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Foldamers are sequence-specific oligomers akin to peptides, proteins and oligonucleotides that fold into well-defined three-
dimensional structures. They offer the chemical biologist a broad pallet of building blocks for the construction of molecules that 
test and extend our understanding of protein folding and function. Foldamers also provide templates for presenting complex 
arrays of functional groups in virtually unlimited geometrical patterns, thereby presenting attractive opportunities for the design 
of molecules that bind in a sequence- and structure-specific manner to oligosaccharides, nucleic acids, membranes and proteins. 
We summarize recent advances and highlight the future applications and challenges of this rapidly expanding field.

As the database of protein structures grows, so too does our interest in 
testing the molecular basis for folding and function. We have developed 
an understanding of the importance of noncovalent interactions in regu-
lating protein folding, assembly and catalysis; this understanding has 
now been put to the test through the successful computational design 
of proteins from scratch1–3. However, the rules used in these studies 
have been largely developed with peptides and proteins composed of α-
amino acids, which leads to the question of whether our understanding 
is overly parameterized and specific to conventional peptides, or whether 
it is truly molecular in nature. To address this question, it is important 
to extend the systems to new nonbiological structures, thereby criti-
cally testing our understanding of biological structure while simultane-
ously developing new building blocks and molecular frameworks for 
the design of pharmaceuticals, diagnostic agents, nanostructures and 
catalysts. By changing the identity of the backbone, we enter into fun-
damental questions regarding rules of folding; hence the recent interest 
in “foldamers”4.

Because of the diversity of sizes, shapes and arrangements available 
with non-natural monomers, this field offers a myriad of opportunities 
for designs of molecular interaction modules supported by foldamer 
frameworks. The creation of these frameworks has already resulted 
in many intellectually useful and functionally interesting molecules. 
Already, there are multiple examples of functional foldamers capable 
of mediating cell penetration5,6, as well as designed foldamers that 
specifically bind to various targets including RNA7, proteins8–15, mem-
branes16–25, and carbohydrates26, often with affinities approaching or 
equaling those of natural α-peptides. And as more versatile frameworks 

are created it will be increasingly possible to design foldamers that bind 
most any surface. Indeed, we are only beginning to scratch the surface 
of this field. This review briefly discusses some of the diverse foldamers 
structures available for design, their conformations, and their appli-
cations in chemical biology, with a particular focus on the significant 
progress made in the last few years. Given the breadth of the field, we 
will focus primarily on foldamers whose conformations are stabilized 
by hydrogen bonds.

Framework selection
There are two general molecular classes of foldamers, determined by the 
presence or absence of aromatic units within the monomer unit (Fig. 1). 
“Aliphatic” foldamers have saturated carbon chains separating amide or 
urea groups. Example of this group include the β-27,28, γ-29 and δ-30, 31, 
oligoureas32, azapeptides33,34, pyrrolinones35, α-aminoxy-peptides36 
and sugar-based peptides37,38. The second class makes use of aromatic 
spacers within the backbone. The poly-pyrrole/imidazole DNA-binding 
oligomers39 provided early examples of heteroaryl oligomers that bind 
biologically relevant targets. In either case, the initial monomer selection 
is typically affected by a variety of factors, including the ease of their 
synthesis and structural characterization (Box 1).

Dehydropeptides40, peptoids41–43, and foldamers prepared by mixing 
aliphatic and aromatic units44–46 are related classes of foldamers which, 
although interesting, will not be considered in this review.

Secondary structures formed by aliphatic foldamers
The secondary structure formed by a given type of amide foldamer 
depends on the planar amide bonds, the number and substitution pat-
terns of the methylene units within the backbone, and conformational 
restraints such as the incorporation of cyclic structures within the amino 
acid. The helices formed by foldamers are characterized by their handed-
ness and the number of atoms within repeating hydrogen bonding rings 
of their structures. A second feature of the helix is the orientation of 
the amide groups; hydrogen bonding generally causes the carbonyl of 
successive amides to either point toward the N terminus or the C termi-
nus, thereby giving rise to exposed amides at the ends of the helices. In 
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conventional peptides, the main conformations are 310- and α-helices, 
with 10 atoms and 13 atoms in the hydrogen bonded rings. What hap-
pens when additional methylene groups are inserted between the amides 
of the monomers depends on the placement and stereochemistry of side 
chains along the backbone27,28,41,47 (Table 1). β-peptides in which the 
monomer is a trans-2-amino-cyclopentane-carboxylic acid (or cyclized 
residues in which the β2 and β3 positions are part of a five-membered 
ring) adopt a “12-helix” conformation, with the same hydrogen bonding 
pattern as the 310-helix of α-peptides, but with two additional carbon 
atoms inserted into the backbone. Park et al. 
examined the impact of incorporating acy-
clic residues into this structure using a series 
of peptides, with one to four β2-substituted 
residues present in a background of cyclized 
amino acids48. Although the helical propensity 
was lower because of the incorporation of the 
β2 residues, the 12-helix previously observed 
to be the predominant form for cyclic residues 
remained the favored structure.

