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2.1
Introduction

In just a decade, the field of foldamers has gained respectability. The early contri-
butions of Gellman [1, 2] and Seebach [3, 4] with foldamers based on remote in-
trastrand interactions have undoubtedly played a large part in the current dyna-
mism of this rapidly evolving field. In the mid-1990s, both groups demonstrated
that designed short-chain homo-oligomers made of unnatural units (f-amino
acids) could self-organize in a controlled fashion to form defined secondary struc-
tures (e.g. helices, sheets and f-hairpins) reminiscent of those of a-polypeptides.
To a large extent, unnatural backbones with folding propensity reported in this
chapter are “proteinomimetics”. In principle, intrastrand interactions in designed
oligomers may result from a variety of noncovalent forces including steric repul-
sion, H-bonds, electrostatic and aromatic—aromatic interactions, coordination to
metal ions, as well as solvophobic effects (see also Chapters 3 and 4). H-bonds
play an important role in foldamer design, in part because they are robust and
directional. H-bonding certainly provides the most versatile way to create intra-
strand connections that are useful to stabilize intrinsically flexible oligomeric
chains into ordered structures. In this context, the amide linkage has regularly
appeared as a motif to elaborate oligomeric strands that self-organize through
H-bonding. In recent years, nonpeptide backbones, hetereogeneous (hybrid)
oligoamide backbones composed of multiple residue types as well as abiotic aro-
matic oligoamides have emerged as new classes of folded oligomers. These sys-
tems, whose propensity for folding is also controlled by noncovalent interactions
between non-nearest neighbors, are surveyed in this chapter. The main chal-
lenges lie in the ways to control backbone pre-organization, to develop robust pre-
dictable secondary motifs and to integrate multiple levels of complexity to create
unprecedented folded shapes. Recent studies have highlighted the strength and
usefulness of theoretical studies to explore possible secondary structure en-
sembles in aliphatic oligoamides of various complexities (see also Chapter 6). In
a number of systems based on remote intrastrand interactions, the predictability
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2 Foldamers Based on Remote Intrastrand Interactions

of folding can now be integrated to develop molecules with function. Successful
applications of these foldamers in biology are further discussed in Chapter 8.

2.2
What can be Learned from Strategies used to Control Conformations of
a-Polypeptides?

Remarkable progress has been achieved over the last 20 years in understanding
the factors that govern folding of linear a-polypeptide strands into well-ordered
and compact secondary structures, as well as in the de novo design of individual
protein secondary structure elements and protein folds from «-polypeptides (see
also Chapter 4) [5-10]. The principles that guided the design of well-folded «-
polypeptides have been an invaluable source of inspiration to those in the field
of foldamers based on remote H-bonding interactions.

Formation of stable and regular secondary structures maintained by intramo-
lecular H-bonds (e.g. helices) requires pre-organization of the main chain so that
sequentially remote H-bond donor and acceptors can be positioned in close spa-
tial vicinity, and optimal H-bonding can occur without significant conformational
alteration [11]; (in a-polypeptides, the preferred backbone conformation derives in
part from minimization of Newman and Pitzer strain, as well as pseudo-allylic
a(1,3) strain, which restricts the ¢ and y torsion angle values accessible to protei-
nogenic amino acid residues). A number of approaches have been developed to
reinforce the stability of «-peptide folds. Proteinogenic o-amino acids have intrin-
sic and distinct propensities for helices and sheets and can be selected accord-
ingly to stabilize a given fold [12-14]. For example, in the case of noncharged res-
idues, Ala and Leu are strong helix inducers compared with f-branched Val which
instead has an intrinsic propensity to stabilize sheet structures. A higher degree
of stabilization can be achieved by restricting further the available conformational
space of amino acids in the sequence [5]. This approach has been instrumental in
the successful design of foldamers based on remote intrastrand interactions (see
following sections). In a-peptides, Thorpe—Ingold effects (C(a)-tetrasubstitution)
have been used extensively to impose such a restriction on ¢ and y angles [15].
Aib («-aminoisobutyric acid), the archetype of achiral o,u-dialkylated residue with
(¢,y) values around (+60°,430°) and (—60°, —30°) is a remarkably strong pro-
moter of helical (319 and o-helices) and S-turn (type III/III" and type I/1’) struc-
tures [5, 10].

The o-helix is polarized from N to C terminus. Hence, its stability can be en-
hanced by suppressing repulsive electrostatic interactions between the terminal
charges and the helix dipole, using appropriate capping groups [12, 16]. Con-
versely, favorable charge—dipole interactions can be introduced by positioning res-
idues with appropriately charged side chains close to the N and C termini [12].
The creation of ion pairs or salt bridges between oppositely charged side chains
of amino acids separated by one helical turn (i and i + 4 positions) has been suc-
cessfully applied to stabilize a-helical secondary structures [17]. Other helix stabi-
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lizing i/i+ 4 side-chain to side-chain interactions include hydrophobic interac-
tions [12] and polar interactions with aromatic side chains [18, 19]. The spatial
proximity of residues in a i/i + 4 relationship within the o-helical backbone also
offers the possibility of constructing various types of helix-stabilizing macrocycles
closed by metal [20, 21], disulfide [22], lactam [23] or olefinic [24, 25] bridges.

23
Helices from Homogeneous Oligomeric Backbones with Periodicity at the Monomer
Level: w-Peptides and their Analogs

Helices (single-stranded and multi-stranded) represent a major structural motif
in biological macromolecules and are interesting scaffolds for displaying appen-
dages in a controlled direction within the 3-D space. Aliphatic oligoamides built
from enantiopure f- or j-amino acid residues, namely f- and y-peptides are
the archetypal helix-forming foldamers. The conformational preference of these
homogeneous backbones in solution and in the solid state has been extensively
studied and reviewed in detail [2, 4, 26—35]. Five helical shapes differing by the
size and orientation of their H-bonded ring have been identified in f-peptides de-
pending upon residue substitution pattern and stereochemistry, thus illustrating
the remarkable structural diversity of these synthetic oligomers: namely 14-, 12-
(Section 2.3.1), 10- (H-bonding scheme between two consecutive units, men-
tioned in Section 2.3.1), 8- (Section 2.3.2) and mixed 12/10-helices (see Section
2.4). Noteworthy, the first hint that a polypeptide chain composed of - or y-amino
acid residues could adopt a regular helical fold structure came from studies of -
and y-amino acid homopolymers some 40 years ago [36, 37]. It is worth men-
tioning that a substantial increase in the number of unnatural backbones with
propensity to form regular helices came from exploration of the f- and y-peptide
lineages (i.e. - and y-peptide mimetics).

2.3.1
Compact Helices with Large (>10 atoms) H-bonded Rings

2.3.1.1 The Homologation Strategy: - and y-Peptide Foldamers

Selecting (designing) the right monomeric units to build homo-oligomers that
will ultimately show high (helical) folding propensity is obviously a critical and
limiting step in the foldamer arena. The choice of f-amino acids and correspond-
ing f-peptides by Seebach [3] and Gellman [1] was not pure serendipity. It was
initially guided (for Seebach) by the resemblance of the f-peptide backbone to
poly((R)-3-hydroxybutanoic acid) a biopolymer for which a right-handed helical
conformation with about three units per turn had been proposed [39, 40], and
(for Gellman) by the absence of H-bonding between nearest neighbor amide
groups in model f-homoglycine (f-HGly) derivatives [41], a criterion used to eval-
uate the propensity of the f-peptide backbone to stabilize folds maintained by H-
bonds between sequentially remote amide groups.
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Fig. 2.1 The homologation approach to
aliphatic oligoamide foldamers. (A) Peptide
foldamers consisting of homologated o-
amino acids generated by insertion of one
(— f* and f*-peptides) or two (— y*-
peptides) CH; groups, the amino acid side
chain remaining unchanged. According to the
nomenclature proposed by Balaram [49], the
conformational space of §- and y-peptides
can be described by the following sets of
backbone torsion angles: (w, ¢, 0, ) and
(w, ¢, 01,0, y), respectively. (B) The f-
peptide 314 helical fold. Stereo view along the
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14-helix [(P)-314]

14-helix [(P)-2.614]

helix axis and top view of the (M)-314-helix
formed by 83-peptide 1 determined by NMR
in CD3OH (adapted from [43, 44]). Average
(9,0, y) values are (—119°,+63°, —147°).
Side chains have been omitted for clarity.
(C) The y-peptide 2.614 helical fold. Stereo
view along the helix axis and top view of a
(P)-2.614-helical low energy conformer of 2
(from NMR data in pyridine-ds). Average
(¢,61,0,,y), values calculated on residues
2-5 are (—127°,+66°, +64°, —140°). Side
chains have been partially omitted for clarity
(adapted from [45]).
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Detailed NMR conformational analysis of f-peptides consisting of homologated
a-amino acids generated by insertion of one CH, group, the amino acid side chain
remaining unchanged, revealed a stable (> — f?-peptides) helical fold (314- or
14-helix) stabilized by 14-membered rings with H-bonds in a forward orientation
(1 — 3 H-bonds between NH; and C=0;,) (e.g. 1, [3, 42—44] Fig. 2.1).

