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C O N S P E C T U S

For more than a decade now, a
search for answers to the fol-

lowing two questions has taken us
on a new and exciting journey into
the world of �- and γ-peptides:
What happens if the oxygen atoms
in a 3i-helix of a polymeric chain
composed of (R)-3-hydroxybu-
tanoic acid are replaced by NH
units? What happens if one or
two CH2 groups are introduced
into each amino acid building
block in the chain of a peptide or
protein, thereby providing homo-
logues of the proteinogenic R-amino acids? Our journey has repeatedly thrown up surprises, continually expanding
the potential of these classes of compound and deepening our understanding of the structures, properties, and mul-
tifaceted functions of the natural “models” to which they are related. �-Peptides differ from their natural counter-
parts, the R-peptides, by having CH2 groups inserted into every amino acid residue, either between the CdO groups
and the R-carbon atoms (�3) or between the R-carbon and nitrogen atoms (�2). The synthesis of these homologated
proteinogenic amino acids and their assembly into �-peptides can be performed using known methods. Despite the
increased number of possible conformers, the �-peptides form secondary structures (helices, turns, sheets) even when
the chain lengths are as short as four residues. Furthermore, they are stable toward degrading and metabolizing
enzymes in living organisms. Linear, helical, and hairpin-type structures of �-peptides can now be designed in such
a way that they resemble the characteristic and activity-related structural features (“epitopes”) of corresponding nat-
ural peptides or protein sections. This Account presents examples of �-peptidic compounds binding, as agonists or
antagonists (inhibitors), to (i) major histocompatibility complex (MHC) proteins (immune response), (ii) the lipid-
transport protein SR-B1 (cholesterol uptake from the small intestine), (iii) the core (1-60) of interleukin-8 (inflam-
mation), (iv) the oncoprotein RDM2, (v) the HIVgp41 fusion protein, (vi) G-protein-coupled somatostatin hsst receptors,
(vii) the TNF immune response receptor CD40 (apoptosis), and (viii) DNA. Short-chain �-peptides may be orally bio-
available and excreted from the body of mammals; long-chain �-peptides may require intravenous administration but
will have longer half-lives of clearance. It has been said that an interesting field of research distinguishes itself in that
the results always throw up new questions; in this sense, the structural and biological investigation of �-peptides has
been a gold mine. We expect that these peptidic peptidomimetics will play an increasing role in biomedical research
and drug development in the near future.
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1. Introduction

It is not the mountains that we conquer, but ourselves.
Sir Edmund Hillary (1919-2008)

�-Peptides consisting of homologated proteinogenic amino

acids were first prepared and investigated in the mid-1990s.1

Within less than ten years, they have evolved as a totally new

class of unnatural peptidic oligomers with most surprising

chemical and biological properties (Figure 1).2

1.1. Preparation of �-Amino Acids and Synthesis of �-
Peptides. Prior to a discussion of the properties of �-pep-

tides, a brief outline of their synthesis is appropriate. For

quick access to the 21 homologated proteinogenic amino

acids Fmoc-�hXaa(PG)-OH, with N-Fmoc protection and acid

labile protection (PG) of functionalized side chains for solid

phase peptide synthesis, a single, generally applicable

method for each type of �-amino acid (Figure 1) was cho-

sen by us. The �3hXaa-type of �-amino acid was obtained

by Arndt-Eistert homologation (Figure 2a);3 apart from the

histidine, cysteine, and selenocysteine derivatives,4,5 all

�3-building blocks are now commercially available.6 The

�2,3-amino acids were prepared from the �3-derivatives by

enolate alkylation7 or from enolate esters by the Davies

method (Figure 2b).8 For the �2-homoamino acids, the over-

all enantioselective Mannich reaction or benzyloxycarbonyl-

methylation/Curtius degradation was applied using the

modified Evans auxiliary DIOZ (Figure 2c).9 There are

almost weekly reports in the literature about alternative

methods for preparing �2-amino acids, none of which has

so far produced the 21 derivatives with proteinogenic side

chains (with acid-labile protection of the functionalities), an

F-moc group, and free carboxylic acid group, as required for

solid-phase synthesis. A specialized review covering the lit-

erature up to 2004 has been published.10

The manual or machine coupling of the �-amino acid deriv-

atives by the Fmoc-strategy on various resins had to be

adapted for �-peptide synthesis but was otherwise straightfor-

FIGURE 1. Three types of �-amino acids and �-peptides with
proteinogenic side chains R: �3 and �2, insertion of a CH2 group
between the CO and the R-carbon and between the R-carbon and
the nitrogen, respectively; �2,3, �-amino acid with an additional
proteinogenic side chain (for example, Me) in the R-position with
like (R,R or S,S) or unlike (R,S or S,R) configuration. A γ4 peptide
results from insertion of two CH2 groups into each R-amino acid
residue.

