers of �-amino acids and their derivatives.
Although the prerequisites for the formation of a 14-membered H-bonded ring,

where the H-bond is formed between the peptidic NH of amino acid i and the peptidic
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Fig. 4. Basic C6 and C8 conformations of �-peptide constituents



CO of amino acid (i� 2) (1� 3 interaction), are not yet fulfilled in the blocked
�-amino acids, the basic unit of aH14 helix (cf. Fig. 5) can be localized as a conformer in
the model compounds aA, aB, and AB. The calculated torsion-angle values of the
minimum structures aA6, aB11, andAB7 are in excellent agreement with experimental
data obtained for oligomers of �-amino acid derivatives of the type B and AB,
respectively [15 ± 22] [25 ± 33]. Furthermore, X-ray studies on peptides with single �-
amino acids incorporated into �-peptide sequences showed that the �-amino acid
residue exhibits values of the backbone torsion angles similar to those found in H14

helices, although the structural prerequisites for H-bonding are still missing [96 ± 98].
This confirms that the origin of helix formation is basically founded in the conforma-
tional properties of the backbone. However, at the monomer level, such conformers are
often of higher energy than competing structures and are, therefore, not experimentally
observed. Only in longer sequences, where appropriate H-bonds can be formed, these
secondary structures predominate.
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Fig. 5. Possible H-bonding patterns in �-peptide sequences (a) and representatives of selected �-peptide helix
models (b)



As already mentioned, substituents at C(�) should influence the formation of
characteristic minimum structures more strongly than substituents at C(�). Thus,
substituents at C(�) in (S)-position lead to a significant preference of conformers with
negative values for the dihedral � according to the energy profile in Fig. 1. As a
consequence, the left-handed (M)-conformation of the H14 monomer is preferred. It
should be emphasized, that aA is the only model compound investigated without C(�)-
substitution that exhibits anH14 conformer as a minimum structure. Contrary to this, no
corresponding conformer was obtained for the C(�),C(�)-disubstituted �-amino acid
bB. Regarding a monomer unit in a H14 conformation, one substituent at C(�) in aA is
oriented parallel to the N�H bond of the C-terminal peptide bond. In the
corresponding idealized H14 conformation of bB, one C�Me bond would be parallel
to the C�O bond of the N-terminal amide group. Considering the different atom sizes
of the H- and O-atoms, the (R)-Me group in bB is too close to the O-atom. This could
also explain why a right-handed conformer was not found for the (S)-substituted �-
peptide monomer until now, which is in good agreement with the substituent influences
on the backbone dihedrals � and� discussed for the model compounds 1 and 2 (Fig. 1).
Another periodic secondary structure, which can immediately be derived from the
conformers in Table 2, is the H12 helix [26 ± 29] (Fig. 5) with twelve-membered H-
bonded pseudocycles formed between the peptidic NH of amino acid i and the peptidic
CO of amino acid (i ± 3) (1� 4 interaction). With exception of the geminally
disubstituted derivative bB, all model compounds investigated show the basic unit of
this helix in their conformer pool (Table 2). Up to now, this helical structure was only
observed in oligomers of conformationally restricted �-amino acid derivatives, where
the central rotation angle � is locked to values of ca. 90� [26 ± 29] [99]3). Nevertheless,
similar to the situation of theH14 monomer, this conformation could also be observed in
crystals of Boc-[Aib]2-[�-hGly]-NHMe, where a single �-amino acid is incorporated
into an �-peptide sequence [100]. In those cases, where both the H14 and the H12

conformers were located, the H14 conformers are energetically favored over the H12

ones. This does not hold for the (R,S)-C(�),C(�)-disubstituted model compound aB.
However, it is not possible to decide whether the H12 conformation (aB10) is per se
preferred over the H14 conformation (aB11) in this case, or whether the H14

conformation is destabilized due to sterical hindrance. It is interesting that the H12

conformation is right-handed despite the (R)-configuration of the substituent at the
C(�)-atom, which should normally result in left-handed monomers, as shown for the
corresponding monosubstituted model compound A. Obviously, the configuration at
C(�) dictates the handedness, which supports the postulate that C(�)-substitution
significantly influences the conformational characteristics of the investigated �-peptide
monomers rather independently of another substitution at C(�).
Two of the investigated model compounds, aA5 and AB10 in Table 2, realize

minimum structures in the gas phase corresponding to monomer units of a helical
conformation with ten-membered H-bonded pseudocycles, where the H-bond is
formed between the peptidic NH of amino acid i and the peptidic CO of amino acid
(i� 1) (1� 2 interaction), although, like for H12 and H14, this H-bond cannot be
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3) In fact, the substitutions at the C(�) and C(�) backbone atoms reported in [26] [27] are both in (R)-
configuration. Thus, the central dihedral � exhibits a value of ca. �90�.