Examination of the top view of the helix indicates that the side chains of resi-
dues i and i+ 3 are located nearly on top of each other and suggests that hydro-
phobic interactions between overlapping aliphatic side chains could play a signif-
icant role in stabilizing the overall structure. The distance between facing C(«)
atoms at positions i and i + 3 is approximately 4.8 A. The helix is compact with a
diameter of ca. 4.8 A slightly larger than that of the a-helix (4.2 A). Although less
studied, their homologs with one additional methylene group inserted in the
backbone of each residue, namely the y-peptides, have also been found to form
stable helical secondary structures in solution [45-48]. y*-Peptide chains (e.g. 2)
adopt a 2.614 helical structure stabilized by 1 < 4 H bonds between C=0; and
NH;.; closing 14-membered pseudocycles [45]. While the a-helix of 1-o-peptides
and the 3y helix of the corresponding *-peptides have opposite polarity and hel-
icity, the insertion of two CH; groups in the backbone of 1-a-amino acids leaves
these two helix parameters unchanged, both the o-helix and the 2.614 helix of the
resulting y*-peptides being right-handed and polarized from N to C terminus.
Both (M)-314 and (P)-2.614 helical backbones are characterized by a (+)-synclinal
arrangement (gauche conformation) around ethane bonds (e.g. in 1 and 2, 0, 0;
and 60, values are ~+60° (+15°) (see Fig. 2.1 for definitions of torsion angles
[49))

Besides NMR and X-ray diffraction (see Section 2.3.1.2), circular dichroism
(CD) spectroscopy has been instrumental in studying parameters that influence
the formation and stability of the f-peptide 14-helix. Typically, 14-helical f-
peptides composed of acyclic amino acid residues display a common CD signa-
ture with one extremum at 215 nm (negative for (M )-helices and positive for (P)-
helices) and the other extremum of opposite sign at 195 nm. In sharp contrast to
a- and B-peptides, CD spectra of y-peptides were not very informative. y*-Peptides
such as 2 which populate the 2.64 helical fold in solution do not display any char-
acteristic CD signature in MeOH.

2.3.1.2 Imposing Backbone Conformational Restriction/Pre-organization for
Optimal Helical Folding

Substantial stabilization of both the f- and y-peptide 14-helical fold has been
achieved by increasing the level of pre-organization of f- and y-amino acid constit-
uents. However, the rules formulated for a-peptides (see Section 2.2) do not nec-
essarily apply (e.g. C(a)- (or C(f)-) tetrasubstitution of f-amino acid residues is
not compatible with g-peptide 14-helix formation [43, 50-54]) and must be trans-
posed. In particular, it has been shown that acyclic f*3-amino acids of like config-
uration are more effective than their *-counterparts in promoting requisite syn-
clinal arrangement around C(x)-C(f) bonds in f-peptides (Fig. 2.2A) [43, 55].
With a 0 value fixed at approx. +60°, trans-2-aminocyclohexyl carboxylic acid
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Fig. 2.2 Optimal f-peptide backbone pre- (M)-14-helix (values for 1, red closed circles,
organization for helix formation. (A) Acyclic values for 2, green closed circles), (M)-12-
$%3 amino acid residues and (S,S)-ACHC helix (values for 3, blue closed circles). The
residues which promote gauche conforma- enantiomeric positions in the (¢, 0, y) space
tion arouch the C(x)—C(f) bond are 14-helix are shown as open circles. (C) Side view and
stabilizers. The related five-membered ring top view of the (M)-12-helix formed by (R,R)-
ACPC promotes larger 0 values which are ACPC hexamer 3 as determined by X-ray

not compatible with the 14-helical conforma-  diffraction (adapted from [59]). Average

tion. (B) Comparison of S-peptide 14- and (¢, 0, w) values for central residues are
12-helices (¢, 0, w) conformational space. (88°,—-85°,98°).

(trans-ACHC), a cyclic #*3-amino acid, in which the C(«)~C(f) bond is part of a 6-
membered ring, is ideally pre-organized for 314 helix formation (Fig. 2.2A) [1, 56,
57]. In contrast, homo-oligomers (e.g. 3) consisting of the smaller ring size trans-
2-aminocyclopentyl carboxylic acid (trans-ACPC) for which larger values of ¢ only
are accessible, adopt a stable 12- (2.5;)-helix with a (1 « 4) H-bonding pattern
that differs markedly from the 14-helix (Fig. 2.2) [58—60]. The 14- and 12-helices
populated by (S,S)-ACHC and related (S,S)-ACPC oligomers, respectively have
opposite polarity and helical screw sense. The (P)-12-helix display a CD pattern
distinct from that of the corresponding 14-helix with a maximum at 204 nm,
zero crossing at 214 nm and minimum at 221 nm.

f-Amino acids constrained with smaller rings such as cis-aminooxetane carbox-
ylic acids have been shown to promote the formation of a 10-helical structure (e.g.
4) with H-bonds between neighboring amide units ((1 — 2) H-bonding scheme)
[61]. The 10-helix was later identified in short ACHC oligomers (tetramer), sug-
gesting that it could represent a conformational intermediate in the folding pro-
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cess toward the thermodynamically stable 14-helix [62]. The incorporation of
cyclic w-amino acid units to fix the peptide backbone in a geometry favorable
to helix formation has since been widely utilized (see also following sections)
[63-64]. This approach was recently extended to higher oligoamides such as
o-peptides [66—69]. Conformational search using the methods of ab initio MO
theory identified several H-bonded helical backbones accessible to J-peptides
[70]. Experimental validation came from studies with oligomers composed of car-
bohydrate-derived tetrahydrofuran amino acids with restricted rotation around
C(x)—C(p) and C(f)—C(y) bonds. In chloroform solution, octamer 5 was found to
adopt a well-defined 16-helical fold with 1 < 4 H-bonding pattern, reminiscent of
the a-peptide z-helix [69].

4
R = TBDMS, Bn

Scheme 2.1

The intrinsic conformational preferences of substituted y-amino acid con-
stituents of y-peptides derive in part from avoidance of destabilizing syn-pentane
interaction [71, 72]. It is recognized that this effect plays a key role in fixing the
bioactive conformation of a number of y-amino-acid-containing natural products
such as Bleomycin A; [73]. In y*-peptides five out of nine conformations gener-
ated by rotation around C(«)-C(f) and C(8)-C(y) bonds are free of syn-pentane
interaction.

Adding substitutents at the 2-position (like configuration, see Fig. 2.3A) or
at both 2 and 3-positions (like,like relative configuration) reduces to two the num-
ber of conformations devoid of syn-pentane interaction (conformation II in Fig.
2.3A is almost identical to that found in the y*-peptide 14-helical backbone) and
thus reinforces optimal pre-organization for 14-helix formation (y* and y?3*-
peptides) [45—48]. Other strategies to restrict the conformational space of the y-
amino acid backbone, such as o,f-unsaturation (cis-vinologous y-peptides [74]),
tetrasubtitution [oligomers of 1-(aminomethyl)cyclohexaneacetic acid (gabapen-
tin, Gpn) [75]] cyclic y-amino acids (cis-y-amino-1-proline oligomers [76]) have
been reported.

The y-peptide 14-helical backbone is characterized by large w values ranging
from 120 to 150° (or —120 to —150°). This observation led to the finding that sub-
stituting urea for the CH,—CO—NH unit in y-peptide (substitution of nitrogen for
C(«) in y-amino acids) can be used to rigidify the 14-helical fold by fixing the “y”
angle to a value close to 170-180° (Fig. 2.3B) [77-80]. In methanol or pyridine
solution, the resulting enantiopure N,N’-linked oligoureas (e.g. 6) adopt a well-
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Fig. 2.3 (A) The two conformations free of
destabilizing syn-pentane interaction [71, 72]
in 2,4-disubstituted y-amino acid derivatives
with like configuration. Conformation I is
close to that found in the y*-peptide 14-
helical backbone (see Fig. 2.1) (B) Structural
analogy between the y*-peptide and N,N'-
linked oligourea backbones. (C) (¢, 01, ) and
(¢, 02, w) maps indicating y-peptide 14-helix
and N,N’-linked oligourea 12,14-helix
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(¢,61,w) and closed triangles (¢, 02, y)],
12,14-helix [values for 6, green closed circles
(¢, 61, w) and closed triangles (¢, 6, w)]. The

enantiomeric positions in the (¢, 61/02, w)
space are shown as open circles/triangles.
(D) The (P)-12,14-helical structure of N,N’-
linked oligoureas. View along the helix axis
and top view of a low energy conformer of
nonamer 6 as determined by NMR
spectroscopy and restrained molecular
dynamics calculations in pyridine solution.
Average (¢, 601,02, w) values for central
residues are (—105°,55°,88°, —168°). With
an internal diameter of ~3 A, the helix is
particularly compact and is devoid of empty
volume in the interior. Side chains have been
partially omitted for clarity (adapted from
[78)).
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defined 2.5 helical fold, reminiscent of the y*-peptide 14-helix (Fig. 2.3C and D).
The structure is held by H-bonds closing both 12- and 14-membered rings (12,14-
helix) and is characterized by a stable (+)-synclinal arrangement around the
ethane bond. CD spectra recorded in MeOH display a characteristic signature
with an intense maximum near 204 nm [79]. This is in contrast to related helical
y*-peptides that do not exhibit any characteristic CD signature.

