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�-Peptides form various secondary structures, such as 14-helix, 12-helix, 10/12-helix, 10-helix, 28-ribbon,C6-
ribbon, and pleated-sheet. Thus, it is useful to understand the intrinsic backbone conformational preferences of
these basic structures. By using a simple repeating-unit method, we have calculated the preferences of C6-
ribbon, �-strand, 10/12-helix, 14-helix, 12-helix, 10-helix, and 28-ribbon of a series of poly-�-alanine models, Ac-
(�-Ala)n-NH2, with n� 1 ± 9. Interactions among single amino acids result in cooperative residue energies. This
is not found for the formations of �-strands, 28-ribbons, and C6-ribbons, which possess constant residue energies.
In contrast, the 12-helix, 10-helix, and 14-helix are characterized by increasing residue energies as the peptide
elongates. Therefore, there is a considerable positive cooperative impetus in the gas phase for their formation.
The residue energy of the 10/12-helix increases significantly for n� 2 and 3, and then displays a zigzag pattern.
Meanwhile, there is a good correlation between calculated residue energies and residue dipole moments,
indicating the importance of long-range electrostatic interactions to the cooperative residue energy. Efforts have
been made to separate the electrostatic and torsional interactions between residues. Thereby, the 12-, 10-, and
10/12-helices all benefit from electrostatic interactions, while the 14-helix has the most intrinsic preference in
terms of torsional interaction. The effect of MeOH on the secondary structures has also been evaluated by
SCIPCM solvent model calculations.

1. Introduction. ± The discovery of Seebach and Gellman and co-workers that �-
peptides readily form various secondary structures, e.g., 14-helix, 12-helix, 10/12-helix,
10-helix, 28-ribbon, turns, and pleated-sheets [1 ± 6], has generated tremendous
excitement [7]. Since �-amino acids usually possess two stereogenic centers, a large
number of structural variations are possible, which makes them interesting building
blocks in molecular design [8]. According to circular dichroism (CD) spectra, some �-
peptides appear to possess unknown secondary structures that still need to be solved
[9]. Another feature of �-peptides is their resistance to enzymatic degradation [10],
which is important for pharmaceutically active agents. Indeed, several �-peptides have
been found to display biological activity against, e.g., HIV [11], cancer [12], and
bacteria [13]. The incorporation of a piece of a synthetic �-peptide into a natural
peptide has been found not only to increase the stability of the latter, but also to
enhance its protein binding ability [14].

The conformational features of �-peptides have recently been explored by both ab
initio quantum-mechanical calculations and molecular dynamics simulations [15 ± 20].
Hoffman and ourselves have studied the conformations of dipeptide models [13] [14]
that tend to adopt various folded conformations, with a gauche dihedral angle � (cf. A
for definition). This property seems to be important for the stabilization of helical
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structures. We have also studied several �-hexapeptide model compounds and found
that there is an intrinsic preference for the 10/12-helix over the 14-helix both in the gas
phase and in MeOH solution, provided there is no side chain [17]. Substituent effects
on the relative stabilities of 14- and 10/12-helices have also been explored, and some
qualitative predictions about secondary structures can be made. Van Gunsteren and
Aqvist have applied molecular dynamics simulations to explore the folding-unfolding
thermodynamics of �-peptides [18] [19]. These simulations not only indicate that the
experimentally observed helical structures can be easily formed, they also provided
detailed information about the process of folding and unfolding. It was found that
simulations are quite sensitive to the inclusion of long-range electrostatic interactions
[18] [19].Christianson et al. also studied the folding process of �-peptides made of trans-
2-aminocyclopentanecarboxylic acid and trans-2-aminocyclohexane carboxylic acid
derivatives by using a modified AMBER force field [20].

Despite many efforts, several theoretical issues still need to be resolved: 1) what is
the origin of the stability of these helical structures?, 2) what are the detailed electronic
and steric interactions among the amino acid residues?, 3) is there cooperative
interaction in the secondary structures?, and 4) how do solvents influence the stabilities
of secondary structures? In this paper, we would like to report a theoretical study on a
series of poly-�-alanine models to address the above questions. In addition, our results
will provide valuable information for the calibration of molecular mechanics force
fields.