Other substitution patterns of β-peptides 
(including residues constructed from cyclo-
hexane rings or β3-substituted residues) favor 
the 14-helix, which bears both similarities 
and differences to the α-helix. The 14-helix 
has two intervening amide units within each 
hydrogen bonded ring (as in the α-helix), but 
the amide carbonyl groups are directed toward 
the N terminus rather than the C terminus as 
in the α-helix. Other helical conformations 
(Table 1), as well as turn and sheet-like con-
formations, are also possible27,49,50, and new 
conformations continue to surface. For exam-
ple, the effect of varying substitution patterns 
can be seen in the recently discovered 8-helix, 
observed when both β2 and β3 positions are 
substituted in each monomer51,52, or in the 
10/12-helix, seen for sequences displaying an 
alternating β2- and β3-substitution pattern28.

The β3-substituted residues are under par-
ticularly intense investigation at the moment 
because of the ready availability of monomers 
through homologation of α-amino acids, 
which also results in their nomenclature; for 
example, arginine becomes homoarginine, 

abbreviated hArg (note that 3-amino-propionic acid has traditionally 
been called β-alanine, but in this nomenclature it can also be designated 
as hGly). Peptides composed of β3-substituted amino acids have a high 
propensity to form 14-helices (Fig. 2a,b). The features that stabilize this 
conformation in β-peptides have, in general, been well anticipated by 
studies with α-peptides. Salt bridges between oppositely charged resi-
dues spaced one turn apart (i, i + 3 in 14-helices and i, i + 4 in an α-helix) 
stabilize both types of helices28,53,54. These salt bridges are extremely 
sensitive to their specific structural context; the mismatch of alkyl chain 
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Figure 1  Examples of foldamer frameworks.

BOX 1  SYNTHESIS AND CHARACTERIZATION OF β-PEPTIDES
Synthesis. Many standard residues are now readily available from commercial vendors, or 
β-amino acids can be synthesized via homologation reactions of the α-amino acid counter-
part130. One synthetic roadblock in this field often comes in the synthesis of long peptides 
via fluorenylmethoxycarbonyl (Fmoc)-protected amino acids, because of difficulties in the 
removal of the Fmoc group as the chain is extended beyond the sixth residue. This problem 
has been somewhat mitigated by the use of strong bases such as DBU (ref. 141), microwave 
heating in concert with addition of LiCl142, or longer reaction times109. Alternatively, it is pos-
sible to couple protected β-oligomer fragments in solution or on the solid phase17,141. Finally, 
a promising new approach involves a creative method of using activated residues in an 
aqueous methodology143. Finally, several groups have made progress in harnessing cellular 
machinery to produce peptides incorporating many non-natural amino acids144–147. Although 
these investigations are currently primarily focused on α-amino acids, further incorporation of 
alternate backbones represents an exciting possibility for advancing the synthetic accessibil-
ity of foldamers. Whatever the approach, the development of a truly robust synthetic method 
for β-peptides, and eventually β-proteins, will be an extremely important step.

Characterization. Our structural understanding of the conformations of foldamers has 
evolved from numerous X-ray, NMR and CD investigations. Crystallography generally pro-
vides the highest resolution structural information, but it is also important to conduct com-
panion experiments to verify that the structure seen in the solid state is indeed observed 
in solution. NMR can also provide high-resolution structural information when applied to 
highly stable secondary structures, and for less stable structures it is a preferred method to 
probe the ensemble of conformations in solution148. For example, the consideration of the 
presence of multiple structures was important in the NMR analysis of a β-peptide expected 
to adopt a 12/10-helix, but also yielding a nuclear Overhauser effect indicative of a 14-
helix149. Far UV CD150 has been extensively used to study the folding of 12-helix and 14-
helix β-peptides, in which it is a rough indicator of helical content. Although this technique 
is less informative when applied to new classes of foldamers whose conformations are not 
yet known151, it can provide semiquantitative information when good reference spectra are 
available and when the oligomer compounds investigated are close homologs. More impor-
tantly, CD can be used to monitor conformational changes in response to changes in pH, 
temperature, and other solution conditions, which is where this method has traditionally 
showed its greatest strength in the analysis of conventional peptides and proteins.
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length between two neighboring point charges can greatly change the 
stability afforded to the 14-helix55. Also, as in the α-helix, appropri-
ately charged side chains near the ends of the helices can interact with 
the exposed backbone amides near the ends of 14-helices56. However, 
because the carbonyl groups in the 14-helix point in a direction opposite 
to that of the α-helix, the requirements for charged groups are reversed. 
Indeed, charged terminal backbone amino and carboxyl groups stabilize 
the 14-helix (Fig. 2c), but are destabilizing to the α-helix. Other design 
principles that can be translated directly from our understanding of α-
amino acids include helix stabilization by introduction of disulfides57 or 
covalent bridges58, or by binding of metal ions between ligating residues 
spaced one helical turn apart49. The helical propensities of individual 
residues can also be qualitatively rationalized on the basis of the 14-heli-
cal structure: the geometry dictating the interactions between side chains 
separated by one turn of a 14-helix is more similar to that observed in 
β-sheets than α-helices (Fig. 3). Thus, one would expect that amino acid 
propensities for 14-helices would be distinct from those for the α-helices, 

and more dependent on interactions with neighboring side chains, as 
has been shown to be the case for β-sheets59. Indeed, β-branched resi-
dues such as valine, which are ‘α-helix breakers’ but β-sheet formers in 
proteins, actually stabilize the 14-helix in water60.

