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How Can Folded Biopolymers and Synthetic Foldamers
Recognize Each Other?
Benoit Baptiste,[b] Fr�d�ric Godde,[a] and Ivan Huc*[a]

In the last decade, chemists have synthe-
sized numerous families of oligomeric
foldamers by using a variety of back-
bones.[1] In terms of their chemical com-
position, foldamers may be quite remote
from biopolymers, yet their folded
motifs—helices, turns, linear strands—
often resemble those of their natural
counterparts. Such a resemblance opens
great perspectives for the future devel-
opment of foldamers. Indeed, the con-
trol of molecular structure and dynamics
through folding is the corner stone of
biopolymers’ extraordinary functions.
The use of artificial backbones to invent
new functions is thus expected to give
access to countless applications. Some
long-term objectives, such as artificial
enzymes from non-a-peptidic backbones
or molecular systems that would store
and copy information as efficiently as
DNA, are being considered but remain
far from being achieved, even though
the first artificial tertiary and quaternary
structures[2] and even catalytic activities[3]

have recently been reported. Nonethe-
less, other foldamer properties have
been intensely investigated in recent
years, in particular their potential to in-
terfere with biological functions.[4]

At first glance, the idea of using syn-
thetic foldamers as potential therapeutic
agents is not obvious, because they are
generally much larger—typically be-
tween 0.5 and 5 kDa—than conventional
drugs. However, size can also help solve
problems that are hard to tackle with
smaller molecules. Besides, the rapid de-

velopment of biologics shows that entire
proteins and even cells and tissues may
be used as medicinal products. More-
over, foldamers tend to show high resist-
ance to enzyme degradation and may
advantageously replace a-peptides or
oligonucleotides as active substances. So
why wouldn’t foldamers find their own
niche? One area where a large size and
the plasticity of a folded structure
become an advantage is in binding to
protein or nucleic acid surfaces and the
subsequent inhibition of interactions be-
tween biopolymers.[5] The sites at which
these interactions take place have long
been recognized as valid targets, butACHTUNGTRENNUNGefficient binding at biopolymer surfaces
with small molecules has met limited
success so far. On the other hand, fol-
damers have been shown to fold into
tertiary and quaternary structures in
which artificial secondary motifs bind to
other artificial secondary motifs.[2] Fol-
damers thus also emerge as suitable can-
didates for binding to the surfaces of
protein or nucleic acid folded conforma-
tions.

A growing number of publications val-
idate this concept. Examples that date
from even before the term “foldamer”
was coined[6] include numerous mimics
of oligonucleotidic backbones, such as
peptide nucleic acids (PNA),[7] which
were designed in the context of the so-
called antisense and antigene strategies ;
peptoids, which are a-peptidic oligomers
whose side chains have been shifted to
the amide nitrogen atoms;[8] and oligo-ACHTUNGTRENNUNGamides of pyrrole and imidazole, which
bind to the minor groove of duplex
DNA.[9] In the past few years, aromatic
oligoamide foldamers with helical or
linear conformations,[10, 11] artificial a-pep-
tidic constructs, such as mini-proteins,[12]

branched structures,[13] or macrocy-
cles,[14, 15] b-peptide helices,[16–18] and heli-
cal a/b-peptide hybrids[19–21] have all

been shown to bind to protein or nucle-
ic acid structures and are presumed to
cover a substantial part of the surface
areas of their targets.

Two approaches may be envisaged to
identifying synthetic folded oligomers
that recognize biopolymer targets. The
first consists of eliciting arrays of interac-
tions that do not exist in nature, and cre-
ating de novo new recognition motifs.
Although there is no fundamental obsta-
cle to this approach, examples of the
sort are quite rare. Quinoline-derived hel-
ical oligoamides have been serendipi-
tously found to bind to G-quadruplex-
es,[10] and their mode of interaction is
likely to be new but it has not yet been
elucidated. Pyrrole and imidazole oligo-ACHTUNGTRENNUNGamides that bind in the minor groove of
DNA were initially inspired by the bind-
ing mode of the natural product dista-
mycin A, but were thereupon extended
by design to an artificial extensive recog-
nition mode of nucleotidic sequences.[9]

In fact, most artificial folded structures
capable of recognizing biopolymers
through new recognition schemes are
not synthetic foldamers but non-natural
peptidic or nucleotidic sequences, such
as aptamers,[22] that are produced by in
vitro evolution techniques using molecu-
lar biology tools.

The second strategy for identifying
synthetic folded oligomers that recog-
nize biopolymer targets consists of mim-
icking arrays of interactions that already
exist in nature, for example protein epi-
topes.[23] This generally amounts to creat-
ing mimics of the secondary-folded
motifs of proteins or nucleic acids. Some
of these mimics follow quite obviousACHTUNGTRENNUNGdesigns: PNAs as DNA analogues[7] and
peptoids as peptide analogues.[8] Yet the
task is far from easy. For example, a cen-
tral issue that has proven to be very
challenging is the design of a-helical
peptide mimics. This problem is often re-
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duced to finding scaffolds that display
an array of proteinogenic residues at dis-
tances identical to those found at the i,
i+4 and i+7 positions of a-helices. This
has been achieved by Hamilton and co-
workers, who have shown that aromatic
oligoamides or oligoureas can mimic an
a-helical domain of the protein BH3 and
bind into the hydrophobic cleft of the
Bcl-xL protein with good affinities,[11] al-
though these affinities remain smaller
than those of a-peptidic constructs.[12, 14]