2. Results and Discussion. ± Calculation Strategy and Methodology.A �-strand that
forms a �-sheet with another strand is a linear structure not stabilized by intramolecular
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H-bonds, in contrast to the other secondary structures shown above. Because our
previous full geometry optimizations of �-hexapeptide models indicate that the middle
residues tend to adopt a nearly identical repeating geometry [15] [17], the present study
employs a repeating-unit approach that has been successfully applied to the study of
cooperative interactions in helical and sheet-type structures of �-peptides and sheets of
�-peptides [21]. As shown in structureA, a peptide has n repeating units (residues). To
derive the starting conformation of the repeating units for �-strand, C6-ribbon, 28-
ribbon, 10-helix, 12-helix, and 14-helix, Ac-(�-Ala)5-NH2 was optimized with the HF/6-
31G* method and the GAUSSIAN 98 program [22], with a constraint of every amino
acid residue in the same geometry. The same method was applied in the case of the 10/
12-helix, but a hexapeptide (n� 6) model was used due to the 10-m-r and 12-m-r
alternation. These repeating units were then used to build Ac-(�-Ala)n-NH2 (n� 0 ± 9),
and the relative energies of 70 structures were calculated with the B3LYP/6-31G**
method [23]. We have shown that these methods satisfactorily predict the conforma-
tional features of �- and oxa-peptides [6] [15] [17] [24]. Finally, the solvation effects of
MeOH on the conformational stabilities of these peptide models were evaluated by the
SCIPCM approach [25].

Geometry. In Fig. 1, fragments of seven calculated secondary structures of �-
peptides are shown. Selected geometrical parameters are given in Table 1. The C6-
ribbon has a long O ¥¥¥H(N) distance of 2.35 ä, but a very small O ¥¥¥ H�N angle of
103�, which prevents strong H-bonding. Each residue is rotated by ca. 240�, and ca. 1.5
residues finish one turn. 28-Ribbons are very similar to C6-ribbons, but they are
conformationally more flexible and possess stronger H-bonds. The �-strand has all its
C�O groups on one side, each residue spanning ca. 5 ä. However, the C�O groups are
not perfectly parallel but slightly convex. This is due to the fact that the O�C�C� and
O�C�N angles make up ca. 122.5�, while the C��C�N angles are only ca. 115� [21c].
The 10/12-helix is characterized by alternate 10-m-r and 12-m-r H-bonded structures
and features alternating −up and down× dipoles. Therefore, 10/12-helices possess small
dipole moments (Table 2). The 12-m-r form has a larger O ¥¥¥H�N angle (163�) than
the 10-m-r (138�). The former is, thus, expected to be somewhat more stable than the
latter. The 10-m-r form in the 10-helix is different from that in the 10/12-helix. The
three dihedral angles �, �, � and are all positive (74�, 51�, and 74�, resp.). Compared to
the 14-helix, the 12-helix displays shorter O ¥¥¥H(N) distances and larger O ¥¥¥H�N
angles. As shown in Table 1, the calculated dihedral angles for these structures are quite
close to those of fully-optimized structures reported before [15 ± 17]. The calculated
geometrical parameters for the 12- and 14-helices are in close agreement with reported
X-ray crystal structures [2a,b].

Relative Stabilities. The calculated total dipole moments and relative stabilities of
seven types of secondary structures of �-peptides are collected in Table 2. In Fig. 2, the
calculated relative energies �E with respect to the C6-ribbon structure are plotted
against the number of residues (n). Several features are apparent. 1) In agreement with
previous results, the C6-ribbon conformation is the most stable when n� 1 ± 2 [15 ± 17].
2) The 28-ribbon energy runs almost parallel and close to that of C6. 3) The relative
energy of the �-strand linearly increases with respect to the C6-ribbon. Each unit of the
former is ca. 6 kcal/mol less stable than that in the latter. Such a large destabilization is
apparently due to repulsions between neighboring dipoles. 4) The 12-helical structure is
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ca. 6 kcal/mol higher in energy than the C6-ribbon for n� 1, but is gradually stabilized
when n is increased, reaching the stability of the C6-ribbon when n becomes 7. 5) The
14-helix is very unstable for short peptides. It is ca. 10 kcal/mol less stable than the C6-
ribbon for a model tripeptide (n� 3). However, when n becomes larger, its stability
rapidly increases. Our prediction is that it will catch up to the stability of the C6-ribbon
at n� 10. In the gas phase, the 12- and 10-helices are predicted to be more stable than
the 14-helix by ca. 6 ± 8 and 8 ± 10 kcal/mol, respectively. As will be shown later, this
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Fig. 1. Fragments of calculated secondary structures of poly-�-alanine



situation changes in MeOH solution. 6) For peptides with more than two residues, the
10/12-helix is the most stable. The preference of this helical structure over the other
secondary structures increases significantly when the peptide becomes longer. This
clearly indicates a very large intrinsic preference of �-peptides to adopt the 10/12-
helical structure in the gas phase, in agreement with earlier conclusions [17].