A recent crystal structure of a designed β-peptide has confirmed 
many of these principles, such as the salt bridges previously discussed61. 
In addition, not only does one observe the expected i, i + 3 hydrogen 
bonds between backbone amides, but also possible CH…O=C hydrogen 
bonds (Fig. 2b). Hydrogen atoms on the acidic, unsubstituted back-
bone C2 methylene groups (α to the carbonyl groups) closely approach 
the main chain carbonyls in what is often classified as a CH hydrogen 
bond62. Indeed, Mathad et al. showed that substitution of this prochiral 
hydrogen for a fluorine atom disrupts the formation of the 14-helix63. 
Although these hydrogen bonds are weaker than those involving amide 
protons, they might contribute to stability. This interaction could in 
fact begin to explain the greater conformational stability observed for 
short β-peptides versus α-peptides.

Table 1  Conformations available to aliphatic foldamers

Backbone structure type Amino acid substitution patterna
Number of atoms 
per H-bond ringb

Residues involved in 
hydrogen bonding (i) Helix polarityc References

αn (310-helix) Cα 10 3 N

αn (α-helix) Cα 13 4 N

αβ (11-helix) Cα/C3 or Cα/cyclic C2,3 cyclopentane ring 11 3 N 67,69,73

αβ (14,15-helix) Cα/C3 or Cα/cyclic C2,3 cyclopentane ring 14, 15 4 N 69

α2β Cα/C3 or Cα/cyclic C2,3 cyclopentane ring 10, 11, 11 3 N 137

α2β Cα/C3 14 4 N 67

αβ2 Cα/C3 or Cα/cyclic C2,3 cyclopentane ring 11, 11, 12 3 N 137

αβ2 Cα/C3 or Cα/cyclic C2,3 cyclopentane ring 15 4 N 67,137

βn (12-helix) Cyclic C2,3 cyclopentane ring 12 3 N 132

βn (14-helix) C2, C3 or C2,3 cyclohexane ring 14 4 C 49,132

βn C2,3d 8 1 N 51,52

βn (10/12-helix) Mixed C2/C3 10, 12 1/2 Mixed 25,28,52,99

βn C2,3 (cis-oxetane residues) 10 1 C 138,139

γn C4 9 2 N 29

αγ Cα/C3 9 1 N 140
aCα corresponds to Cα-substituted α-amino acids (normal substitution pattern), or disubstituted amino acids (as in α-amino-isobutyric acid). C2 and C3 correspond to the carbon that bears a sub-
stituent in β-amino acids. bThe number of atoms in the hydrogen bonded rings corresponds to the number of atoms, including the hydrogen of the amide. Note that for some mixed α/β-amino acids, 
there is more than one ring type that repeats throughout the helix. For example, in α2β the hydrogen bonding occurs between each amide carbonyl at position i and an amide at i + 3. If the ring is 
formed between the carbonyl of a β-amino acid (at i), then the ring includes two subsequent α-amino acids (at i + 1 and i + 2) before coming to the hydrogen bonded amide proton. Hence there 
are 10 atoms, as in the 310-helix for this case. The subsequent two hydrogen bonded rings will include an α-amino acid and a β-amino acid, resulting in 11-atom rings. cDirection that the carbonyl 
group points, toward either the C terminus or the N terminus. A ‘mixed’ entry indicates that the carbonyl group points in both directions, at different points in the helix. dThis hydrogen bonding pat-
tern is observed when the C2 position is substituted with a hydroxyl group, when the C2 position is a part of a cyclopropane ring, or when C2 and C3 are part of an oxo-norbonene ring system.
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Figure 2  The 14-helix conformation. (a) The most studied β-peptide helix, the 14-helix, is named as such because of the 14-membered ring formed when 
the i and i + 3 amides form a hydrogen bond. (b) Crystal structure of a 14-helix highlighting backbone hydrogen bonds. (c) 14-helix conformation depicting 
N-terminal and C-terminal capping motifs. Also shown, electrostatic pairing between oppositely charged side chains at i and i + 3 residues, as well as 
hydrophobic side chains at i, i + 3 that are clustered in the crystal structure. Crystal structures are from ref. 61.
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Heterogeneous backbones
What happens when two classes of amino acid 
building blocks (for example, α- and β-amino 
acids) are present in a single peptide? Early 
work along these lines64,65 showed that β-
amino acids can encourage turn formation in 
peptides. Additional exploration of sequence 
space has identified several non-natural resi-
due combinations that are particularly well 
suited to serve as turns or β-hairpin initia-
tors (for reviews, see refs. 28,41,66). A single 
β-amino acid is also well tolerated within 
the α-helix (Fig. 3), with local distortions to 
allow insertion of a single methylene unit67. 
Only recently have the effects of the system-
atic alternation of α- and β-amino acids in 
repeating sequences been examined68,69. Many 
of the resulting structures may be anticipated 
as simple modifications of the common 310- 
or α-helical conformations of conventional 
peptides; the 310-helix (with hydrogen bond-
ing between the amide proton of residue i and the carbonyl of i + 3) 
expands from repeating 10-atom hydrogen rings to 11-atom rings in 
(α-β)n peptides (α and β refer to α- and β-substituted amino acids, 
respectively), whereas the α-helix expands from 13 to 14 atoms in pep-
tides with (α-α-β)n patterns (Table 1)67. The 11-helix has been crystal-
lographically characterized66, and solution studies show that previously 
established rules hold in this new context: α,α-disubstituted α-amino 
acids and cyclic β-amino acids, which are known to stabilize helices in 
other circumstances, were again stabilizing for the hybrid sequence. 
Similarly, crystallographic studies with another α-α-β peptide led to 
a local 14-helix structure related to the α-helix by insertion of a single 
atom67

