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Abstract

The conformations of four f-amino acids in a model peptide environment were investigated using
Hartree-Fock (HF) and density functional theory (DFT) methods in gas phase and with solvation.
Initial structures were obtained by varying dihedral angles in increments of 45° in the range 0° -
360°. Stable geometries were optimized at both levels of theory with the correlation consistent
double-zeta basis set with polarization functions (cc-pVDZ). The results suggest that solvation
generally stabilizes the conformations relative to the gas phase and that intramolecular hydrogen
bonding may play an important role in the stability of the conformations. The 3 structures, in
which the R-group of the amino acid is located on the carbon atom next to the N-terminus, are
somewhat more stable relative to each other than the 2 structures which have the R-group on the
carbon next to the carbonyl.
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1. Introduction

The functions of numerous biological systems depend on RNA and proteins. The conformation adopted by these
biopolymers is linked to their functions in biological systems. As a consequence, there has been an increasing
need to identify synthetic polymer backbones that adopt discrete and predictable conformations (“foldamers”) to
mimic natural biological systems. Such backbones can serve as tools to probe the functions of large-molecule
interactions, such as protein-protein and protein-RNA interactions. In foldamer design, s-amino acids are highly
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attractive building blocks because the additional carbon confers conformational flexibility to f-amino acids
compared to their a-amino acid counterparts.

Early attempts at realizing ordered peptide structures with g-amino acids dated from the end of the 1960s and
were continued in the 1970s [1]-[3]. In 1994, Dado and Gellman studied the intramolecular hydrogen bonding
properties of f- and y-amino acid derivatives [4]. They hypothesized that the formation of secondary structures
by oligomers of a-amino acids was due in part to the formation of short range hydrogen bonds, such as intramo-
lecular 5- or 7-membered hydrogen bonded rings which were energetically unfavorable among a-amino acid
oligomers (Figure 1). Based on their hypothesis, Dado and Gellman reasoned that other oligomers in which the
formation of short range hydrogen bonds was unfavorable might also be predisposed to form secondary struc-
tures. To test this hypothesis further, Dado synthesized various derivatives of S-alanine as well as y-isobutyric
acid using IR spectroscopy, and examined the intramolecular hydrogen bonding of these molecules. The results
demonstrated that while short range hydrogen bonds (7- and 9-membered rings) were common among the di-
amides of y-amino-butyric acid, the same was not true for diamides of g-amino acids (Figure 1). Therefore,
based on these studies, Dado and Gellman concluded that oligomers of g-amino acids (5-peptides) could poten-
tially form stable secondary structures. The studies carried out by Dado and Gellman did not take into account
the substitution on a-, -, or y-carbons which could potentially had some constraining effects.

Although, it was predicted that g-peptides were capable of forming stable and compact secondary structures,
investigations of the NMR solution structures of poly-g-alanine indicated that the polymer had no folded con-
formation [2]. In contrast, IR data in the solid state indicated the formation of sheets [5]. Various research
groups have studied the polymers of a-isobutyl-L-aspartate by X-ray diffraction, CD, and IR spectroscopy. In
1978, Yuki et al. reported that the polymer of a-isobutyl-L-aspartate formed extended sheets with hydrogen
bonding between the strands [6]. In the mid 1980s, Fernandez-Santin and co-workers reported that in the solid
state, the polymer of a-isobutyl-L-aspartate formed two helical conformations characterized by intramolecular
16- and 20-membered hydrogen bonded rings [7] [8]. In 1995, Lopez-Carrasquero et al. contrasted initial reports
by Fernandez-Santin and co-workers and instead proposed that the helical conformations formed by the polymer
of a-isobutyl-L-aspartate was characterized by 14- and 18-membered hydrogen bonded rings [9].

The biggest breakthrough in the synthesis S-peptides of defined sequence that allowed crystallographic and
high-resolution NMR data to be obtained was achieved by the research groups of Gellman [10]-[15] and See-
bach [16]-[19]. Gellman and co-workers have synthesized and characterized the oligomers of trans-2-amino-
cyclo-pentanecarboxylic acid (ACPC) [12], trans-2-aminocyclohexanecarboxylic acid (ACHC) [11] and trans-
3-aminopyrrolidine-4-carboxylic acid (ACP) [15]. Gellman et al. showed that while ACHC adopted a 14-helical
conformation in organic solvent, ACPC adopted a 12-helical conformation. The Oligomers containing both
ACPC and ACP residues were also shown to form 12-helical conformations in aqueous solution [15]. Seebach
and co-workers showed that s-peptides composed of acyclic residues with side chains derived from a-amino ac-
ids also formed 14-helical conformations in organic solvent [16].