formed in the monomer. Such anH10 helix with the three backbone torsion-angle values
of the same sign was already predicted for the tetramer of the (S)-C(�)-substituted
�-amino acid B [70] and could be located as a free-energy minimum in molecular-
dynamics calculations [78]. It is interesting that the stability of the H10 conformer
in aA (aA5) is greater than that of the corresponding H14 (aA6) and H12 (aA7)
conformers.
Polar solvents might remarkably influence the conformations of aA, bB, aB, and

AB. Table 3 presents the conformers of the model compounds, which were obtained by
means of the SCRF solvation model at the HF/6-31G* level considering H2O as the
solvent. Comparison with the gas-phase data in Table 2 shows that some conformers
disappear in solution and change into other conformations. There are also some
changes in the stability order of the conformers. Whereas, in aA and AB, the most
stable structures in the gas phase remain the preferred ones also in solution, the global
minima of bB and aB are different now (bB2s and aB9s in Table 3). Furthermore,
conformers emerge that were not obtained in the gas phase. This might be illustrated on
some minimum structures of the (S,S)-C(�),C(�)-disubstituted model compound AB.
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Table 3. Torsion Angles (in degrees) and Relative Energies (in kJ/mol) of the Minimum Conformations of the
Disubstituted �-Amino Acids Model Compounds Obtained on the Basis of the SCRF Solvation Model at the HF/

6-31G* Level of ab initio MO Theory

Conf.a) � � � �Eb) Typec) Conf.a) � � � �Eb) Typec)

aA1s � 139.7 � 60.5 � 165.5 0.0 C6 bB1s 54.0 52.7 � 97.1 11.1 C8
aA2s � 113.6 73.2 4.1 4.3 C8 bB2s 173.9 58.3 140.3 0.0 C6
aA4s � 87.7 117.2 � 47.2 9.1 C8 bB3s 56.6 56.2 114.0 13.8 C6
aA5s 103.0 48.4 52.4 16.4 H10 bB5s � 59.4 120.3 � 81.8 11.3 C8
aA6s � 148.3 64.5 � 130.8 10.8 H14 bB6s 179.7 55.4 � 115.6 19.3 CN
aA7s � 107.9 67.9 � 81.9 12.7 H12 bB7s 76.8 � 52.7 � 87.6 33.8
aA8s 112.8 � 179.6 � 121.3 8.8 bB11s 63.1 176.4 � 101.4 12.6

bB12s 61.7 63.5 � 32.8 14.1 CN
aB1s � 147.1 � 62.3 � 143.2 0.7 C6 ; bB13s � 83.5 66.4 � 97.4 19.9 H12

aB2s � 59.0 � 51.6 98.5 20.8 C8
aB2�s 62.9 41.1 � 92.1 22.8 C8 AB1s � 146.8 � 61.0 � 138.3 0.0 C6
aB4s � 174.2 60.0 134.9 8.2 C6 AB2s � 74.3 138.0 � 72.1 11.7 C8
aB5s � 105.6 90.5 � 21.7 10.8 C8 AB2�s 73.3 � 105.3 59.9 21.6 C8
aB6s � 93.2 62.7 78.1 24.2 AB3s 59.0 47.3 � 105.4 22.8 C8
aB6�s 71.6 � 71.9 � 56.5 21.3 AB4s � 116.2 59.9 23.3 19.0 C8
aB8s � 84.7 115.0 � 46.8 6.4 C8 AB5s � 168.1 54.0 116.6 17.7 C6
aB8�s 63.7 � 123.0 79.6 12.6 C8 AB6s � 154.1 � 62.6 100.8 24.0
aB9s � 137.0 179.5 130.7 0.0 AB7s � 150.5 60.2 � 127.5 12.9 H14