, and a peptide with a repeating β-α2-β-α3 backbone70 forms a 
modification on the α-helix as shown in Figure 3.

In α-peptides there is a facile interconversion between 310- and α-heli-
cal conformations on a relatively flat energy landscape, particularly for 
short peptides71,72. Peptides composed of 1:1, 1:2 or 2:1 sequences of 
α-amino acids mixed with cyclic β-residues73,74 similarly interconvert 
between hydrogen bonding patterns involving residues i and either i + 3 
or i + 4. Exploring heterogeneous backbone space further, recent studies 
have demonstrated that different combinations of natural and non-natu-
ral monomers similarly result in new structures, many of which are sum-
marized in Table 1: α-amino acids with noncyclic β-amino acids make 
9/11-helices75; α-amino acids with γ-amino acids make 12/10-helices76 
and 12-helices67; β-amino acids with γ-amino acids make 11/13-helices76; 
and α-amino acids with aromatic monomers make structures that defy 
conventional naming schemes77. Vasudev et al. recently reviewed the 
growing literature concerning structures that can be formed between 
various amino acids, and the principles that can be gleaned from these 
studies78. Taken together, the structures observed with peptides with het-
erogeneous backbones offer unprecedented fine control over the display 
of individual substituents for functional studies.

Design: aromatic oligomers
Among the most well-studied aryl-based foldamers are the aromatic 
oligomers based on oligoamides and oligoureas. Like the development 
of well-defined secondary structures of peptides, the construction of 
new structural features of the aromatic foldamers requires consideration 
of localized noncovalent interactions such as hydrogen bonding and 
hydrophobic interactions, but here π-π stacking and specific geometric 
constrains also have significant roles in secondary and tertiary structure 

organization. Additionally, the interactions in this case are often more 
local; usually hydrogen bonding occurs from one monomer to the next, 
thereby limiting the need to consider as many alternative folded states. 
As this is a particularly large field, and design principles have recently 
been reviewed79,80, we will provide the reader with only the briefest 
summary of these properties. To generate backbone-rigidified aromatic 
foldamers that form extended, bent, and helical conformations, selec-
tion of the monomer unit is key. The main considerations for structural 
design are the size of the monomer and the substitution pattern of the 
aromatic ring; indeed, knowing the size of the repeat unit and substitu-
tion pattern provides a reliable predictive method for determination 
of helical radius79–82 (Fig. 4). Even the stability or handedness of the 
helix can be controlled by the monomer choice83. For compounds that 
form a helical structure, hydrogen bonds that stabilize the structure or 
discriminate between two or more potential folded states are typically 
located either in the helix interior (Fig. 4a,b)84, exterior (Fig. 4c)45, or 
even both locations85. In addition to the normal palette of N- and O-
centered hydrogen bonds, F…HN bonds provide an efficient tool in the 
development of foldamers86. Helical conformations can additionally be 
regulated by a variety of factors, including the use of chiral auxiliaries, 
uneven spacing between aromatic rings, and environmental controls 
such as protonation state or choice of solvent, or often a mixture of 
these87–91. Furthermore, as in aliphatic foldamers, interactions between 
pendant ‘side chains’ extending from a helix can further stabilize the 
overall structure92.

In contrast to helical structures, several hydrogen bonding patterns 
have been designed to promote linear foldamer conformations. The 
linear forms can be stabilized in 3-substituted arylamides by inclu-
sion of hydrogen bonding groups that stabilize adjacent amides in the 
appropriate orientation, and/or judiciously positioned heteroatoms in 
the neighboring aryl rings (Fig. 4d,e) (for reviews, see refs. 79,93,94). 
The stability of the linear molecule, in combination with the known 
spacing of substituents along the oligomer backbone, has made this 
general structure a preferred framework for the display of functional 
groups approximating the side chains of an α-helix95. Alternately these 
arylamides have been used as frameworks for other applications, such 
as the display of linear arrays of carboxylates that modify the growth of 
calcite crystals (Fig. 4e)96.