Cooperative Residue Energy. It is expected that, in different secondary structures,
amino acid residues undergo different interactions, which are vital for the relative
stabilities of these elements. We calculated the residue energy �n�E(n)�E(n� 1)
corresponding to the incremental energy difference between a peptide with n residues
and its n� 1 homologue. These residue energies are listed in Table 3.

In each secondary structure, each residue is geometrically the same and, therefore,
experiences similar steric effects (cf. Fig. 6). Therefore, the variation of the residue
energy reflects electrostatic interactions among the residues in a given secondary
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Table 1. Calculated Geometrical Parameters for �-Peptide Secondary Structures (cf. Fig. 1)

Structure Residues/turn Rise [ä] Pitch [ä] � � �

C6-ribbon 1.7 4.0 6.8 99.2 62.9 175.8
�-strand ± 4.9 ± 180.0 180.0 180.0
10/12-helix 2.7 2.1 5.7 � 99.3/89.5 61.3/65.9 89.9/� 110.6
14-helix 3.1 1.7 5.2a) � 141.6 59.9 � 133.3
12-helix 2.7 2.2 5.9b) � 88.5 89.3 � 111.4
10-helix 2.6 2.3 6.0 73.5 51.3 73.6
28-ribbon 2.2 3.0 6.7 � 111.5 68.6 13.9

a) Exper. value: 5.0 ä. b) Exper. value: 5.6 ä.

Fig. 2. Plot of total relative energies �E [kcal/mol] of the C6-ribbon (�), �-strand (�), 10/12-helix (�), 14-helix
(�), 12-helix (�) , 10-helix (�), and 28-ribbon (�) models calculated with the B3LYP/6-31G** method



structure. Assuming that residue n only interacts with residue n� 1, but not
with residues � (n� 1), then the residue energy should be constant since there
is no cooperativity within such a secondary structure. However, if residue n
interacts with remote residues, then the residue energy should vary with n. When
�n becomes more negative with increasesing n, it means that the additional amino
acid residue cooperatively interacts with remote residues, which results in a stabiliza-
tion of the secondary structure. The term �n� �n�1 roughly represents the interaction
between the two terminal residues and should approach zero when n becomes very
large.

The residue energies for the seven types of secondary structures are shown in Fig. 3.
The residue energy is almost constant for the C6-ribbon, 28-ribbon, and �-strand,
indicating no electronic interaction between any two remote residues. As expected,
there is a large stabilization of ca. 4 ± 6 kcal/mol for �2 relative to �1 for the 10-helix, 12-
helix, and the 10/12-helix, as well as for �3 relative to �2 for the 14-helix. This is
attributed to the formation of the first H-bond for these helical structures. Interestingly,
�n continues to increase (in a negative sense) with increasing n for the 10-helix, 12-helix,
and 14-helix. It reaches a maximum for the 10-helix and 12-helix near n� 7. However,
for the 14-helix, even when n reaches 9, the residue energy still increases. This means
that single residues still electronically interact in the gas phase although being
separated by ca. 16 ä.
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Table 2. Total Dipole Moments and Relative Energies of the C6-Ribbon (A) , �-Strand (B), 10/12-Helix (C), 14-
Helix (D) , 12-Helix (E), 10-Helix (F), and 28-Ribbon (G) Structures Calculated by the B3LYP/6-31G**Method

n Dipole Moment [D]

A B C D E F G

0 3.8 3.7 3.8 3.7 3.6 3.8 3.7
1 4.2 7.1 3.4 6.9 5.8 5.8 4.7
2 7.2 10.5 6.7 10.1 9.6 9.0 8.0
3 9.2 13.8 5.1 14.2 13.5 12.8 10.5
4 11.8 17.1 7.4 18.6 17.3 16.3 13.6
5 14.4 20.2 3.7 23.0 21.6 20.3 16.5
6 16.8 23.2 6.2 27.6 25.8 24.3 19.6
7 19.5 26.0 1.5 32.4 30.0 28.3 22.7
8 21.8 28.7 6.2 37.1 34.4 32.4 25.7
9 24.6 31.1 4.1 42.0 38.6 36.5 28.2