aB9�s 64.9 177.5 � 63.1 13.8 AB9s 80.7 � 57.1 � 85.5 41.2
aB10s � 107.1 71.1 � 87.2 14.3 H12 AB10s 63.8 46.1 68.9 27.2 H10

aB11s � 148.7 67.8 � 126.7 11.3 H14 AB11s � 163.1 � 74.6 46.3 45.1 CN
aB12s � 155.8 � 62.5 109.6 16.1 CN AB12s 89.0 163.2 � 87.6 26.6
aB13s 88.2 � 70.0 97.8 26.5 H12 AB14s � 152.5 158.3 � 173.7 19.1

AB15s 89.1 � 69.6 92.7 29.5 H12

a) Conformer numbering as in Table 2. b) Total energies of the most stable conformers (�� 78.4). aA : ET�
�570.935164 a.u., bB : ET��570.933702 a.u., aB : ET��570.938871 a.u., AB : ET��570.939532 a.u. c) Cf.
Footnote b in Table 2.



The basic unit of theH14 helix was obtained both in the gas phase and in solution (AB7
in Table 2, AB7s in Table 3). AB7s gains some stabilization with respect to the lowest-
energy conformer AB1s. The basic conformer with opposite handedness could be
located as a minimum structure neither in the gas phase nor in solution. This is
completely different for the monomer unit of the H12 secondary structure. For the gas
phase, only the right-handed conformer (AB8) is predicted, whereas the minimum
structure with reversed handedness emerges in the H2O continuum (AB15s). More-
over, the right-handed conformer changes into the more-stable C8 minimum AB4s.
Detailed investigations of the electrostatic properties of these structures reveal that the
mirror-image conformation of AB8 might be destabilized in the gas phase by the Me
substituent at C(�). A similar effect was found for the (R,S)-C(�),C(�)-disubstituted
�-amino acid aB. In the gas phase, only the right-handed conformer of the H12 helix
(aB10 in Table 2) was obtained, whereas the left-handed conformer emerges in solution
(aB13s in Table 3). However, oligomerization of this conformer of an (S)-C(�)-
substituted �-amino acid does not consistently result in a left-handed H12 helix due to
unfavorable contacts between side chains with axial orientations to the helix, which
appear only in longer sequences.
Considering the conformation data on the unsubstituted, monosubstituted, and

disubstituted �-peptide monomer models, numerous conformers were found, from
which well-defined secondary structures could be derived. Quite obviously, the
additional CH2 group in the backbone of a �-amino acid constituent does not so much
increase the conformational flexibility of the monomer units as to prevent the
formation of ordered structures. This was also pointed out by Seebach and co-workers
[101]. In other words, rotation around the central C(�)�C(�) linkage is not free, as it
was sometimes assumed, but a few discrete conformations are distinctly favored.
Therefore, more, but in the same way well-ordered secondary-structure elements could
be expected in �-peptides than in the common �-peptides due to the additional
conformational degree of freedom.
3.3. Substituent Influence on the Intrinsic Folding Properties in �-Peptides. In the

preceding paragraph, the general conformation characteristics in mono- and disub-
stituted �-peptide monomers were discussed. Now, we turn to the substituent influence
on the intrinsic folding properties into the different periodic secondary-structure
alternatives. To get a complete overview on all substitution possibilities in �-amino acid
constituents, we consider also the tri- and tetrasubstituted monomers aAB, AbB, and
aAbB (Table 1). For a comparison of the various substituent patterns, the fully
extended conformation of all compounds with the backbone torsion angles set to 180�
was chosen as a reference point. Thus, the intrinsic folding propensities are
characterized by the energy differences between any folded conformer and the
corresponding extended structure. The total energies of all extended conformations are
given in the Supporting Information. The Tables 4 and 5 show the intrinsic folding
tendencies of the investigated model compounds depending on the substituent patterns
and on the environmental influence. For completeness, the corresponding data for the
blocked �-amino acidsU,A, and B ([70] and cf. Table 1) are also calculated. Due to the
chirality of somemodel compounds, the conformers in Tables 4 and 5 can be assigned to
structures forming left-handed (M) and right-handed (P) helices, respectively. The
conformers with the highest folding tendency are marked in italics.
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Table 4. Intrinsic Folding Energies (in kJ/mol) of Selected Minimum Conformations of the Investigated �-Amino Acid Model Compounds Obtained at the HF/6-31G*
Level of ab initio MO Theorya)