Finally, oligomers have been designed that associate to form dimeric com-
plexes. Specifically, oligomers constructed from 2,6-pyridinedicarboxylic 

β-amino acid

14-helix β-sheet α-helix Mixed α/β-peptide

Figure 3  14-helix and mixed α/β-helices. Interactions between substituents at C3 of residues i, i + 
3 in the 14-helix; distances range from 4.7 Å to 5.2 Å in the crystal structure of Zwit-1F (ref. 61). 
The corresponding cross-strand distance ranges from 4.5 Å to 5.5 Å in a β-sheet (Protein Data Bank 
(PDB) code 1TTA), and the i, i + 4 distances range from 5.9 Å to 6.5 Å in an α-helix (PDB code 2ZTA). 
Mixed α/β-peptide (side and top views shown): overlay of the α-helix and a helix formed in a mixed α/β-
peptide (the additional backbone C2 methylene groups are shown as spheres in the β-amino acid) (PDB 
codes 2ZTA and 2OXJ)70.
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acid and 2,6-diaminopyridine can combine to form a homodimeric 
double helix (Fig. 5)79,87. Because the spacing between strands is based 
on π- π stacking, the overall conformation has much in common with 
the DNA double helix. In contrast to DNA strands, however, there is a 
marked length dependence in the percentage of double versus single heli-
ces observed97, with intermediate lengths favoring the double helix and 
shorter or longer lengths more likely to adopt the single helix. Because 
the behavior of this particular oligomer can be tuned by many environ-
mental factors as discussed above, it is likely to serve as an interesting case 
in developing our understanding of the thermodynamics controlling 
foldamers in general.

Engineering function: β-peptides
In addition to the design of conformationally constrained frameworks to 
address fundamental questions of folding, aliphatic oligomers have been 
used to address problems in molecular recognition with metal ions, pro-
teins, oligonucleotides, membranes and carbohydrates (Supplementary 
Table 1 online). Much work has focused on design of cationic folda-
mers that use electrostatic interactions to bind to membrane or oligo-
nucleotide surfaces. For example, many studies (using both aliphatic 
and aromatic frameworks) have developed polycationic foldamers 
that interrupt Tat/TAR binding (see, for example, ref. 7). Additionally, 
homolysine-rich β-peptides have been developed as delivery vectors 
for gene therapy, simultaneously demonstrating productive interactions 
with both membranes and DNA98. Homoarginine oligomers5 and more 
diverse homoarginine-containing peptides6 are also able to mediate 
transport into mammalian cells, and do so in a chain-length-dependent 
manner. In some cases these peptides enter cells by endocytosis and then 
escape the endosomal compartment in a mechanism requiring endo-
some acidification, whereas in other cases the peptides are able to enter 
cells in what seems to be an endocytosis-independent process based on 
the fact that the cells gain entry into the cell even at 4 °C and in the pres-
ence of NaN3 (ref. 99). Interestingly, β3-oligohomoarginines are able to 
penetrate bacterial cells in what seems to be a passive process100, which 
suggests the same is true for the natural counterpart.

In some biological applications, the presentation of polar and apo-
lar groups along distinct faces of a secondary structure is important, 
although the precise nature of these side chains may not be critical. 
This amphiphilic display is characteristic of amphiphilic helices such 
as apolipoproteins, which are known to impede cholesterol uptake 
in the small intestine. Amphiphilic 14-helical β-peptides also inhibit 
this process, most probably through interactions with the transport 
protein SR-BI (ref. 99). Amphiphilic helices are also observed in anti-
microbial peptides, products of innate immunity that kill bacterial 
cells by disrupting their membranes. This feature can be captured 
within foldamers formed by β-peptides and peptides that contain 
α and β backbone units (α/β-peptides17–20,22,25,101,102, which has 
provided insight into the features required to selectively kill bacteria 
versus mammalian cells. Oligomers that were too long or too hydro-
phobic showed unacceptably high toxicities toward human erythro-
cytes, whereas oligomers with the appropriate length, amphiphilicity 
and hydrophilic/lipophilic balance were selective antimicrobial agents. 
Furthermore, there seemed to be no need to design a rigid, preorganized 
helix, so long as the helical conformation could be induced upon binding 
to the phospholipid surface. Even the ability to form an extended amphi-
philic secondary structure—so often observed in natural antimicrobial 
peptides103—does not seem to be an absolute requirement104. Indeed, 
knowing that regular amphiphilicity is not required in antimicrobial 
agents inspired the construction of random polymethacrylate copo-
lymers with significant and partially selective antimicrobial activity105 
that were designed simply by varying the chain length and mole frac-
tion of positively charged versus methacrylate monomers. Molecular 
dynamics calculations of the interaction of individual components of 
the polymeric mixture with phospholipid bilayers have shown that dis-
tinct regions of the polymers can insert into the apolar region of the 
bilayer, often in dynamically averaging conformations106.

Studies with antimicrobial β- and mixed α/β-peptides have been 
informative with respect to the mechanism of action of this class of 
compounds. Analysis of a large library of β-peptides forming a 12-helix 
was used to demonstrate that the β-peptides likely use the same mecha-

nism for bactericidal action as their α-twins; 
the lower limit of efficacy of ~1 µM suggests a 
mode of action at the membrane, rather than 
for a specific intracellular target101. Recent 
investigations of the mechanism of two anti-
bacterial α/β hybrid peptides demonstrated 
a role for bacterial lipids in the antibacterial 
activity of the compounds22. In particular, one 
of the peptides was able to induce phase segre-
gation of anionic and zwitterionic lipids (and 
thus toxicity), whereas the other was not.