Alternatively, in a manner analogous to o-peptides (see Section 2.2), a helical
backbone may be stabilized by creating a covalent linkage (e.g. disulfide bond) be-
tween two spatially proximal but sequentially remote side chains (e.g. i/i + 3 side
chains in the 3y4 helix) [81].

2.3.1.3 Folding in an Aqueous Environment

The nature of the solvent can influence to a large extent the propensity of un-
natural oligomers to adopt a given H-bonded fold. Conformational studies
aimed at identifying new foldamers are often performed in apolar or moderately
polar organic solvents (e.g. chloroform, MeCN, pyridine, trifluoroethanol (TFE),
MeOH). However, determination of a folding pattern in an aqueous environment
is highly relevant to applications of foldamers in biology.

Considerable efforts have been undertaken to address this issue in the case of
14- and 12-helical p-peptides. To increase water solubility of helical f-peptides
composed of ACHC (14-helix promoter) or ACPC (12-helix promoter) oligomers
while maintaining the level of backbone pre-organization, Gellman and co-
workers developed amino-functionalized versions of trans-2-aminocycloalkane
carboxylic acids. f-Peptides composed of alternating ACHC/DCHC [82] and
ACHC/APIC [83] residues adopt a robust 14-helical conformation in aqueous
solution (Fig 2.4A). Similarlyy, ACPC/APC [84], ACPC/AP ([85], ACPC/3-
aminomethyl-ACPC [86] repeats promote stable 12-helix formation (Fig 2.4A).

Alternatively, the introduction of a limited number of acyclic *- or f-Lys resi-
dues (1/3) in ACHC- and ACPC-peptides does not preclude the formation of sta-
ble 14- and 12-helical structures in aqueous solution [87-89]. Although helicity in
water is intrinsically weaker in the absence of strong backbone pre-organization
(e.g. fp*-peptides), principles guiding the design of f*-peptides with high levels
of 14-helicity in aqueous solution (e.g. 7, Fig. 2.4B) have recently been delineated
by several groups [90-96]. They parallel those formulated for o-helical a-peptides
(see Section 2.2) and include: (i) salt bridge or lactam formation between comple-
mentary charged i/i + 3 side chains (e.g. f3-HOrn/f*-HGlu; *-HOrn/f3-HAsp;
f3-HDab/f3-HAsp; Dab = 2,4-diaminobutyric acid; Orn = ornithine); (ii) maxi-
mization of electrostatic interactions with the helix macrodipole (e.g. by free
charged termini, appropriate location of charged side chains, appropriate orienta-
tion of salt bridges) and (iii) introduction of f3*-amino acids with high intrinsic
14-helix propensitiy. For noncharged f*-amino acids, 14-helix propensities have
been found to differ significantly from o-helix propensities of corresponding o-
amino acids. Ala is the most o-helix-stabilizing «-amino acid but the methyl side
chain is one of the least 14-helical stabilizing. In contrast, branched side chains of
Ile, Thr, and Val which display only moderate to low o-helix propensity are all
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Fig. 2.4 S-Peptides that promote helix chains, favorable electrostatic interactions
formation in water. (A) Using amino- with the helix macrodipole and side-chain
functionalized versions of trans-2- branching ($3-HVal residues). Mean residue
aminocycloalcane carboxylic acids [82-86]. ellipticity of 7 measured by CD at 214 nm:
(B) De novo design of *-peptide with high @714 = —13320 deg cm~2 dmol~' in 1 mM
level of 14-helicity in aqueous solution by sodium phosphate/borate/citrate, pH 7.0 at

combining: salt bridges between i/i + 3 side 25 °C [95].

strongly 14-helix stabilizing. Intramolecular interhelical hydrophobic interactions
(in a 3-peptide two-helix bundle) have also been shown to increase 14-helicity in
aqueous solution [97].

If f-peptides are indisputably the best characterized helical aliphatic peptide fol-
damer system in aqueous solution so far, some of the aromatic foldamers de-
scribed in Chapter 1 fold into water even better than they do in organic solvents
without any specific adjustment of their structure. It remains to be seen whether
other foldamers based on remote intrastrand H-bonds can be designed to adopt
robust helical structures in water.

2.3.1.4 Dynamics of - and y-Peptide Helices: Evidence for Noncooperative
Folding /Unfolding Processes

The unfolding and folding mechanisms of 14-helical f-, y-peptides and analogs
have been investigated in polar solvents by various approaches. Temperature-
dependent-CD and NMR measurements suggest that 14-helical f-peptides [44]
and also 14-helical y%3*.peptides [48] and helical N,N’-linked oligoureas [77-
79], undergo noncooperative unfolding upon heating in MeOH. For instance,
the intensity of the extremum at 215 nm for f-peptide 1 decreases linearly (by ca
12% per 20 K) and noncooperative break-up of the structure is observed between
295 and 333 K. The scan, which is reversible, suggests that the unfolding and
folding route of the helix must be reversible [44]. Insight into the dynamics of
f-peptides and evidence for reversible folding were also provided by molecular
dynamics (MD) simulations (GROMOS96 force-field [98], reviewed in Chapter 6)
in explicit solvents and at different temperatures [99-104]. By simulating on a
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time scale that is long compared with the lifetime of any specific conformation
(typically > 50 ns), it has been possible to determine the population and average
lifetimes of the different conformations observed and to explore paths and rates
of interconversion between the experimentally observed 14-helix conformation
and (partially) unfolded conformations [102, 104]. In the course of a 50-ns simu-
lation and irrespective of its initial conformation, f-peptide 1 folds rapidly (in the
order of a few nanoseconds) into the experimentally observed 14-helix conforma-
tion (maximum lifetime ~ 10 ns at 340 K) which is populated 50% of the time at
340 K [99, 101].

Recent progress towards the synthesis of the spin-labeled f%3-amino acid
trans-f-TOAC (4-amino-1-oxyl-2,2,6,6-tetramethylpiperidine-3-carboxylic acid) and
its incorporation into ACHC-peptides at i/i + 3 positions suggest that it might
soon be possible to use electron spin resonance (ESR) to investigate further the
structures and folding transitions in 14-helical f-peptides [105].

232
Extended Helices with Small H-bonded Rings Centered at a Single Residue

This section focuses on small (generally < 10 atoms) pseudocycles with 1 < 3 H-
bond interaction as potent helix building blocks. The pseudocycle is centered at
the (i + 1) residue, with an H-bond joining the C=0 and NH groups at positions
i and i+ 2 respectively (Fig. 2.5A). This H-bonding scheme recurs in the - and -
peptide lineage subject to the presence of strong pre-organization structural ele-
ments in monomeric units (e.g. ring, backbone or side chain heteroatoms).

2.3.2.1 a-Peptides: the y-Helix

In o-peptides, 1 <+ 3 H-bond interaction corresponds to a seven (C;) H-bonded
ring, ie. the ypturn (¢ ~ 4+70°, y ~ —70°) or the more stable inverse y-turn
(¢ ~=70°, w ~ +70°) according to the equatorial or axial orientation of the side
chain [106]. They are quite common structuring elements of cyclic peptides, and
can also be observed in crystallized proteins, although much less frequently than
f-turns. A series of consecutive inverse y-turns generates a theoretical 2.2;-helix
called y-helix [107] (Fig. 2.5B), which has, however, not been detected in natural
peptides or proteins so far. Recently, a first step was accomplished towards the
construction of an artificial y-helix template. Jiménez et al. showed that the dipep-
tide Ac-1-Pro-D-c3Dip-NHMe (8) adopts two consecutive y-turns, induced by the
presence of the p-form of the cyclopropane amino acid (c3;Dip) derivative (Fig.
2.5B) [108].

2.3.2.2 o-Peptides with Specific Conformation-stabilizing Elements

p-Peptides: the 8-helix The world of f-peptides is mostly associated with the
prominent 12- and 14-helical folds. Considering that their topology excludes the
presence of axial substituents (see Fig. 2.2), f-peptides consisting of geminally
disubstituted amino acids or of f**-amino acids of unlike configuration (see
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Fig. 2.5 (A) 1 < 3 H-bonding scheme in
w-peptides and analogs. (B) The a-peptide
y-helix and the two consecutive C; turns
observed experimentally for dipeptide 8 in
the solid state [108]. (C—E) Expansion of the
a-peptide Cy structure by the addition of

conformations of f-peptides 9-11 consisting
of specific conformation-stabilizing elements:
(C) (2R,3S)-o-hydroxylated % 3-amino acid
[109], (D) T-aminomethylcyclopropane-
carboxylic acid [50], and (E) trans-oxabornene-
f-amino acid residues (B3LYP/6-31144G**

one backbone atom: the C3 H-bonded minimum energy conformation) [110].

also Section 2.5) cannot fit in any of the two folds. Seebach and collaborators
found that f-peptides consisting of (2R,3S)-a-hydroxylated % 3-amino acid resi-
dues (e.g. 9) exist in polar solvent as a helical conformation based on repeti-
tive 8-membered H-bonded rings resulting from 1+« 3 H-bond interactions
(C=0;---H-Nj;,) [109]. The structure is probably further stabilized by an addi-
tional interaction between C=O;---H-O; (Fig. 2.5C). A remarkably similar Cs-
based conformation was reported for f*Zsubstituted oligomers consisting of
1-aminomethylcyclopropanecarboxylic acid residues (Fig. 2.5D) [50]. X-ray diffrac-
tion studies of short chain oligomers revealed that orbital hyperconjugation be-
tween the o-bonding orbitals (HOMO) of the cyclopropane ring and the z* non-
bonding orbital (LUMO) of the carbonyl constrained y values close to 0° (bisected
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conformation), thus favoring a Cg H-bonding pattern. A ribbon-like secondary
structure was extrapolated from these data.