Helical b-peptides can adopt a variety
of conformations (Figure 1), and it has
been hoped that some of them could

mimic a-helices. Several works tend to
validate this hypothesis: b-peptidic heli-
ces have been used to bind to the hy-
drophobic groove of the protein hDM2
and to inhibit interactions with the a-
helix of the protein p53;[18] they have
been shown to bind to proteins of the
brush border membrane and inhibit cho-
lesterol absorption by the small intes-
tine;[16] they have even served to replace
an entire a-helical domain of a human
interleukin 8 that then remains sufficient-
ly well folded to be active.[17] However, in
all three cases, the b-peptide helix only
mimics the overall amphipathicity of the
natural a-helix. It is unclear whether in-
teractions between the side chains of
the target protein and its natural a-heli-
cal ligand/fragment are mimicked in all
their intricacy by the b-peptide helix.

These doubts and difficulties arise from
the fact that none of the various kinds of
b-peptide helix accurately reproduces
the spatial arrangement of residues
found in a-helices (Figure 1). The distri-
bution of the side chains in space varies,
helical handedness can be P or M, and
the orientation of the helix macrodipole
with respect to the C and N termini can
also be inverted.

A successful refinement of this ap-
proach has emerged in the past two
years and consists of tuning the position
of residues at the helix surface through a
combination of a- and b-amino acids in

the same sequences, either in periodic
arrangements (e.g. , abab, aabb, etc.) or
in nonperiodic arrangements (e.g. a/b+

a).[19, 20] Definite progress was shown by
the identification of a/b+ a chimeric
peptides that inhibit the interaction be-
tween Bcl-xL and its proapoptotic part-
ner with Kd values in the 2 nm range. It is
striking, however, that despite intensive
efforts, these sequences were not de-
rived from a structure-based design, but
from a systematic variation of a and b

residues, a method named “sequence-
based design” by the authors.[20] Since
the design of synthetic foldamers rests
primarily on structural considerations, it
is reasonable to hope that their interac-
tions with biopolymers would also be
structure-based. Why have develop-
ments in this direction remained so

slow? One critical element is a sheer lack
of accurate structural information and, in
particular, of crystallographic data at
atomic resolution on the recognition in-
terface between biopolymers and syn-
thetic foldamers. Two early examples are
the crystal structures of a peptoid bound
to Src homology 3 (SH3) protein[8b] and
that of an oligoamide of pyrrole and imi-
dazole bound to the complementaryACHTUNGTRENNUNGsequence of duplex DNA.[9b]

In this context, the recent publica-
tion[21] by Fairlie, Gellman and colleagues
of the crystal structure of an a/b+a chi-
meric peptide bound to the BH3-recog-
nition cleft of the protein Bcl-xL repre-
sents a highly important contribution
(Figure 2). This structure validates (and
provides a structural basis for) a number
of sequence–affinity relationships previ-
ously established in solution studies. It
confirms that the a/b decameric seg-
ment adopts a 14/15 helical conforma-
tion (Figure 1), whereas the C-terminal
a-peptidic segment is a-helical. It shows
why either side-chain modifications or
residue homologation at some a-pepti-
dic positions of the foldamer in close
contact with Bcl-xL result in a substantial
decrease of foldamer binding. On the
other hand, some solvent-exposed resi-
dues may be modified with greater toler-
ance. The structure validates the initial
concept that a foldamer helix can mimic
an a-helix if it can (very) accurately re-
produce the spatial organization of the

Figure 1. Side and top views of various b- and a/b-peptide helices and of an a-helix illustrating the
global common appearance of these structures yet clear differences in the spatial organization of side
chains.

Figure 2. Overlay of the crystal structures of a
BimBH3 a-peptide (blue ribbon) and of an a/b +a

chimeric peptide foldamer (green ribbon) bound
to the BH3-recognition cleft of Bcl-xL (in gray). De-
tails of the ligand–protein interfaces, in particular
at b-peptidic residues, and the analogously posi-
tioned side chains on BimBH3 are shown. Repro-
duced with permission from ref. [21] . Copyright :
Wiley-VCH, 2009.
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a-peptide side chains. A careful examina-
tion of the foldamer–Bcl-xL complex
structure also suggests that cyclic b-pep-
tide residues as well (ACPC: trans-2-ami-
nocyclopentane-carboxylic acid) can es-
tablish intimate new contacts with the
protein surface and significantly contrib-
ute to complex stability (Figure 2).

Structural studies of foldamer–protein
interactions thus greatly enhance our
knowledge of how binding occurs and
are expected to improve our ability to
design foldamers targeted to specific
proteins or nucleic acids. Even though
examples have been rare thus far, more
are expected to follow in the coming
years. There are indeed many reasons to
believe that foldamers, be they chemical-
ly similar or remote from biopolymers,
might constitute adequate scaffolds for
creating stable complexes based on ex-
quisite surface complementarity or even
chimeric tertiary structures involving pro-
tein, nucleic acid and foldamer frag-
ments.
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