The design of foldamers that inhibit pro-
tein-protein interactions provides a greater 
challenge that requires consideration of not 
only physicochemical properties such as charge 
and amphiphilicity, but also the precise place-
ment of functional groups in three dimensions. 
Early work focused on short cyclic and linear 
β-peptides as mimics of somatostatin99. More 
recent work has focused on capturing the fea-
tures of α-helices, as numerous protein-pro-
tein and protein-peptide interactions involve 
a single helix in one of the two partners. The 
topological similarities of the α- and β-heli-
ces allow ‘mapping’ of the α-helical residues 
onto a β-peptide structure (Fig. 3). Using this 
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mapping approach, β-mimics of the p53 helix 
were designed that interrupted the hDM2-p53 
interaction11,13,107,108; optimization of the ini-
tial sequence by creating a library to introduce 
substitutions along the noninteracting face of 
the helix resulted in a ~10-fold improvement 
in the half-maximal inhibitory concentration 
(IC50)109. β-peptides have also been used as 
mimics of enfuvirtide (Fuzeon), a peptide that 
inhibits human immunodeficiency virus fusion 
peptide14. Although the effector concentration 
for half-maximum response (EC50) of the most 
effective peptide is four orders of magnitude 
weaker than that of the α-peptide, enfuvirtide, 
the β-peptides are much smaller and have not 
yet been extensively optimized.

A similar strategy has resulted in highly 
selective inhibitors of human cytomegalovirus, 
which target the viral fusion protein glycoprotein gB (ref. 10). Extending 
this method to new frameworks has demonstrated the utility of mixed 
α/β sequences for disrupting the Bak–Bcl-xL interaction. By combin-
ing a mixed α/β sequence with an all-α sequence at the C terminus, the 
authors identified a sequence with a ten-fold higher affinity for Bcl-xL 
than the native peptide ligand110. This report highlights the importance 
of being able to continuously vary specific helical parameters by varying 
the backbone structure, as previous efforts to map the BH3 helix of Bak 
with purely 12- or 14-helix designs proved ineffective.

In contrast to the investigation of direct interactions with biological 
targets in solution, foldamers can also be used in biomaterial-inspired 
applications. Nanostructured materials are prominent in the natural 
world and are also often the targets of various attempts to engineer both 
hard and soft materials. Nanostructures from foldamers can be prepared 
by simply propagating the noncovalent forces mentioned above for the 
design of secondary structures over a longer scale to create ordered mate-
rials. This approach is nicely demonstrated by the use of cyclic β-amino 
acids that display trans or cis geometries between the amide and carbonyl 
substituents projecting from the ring111. For the trans system, vesicles are 
assembled from helices displaying ‘vertical amphiphilicity’, or the pres-
ence of the hydrocarbon rings on the helix exterior, whereas in the cis 
geometry, amyloid-type fibrils result from the extended conformation of 
the backbone. In another recent example, β-peptides were designed that 
form birefingent liquid crystals112, thereby providing a new approach to 
this class of materials.

Engineering function: aryl foldamers
Aryl foldamers have also proven to be versatile platforms for the design 
of bioactive mimics of natural proteins. As a starting point, studies of 
systems driven by electrostatic pairing have confirmed the ability of 
arylamides to take part in biological processes. For example, cationic 

arylamides were designed to bind heparin and interrupt the heparin-
antithrombin interaction26 using a framework capable of displaying 
up to six substituents. As could perhaps be anticipated in binding such 
a highly charged target, the binding affinity increased with increasing 
charge and numbers of hydrogen bonding groups. A related framework 
has been used to create amphiphilic mimics (Fig. 6) of antimicrobial 
peptides113,114. As observed for antimicrobial β-peptides, optimiza-
tion of the antimicrobial activity and minimization of toxicity required 
finding the proper balance of chain length, charge, amphiphilicity and 
hydrophobicity114,115. Compounds with decreased conformational free-
dom and increased efficacy were prepared by replacing a central phenyl 
with a pyrimidyl group in the backbone to form hydrogen bonds with 
neighboring amides (Fig. 6)94. Furthermore, based on these principles, 
the widely used phenylalkynyl foldamer framework116 was also used to 
produce polymers, and ultimately small molecules (MW < 600, Fig. 6) 
that are highly potent and selective antimicrobial agents that seem to 
work by the same mechanism as the host defense peptides that served 
as inspiration for their design117,118.