In polypeptides of a-amino acids, the backbone conformations are defined by three sets of torsion angles and
(Figure 2) [20]. Generally in peptides and proteins, the torsion angle about the peptide bond is restricted to a
trans geometry (# = 180). Backbone conformation of S-amino acid residues in peptides is determined by four
main chain torsional variables @ and using the convention of Balaram (Figure 2) [20]. By this convention, the
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Figure 1. Favorable and non-favorable intramolecular hydrogen bonding in o-, -, and

y-amino acid peptides.
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Figure 2. Backbone conformation of f-amino acid.

backbone conformation is read sequentially from the N- to the C-terminus with the torsional variables defined as
(N-C%), 6 (C’-C%), (C*-CO0), and (CO-N) (Figure 2). In -amino acids, the torsion angle about the C-C bond (6)
can lie close to the gauche (6 = £60°) and trans (6 = 180°) conformations [20]. A predominance of gauche con-
formations can easily lead to the formation of folded structures.

The interactions between oligomers and solvent can affect the conformations adopted by oligomers. The abil-
ity for an oligomer to fold can be favored or disfavored by such solvent properties as dielectric constant, solubil-
ity, and hydrogen bonding capability. Solvent effects on the conformations of phenylacetylene oligomers have
been reported by Nelson and co-workers [21]. Based on NMR and UV spectroscopic studies, they concluded
that a well-ordered conformation was observed in deuterated acetonitrile, but not in deuterated chloroform. The
difference in behavior of the oligomer in the different solvents could be a result of difference in solubility. The
oligomer was found to be completely soluble in chloroform irrespective of the number of residues and had many
conformations. In acetonitrile, however, the oligomer became less soluble as the chain length increased resulting
in a single, well-defined conformation.

Like natural peptides and proteins, S-peptides can adopt folded conformations including common secondary
structures such as helices [11]-[13] [22]-[28], turns [18] [29] and sheets [14] [30]. Compared to a-peptides,
S-peptides have the advantage of increased conformational stability in an aqueous environment. [15] The g-
peptide backbone compared to natural peptides is resistant to protease degradation and has the potential for a
great variety of substitution patterns [31]. In addition S-peptides form more stable helices in solution compared
to a-peptides; S-peptides can form secondary structures with as few as four to six residues in solution [13] [16]
[19], compared to over 30 residues needed for stability of the natural analogs. The stability of S-peptides, im-
portant for biological activity, makes them good candidates for useful drugs. [18] It has been shown that folda-
mers comprising a mixture of a-, -, and y-amino acid residues are not degraded by proteases which bodes well
for biological application [26] [27].

Investigating the 3-D structure of S-peptides is critical to understanding their biological functions. Although
crystal structures and NMR spectroscopy can provide adequate structural information for g-peptides, these me-
thods still have some limitations. Crystallography only provides solid-state structural information and in most
cases obtaining a good crystal structure for X-ray crystallography is often difficult. NMR spectroscopy can pro-
vide structural information corresponding to solution structures. However, limitations exist in the size of the
peptide; NMR works best for relatively small peptides.

Computational modeling can provide structural information, at the atomic level, for g-peptides from the se-
quence of p-amino acids [32]. A good computational method depends on the ability to reproduce the structures
and energies of f-amino acid conformations in a target molecule. Herein, the conformations of some selected
[-peptides resulting from rotation along their backbones are studied theoretically. The conformations are first
calculated in the gas phase at the HF and DFT level to determine their relative stabilities. Then, solvent effect is
included by applying the continuum solvation model and comparisons of the two models are made.

2. Computational Details

Several conformations of selected f-amino acids were computed. To mimic the environment in longer peptide

chains, the amino-end of the each amino acid was capped with an acetyl group and the carboxylic end was

capped with methylamine. The resulting structure template and torsion angle labels are as shown in Figure 3.
Selected S-amino acids for this study include g-alanine (R = —CHj3), g-cysteine (R = —CH,SH), g-leucine
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Figure 3. Structure of g-amino acid in peptide environment.

(R= —CH,CH(CHa),), and p-serine (R = —CH,SH). In the f° structure, the R-group of the amino acid is on the
carbon attached to the carbonyl function at the C-end while in 4° the R-group is closer to the N-end. The A° con-
formation is included in this study because studies have shown that s*-peptides can populate a secondary struc-
ture known as a 14-helix, which is characterized by 14-membered ring hydrogen bonds between the amide at
potion i and the carbonyl at position i + 2, a left-handed helical twist with three discrete faces [33]-[35].