H14 H12 H10 CI8 CII8 CIII
8 CI6 CII6

Model (M) (P) (M) (P) (M) (P) (M) (P) (M) (P) (M) (P) (M) (P) (M) (P)

U � � 0.4 � � 12.3 � 15.3 � � � 24.1
aA � 7.0 � 6.3 � 14.8 � 15.8 � 29.7 � � � 32.5
bB � � � � 13.1 � 0.7 � 27.7 � 25.3 � 22.4
aAbB � � � � 13.8 � 11.4 � 28.3 � 35.1 � 28.0
A � � � � 11.4 � � � � 25.4 � 23.6 � 25.4 � � 30.5 � 30.7 � � � 32.6
B � 14.7 � � � 11.1 � � � 10.8 � 26.8 � � 26.4 � 26.6 � 27.4 � 33.6 � 27.0 � � 26.7
aB � 17.1 � � � 19.8 � � � 28.3 � 31.1 � 12.2 � 35.8 � � 40.0 � 40.1 � 36.7 � 39.8 � 28.2
AB � 32.3 � � � 26.8 � � 25.0 � 23.0 � 46.2 � � 41.9 � 45.8 � � 54.4 � 39.5 � �
aAB � 26.2 � � � 24.7 � � 18.8 � 26.7 � � 22.1 � 43.9 � � � 50.7 � 38.8 � � 33.2
AbB � � � � 13.3 � � 26.6 � 25.4 � � � 13.1 � 44.8 � 26.7 � 42.3 � 32.7 � �
a) Folding energies are given as differences between the energy of the various conformers and the corresponding extended conformation (cf.
Supporting Information) as reference points. (M) and (P) refer to left-handed and right-handed helices, resp.
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Table 5. Intrinsic Folding Energies (in kJ/mol) of Selected Minimum Conformations of the Investigated �-Amino Acid Model Compounds Obtained on the Basis of the
SCRF Solvation Model at the HF/6-31G* Level of ab initio MO Theorya)

H14 H12 H10 CI8 CII8 CIII8 CI6 CII6

Model (M) (P) (M) (P) (M) (P) (M) (P) (M) (P) (M) (P) (M) (P) (M) (P)

Us � 3.6 � 7.5 � � 0.6 � � 17.6 � 4.0 �
aAs � 4.1 � 2.2 � 1.5 � 5.8 � 10.6 � � � 14.9
bBs � � 4.6 � � 4.0 � � 4.2 � 15.3 � 1.5
aAbBs � � 8.8 � � 8.2 � � 2.1 � 26.0 �
As � 10.6 � 1.5 � 2.0 � 7.0 � � 0.5 � � 12.7 � 11.2 � 8.9 � � 1.5 � 17.0 � 12.5 � �
Bs � 11.0 � � � 7.0 � � 0.8 � 1.8 � 13.6 � � 9.6 � 2.0 � 0.4 � 19.8 � 10.9 � �
aBs � 20.3 � � 5.1 � 17.3 � � � 19.0 � 25.2 � � � 10.8 � 8.8 � 30.9 � 23.4 � �
ABs � 25.8 � � 9.2 � � � � 17.1 � 27.1 � � 19.7 � � 15.9 � 38.7 � 21.0 � �
aABs � 23.7 � � 9.3 � � � 8.4 � 18.9 � 18.1 � � 26.5 � � � 38.9 � 18.4 � � 11.3
AbBs � � � 5.7 � 8.8 � � 12.4 � 18.4 � 11.5 � � 4.9 � 1.1 � 18.5 � 30.4 � 19.5 � �
a) Cf. Footnote a in Table 4.