Independently, using 'H NMR and density functional theory computa-
tions, Klein and co-workers concluded that the f-peptide consisiting of trans-
oxabornene-f-aminoacid (e.g. 11, Fig. 2.5E) also adopts a Cg-based helix confor-
mation [110]. These results show that cyclohexyl ring bridging and unsaturation
impose angular constraints that translate the robust 314-helix sustained by trans-
ACHC-$%3 amino acid units (see Section 2.3.1.2) [1, 56, 57|, into a new folding
pattern. Additional H-bond contacts between amide NHs and the ring oxygens
were also hypothesized. Altogether, these results do not question the proposal for-
mulated by Gellman [41] that 1 < 3 H-bonding between nearest-neighbor amide
groups in f-peptides is not favored, but rather suggest that extra-interaction or
specific angular constraints can overcome this general feature.

7-Peptides  According to model studies [41], y-peptides have higher propensities
than f-peptides to populate conformations stabilized by H-bonding between near-
est neighbor amide groups. Several examples of secondary structures stabilized
by 1 < 3 H bonds have been identified in designed y-peptides incorporating vari-
ous levels of backbone pre-organization [74-76, 111]. In the case of gabapentin
(Gpn), a y*3-geminally disubstituted amino acid, both C(«)-C(f) and C(f)-C(y)
bonds are locked in a gauche conformation with 0; ~ 0, ~ +60° [75]. In the solid
state, Gpn oligomers populate Cy H-bonded conformations. Because the mole-
cules are achiral, two sets of dihedral angles (+) and (—) of opposite values can
be associated with the Co-pseudocycle. The structure of the dimer shows a
(4, +) arrangement, which can be extrapolated to a 2.7-helix, whereas the struc-
ture of the tetramer corresponds to a heterochiral sequence (+, —, +, —) leading
to a ribbon structure (Fig. 2.6A). In all cases, the secondary structures rely on con-
secutive Cy H-bonded rings [75].

A related Co-ribbon type structure has been postulated on the basis of NMR
spectroscopy data in H,O for y-peptide oligomers of cis-p-amino-1-proline (Fig.
2.6B) [76]. In the proposed secondary structure of 12, the two amide bonds con-
nected to o- and y-positions of each proline residue are in the same plane, perpen-
dicular to the average plane of the proline rings. The solid phase synthesis
approach which authorizes facile incorporation of a variety of acyl and alkyl side
chains at the y-amino position is highly modular.

The carbofuranosyl group was used by Sharma and Kunvar as a conformation-
stabilizing side chain to enforce the backbone of f- and y-peptides into well-
defined folded conformations (see also peptides 16 and 22 in Sections 2.4.2.2
and 2.4.3). A left-handed 9-helix with 1 < 3 H-bonding pattern (Fig. 2.6C) was
identified from NMR studies in CDCl; solution and molecular dynamics calcula-
tions for a hybrid y-hexapeptide (13) with alternating carbofuranosyl-y*-aminoacid
and y-aminobutyric acid (GABA or y-Gly). It is worth mentioning that the corre-
sponding f-peptides made of alternating (3S)-carbofuranosyl-*-amino acid and
f-HGly residues adopt a mixed helical structure with (M)-helicity. (see Section
2.422).
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A

Fig. 2.6 Cg H-bonded conformations of y-peptides. (A) Gabapentin
oligomers. Structure of dimer and tetramer in the solid state [75].

(B) Oligomers of cis-y-amino-L-proline [76]. (C) y-Hexapeptide 13 with
alternating carbofuranosyl-y*-aminoacid and y-Gly residues [111].

2.3.2.3 Stabilizing Local Backbone Conformation by Inverse-Bifurcation Involving
an Additional Heteroatom

Oligo a- and g- and y-aminoxyacids As already mentioned in Section 2.3.1.2 for
N,N’-oligoureas (y-peptide lineage), replacing carbon atoms in an w-peptide back-
bone with heteroatoms represents a promising opportunity to design new fol-
damers. a-Aminoxypeptides formerly obtained by substitution of oxygen for the
f-carbon atoms within the f-peptide backbone (Fig. 2.7A) have been investigated
in depth by ab initio quantum-mechanical calculations and molecular dynamics
simulation. This theoretical work predicted that a Cg H-bonded ring (N-O turn,
Fig. 2.7A) should stabilize a 1.8s-helix conformation in homochiral segments
[112, 113] (Fig. 2.7B), at least in aprotic solvents [114]. Spectroscopic studies on
a series of oligomers supported these predictions and established that such an he-
lical conformation occurs in oligomers as short as a trimer [115]. The high stabil-
ity of the helix was interpreted as the result of the replacement of the amide
bonds by “amidoxy” bonds in which the strong withdrawing effect of the oxygen
atom considerably enhances the acidity of the NHs and the strength of the H
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bonds. In addition, the lone pair electron repulsion in the N-O segment reduces
the flexibility of the backbone, which stabilizes the secondary structure, and pro-
motes H-bonding between adjacent residues by selecting favorable dihedral an-
gles. The crystal structure of a model trimer, in good agreement with the calcu-
lated geometry of the N—O turn, comfirm this analysis [116].

Small models of f-aminoxypeptides [117-119] and y-aminoxypeptides [120]
(Fig. 2.7A) were subsequently investigated by the group of Yang. FT-IR and
NMR spectroscopy as well as X-ray diffraction studies also indicated a net prefer-
ence for 1 < 3 H-bond interaction, leading respectively to the formation of Cy
and Cyo pseudocycles (Fig. 2.7A). The Cy ring is clearly an inverse bifurcated sys-
tem where the NH;,, is H-bonded to both O;; and C=0; (d(N;;,—0;.;) = 2.5A).
It is not the case for the Cyy pseudocycle (right) where the distance between O;;q
to NH;, is too long (d(N;,—0;11) = 3.3 A).

Hydrazinopeptides Oligomers of hydrazinoacetic acid derivatives are aza®-
analogs of f%-peptides (Fig. 2.7A). Secondary structure ensembles for these com-
pounds have been examined at various level of ab initio MO theory by Giinther
and Hofmann [121]. The variety of H-bond networks in hydrazinopeptides is in-
creased compared with S-peptides because of the additional N*H centers which
act as potential H-bond donors and H-bond acceptors. A Cg based helical confor-
mation (calculated 1.75g-helix), similar to that observed for o-aminoxy peptides,
emerged in one mode of calculation. In all other cases the most favorable calcu-
lated secondary structure is a new 14-helix that topologically differs from the f-
peptide 14-helix because of the participation of the lone pair of the sp*> N* atom
in the stabilization of the 14-membered H-bonded ring. Although the synthesis
of chiral hydrazinopeptides remains challenging, a series of hydrazinopeptides
up to the hexamer have been prepared by Seebach and co-workers [122]. In
MeOH, the hexamer displays a CD signature that resembles that of the corre-
sponding 14-helical f3*>-peptide. However, poor signal dispersion and fast ex-
change between NHs precluded detailed NMR studies and subsequent molecular
modeling. These observations suggest dynamic interconversion between compet-
itive conformations.

Aza-f3.peptides Aza-f>-peptides [123], the aza’-analogs of fA3-peptides, are
oligomers of N*-substituted hydrazinoacetic acid (Fig. 2.7A, right). The main fea-
ture of this unnatural backbone is that nitrogen atoms bearing the side chains are
sp® hybridized. As a result, aza-$3-peptides are chiral molecules of undefined
configuration. In CDCI; solution as well as in the solid state, their backbone is
structured by a continuous set of Cg pseudocycles (hydrazinoturn [124] or N-N
turn) [125]. Examination of X-ray structures of a dimer and a hexamer (Fig. 2.7C)
reveals that the former corresponds to a homochiral sequence (both nitrogen cen-
ters have the same absolute configuration) that defines an incipient extended
1.75s-helix whereas the latter is characterized by an heterochiral arrangement
(R,R,S,S,R,R chiral sequence) that drives a more folded conformation. In solu-
tion, aza-f>-peptides equilibrate between all possible chiral sequences, all of



2.4 Oligoamide Mixed Helices | 51

which share the same Cg based H-bond network. The structural resemblance be-
tween o-aminoxypeptide and aza-f#>-peptide backbones which both rely on the for-
mation of a Cg H-bonded network is striking. In both cases, the presence of the
two adjacent heteroatoms is the driving force of the folding process. In aza-$>-
peptide Cg pseudocycles, the *N; ;---H-#N;,, distance (~2.25A) is typical of a
H bond but the corresponding angle (~110°) is distorted relative to the expected
value for a standard H bond. The same holds true for the N-O turn
(d(*O;41--H-#Ny,)). This interaction has been shown to play a crucial role in
the stabilization of the secondary structure [126]. The Cg pseudocycle of aza-f$>-
peptide and probably the N—O turn can thus be described as inverse bifurcated
systems combining interactions between nearest and non-nearest neighbors
[127]. Conformational analyses of aminoxy- and hydrazino-peptides, and also
studies of N,N’-linked oligoureas described in Section 2.3.1.2 illustrate that the
amide linkage is not the only polar bond that can sustain a robust intramolecular
H-bond network for the design of self-organizing oligomers.