Relative Energy [kcal/mol]

A B C D E F G

0 0 � 0.1 � 0.2 � 0.3 0.2 � 0.4 0.3
1 0 5.4 2.6 6.2 6.0 5.0 1.3
2 0 11.3 1.1 10.8 5.4 4.2 1.5
3 0 17.3 � 3.4 11.0 5.1 3.6 1.5
4 0 23.3 � 7.3 10.7 4.3 2.2 1.6
5 0 29.5 � 12.4 10.1 2.8 0.7 1.7
6 0 36.8 � 15.8 8.7 1.4 � 1.4 1.6
7 0 41.8 � 20.9 7.1 � 0.6 � 3.4 1.3
8 0 47.9 � 24.4 5.1 � 2.6 � 5.5 1.3
9 0 54.1 � 29.3 2.8 � 4.3 � 8.0 1.3



The residue energy of the 10/12-helix displays a zigzag pattern after n� 3. This is
due to the difference between 10-m-r H-bonded and 12-m-r H-bonded structures. Our
earlier gas-phase calculations of Ac-(�-Ala)2-NH2 indicated that the 12-m-r form is ca.
1.7 kcal/mol more stable than the 10-m-r form. Thus, between odd and even numbered
peptides, there is an energy difference of ca. 1.5 kcal/mol. Furthermore, it appears that
large cooperative interactions occur within a short range of ca. 4 residues, but
essentially none beyond this range. Thus, the formations of the 10-, 12-, and 14-helices
are cooperative in the gas phase. For the 10-helix and 12-helix, the 9th residue is ca.
2.1 kcal/mol more stable than the 2nd residue. For the 14-helix, the 9th residue is more
stable than the 3rd residue by ca. 2.6 kcal/mol. Once the first H-bond is formed, the
energy differences between the 10- and 12-helix, or the 12- and 14-helix are nearly
constant, one being worth ca. �1.0 kcal/mol, the other �2.8 kcal/mol. These results
suggest that those secondary structures that formally contain mono −rings× interact in a
similar way. Thereby, −ring× size probably determines the spatial arrangement of polar
groups. Please notice that �2 of the 14-helix is ca. 2.4 kcal/mol more negative than �1.
This indicates that there is a large inductive stabilizing interaction between the first and
third dipoles (residues i, i� 2), which are nearly parallelly oriented. We conclude that
cooperative long-range electrostatic interactions play a crucial role in the formation of
these helices, no matter whether H-bonds are involved or not.

Origin of Cooperative Residue Energy. To further understand the nature of the
cooperative residue energy, we analyzed the incremental change in dipole moment as a
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Table 3. Calculated Residue Energy �n and Residue Dipole Moment in the C6-Ribbon (A), �-Strand (B), 10/12-
Helix (C), 14-Helix (D), 12-Helix (E) , 10-Helix (F), and 28-Ribbon (G) Structures of �-Peptide Models

Calculated with the B3LYP/6-31G** Method

n Residue Energy [kcal/mol]

A B C D E F G

1 � 7.1 � 1.5 � 4.2 � 0.5 � 1.3 � 1.7 � 6.1
2 � 6.9 � 1.1 � 8.5 � 2.4 � 7.5 � 7.7 � 6.7
3 � 7.2 � 1.2 � 11.7 � 7.0 � 7.4 � 7.8 � 7.2
4 � 7.1 � 1.2 � 11.1 � 7.4 � 8.0 � 8.5 � 7.1
5 � 7.3 � 1.1 � 12.3 � 7.9 � 8.8 � 8.8 � 7.1
6 � 7.3 � 1.1 � 10.7 � 8.6 � 8.9 � 9.3 � 7.4
7 � 7.3 � 1.1 � 12.4 � 9.0 � 9.3 � 9.3 � 7.5
8 � 7.3 � 1.2 � 10.8 � 9.3 � 9.4 � 9.3 � 7.4
9 � 7.3 � 1.1 � 12.2 � 9.6 � 9.6 � 9.7 � 7.3

Residue Dipole Moment [D]