Comparing the relative folding propensities of the different structure patterns,
folding is most favorable for substitution type AB. Obviously, an (S,S)-C(�),C(�)-
disubstituted �-amino acid generally promotes the formation of folded structures in
agreement with experimental data. Thus �-peptide constituents with an (S,S)-
C(�),C(�)- or, alternatively, (R,R)-C(�),C(�)-disubstitution might act as nucleation
points in the folding of longer �-peptide sequences. It should be remembered that the
incorporation of an (S,S)-disubstituted �-amino acid into the center of a �-peptide
hexamer enhances the CD signal of an H14 conformation [20]. Moreover, the first
detailed crystallographic data of H14 and H12 helices were obtained from �-amino acid
oligomers in which the central C(�)�C(�) bond of each �-amino acid residue is
incorporated into an (S,S)-disubstituted cyclohexane and (R,R)-disubstituted cyclo-
pentane ring, respectively [26] [27]. �-Peptide monomers with only one substituent
exhibit a significantly smaller folding tendencies. Interestingly, the trisubstituted model
compound aAB realizes nearly all basic conformers. Their stabilization with respect to
the fully extended conformation is comparable with that of the AB derivatives. The
smallest energy differences are estimated for the achirally substituted �-amino acid
models. The preference of extended conformations in these symmetric compounds
could be a reason for this. The results in Table 4 show that the geminal disubstitution at
C(�) is the most unfavorable substitution pattern for folding. The situation in the
trisubstituted �-amino acid model AbB is slightly different. Here, formation of the
monomer units of the helices H12 and H10 can still be observed. For the formation of
H10, this type of trisubstitution seems most promising of all substitution patterns.

Table 5 illustrates the influence of a polar-solvent continuum on folding. In
comparison with the data in Table 4, it is obvious that the solvent continuum favors the
formation of Hx secondary structures, where the H-bonds cannot be formed in the
monomers, over the Cx conformers. This is most striking for the H12 conformer.
However, the general folding tendency is smaller in solution than in the gas phase,
especially for those conformers that are characterized by intra-molecular H-bonds (C6 ,
C8). For instance, the difference between the folding tendencies of the most stable Hx

conformer and the most stable Cx conformer ofAB,H14 and C6I , respectively, is smaller
in the solvent continuum than in the gas phase. It has to be remembered that the solvent
data should not be overestimated due to the neglect of specific solvation effects.
They should only be considered as a qualitative estimation of the general trends of
solvation.
A graphical overview and generalization of the relations between the substitution

patterns of the �-amino acid constituents of �-peptides and their backbone folding into
the especially interesting �-peptide helices H14 , H12 , and H10 in the gas phase and in a
polar medium is provided by Table 6. Here, closed and open circles indicate the
existence of minimum conformations. A closed circle represents higher stability of the
folded structure over the extended one, open circles describe the opposite situation.
The size of the circles correlates with the extent of folding and unfolding, respectively.
The diameters of the circles are in relation to the actual energy differences to the
extended conformations. The remarkable influence of substitution on the formation of
these characteristic secondary structures can immediately be seen. Asymmetrically
substituted �-amino acids generally favor folding into the helical conformations as
indicated by the larger spheres. In agreement with the results obtained on the model
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Table 6. Graphical Overview on the Intrinsic Folding Properties of the Investigated �-Amino Acid Model
Compounds into Basis Conformations of Left-(M) or Right-Handed (P) Helical Structures
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compounds 1 and 2 representing the N- and C-terminal fragments of a blocked �-amino
acid, the configuration at C(�) atom dictates the handedness of the helical structure.
Consequently, the (S)-configuration enforces folding into a left-handed (M)-H14 and
into a right-handed (P)-H12 conformer, respectively. Thus, the handedness of a helical
structure can already be derived at the monomer level, in some way even at the
submonomer level, when regarding the fragments 1 and 2 in that way. In the case of the
theoretically predicted (P)-H10 helix, it is interesting to note that a disubstitution with
one substituent at C(�) in (S)-configuration may support the formation of this type of
secondary structure. These conclusions can essentially be maintained, if the global
influence of a polar medium is considered. Obviously, the solvent stabilization of the
folded structures is slightly smaller than that of the extended structures.
Summarizing, this rather complete overview of the general influence of substitution

on the intrinsic folding properties of �-peptides might be helpful for an understanding
of secondary-structure formation in this class of compounds. It could be useful for a
rational design of definite three-dimensional structures.
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Supporting Information Available. Tables with backbone dihedrals and energies of selected HF/6-31G*,
SCRF/HF/6-31G*, and DFT/B3LYP/6-31G* minimum structures of the investigated �-amino acid model
compounds. See any current masthead page for ordering information and Internet access instructions.
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