It is noteworthy that the intrinsic features and conformational preferences of
linear aza-f3*-peptides can be exploited to generate macrocyclized derivatives with
remarkable efficiency (for example of self-templated macrocycles, see Chapter 1).
This result can be rationalized by invoking a dynamic process, i.e. the ability of
linear precursors to populate heterochiral sequences ideally pre-organized for cyc-
lization. The resulting macrocycles retain the alternated chiral sequence (the py-
ramidal inversion of the chiral nitrogen atoms is now considerably slowed down)
as well as the basic Cg structure (Cs-symetric hexamer, Fig. 2.7D) [128]. The solid
state intramolecular organization of the macrocycles perfectly reflects the major
conformation present in solution (CDCl3).

To conclude this section, it is interesting to point out that, in contrast to the
natural o-peptides, 1 «— 3 H-bond interaction patterns consistently sustain sec-
ondary structures in different classes of designed w-peptides and their related
analogs. A survey of the present literature also emphasizes how much folding
can be oriented through slight structural modulations, such as stereochemical
modifications, side chain tuning, and backbone alteration, which all subtly mod-
ulate the set of weak intramolecular interactions and, in the end, the shape of the
molecules.

2.4
Oligoamide Mixed Helices

In contrast to common periodic peptide helices in which components along the
helix axis of backbone C=0O bond vectors point in the same direction, a unique
feature of mixed helices is the alternating direction of the C=0O bonds along the
sequence that results in the formation of a f-sheet-type H-bonding pattern. Mixed
helices are thus characterized by a small macrodipole which implies that they are
energetically disfavored in a polar environment compared with common periodic
helices that have their H bonds oriented in the same direction.
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2.4.1
The «-Oligopeptide Precedent: from Antibiotic Gramicidin A to Poly-GIn Aggregates
in Huntington’s Disease

Mixed helices, also termed f-helices by virtue of this similarity to f-sheet type
structures, were proposed in the early 1970s independently by Ramachandran
and Chandrasekharan [129], and Urry [130] for «-oligopeptides with a regularly
alternating sequence of » and 1 residues (p,1-peptides) such as the linear penta-
decapeptide antibiotic gramicidin A (HCO-Val-Gly-Ala-p-Leu-Ala-p-Val-Val-p-Val-
Trp-p-Leu-Trp-p-Leu-Trp-p-Leu-Trp-NH-(CH,)-OH), i.e. by repeating a pair of
(¢, ) angles with values lying in the allowed fS-sheet region of the Ramachan-
dran map for 1 and p residues, respectively. The H bonds are formed alternatively
in forward and backward directions along the sequences thus closing intertwined
pseudo rings of different sizes (Fig. 2.8). f-Helices formed by b,i-peptides are
characterized by their structural polymorphism [131-135]. They can be either
right- or left-handed depending on parameters such as sequence, length and en-
vironment. Various periodicity and hence pore size have been predicted and
found experimentally. Finally, f-helices can exist either as single helices stabilized
by parallel H bonds or as parallel (or antiparallel) double helices. Gramicidin A,
for example, depending on its surrounding environment has been found to form
either single stranded or double stranded f-helical conformations with residues
per turn ranging from 5.6 to 7.2 [136-139].

Proteins also fold into right- and left-handed f-type helical structures with
larger periodicities [140-142]. The first parallel f-helix fold (right-handed) was
discovered by Yoder and co-workers in the structure of Pectate Lyase C [140].
The repeating unit (i.e. f-helical turn) in such f-helices is formed by three strand
segments connected by three loops and generally comprises 15-23 residues. A
large “loopless” f-helical nanotube with 20 residues per helical turn has been
proposed by Perutz and co-workers to account for the X-ray diffraction patterns
of fibers of a poly-1-Gln peptide (exon-1 peptide of huntingtin) [143]. In addition
to being relevant to Huntington’s disease, this model may also serve to interpret
structures of amyloid fibrils associated with various neurodegenerative diseases.
It is worth noting that this structure which features repetition of a pair of (¢, y)

Fig. 2.8 H-bond patterns associated with mixed helical secondary structures in a-polypeptides.
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angles with nearly opposite values (¢; = 160°, y; = —170°%; ¢, = —161°, v, =
178°); is remarkably close to a p,1-peptide S-helical fold.

242
Introducing Periodicity at the Level of a Dimer Unit in f-Peptides leads to a
Remarkably Stable Mixed Helical Fold

Early studies by Seebach and co-workers established that, by analogy to f-helical
a-peptides, f-peptides with an alternating substitution pattern adopt a mixed heli-
cal conformation [55, 144, 145]. The resulting structure which consists of 10- and
12-membered H-bonded pseudo rings alternating in forwards and backwards di-
rection, respectively has only a small resulting macrodipole. This particularly ro-
bust mixed helical fold was subsequently observed for other f-peptides (Fig. 2.9)
exhibiting periodicity at the level of a dimeric unit [146—148|.

2.42.1 By Mixing #%- and f3-Amino Acids

The finding that the conformational preferences of “mixed” f-peptides composed
of alternating f3*- and f*-amino acid residues differed from that of the corre-
sponding homopolymers consisting exclusively of #3- or f%-amino acid residues
(i.e. the 314 helix) was largely unexpected [144]. In MeOH, fS-peptides with (S)-
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B2/p° (or (S)-*/p%) dipeptide repeats such as 14 and 15 did not display the CD-
pattern characteristic of the 314 helix. Their CD spectra showed an intense maxi-
mum near 205 nm and no zero-crossing. The dispersion of the chemical shifts as
well as the large 3J(H-C(x), H-C(B)) values (>10 Hz) in their NMR spectra re-
corded in pyridine and CD3;OH indicated that at least one stable secondary struc-
ture was populated. ROESY experiments revealed a NOE pattern substantially dif-
ferent from that of the 314 helix with no i/i + 3 NOE crosspeaks and new i/i + 2
connectivities not compatible with the 3;; helix. Restrained MD calculations
based on NOEs and | values yielded a unique mixed helical structure with alter-
nating intertwined 12- and 10-membered H-bonded rings. The helical screw
sense was opposite to that of the related 314 helix and the overall macrodipole
was strongly reduced because of alternating orientations of backbone carbonyl
groups. The 12/10-structure of a low energy conformer of /f3-peptide 14 [55,
144] and detailed representations of the 12- and 10-membered pseudocycles are
shown in Fig. 2.10. Comparison of the 10/12-helix turns with the corresponding
14-membered ring of the 314-helix reveals a common (+)-synclinal arrangement
(04 ~ 60°) around the central C(x)-C(f8) bond for each amino acid constituents.
However, whereas both ¢ and y angles are negative for f-amino acids in the reg-
ular 314-helix, f%-amino acid residues have a positive ¢ value and $3-amino acid
residues a positive y value in the 12/10-helix.

The tendency is that in the absence of any adjacent substituent on the two sides
of an amide bond, the 12-membered turn is favored, the 10-membered being
formed when the amide bond is flanked by substituted carbons (Fig. 2.10). In
fully protected 15, the NH of residue 1 is engaged in the formation of an addi-
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Fig. 2.10 The mixed 12/10 helical structure of 2 /4>-dipeptide repeats.
(A) View along the helix axis of a low energy conformer resulting from
NOE-restrained modeling of 14 in pyridine [144, 145]. (B) Comparison
of the 12- and 10-membered turns found in the 12/10 helix of 14
together with corresponding backbone dihedral angles.