A B C D E F G

1 4.0 3.5 3.7 3.3 3.4 3.5 4.3
2 4.1 3.5 4.6 3.4 4.3 4.2 4.3
3 4.1 3.6 4.7 4.3 4.4 4.4 4.4
4 4.1 3.6 4.7 4.5 4.5 4.5 4.5
5 4.2 3.6 4.8 4.6 4.6 4.6 4.5
6 4.2 3.6 4.8 4.8 4.7 4.7 4.5
7 4.2 3.6 4.8 4.9 4.7 4.7 4.5
8 4.2 3.6 4.8 5.0 4.8 4.7 4.5
9 4.2 3.6 4.9 5.0 4.8 4.8 4.5



function of n. The residue dipole moment of the nth residue is calculated by the vector
subtraction of the dipole moment of the n� 1 model peptide from that of the model
peptide n. These values are listed in Table 3. As shown in Fig. 4, the residue dipole
moments of the �-strand, 28-ribbon, and C6-ribbon are nearly constant. However, the
residue dipole moments of the 10-helix, 12-helix, and 14-helix increase as n increases. In
the case of the 14-helix, the residue dipole moment increases by ca. 60% for n� 1� 9
(Table 3). The calculated dipole moment of acetamide is ca. 3.8 D, which can be
considered as the intrinsic dipole moment of a peptide amino acid residue. Deviations
of the calculated residue dipole moments are due to induced dipoles, which reflects
electrostatic interactions between residues. That is, a stabilizing interaction tends to
amplify itself by inducing a positive dipole, while a destabilizing interaction tends to
reduce itself by inducing an opposite dipole. The calculated residue dipole moment of
the �-strand (3.6 D) is smaller than that of acetamide by ca. 0.2 D, reflecting the
repulsive nature of interactions between neighboring residues (i, i� 1). The residue
dipole of the C6-ribbon is ca. 4.1 D and results from a small attractive interaction
between two neighbors. The residue dipole of the 28-ribbon is larger than that of theC6-
ribbon, which is in agreement with the fact that the 28-ribbon forms stronger H-bonds.
The formation of H-bonds in the four helical structures, 10-, 12-, 14-, and 10/12-helices,
results in a large stabilization accompanied by large induced dipoles. Therefore, there is
a fair correlation between calculated residue energies and residue dipole moments: The
C6-ribbon, 28-ribbon, and �-strand possess nearly constant residue energies and residue
dipole moments, while the 10-, 12-, and 14-helices give rise to continuously increasing
residue energies and residue dipole moments as the peptide elongates. The 10/12-helix
is characterized by a large cooperative residue energy on a short range of ca. 4 residues.
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Fig. 3. Plot of residue energies �n [kcal/mol] of the C6-ribbon (�), �-strand (�), 10/12-helix (�), 14-helix (�), 12-
helix (�) , 10-helix (�), and 28-ribbon (�) models calculated with the B3LYP/6-31G** method



The 14-helix displays the most significant induced residue dipole moment and the
largest cooperativity in the gas phase. Cooperative interactions in the 10-, 12-, and 14-
helices are mainly due to long-range electrostatic interactions.

What is the mechanism for the cooperative residue energy or long-range
interaction? One possible mechanism is the −through-bond× cooperative formation of
H-bonds [26]. In the C6-ribbon and 28-ribbon, there is one such network, and in the
other four helical structures, there are two H-bonding networks. It has been proposed
that contiguous H-bonds might cause a resonance-type stabilization [27], that is, H-
bonds reinforce each other. However, in a series of calculations, we found that ribbon
structures that are held together by H-bonds between neighboring residues do not
possess cooperative residue energies. Thus, the 27-ribbon of �-peptides [21], the C6-
and 28-ribbons of �-peptides, and the 9-helix (or 29-ribbon) of 	-peptides [28] all have
nearly constant residue energies. Therefore, our calculations do not support the above
explanation ± at least in these intramolecularly hydrogen-bonded systems. Another
explanation for the cooperative forces is based on through-space dipole-dipole
interactions. This has been recognized for �-peptides [29]. As a matter of fact, long-
range electrostatic interaction is an important part of currently widely used molecular
mechanics force-fields [30] [31]. We have repeated the above calculations using the
popular MacroModel program [32]. Although very different results were generated
with different force-fields, cooperative interactions in helical structures were always
found. However, these force-fields, which are based on fixed atomic charges or bond
dipole moments, often tend to overexpress the cooperative residue energy in short
range interactions (within 6 residues), but underestimate long range interactions,
observed, e.g., in �-peptides [21] [33]. Therefore, induced electrostatic interactions,
which are qualitatively represented by induced dipoles, are needed for the improve-
ment of these force-fields.