Initial conformations were obtained by rotating 6 angles by 45° increments in the range 0° to 360°. The struc-
tures were then optimized at HF/cc-pVVDZ and DFT/cc-pVDZ levels of theory in the gas phase, without any re-
straints. Calculations were then repeated to include solvation effects by employing the Polarizable Continuum
Model (PCM) for water at the DFT level. For comparisons with gas-phase conformational energies, calculations
with solvation were all done with a constant dielectric of 1.0. In all instances, the estimation of relative confor-
mational energies was concluded by performing single point energy calculations at both the HF and DFT levels
for each conformation. All calculations were performed using GAMESS suite program [36] and Avogadro [37]
was used for visualization.

3. Results and Discussions

HF and DFT were used to study the conformations of selected f-amino acids in both the gas phase and with
solvation (DFT only). Stable conformations were identified and the relative energies calculated as the difference
in energy between each identified conformation and the lowest energy conformation.

3.1. p-Alanine

Gas phase calculations for S-alanine predicted 5 stable conformations for both HF and DFT. The optimized di-
hedral angles and relative energies of conformers are given in Table 1. The minimum energy conformation oc-
curred at a dihedral angle of 57° in the HF calculations and at —64° in the DFT calculations (Figure 4).

The highest energy conformation in both cases is one with an optimized dihedral angle closer to 180° and is
about 17 kJ/mol higher in energy than the minimum. When solvation is included, calculations yield seven stable
conformations, with a 17 kJ/mol energy difference between the most and the least stable conformations. The °
structure of alanine shows a lot more variation in relative stabilities of its conformations with the lowest energy
conformation at least 5 kJ/mol lower that the second lowest conformation as opposed to the smaller differences
of 1 - 2 kd/mol seen with the ° structures. Solvation seems to stabilize the /° structure to some extent as the rel-
ative energies of the identified conformations above the minimum are all within 2 kJ/mol of each other.

3.2. -Cysteine

The presence of the —-CH,SH side chain in cysteine would be expected to introduce additional degrees of free-
dom and conformational flexibility when compared to alanine. The calculated relative energies (Table 2) show a
wide variation ranging from 0 - 29 kJ/mol. As was the case with -alanine, solvation seems to introduce to form
of stabilization for both the g2 and $° structures. Figure 5 shows the minimum energy conformations in gas
phase.

Unlike in the corresponding S-amino acid, in S-cysteine, the positioning of -CH,SH group also allows for the

(=)
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Table 1. g-Alanine conformations and relative energies.

HF DFT DFT-Solvation
Op_timized Relative Optimized Relative Optimized Relative
Structure Drr?dlral Energy Structure Dihedral Energy Structure Dihedral Angle Energy
gle (KJ/mol) Angle (KJ/mol) (KJ/mol)
57.39 0.00 —64.45 0.00 —63.15 0.00
—66.89 1.33 64.96 0.27 -127.20 0.47
66.92 1.34 56.62 1.90 63.76 0.80
F-ala —50.56 11.80 fP-ala -56.57 2.24 f-ala ~58.47 2.28
170.86 17.90 180.00 16.75 —180.00 6.60
177.26 7.74
115.67 17.61
—62.89 0.00 —62.75 0.00 —65.69 0.00
5689 6.04 54.09 5.24 —60.07 1.39
167.96 11.31 134.56 5.57 62.33 5.61
f-ala 64.04 17.88 S-ala 166.18 13.71 f-ala 66.91 6.18
63.17 20.48 48.24 6.59
168.25 7.62
130.88 8.40
Table 2. p-Cysteine conformations and relative energies.
HF DFT DFT-Solvation
Optimized Relative Optimized Relative Optimized Relative
Structure Dihedral Energy Structure Dihedral Energy Structure Dihedral Energy
Angle (KJ/mol) Angle (KJ/mol) Angle (KJ/mol)
—47.47 0.00 —51.89 0.00 —55.80 0.00
-136.11 0.44 -131.22 5.46 —128.16 0.91
pP-cys 80.37 5.68 p-cys 52.85 27.25 fP-cys 55.79 11.04
161.87 2481 -161.15 29.00 —62.53 12.50
—155.83 28.46 161.20 29.55 —158.40 15.09
—65.23 0.00 —63.88 0.00 —64.34 0.00
57.29 6.05 54.64 5.74 66.64 7.54
52.85 13.36 135.30 6.63 50.50 7.57
f-cys 171.15 23.03 S-cys 72.70 23.27 fB-cys 72.43 13.29
62.21 23.93 176.85 16.08
168.54 16.30
-177.76 16.55

possibility of weak intramolecular hydrogen bonding between the side chain —SH and the backbone —-C=0

groups.
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Figure 4. Most stable gas-phase conformers of falanine (left) and *-alanine (right).

Figure 5. Most stable conformers of *cysteine (left) and -cysteine (right).