2.4 Oligoamide Mixed Helices |55

tional N-terminal 10-membered turn and the pattern of 10- and 12-membered
turns is reversed. The strong stabilizing effect associated with N-terminus cap-
ping in mixed S-peptides was confirmed by CD studies in MeOH, the ellipticity
value at 205 nm for 15 in MeOH being twice that of 14. In the case of longer
B2/ -peptides, the effect of removing the terminal protecting groups was even
more pronounced with collapse of the band at 205 nm and restoration of a CD
pattern, albeit weak, characteristic of the 314 helical conformation [145]. This ob-
servation may suggest the presence of equilibrating conformers and can be ex-
plained in term of unfavorable charge—pole interactions in the right-handed 12/
10-arrangement of unprotected % /f3-peptides, the positively charged amino ter-
minus being rather a promoter of left-handed 3y4-helical structure. Information
about the dynamic of (un)folding process in f%/8%-(8%/f%-) dipeptide repeats
(protected or unprotected form) was gained by exploration of conformational en-
sembles produced by molecular dynamics (MD) simulations in explicit solvent
using the GROMOS96 force-field. The results demonstrated reversible folding to
the 12/10 helix and were consistent with experimental data (see also Chapter 6).
[103, 104, 149-151]. Although alternate conformations such as the pure left-
handed 3;4-helix and various partially folded conformations were also populated,
the right-handed 12/10 helix was the predominant conformation in the simula-
tion of g2/43-(83/42-) dipeptide repeats in MeOH.

2.4.2.2 Additional Substitution Patterns Stabilizing the Mixed 10/12- (12/10-) Helix
Theoretical studies at various levels of ab-initio MO theory (HF/6-31G* and B3LYP/
6-31G¥*) provided further insight into the relative preference of f-peptides for the
314 and mixed 10/12-helices. Quantum mechanics calculations performed on un-
substituted S-peptides (oligo-f-HGly peptides) revealed that the formation of the
10/ 12-helix is intrinsically favored over the 314 helix (by 21.4 and 4.8 kcal mol~!
in the gas phase and methanol solution for a protected hexapeptide) [152, 153].
Analysis of the influence of substitution patterns [151, 154] confirmed the intrin-
sic preference of (S)-5%/f dipeptide repeats for the right-handed 10/12-helical
conformation and suggested other patterns of substitutions compatible with the
formation of the 10/12-helix such as heterochiral dipeptide repeats (e.g. (R)-5>/
()52, (R)-B3/(S)-B%, (S)-B/(R)-2, (S)-p*/(R)-B>). This prediction was experimen-
tally confirmed by the conformational analysis in solution of carbofuranosyl-4>-
hexapeptides 16 and 17 made of regularly alternating (3R)- and (3S)-building
blocks (Fig. 2.9) [147].

In MeOH, both peptides displayed a CD pattern characteristic of a right-handed
10/12- (12/10-) helical structure. More detailed structural analysis by NMR study
in CDCl; revealed that 16 and 17 adopt well-defined (P)-12/10 and 10/12 helical
structures, respectively (Fig. 2.11).

It is noteworthy that the mixed S-peptide helical backbone can tolerate suppres-
sion of side chains every two residues. Thus, f-peptides made of alternating (3R)-
carbofuranosyl-f*-amino acid and g-HGly (3-amino propionic acid) residues (18
and 19) and of (2S,3S)-$%><(sugar) amino acid/f-HGly repeats (20), respectively
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Fig. 2.11 Additional substitution patterns leading to mixed helices in /-
peptides. Views along the helix axis of low energy conformers of (A) 16
and (B) 18 obtained by NOE-restrained modeling using NMR data
obtained in CDCl; [147, 148].

have been found to adopt well-defined right-handed (P)-12/10 (18 and 20) and
(P)-10/12 (19) helical structures in nonpolar solvents such as CDCl; and CD;CN
[146, 148]. f-HGly thus behaves like f2-amino acid residues in f*/? repeats.
This finding is not surprising if one keeps in mind that C(3) substitution is
much more effective than C(2) in reducing the flexibility of the f-peptide back-
bone as already discussed in Section 2.3.1.1. Inverting the configuration of f*-
amino acid residues in °/f-HGly repeats (18 — 21) caused a switch in helix
handedness facilitated by the conformational freedom of f-HGly residues [148].

243
Extending the Concept of Mixed Helices

The question whether mixed helices might exist in other families of w-oligoamide
backbones has been addressed by the group of Hofmann with methods of ab ini-
tio theory [153, 154]. Mixed helices were systematically searched within the con-
formational space of y- and d-peptides and their energies compared with those of
corresponding periodic helices. The results indicate that (i) while mixed y-peptide
helices (14/12 and 24/22 H-bond pattern) are less stable than the experimentally
found periodic 2.614 helix, mixed J-peptide helices (14/16 and 16/14 H-bond
pattern) are significantly more stable according to the density functional theory
(DFT) and (ii) in contrast to the situation observed for f-peptides, these mixed
helices become more unstable than their periodic alternatives in polar environ-
ment such as water (polarizable continuum model, PCM/HF/6-31G*). These
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18 20
1-4

Fig. 2.12 Most stable helices in hybrid (octa)peptides at the HF/6-31G*
level of ab initio MO theory. (A) The mixed 18/20-helical fold of a,-
peptides, (B) the mixed 20/22-helical fold of f,y-peptides [156].

mixed helical structures have not yet been observed experimentally in y- and
o-peptides synthesized so far.

Another general approach to introduce periodicity at the level of a dimeric unit
in oligoamides is to mix two types of w-amino acid residues in an alternating
fashion. Such so-called heterogeneous or hybrid peptide backbones show consid-
erable promise to expand the pool of candidate foldamers, and their experimental
folding patterns are discussed with greater details in Section 2.6. Employing the
methods of ab initio MO theory, Hofmann and co-workers have investigated the
ensembles of helical structures attainable with (unsubstituted) o f-, o,y- and f,y-
hybrid backbones [155, 156]. Conformational analysis provided three groups of
helical structures according to their global H-bonding pattern: helices with all H
bonds in one direction (either forward or backwards direction), and mixed heli-
ces. For all three heterogeneous backbones, the most stable conformations at the
HF and DFT level of ab initio theory were found among mixed helices (i.e. 18/16-
(and 11/9-), 18/20- and 20/22-helical folds for o.,f-, o,- and f,y-peptide hybrids,
respectively, see Fig. 2.12). In an aqueous environment (PCM/HF/6-31G* calcula-
tions), the stability of helices with unidirectional H-bonding increases at the ex-
pense of mixed helices. It is worth mentioning that some mixed helices such as
the 11/9-helix of o.f-peptides remain significantly stable. Experimental evidence
for the 11/9-helical fold came from NMR studies in CDCl; of a series of o,f-
peptides consisting of 1-Ala/(3S)-carbofuranosyl-f3-amino acid repeat (e.g. 22,
See Fig. 2.13) [157].
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Fig. 2.13 The 9/11-Mixed helical structure of =/ hybrid peptides
consisting of L-Ala/ (3S)-carbofuranosyl-f3-amino acid repeats (e.g. 22).
View along the helix axis of a low energy conformer of 22 generated by
NOE-restrained modeling using NMR data obtained in CDCl; [157].

2.5
Nonperiodic Structures: Open Chain g-Turn-like Motifs and Hairpins in Designed
Homo-oligomers

Turn structures and f-hairpins (two H-bonded antiparallel f-strands connected
by a turn segment) which cause the peptide chain to reverse its direction are
key functional and structural elements of proteins. Significant progress has been
made towards our understanding of the principles that govern f-hairpin nuclea-
tion (for reviews, see refs [8—10] and Chapter 5). Because these motifs are im-
portant for peptide and protein recognition, the design, synthesis and applica-
tions of hairpin turn mimetics have attracted considerable attention. In the
foldamer area, the de novo design of hairpin-type structures from unnatural linear
oligomers remains challenging, in part because of the duality of structural ele-
ments (turn + sheet) and the absence of periodicity in the motif. So far, homo-
oligomers (based on one residue type) programmed to adopt hairpin conforma-
tions have been essentially limited to f-peptides. Alternatively, the individual
components of hairpin design (i.e. either turn segments or pleated sheet struc-
tures) generated from various unnatural oligomeric backbones (e.g. - and y-
peptides, a-aminoxy acid oligomers) can be assembled with o-peptide strands or
f-turn segments to generate hybrid hairpin structures (see Section 2.6.2).

2.5.1
Sheet-forming w-peptides

Fully extended fS-peptide strands can be generated by populating antiperiplanar
conformations around the C(«)—C(f) bond (6; values close to 180°). Seebach and
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Gellman groups found that this conformational bias can be introduced by using
acyclic f%3-amino acids of unlike configuration bearing alkyl substituents [158,
159]. The resulting /% 3-peptide chains adopt extended conformation with forma-
tion of pleated sheets. This is in contrast to all-like-f*3-peptides which have be
shown to form predominantly 3;4 helical structures (See Section 2.3.1). Extended
conformations for sheet formation are also accessible to y-peptides subject to suf-
ficient backbone pre-organization («.f-unsaturation [160], cyclization between
C(«) and C(y) [161]) to restrict rotation around ethylene bond.

252
Turn Segment for Hairpin Formation

Two types of f-dipeptide turn segments have been used to connect antiparallel -
peptide strands and nucleate S-peptide hairpin conformations.