Fig. 4. Residue dipole moment of the C6-ribbon (�), �-strand (�), 10/12-helix (�) , 14-helix (�), 12-helix (�) , 10-
helix (�), and 28-ribbon (�) models calculated with the B3LYP/6-31G** method
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To further support the importance of through-space-induced dipoles with respect to
cooperativity, we studied the conformational preference of polyketones of type B [34].
While the �-helical structure of B is quite similar to the peptide �-helix in terms of
backbone conformation, here, no H-bond is possible. Nevertheless, a considerable
cooperativity was derived for the formation of the �-helical structure [35]. There was
also a high correlation between calculated residue energies and residue dipole
moments. It is, thus, possible that such cooperative long-range electrostatic interactions
are important for the helical structure formation of other polymeric materials [36] [37].

Me
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Separation of Electrostatic and Torsional Effects. To better understand the
interactions among residues in each secondary structure, we attempted to separate
the residue electrostatic effect and torsional effect based on the strategy shown in the
Scheme. A monopeptide model compound shall serve as an example (n� 1). Starting
from a given secondary structure with an electrostatic energyE, the two CH2 groups are
replaced by two H-atoms, so that the peptide model breaks into two amides units
(Step 1). This removes the torsional interactions of the (CH2)2 linker, while the
electrostatic interaction between the two detached amide units persists. When the two
amides are separated to an infinite distance (Step 2), the electrostatic interaction is also
removed. The energy difference between E� (Step 1) and E�� (Step 2) should reflect the
electrostatic interaction (Eelec) between the two amide units. In reality, the distance
between the two H-atoms is quite short (ca. 2 ä) and not constant in different
secondary structures. Therefore, the above electrostatic interactions should be
corrected by the steric interaction (Ecorr) of the two H-atoms. In principle, the two
amide units also sterically interact. However, that contribution is probably negligible.

For longer model peptides, e.g., n� 3, three (CH2)2 groups have to be replaced by
H-atoms to generate four amide units, and the total electrostatic interaction can be
derived in a similar way, Eelec(n)�E�(n)�E��(n)�Ecorr. Just like the calculations of
residue energies, residue electrostatic interactions can be derived from the total
electrostatic interactions of model peptides: �elec(n)�Eelec(n)�Eelec(n� 1). In Fig. 5,
the calculated residue electrostatic interactions are depicted. Several points are
interesting. 1) The calculated variations of residue energies for the seven secondary
structures are essentially the same as the calculated residue energies. This confirms that
the variation in residue energy for each secondary structure is due to electrostatic
interactions. 2) For the �-strand, each residue electrostatic interaction makes up ca.
0.6 kcal/mol, which corresponds to an electrostatic repulsion between neighboring,
roughly parallel amide dipoles. 3) There is a significant stabilizing electrostatic
interaction (ca. 5 ± 6 kcal/mol) between the two neighboring amino acid residues in the
C6- and 28-ribbon structure. 4) The 10-helix, 12-helix, and 10/12-helix profit
considerably from larger residue electrostatic stabilizations than the C6-ribbon
and the 14-helix. The 10/12-helix displays the largest residue electrostatic interaction.
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5) The 14-helix suffers from a destabilizing electrostatic residue energy for the first
and second residues. That is, the ith residue undergoes repulsive interactions with the
(i� 1)th and (i� 2)th residues, which partly explains the instability of the 14-helix in
the gas phase. 6) The strength of the first H-bond in the 10-helix, 12-helix, 14-helix, and
10/12-helix is ca. 4 ± 4.5 kcal/mol [38].

The torsional interaction, or steric effect, can only be estimated on a relative basis.
Since the relative stabilities of the secondary structures are the sum of electrostatic and
torsional contributions, the torsional energies can be derived by subtracting the relative
electrostatic energies �Eelec(n) from the total relative energies �E(n). Fig. 6 depicts
the derived torsional interactions with respect to the C6-ribbon structure. The torsional
energy changes linearly with n, except for the 10/12-helix (alternating 10-m-r and
12-m-r structures). Since the relative residue torsional energies correspond to the
slopes of these lines, the following conclusions can be drawn. 1) The C6-ribbon and �-
strand possess similar torsional interactions. 2) The 12-helix is sterically destabilized by
ca. 0.6 kcal/mol per residue relative to the C6-ribbon. The 12-helix has a dihedral angle
� of ca. 90�. Thus, the C�C bond is partially eclipsed. In addition, the acetamide unit
itself in the 12-helix is distorted to some extent so that it causes a small destabilization.
As shown in Table 2, the acetamide unit (n� 0) in the 12-helix is ca. 0.5 kcal/mol less
stable than in the 14-helix. 3) The 14-helix is in a perfect gauche conformation (C��C�

bond, dihedral angle �). Therefore, the torsional energies of 10-helix, 10/12-helix, and
14-helix are directly related to deviations from ideal dihedral angles �. When � is
smaller than 60�, two acetamide units are relatively close to each other, which leads to a
destabilization. This is in full agreement with Seebach×s assessment that staggered �
dihedral angles partly explain the occurrence of the 14-helix [39].
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Scheme



Solvent Effects. The identification of residue electrostatic interactions allows a
qualitative prediction of non-aqueous polar-solvent effects on the stabilities of
secondary structures. The 10/12-, 10-, and 12-helices, which benefit most from
electrostatic interactions, should be stabilized to a greater extent by polar solvents
than the 14-helix, which has a much smaller residue electrostatic interaction than the

��������� 	
����� ���� ± Vol. 85 (2002) 3155

Fig. 5. Plot of residue electrostatic energies �elec [kcal/mol] of the C6-ribbon (�), �-strand (�), 10/12-helix (�), 14-
helix (�), 12-helix (�) , 10-helix (�), and 28-ribbon (�) models calculated with the B3LYP/6-31G** method

Fig. 6. Plot of total torsional energies vs. the number of �-Ala residues (n) [kcal/mol) of the C6-ribbon (�), �-
strand (�), 10/12-helix (�) , 14-helix (�), 12-helix (�) , 10-helix (�), and 28-ribbon (�) structures calculated with
the B3LYP/6-31G** method. The relative residue torsional energies are:C6-ribbon (0); �-strand (0); 10/12-helix
(�1.0 kcal/mol); 14-helix (�1.5 kcal/mol); 12-helix (0.6 kcal/mol); 10-helix (�0.5 kcal/mol); 28-ribbon

(0.6 kcal/mol).



12-helix. The �-strand, which suffers from a small electrostatic repulsion between
nearly parallel C�O dipoles and which has a larger polar surface area than the helical
structures, is expected to be strongly stabilized by polar organic solvents. All these
predictions are based on SCIPCM solvent model calculations. Fig. 7 depicts the
calculated total solvation energies of the seven secondary structures in MeOH. The �-
strand and the 14-helix display the largest solvation energies, the 10/12-helix the least.
Interestingly, the 28-ribbon, 10-helix, and 12-helix are found to possess somewhat larger
solvation energies than the C6-ribbon. This is in accord with the magnitudes of the
dipole moments of the three structures (cf. Table 2).

The calculated total relative energies of the seven secondary structures in MeOH
are listed in Table 4 and plotted in Fig. 8. The 10/12-helix is still the most stable
structure for �-peptides with more than two residues. The �-strand is still the least
stable, although solvent-stabilized. Interestingly, while the 12-helix is more stable than
the 14-helix by ca. 6 ± 8 kcal/mol in the gas phase, in MeOH, the 14-helix becomes more
stable for model peptides longer than 4 residues.

The calculated relative solvation energies in MeOH (Fig. 7) are all nearly linear for
n� 4, indicating that the cooperativity effects for the helical structures nearly disappear
in polar solvents. This is understandable, since the cooperativity for the helical structure
is due to long-range electrostatic interactions, which are dominant in the gas phase but
significantly reduced in polar solvents.

Recently, Seebach and co-workers studied temperature-dependent NMR and CD
spectra of a �-hexa- and heptapeptide in MeOH [39]. Between 298 and 393 K, the
peptides were found in the 14-helix (314-helix) conformation. The authors suggested
that the unfolding process is stepwise and not cooperative, as found in �-peptides [40].
Moreover, staggered conformations with respect to � were proposed to be crucial for
the 14-helix. We would like to comment on this. In the case of �-peptides, there is a

Fig. 7. Plot of total solvation energies [kcal/mol] of theC6-ribbon (�), �-strand (�), 10/12-helix (�) , 14-helix (�),
12-helix (�) , 10-helix (�), and 28-ribbon (�) models calculated with the B3LYP/6-31G** method (e� 33.0 for