3.3. B-Serine

The —CH,OH side chain in serine is similar to that of cysteine, and would introduce the same conformational
flexibility. However, the replacement of the sulfur in cysteine with the oxygen in serine results in less polariza-
bility and more hydrogen bonding capability. The conformational search and single point energy calculations
resulted in three stable conformations in the gas phase for both the 42 and 4 structures in both HF and DFT. The
/* structures are more stable relative to each other than are the 5% structures as evident from the calculated rela-
tive energies as seen in Table 3.

In both HF and DFT, the next lowest energy conformation is at least 14 kJ/mol higher than the minimum,
however for the /* structures, the higher energy conformations are all within ~1 kJ/mol of each other. This
would suggest that the possibility of favorable and strong intramolecular hydrogen bonding in the 4* structure
helps to restrict the molecule. Figure 6 shows the optimized structures of the most stable conformers of 4 and
[P-serine. When solvation is included in the calculations, there is evidence of some substantial stabilization in
solution with a mean deviation of about 22.9 + 2.5 kJ/mol for the g structure and 11.2 + 1.9 k/mol for ° struc-
tures.

3.4. -Leucine

In the gas phase, the lowest energy conformation for g*leucine occurs at a optimized dihedral angle of 58° in
both HF and DFT with relative energies of higher energy conformations ranging from 13 - 26 kJ/mol in HF and
17 - 29 kJ/mol in DFT. For f*-leucine, the most favorable conformation occurs at —63° (Figure 7) with relative
energies in the range 6 - 23 kJ/mol in HF and 8 - 23 kJ/mol in DFT. As was the case with other S-amino acids,
solvation stabilizes the conformations relative to each other, with relative energies for the f*leucine conforma-
tion in the range 3 - 18 kJ/mol and those for *-leucine in the 2 - 11 kJ/mol range (Table 4). In general, the g°

()
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Figure 6. Most stable conformers of f%-serine (left) and s>-serine (right).

Figure 7. Most stable conformers of *-leucine (left) and *leucine (right).

Table 3. g-Serine conformations and relative energies.

HF DFT DFT-Solvation
Optimized Relative Optimized Relative Optimized Relative
Structure Dihedral Energy Structure Dihedral Energy Structure Dihedral Energy
Angle (KJ/mol) Angle (KJ/mol) Angle (KJ/mol)
—65.58 0.00 —63.98 0.00 -167.90 0.00
141.02 13.80 134.19 21.74 69.93 19.70
75.94 32.00 78.50 42.62 128.61 21.90
PP-ser PP-ser PBP-ser
170.23 22.17
61.53 25.25
—65.11 25.58
57.29 0.00 123.14 0.00 54.88 0.00
—62.50 18.54 160.22 23.28 160.83 9.12
pP-ser PP-ser PP-ser
163.25 19.79 107.29 23.58 —60.93 11.69
—64.50 12.88
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Table 4. Optimized dihedral angles and relative energies of -Leucine conformations.

HF DFT DFT-Solvation
Optimized  Relative Optimized Relative Optimized Relative
Structure Dihedral Energy Structure Dihedral Energy Structure Dihedral Energy
Angle (KJ/mol) Angle (KJ/mol) Angle (KJ/mol)
58.05 0.00 58.40 0.00 —66.43 0.00
—56.39 13.11 —56.65 17.47 58.35 3.47
fleu fleu Fleu
151.77 24.62 174.40 27.93 —176.53 16.31
173.20 26.11 —75.03 18.01
—62.83 0.00 —62.74 0.00 —61.46 0.00
165.11 6.03 52.13 8.40 166.26 2.14
f-leu 53.91 8.09 f-leu 163.70 12.46 f-leu 69.61 8.02
61.16 19.12 153.44 22.65 42.89 11.02
152.70 22.96 62.38 22.77 150.74 11.12

conformations seem to show slightly more solvent stabilization than the * conformations.

4. Conclusion

In this study, the conformations of f-amino acids were investigated in the gas phase by HF and DFT calculations.
The PCM water model was employed with DFT to investigate the solvation effects. Relative energies were
computed for both gas phase and solution structures. The results suggest that solvation generally stabilizes the
conformations relative to the gas phase, with smaller energy differences between the conformations in solution
than in gas phase. It is also likely that intramolecular hydrogen bonding may play an important role in the stabil-
ity of the conformations. The f° structures, in which the R-group of the amino acid is located on the carbon atom
next to the N-terminus, are somewhat more stable relative to each other than the 42 structures which have the
R-group on the carbon next to the carbonyl. These results provide insight to the conformational structures of
S-amino acids and may be useful in establishing the potential use of s-amino acids in the backbone of polypep-
tide chain that will be less susceptible to degradation. However, further work will need to be done, with a larger
collection of f-amino acids. Also the use of a continuum solvent model to describe solvation of these systems is
reasonable and provides a basis for qualitative comparison. However, to obtain a more quantitatively accurate
description of the system, future work may employ explicit solvation models.
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