The first one imagined by Gellman and his group is a 12-membered H-bonded
turn generated by a heterochiral dinipecotic acid (Nip, the f2-homolog of proline:
B?-HPro) sequence [162, 163]. X-ray crystal structure of a designed f-tetrapeptide
(23, Fig. 2.14A) show the expected antiparallel hairpin conformation, all strand
residues displaying antiperiplanar arrangement around the C(a)—C(f8) bond [162].
The second approach developed by Seebach and co-workers (24, Fig. 2.14B)
exploits the propensity of mixed $%/43-dipeptides to populate 10-membered H-
bonded turn (see Section 2.4.2.1 and Fig. 2.10) [159, 164]. Detailed NMR spectros-
copy and MD simulation analysis of f-hexapeptide 24 in CD;OH revealed signifi-
cant (an estimation of 20-30% was given by MD) hairpin population. There was
however no evidence for secondary structure in water. The structural similarity
between the 10-membered turn segment in 24 and a type II’ a-peptide f-turn is
illustrated in Fig. 2.14E. Interestingly, the formation of f-peptide 10-membered
H-bonded turns was also found to be strongly promoted by % *-geminally substi-
tuted amino acids units such as achiral 1-aminomethylcyclohexanecarboxylic acid
[51]. The hairpin structures in both 23 and 24 are characterized by the unidirec-
tionality of the C=0 and NH bonds within each strand segment. However, as
a consequence of their different turn geometry: a 12-membered turn closed by
H-bonds between C=0; and NH;,;, and a 10-membered turn closed by H-bonds
between NH; and C=0;,, antiparallel hairpins formed by f-peptides 23 and 24
display opposite sheet polarities. Backbone torsion angle values (X-ray and NMR)
for selected f-amino acids residues within extended strand segments of 23 and 24
are close to ideal values for f-peptide pleated sheets: ¢ = —120° (or 120°), 6, =
180°, y = 120° (or —120°).

Optimal pre-organization of the y-peptide backbone towards the formation of
open-chain turn-like motifs was found to be promoted by unlike-y**-amino acid
residues [165-166]. This design principle can be rationalized by examination of
the two conformers free of syn-pentane interaction (I and II, Fig. 2.14C). y>*-
peptides built from either homochiral or heterochiral unlike-y?*-amino acid units
adopt reverse turn-like structure stabilized by 14-membered H bond (e.g. 25, Fig.
2.14D). y-Peptide turn conformations compare well with the type I’ g-hairpin

59



60| 2 Foldamers Based on Remote Intrastrand Interactions

10-membered turn

10-membered ring of a

14-membered ring of a
type ll' fturnin 25

segment in 24 type II' Aturn
o} 2
R % H v R R% i H a
() @ (6, Pra g N iz
i HN e}
v O H-N, K P=0---H-N 2
A
residue i+1 residue / i i+1 i+2 residue i+1 residue 2
iy (Owr gy @y @ ¢ @ G W @y Ok YWz O (Bisr (Bdir ysy oy dup (2 (By)pp
99 56 -127 180 -146 65 178 180 60 -120 180 -80 0 180 167 844 111 175 -_124 532 176

Fig. 2.14 Nonperiodic structures formed by
p- and y-peptides. f-peptide antiparallel
hairpin structures with (A) a 12-membered
R/S dinipecotic turn segment (e.g. 23, X-ray
structure) [162] and (B) with the 10-
membered turn formed by mixed 2 /p3-
dipeptide sequence (e.g. 24, structure derived
from NMR data in CD;OH) [164]. (C) The
two conformation free of destabilizing syn-
pentane interaction in y%*-amino acid with
unlike configuration. (D) 14-membered H-

bonded turn induced by y-peptides consisting
of unlike-y%*-amino acid residues (hetero-
chiral sequence) (e.g. 25, X-ray structure)
[166]. (E) Comparison of the turn segment
found in - and y-peptide 24 and 25 with

a naturally occuring type 11’ f-turn of
a-polypeptides together with backbone
dihedral angles in (°). Torsion angles with
comparable values are shown in bold

[164, 166].



2.6 Expanding Structural Diversity with Heterogeneous Backbones | 61

motif of naturally occurring o-peptides, thus suggesting that short-chain -
peptides with the right substitution pattern could be used as f-turn mimetics in
drug design.

2.6
Expanding Structural Diversity with Heterogeneous Backbones

Most structural motifs encountered in the previous sections of this chapter have
been generated from oligomeric strands formed by the repeat of monomeric
units from a single class. While the design of appropriate building blocks for the
construction of homogeneous folding oligomers based on remote intrastrand in-
teractions remains an active area, the possibility to combine these elements and
generate new heterogeneous backbones as candidate foldamers has recently
emerged. This concept, successfully applied to oligoamides, spectacularly ex-
pands the structure space attainable with a relatively small pool of residue types.

2.6.1
From Discrete w-Amino Acid Guests in a-Helices to Helical «,«- and g,y-Peptide
Hybrids

Multiple approaches, either experimental [167—-172] or theoretical [155, 156], have
been considered to delineate the ensemble of helical conformations formed by
new hybrid backbones composed of two w-amino acid residue types. Oligomers
with periodicity at the level of dimer (e.g. a.f-, o,)-, f,y-peptides) or trimer (e.g.
a,0,f- or o, f3,f-peptides) units have been studied.

For several years, Balaram and co-workers have been investigated the structural
features of f- and y-amino acid residues (f-HGly, y-Gly (4-aminobutyric acid),
Gpn (gabapentin)) when inserted as guests into host a-peptides [173]. Examina-
tion of X-ray crystal structures of peptides 26-28 [172, 174, 175] (see Table 2.1

Table 2.1 Residue patterns (in bold) within peptides 26—28 whose coordinates served to
construct models of hybrid helices.

Sequence Pattern Number Ref
of atoms in
H-bonded ring
26 Boc-Val-Ala-Phe-Aib-33-HVal-f3-HPhe-Aib-Val-Ala-Phe-Aib-OMe ~ fu 11 175
Boc-Val-Ala-Phe-Aib-3-HVal-f3-HPhe-Aib-Val-Ala-Phe-Aib-OMe afp 15
27 Boc-Leu-Phe-Val-Aib-f*-HPhe-Leu-Phe-Val-OMe oof 14 172
28 Boc-Leu-Aib-Val-f-HGly-y-Gly-Leu-Aib-Val-Ala-Leu-Aib-OMe oL 12 174

Boc-Leu-Aib-Val-g-HGly-y-Gly-Leu-Aib-Val-Ala-Leu-Aib-OMe By 13
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for sequences) revealed that - and y-amino acid residues can be substituted for
their «-amino acid counterpart at discrete position in o-helical structures without
major perturbation of the overall fold.

Experimentally defined backbone torsion angles of expanded 1+ 4 and 1 — 5
H-bonded units formed by hybrid segments in these peptides (marked in bold in
Table 2.1) served as starting points to generate a series of energetically favorable
models of o,w-hybrid helices. For example, the 11- and 13-membered H-bonded
units encompassing the 3-HPhe-Aib (f, «) and the f-HGly-)-Gly (f,7) segments
in X-ray structure of 26 [175] and 28 [174] provided appropriate geometrical pa-
rameters to model 11-f,o and 13-f,y-helices. It is worth noting that a f,y-dipeptide
repeat is isostere to a a-tripeptide and that the 13-helical backbone proposed for
B.y-peptides (¢ = —106°, 0 = 75°, w = —115° (f*-amino acid) and ¢ = —117°,
01 = 66°, 0, = 62°, w = —120° (y-amino acid)), and also identified by quantum
mechanics calculations [156] superimposes well to the o-helical backbone
(RMSD value of 0.7 A). This interesting theoretical consideration will need to be
verified experimentally.

Parallel to these semi-empirical studies, Reiser, Zerbe and colleagues [167] and
Gellman [168-171] independently reported experimental evidence for periodic
helix formation in short chain hybrid peptides consisting of alternating «- and /-
amino acid residues (mixed helices reported by Sharma and Kunwar [157] have
already been discussed in Section 2.4.3). In both cases, backbone pre-organization
to enforce folding propensity was introduced at the f-amino acid positions with 2-
aminocycloalkanecarboxylic acid residues. o f-Peptides designed by Gellman and
co-workers contained B-amino acid residues constrained with five-membered
rings (S,S)-trans-ACPC and (S,S)-trans-APC (e.g. 29 and 30, Fig. 2.15).

Detailed NMR analysis of hybrid peptide 29 in CD;OH revealed a complex pat-
tern of (i,i+2) and (i,i+ 3) inter-residue NOE connectivities that could be ex-
plained by assuming rapid interconversion between two helical conformations
with H bonds in backward direction, namely a 11-helix (1 < 4 H bonds) and a
14/15-helix (1 < 5 H bonds) [168]. Although less plausible, a helical conforma-
tion with three-center backbone H bonds (both 11- and 14/15 H-bonded rings)
was also proposed on the basis of the nonsequential NOEs observed. Factors gov-
erning helical folding propensity and helix type repartition in such «f-peptide
hybrids have been delineated. Increase in chain length seems to favor the 14/15
helical shape relative to the 11-helix [168]. The analogy to «-peptides which
also show chain length-dependent conformational transition between 319 helix
(1 < 4 H bonds) and «-helix (1 «+ 5 H-bonding pattern) is striking (Fig. 2.16).

o,o-Disubstitution of o-amino acids which is well known to promote helical
folding among o-peptides [15] was shown to reinforce helix stability and to
favor 11-helical folding of o,f-peptide hybrids [170]. Octamer 30 which consists
of ACPC/Aib repeats adopts a perfect 11-helical fold in the solid state with all
possible H-bonded rings present (Fig. 2.17A). In contrast, § substitution of o-
aminoacid residues (e.g. Val, Ile, Thr) or substitution of acyclic f-amino acids
for ACPC/APC residues is helix destabilizing [170]. Pre-organization with six-
membered ring (S,S)-trans-ACHC residues does not support helix formation in
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Fig. 2.15 Helix forming o,w-peptide hybrids [167-172].