MeOH, isosurface value� 0.0004)
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cooperative transition between random coil and helical structures [40]. Since the
random coil state is entropically favored, the melting of �-helices is temperature-
dependent. Our calculations indicate that the conformation corresponding to the 14-
helix is the most stable in MeOH solution. This, however, seems to be partially due to a
favorable entropy, which is approx. the same as in an extended conformation. The latter
is not enthalpically but entropically favored by more than two entropy units relative to
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Fig. 8. Plot of total relative energies �E [kcal/mol] in MeOH of the C6-ribbon (�), �-strand (�), 10/12-helix (�) ,
14-helix (�), 12-helix (�) , 10-helix (�), and 28-ribbon (�) models calculated with the B3LYP/6-31G** method

Table 4. Calculated Solvation Energies and Total Relative Energies in MeOH of the C6-Ribbon (A), �-Strand
(B), 10/12-Helix (C) , 14-Helix (D) , 12-Helix (E), 10-Helix (F), and 28-Ribbon (G) Structures Calculated with

the B3LYP/6-31G** Method

n Solvation Energies (kcal/mol)

A B C D E F G

0 � 6.9 � 6.6 � 6.7 � 6.6 � 6.5 � 6.3 � 6.7
1 � 9.3 � 12.6 � 11.0 � 12.9 � 12.0 � 11.6 � 10.0
2 � 11.9 � 17.4 � 13.1 � 18.1 � 15.0 � 14.4 � 12.9
3 � 14.3 � 23.3 � 14.2 � 23.1 � 17.7 � 17.1 � 15.4
4 � 16.8 � 29.1 � 14.9 � 26.9 � 19.7 � 19.4 � 17.9
5 � 19.0 � 34.8 � 15.3 � 30.3 � 21.9 � 21.4 � 20.4

Relative Energies (kcal/mol)

A B C D E F G

0 0 0.2 � 0.1 � 0.1 0.6 0.2 0.5
1 0 2.2 1.0 2.6 3.2 2.6 0.6
2 0 5.7 � 0.2 4.1 2.3 1.7 0.5
3 0 8.3 � 3.3 2.2 1.7 0.8 0.3
4 0 11.0 � 5.5 0.7 1.4 � 0.4 0.4
5 0 13.7 � 8.7 � 1.2 � 0.1 � 1.7 0.4



other conformations. Therefore, the 14-helix is most likely not in equilibrium with a
random coil structure.

Our earlier calculations also suggest that the 14-helix is favored over the 10/12-helix
for � 3-peptides, because the 14-helix is not destabilized by �-substituents, while half of
them have to take unfavourable positions in the 10/12-helix (destabilization of ca.
3 kcal/mol per substituent [17]). It is not surprising that no melting is observed for the
above two Seebach peptides. Since the 14-helix has a somewhat larger entropy than the
10/12-helix, a temperature increase slightly favors the 14-helix.

Finally, our calculations suggest that the 14-helix is significantly stabilized by polar
solvents. Therefore, it will be interesting to see whether the 14-helix of � 3-peptides can
be converted to a 10/12-helix when solvent polarity is reduced.

3. Summary. ± Calculations of a series of Ac-(�-Ala)n-NH2 model peptides suggest
that there is an intrinsic preference for the formation of a 10/12-helix in the gas phase.
Just like the �-helix of �-peptides, the formation of 10-, 12- and 14-helices of �-peptides
is characterized by a significant cooperative residue energy in the gas phase. There is an
excellent correlation between calculated residue energy and residue dipole moment,
indicating the importance of long-range electrostatic interactions. The dipole-induced
cooperativity is not due to resonance-type interactions through H-bonded networks.
Instead, it is mainly caused by through-space dipole-dipole interactions. By removing
the (CH2)2 group of single residues, it is possible to separate electrostatic and torsional
interaction in the secondary structures of �-peptides. The 10/12-, 10-, and 12-helices
benefit most from electrostatic interactions, while the 14-helix is most favored in terms
of torsional effects. Therefore, it is expected that solvent polarity plays an important
role in the relative stabilities of secondary structures of �-peptides. Since substituents
also strongly influence the stability of secondary structures, it will be interesting to carry
out a systematic theoretical study in which different substituents are implemented.

This work was supported by the Research Grants Council of Hong Kong. Y. D. W. thanks the Croucher
Foundation for a Senior Research Fellowship award.
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