The structural simplicity of aryl-based antimicrobial compounds 
makes them excellent systems for computational and experimental stud-
ies concerning the mechanism of antimicrobial activity. For example, 
sum frequency generation vibrational spectroscopy has revealed that 
the antimicrobial arylamides119 insert into the bilayers with their long 
axes parallel to the membrane surface120. At concentrations below the 
IC50, the leaflet in contact with the oligomers was disturbed, whereas 
the other leaflet of the lipid bilayer was not disturbed. These studies 
are consistent with course-grained molecular dynamics simulations, 
which showed dose-dependent penetration into the outer leaflet of the 
bilayer at low arylamide/phospholipid ratios, and deeper penetration 
and overall perturbation of the bilayer packing at lytic arylamide/phos-
pholipid ratios121.
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As with β-peptides, the controlled display of functional groups on 
aromatic foldamer frameworks can be used to approximate the pro-
jections of side chains at positions i, i + 4, and i + 7 on one face of an 
α-helix. The terphenyl backbone is a successfully used framework that 
is devoid of hydrogen bonds (for a recent example, see ref. 122); other 
backbones use internal hydrogen bonds to ‘lock in’ the desired confor-
mation while increasing the solubility of the structures. Recent efforts 
highlight the utility of these frameworks in interrupting protein-pro-
tein interactions: in particular, mimics of the BH3 helix from Bak have 
been used to disrupt the Bak–Bcl-xL interaction123. Optimization of the 
mimic generated additional binding energy by filling an apolar pocket on 
Bcl-xL, ultimately yielding a molecule with a Ki of 0.8 µM and an IC50 of 
35 µM in a cellular assay124. A different arylamide scaffold has also been 
used to design mimics of the α-helical calmodulin-binding domain of 
smooth muscle light-chain kinase (smMLCK), resulting in a compound 
that binds to this protein with a Ki of 7.1 nM (Supplementary Fig. 1 
online)125. NMR analysis of the smMLCK peptide and the arylamide 
mimic confirmed that the arylamide binds to calmodulin in a manner 
similar to that of the natural helix. In these and other examples, the 
aromatic frameworks have been particularly successful when there are 
additional interactions possible between the fairly nonpolar frameworks, 
which dock against hydrophobic spots on the protein of interest.

Toward predictable tertiary and quaternary structures
The above examples demonstrate the design of functional molecules 
based on aromatic and aliphatic foldamers that adopt well-defined sec-
ondary structures. Ultimately, however, many functions will require the 
greater functional complexity available from tertiary structures. Indeed, 
the design of oligomers that fold into unique tertiary structures is a 
grand challenge in foldamer research116 that probes our understand-
ing of the mechanisms by which natural protein sequences fold into 
their native three-dimensional structures while also laying the ground-
work for the design of complex protein-like functions. A significant 
step toward this goal through the design of a β-peptide intended to 
adopt a zinc finger–like motif was recently realized49. The 16-residue 
peptide consists of a β-hairpin and a 14-helix, both of which can indi-
vidually bind Zn(II) as a bivalent ligand. The two Zn(II)-binding units 
have been individually characterized as isolated short peptides; together 
they are intended to bind Zn(II) in a tetrahedral hCys2-hHis2 geometry 
analogous to the geometry of Zn(II) fingers in transcription factors. As 
observed in the native counterpart, the peptide folds in the presence of 
Zn(II), and hence this represents an exciting step toward the design of 
entirely novel and uniquely structured foldamers. The ability to bind 
metal ions also provides an entrée into the vast array of metalloproteins 
that function as sensors and catalysts.

Other efforts have focused on the assembly of amphiphilic β-peptides 
into helical bundles and coiled coils similar to those seen in α-helical 
proteins. One early study reported a disulfide-linked pair of 14-helical 
peptides that had an unfolding curve appropriate for a tertiary structure 
of this size126; interfacial interactions between the two chains stabilized 
the desired secondary structure. More recent studies have focused on 
noncovalent self-assembly, including assemblies driven either by hydro-
gen bonding between nucleobase-functionalized helices (see for example 
ref. 127) or by hydrophobic packing of amphiphilic 14-helix peptides 
that reversibly associate to form discrete, water-soluble helical oligo-
mers128,129. Recently these efforts have been expanded with the report of 
the crystal structure of a 12-residue β3-peptide, Zwit-1F (Fig. 7), which 
has provided new insight in the design of protein-like architecture61.

The crystal structure of the octamer is composed of four copies of 
parallel helical dimers; two parallel dimers associate in an antiparallel 
manner to create tetramers, which further associate into an octamer 

with a well-packed hydrophobic core (Fig. 7b). The parallel helix dimer 
bears some similarities to a conventional parallel two-stranded coiled 
coil, which provided the inspiration for the original design: the positions 
within the 7-residue geometric repeat unit of α-helical coiled coils are 
represented using the letters “a” through “g,” with the “a” residue pro-
jecting toward the neighboring helix. In a similar manner we can assign 
the “a” residue of the three-residue structural repeat of Zwit-1F as the 
position pointed toward the neighboring helix (Fig. 7c). The amino 
acid sequence is threaded differently onto the two helices of the motif, 
which creates an offset between the two helices and allows interdigitation 
of the leucine side chains along one face of the structure. On the other 
hand, in the antiparallel dimer a pseudo-two-fold axis lies between the 
two helices (Fig. 7d), such that equivalent “a” positions line up on the 
same face of the helical pair, resulting again in a zipper-like arrangement 
of leucine side chains along the face of the dimer that is buried in the 
octameric structure. Because of the inclusion of an additional methy-
lene in the backbone structure of β-amino acids, the surface of the 14-
helix backbone is larger and more apolar than the α-helix. It therefore 
has a more direct role in direct helix-helix packing interactions. This 
feature, together with the geometry of packing of side chains, should 
help provide the essential details required to help calibrate and extend 
computational methods for the design of larger bundles with precisely 
predefined structures and functions.