1 <5 H-bonds
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Fig. 216 1 < 4 and 1 < 5 H-bond patterns of interconverting 11- and
14/15-helices in heterogeneous o,S-peptides such as 29 and analogy
with H-bonding scheme of 3¢ and «-helical secondary structures.
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Fig. 2.17 Helical secondary structures of
peptide hybrids in the solid state (views
along the helix axis and top views). (A) Right
handed 11-helix formed by o,8-peptide 30
(adapted from [170]). The backbone torsion
angles extracted for central residues 4 and 5
(¢ =—99.7°, 0 = 89.6°, y = —80.7° (-
amino acid) and ¢ = —50.3°, y = —42.9°
(«x-amino acid)) and those derived from the

Balaram (¢ = —105°, 0 = 80°, y = —73°
(B-amino acid) and ¢ = —62°, y = —44°
(«-amino acid) [172]) are in good agreement.
(B) Right handed helical conformation

(1 < 4 H-bonding pattern) of o,f,/-peptide
32 (adapted from [171]). (C) Right handed
helical conformation (1 < 4 H-bonding
pattern) of «,2,4-peptide 33 (adapted from
[171]).

computer-generated model proposed by

a/f-peptide hybrids, probably because homogenous ACHC backbones favor H-
bonding in the forward direction (see Section 2.3.1.2) [168].

In a related work [167], Reiser, Zerbe and colleagues used cis-f-aminocyclopro-
panecarboxylic acids (cis--ACCs) substituted on the 3-position of the ring and
investigated oligomers consisting of 1-Ala/cis-f-ACC repeats (exemplified by hep-
tamer 31). NMR studies in CD;OH and molecular modeling calculations led to
the identification of a third helical fold (with 1< 3 H-bonds) for «f-peptide
hybrids.

Introducing periodicity at the level of a trimer unit with #,5,0- and f,x,0-triad
repeats (hexamer 32 and heptamer 33) successfully led to the identification of
new helical secondary structures (Fig. 2.17B and C) [171]. While X-ray diffraction
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studies led to the characterization of helices with 1 + 4 H bonds, evidence for
rapid interconversion between two helical conformations (1« 4 and 1+ 5 H-
bonding patterns) was gained from NMR studies in CD;OH.

Experimental evidence that short chain «,y-peptide hybrids also adopt helical
secondary structures came from X-ray diffraction studies of tetramer 34 consist-
ing of Aib-Gpn repeats [172]. The observed helical fold is stabilized by 12 H
bonds in the backwards direction. By fixing both ethane bonds in a synclinal con-
formation (values for both #; and 6, are close to 60°), f,f-disusbtitution (in Gpn)
ensures conformational space restriction of y-amino acid residues.

2.6.2
Hairpins from «,0-Peptide Hybrids

New hairpin type motifs have been generated by combining turn and strand seg-
ments made of distinct backbones (Fig. 2.18).

D-Pro-Xaa and Asn-Gly dipeptide sequences are known to support the for-
mation of type I’ or II' f-turns and to promote nucleation of «-peptide hairpin
structures [176-178]. By extension, the D-Pro-Gly turn motif [179] or a related
depsipeptide segment 1-Pro-glycolate [158] have been used to connect S-peptide

Fig. 2.18 (A) Hybrid S-peptide 35 with a D-Pro-Gly type Il” f-turn
segment (grey color): X-ray crystal structure [179]. Intermolecular
NH:--O=C H bonds (with N—H:--O) angles of 160° and 133°) connect
the hairpin into an infinitely extended f-sheet. (B, C) Parallel hairpin
formation in - and y-peptides (e.g. 36, 37) by incorporation of a D-Pro-
DADME turn segment [158, 183].
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strands into new antiparallel hairpin type structures (e.g. 35). X-ray diffraction
studies have shown that f-amino acids residues generally adopt the expected anti-
periplanar conformation around the ethylene bond (6 ~ 180°). The same holds
true for f-hairpins obtained by incorporation of - or y-amino acids at discrete
positions into the strand segments (0; and 6, values ~ 180°) [180-182]. Spe-
cific connectors made of several residue types such as p-Pro-(1,1-dimethyl)-1,2-
diaminoethyl (p-Pro-DADME) have been reported that allow formation of parallel
hairpin type structures from f- (e.g. 36) and y-peptides (made of constrained
trans-3-ACPC residues, e.g. 37) strand segments [158, 183]. Conversely, studies
by the groups of Gellman and Yang have shown that f-peptides (dinipecotic acid
heterochiral sequence, see Section 2.5) [184] and w-aminoxy-peptides (p,r-a-
aminoxy acid dimer) [116] reverse turn segments can be used to nucleate a-
peptide hairpin structures.

2.6.3
Sculpting New Shapes by Integrating H-Bonding, Aromatic Interactions and
Multiple Levels of Pre-organization

As outlined in the previous sections, optimal backbone pre-organization for
the formation of H bonds and stabilization of well-defined secondary structures
(helices and hairpin type structure) has been achieved at an unprecedented level
for a whole series of aliphatic oligoamides and related peptidomimetic oligomers.
The design principles applied to homogeneous backbones have been extended
successfully to heterogeneous backbones. Recent studies with aromatic oligoa-
mides suggest that it is possible to design oligomeric sequences coding for more
complex structural information. Hunter and Thomas have shown that 38, a C;-
symmetric strand built of isophthalic acid, bisaniline and 4-nitro-1H-pyrrole-2-
carboxylic acid residues adopt in nonpolar solvent (CDCl;) a well defined and un-
usual fold, stabilized by a combination of H-bonding and aromatic interactions
between non-nearest neighbors (Fig. 2.19A) [185].

Experimentally measured folding-induced changes in 'H-NMR chemical shift
(A9) [186] compared with unfolded reference compounds were used to calculate
the three dimensional structure of this “tailbiter”. Experimental H-D exchange
data reflect the difference of free energy in CDCl; between the H-bonds at work,
pyrrole-amide (~6 k] mol~!) versus amide-nitro (~2 kJ mol~!) H-bonds) and sup-
port a noncooperative unfolding mechanism. Self-organization properties of re-
lated aromatic oligoamides composed of isophthalic acid, and bisaniline units in
nonpolar solvents have been exploited for the synthesis of a whole series of supra-
molecular entities [187, 188], including molecular trefoil knots [189, 190]. Folding
of oligoamide 41 — which has been proposed to be formed transiently upon reac-
tion of diamine 39 with 2,6-pyridinedicarboxylic acid dichloride 40 — into a helical
loop stabilized by a complex collection of intrastrand H-bonding (both remote
and between nearest neighbors) and aromatic interaction is thought to be an early
and critical event prior to self-threading and successful closing to amide-knot 42
(Fig. 2.19B).
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Fig. 2.19 Aromatic oligoamide foldamers (A) “Tailbiter” 38 [185]; (B)
Proposed folding mechanism for the formation of amide knot 42 [189].

2

2.7
Conclusion and Outlook

The “homologation strategy” which initially led to the discovery of the robust
14-helical f-peptide backbone gave a strong impetus to the search of new fol-
damers stabilized by remote intrastrand interactions. In 10 years, the number of
different secondary structures accessible from f-peptides and higher homologs of
a-polypeptides has grown steadily and the basic principles underlying w-peptide
folding have been delineated. Multiple levels of conformational restriction can be
applied to w-amino acid units to pre-organize the oligoamide backbone for fold-
ing. For instance, the insertion of heteroatoms into the backbone of w-peptides
to restrict the conformational space results in nonpeptide strands with unique
folding patterns. Furthermore, mixing building blocks of more than one type to
generate foldamers with hybrid backbones has recently emerged as a promising
concept to explore further the structure space attainable with a relatively small set
of building units. Although potentially informative, a comparative study of these
bioinspired foldamers is not straightforward. Several important issues such as (i)
the predictability of folding; (ii) the mechanisms of folding /unfolding; (iii) the ef-
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fect of environment on folding; (iv) the chain-length dependence and (v) the con-
version of structure into function which have been addressed thoroughly in the
case of f-peptides, still need to be considered for many oligomers with folding
propensity. Despite some success in the formation of supersecondary structures
from p-peptides (helix bundles and hairpin), a major challenge will be the assem-
bly of foldamer secondary/supersecondary structures into more complex protein-
like tertiary structures (tyligomers). Nonetheless, significant progress continues
with regards to the design of foldamers with functions (e.g. in biology, see Chap-
ter 8) and one foresees a bright future for folding oligomers based on remote in-
trastrand interactions.
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