Another very recent report describes the effects of systematic substitu-
tions of β-amino acids into the two-stranded coiled coil from the tran-
scription factor GCN4 (ref. 70). The substitutions were made along the 
polar side of the helix, to minimize disruption of the packing within the 
core of the coiled coil. The resulting peptide has a repeating sequence of 
(αa-βb-αc-αd-αe-βf-αg)n, in which the subscripts refer to the positions 
of the amino acids in the coiled coil repeat unit. Although the substitu-
tions substantially destabilized the overall folding of the peptide in solu-
tion, it retained sufficient stability to crystallize as a trimeric coiled coil. 
The same α-to-β substitutions were examined in a variant of GCN4 that 
forms a tetramer in the conventional all-α peptide. The corresponding 
α/β-peptide formed a very stable trimer in solution but crystallized as 
a tetramer. The β-amino acid residues in both α/β structures are well 
accommodated, maintaining the overall helical geometry and hydrogen 
bonding pattern of the α-helix (Fig. 7). They also show classical knobs-
into-holes packing of the side chains between the helices. However, in 
each context, the substitutions subtly alter the angle of projection of the 
β-amino acid side chains and the helical packing geometries, thereby 
altering the specificity and stability of the peptides for a given associa-
tion state in solution. It will now be most interesting to determine how 
similar substitutions affect the structures and activities of a variety of 
globular proteins.

Foldamer research—coming of age?
It has now been over three decades since Karle’s first examinations of the 
structures of cyclic peptides containing β-amino acids65, fifteen years 
since Zuckerman’s ground-breaking work on N-alkyl glycine oligomers 
(peptoids)43, and a decade since Seebach’s130 and Gellman’s131,132 first 
studies of the secondary structure of β-peptides. However, chemical 
biologists have only recently begun to use foldamers to study protein-
protein, protein-oligosaccharide, and peptide-membrane interactions. 
Also, the first protein-like structures of β-peptide and α/β assemblies 
were reported only this year. These areas of foldamer research are most 
likely to continue to expand in the coming years, and to play an increas-
ingly large role in chemical biology.

The continued pursuit of new folded backbones, including hybrids 
of aromatic and aliphatic backbones, will lead to increasingly diverse 
platforms for recognition of a variety of biomolecules and surfaces. For 
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example, foldamers are already beginning to show promise in pharma-
ceutical research. They are generally more stable to enzymatic attack than 
peptides99 and require fewer monomeric units to adopt well-defined 
secondary structures, thereby extending the promise of designing smaller 
and more stable versions of peptides (Fig. 4). Furthermore, they can be 
used as stepping stones in the downsizing of peptides to small molecules, 
as illustrated by work discussed above on antimicrobial peptides: the 
starting peptides had molecular weights in the range of 2,000 to 3,000 Da, 

those of the β-peptides were 1,000 to 2,000 Da, and the arylamides and 
phenylalkynyl compounds range from 500 to 1,000 Da (Fig. 6).

One might also expect to see increasing spillover of foldamer frame-
works and monomeric units into more traditional studies of peptide and 
protein structure-activity relationships. D-amino acids, N-alkyl amino 
acids, and related modifications of α-amino acids have long been used to 
probe conformation and enhance activity of synthetic peptides. In a simi-
lar manner, the conformational effects of substituting a β-amino acid 
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for an α-amino acid in peptide secondary structures are now becom-
ing more predictable, so one might see increased use of “β-amino acid 
scans”133,134 of native peptide sequences.

Nearly ten years ago, Gellman made the suggestion that “realization 
of the potential of folding polymers may be limited more by the human 
imagination than by physical barriers”4. As such, we must realize that 
these structures are not just duplicates of the natural world, but distinct, 
and we should capitalize on that distinction. Just as the regular spac-
ing of α-amino acids may facilitate formation of a handful of regular 
secondary structures that mediate some interactions better than others, 
so too should each foldamer backbone show its strengths in different 
ways. Clearly, we are only beginning to explore the conformational space 
of secondary structures available to various backbones. In consider-
ing new backbones it will be increasingly important to consider the 
ease of synthesis of the monomers and oligomers, the ability to control 
the structure and dynamics of the foldamer, and the ease of structure 
determination in solution and the solid state. Furthermore, it will be 
essential to develop new computational methods to assist de novo design 
of foldamer sequences with predictable structures and activities.

Finally, non-natural oligomers will continue to provide useful systems 
to test and extend our understanding of how proteins fold into their 
native three-dimensional structures, and how these structures define 
their abilities to mediate processes such as catalysis, binding and signal 
transduction. As one likely outcome of these studies, we can also look 
forward to the construction of entirely non-natural protein-like tertiary 
structures, as well as initial forays into functional space. Overall, the 
recent work reviewed here provides an excellent foundation for the crea-
tion of new structures, new functions, and new interfaces with nature. 
The chemical and biological applications of foldamers are significant, 
and they will become even more attractive as new frameworks and struc-
tural and functional studies are reported.

Note: Supplementary information is available on the Nature Chemical Biology website.
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