FIGURE 2. Generally applicable methods used by us for the
preparation of the various types of �-amino acids with the 21
proteinogenic side chains R: (a) stereospecific classical
homologation of R-amino acids (H-Xaa-OH) by insertion or addition
of a one-carbon moiety to give �3-amino acids (H-�3hXaa-OH); (b)
R-methylation of a �-amino acid derivative or overall
enantioselective Michael addition of NH2/H or NH2/CH3 to an
acrylate ester for preparation of �2,3-amino acids; (c) overall
enantioselective aminomethylation of a “des-amino” acid, directly
or through a succinic acid half-ester, to provide �2-amino acids
(H-�2hXaa-OH).
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ward;2 in some cases, dimer-fragment coupling, rather than

single amino acid coupling, turned out to be advantageous.11

1.2. Structural and Biological Properties of �-Peptides.
�-Peptides fold to helices or hairpin-type structures, and they

can be constructed such that they do not fold but are linear

or assemble to pleated sheets (Figure 3).1,2,12–15 In contrast to

their natural R-peptidic counterparts, �-peptides form such sec-

ondary structures in protic solutions (MeOH, H2O) with chain

lengths as short as four residues and without restricted back-

bone rotation, as in oligomers containing 2-amino-cyclopen-

tane- and -cyclohexane-carboxylic acid moieties.16,17

Furthermore, there are intriguing inherent differences

between the helical, linear, sheet, and hairpin structures of the

natural peptides and their �-peptidic analogs (Figure 3): (i) due

to more constitutional (�3, �2, �2,3) and configurational ((R), (S),

like, unlike) variety of the building blocks there are more dif-

ferent secondary structures; (ii) the screw sense (P or M) of the

helix from L-R-amino acids ((P)-3.613) and that from L-�3-ho-

moamino acids ((M)-314) is opposite and so is the direction of

their macrodipole; (iii) a �-peptidic chain of �2/�3-segments

folds to a most “unnatural” helix consisting of alternating 10-

and 12-membered hydrogen-bonded rings; (iv) each layer of

a �-peptidic sheet is polar, with all CdO bonds pointing in the

same direction and all N-H bonds in the opposite direction;

(v) the A1,3-forbidden positions for non-hydrogen substituents

in a hairpin turn of a �-peptide are different in the two anti-

parallel N- and C-terminal segments; (vi) while the geminally

disubstituted R-amino-acid residue Aib is helix-inducing and

sheet-breaking in the “R-world”, �2,2- and �3,3-homo-Aib are

both 314-helix- and sheet-breaking in the “�-world”.

Besides the structural similarities and dissimilarities alluded

to in the previous section, there is perhaps a more dramatic

biochemical and biological difference between the R- and the

�-peptidic compounds with proteinogenic side chains: it is sug-

gested by the biological investigations carried out so far that

�-peptides are stable against proteolytic, other hydrolytic,18

and metabolizing enzymes in mammals,19 insects,20 plants,20

and, with one exception,21 even in microorganisms,22 and

only rarely has antibiotic or hemolytic activity been

observed.23

FIGURE 3. Helices, pleated sheets, and turns of �-peptides: (a) The 314-helix built of �3hXaa (or �2hXaa) residues with the side chains in
almost parallel juxtaposition on the surface of the helix in i and (i + 3) positions at a distance of ca. 4.8 Å. The helicity is M and the helix
has a macrodipole from C- to N-terminus (for comparison, the “R-helix” of R-(Xaa)n-Y has i and (i + 4) side chains at a distance of 6.3 Å
projecting at an angle of 40°, the helicity is P, and the macrodipole points from N- to C-terminus). (b) The (P)-�3/�2-12/10-helix without a
macrodipole, with two different hydrogen-bonded rings, and with a more and a less “crowded” surface area. (c) The �-peptidic parallel
pleated sheet. All substituents in the 3-position of the amino acid residues point in the same direction and incidentally are the same distance
apart (4.8 Å) as the i and i + 3 side chains of the 314-helix (for comparison, in R-peptidic sheet structures, substituents alternately point in
opposite directions with equidirectional distances of ca. 6.5 Å). (d) The �-peptidic turn (10-membered H-bonded ring, compare the 12/10-
helix in panel b) with attached antiparallel sheet structure (compare panel c) form a hairpin turn (see also section 2.3). Figure reproduced
from refs 2 and 31 by permission of Verlag Helvetica Chimica Acta.
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Thus, living organisms do not seem to interact with the

�-peptidic structures: bad news in a search for peptidomimet-

ics!? In contrast, with increasing knowledge and understand-

ing of the secondary structures of �-peptides, we were able to

imitate R-peptidic secondary structures and thus mimic their

biological functions without having to cope with their hydro-

lytic and metabolic instability.

2. Mimicking Peptide-Protein and
Protein-Protein Interactions (PPIs) with
�-Peptides

2.1. Linear Arrangements: Major Histocompatibility

Complex (MHC) Protein Binding. Proteins encoded by the

major histocompatibility complex bind short peptides and

present them on the surface of vertebrate cells,24–26 where

T-cells are checking whether the presented peptide is “self” or

“nonself”; when nonself, the corresponding cell is destroyed,

for instance, by the natural killer (NK) cells. This mechanism

is central to the immune system. The major contribution to the

MHC-protein binding enthalpy is provided by peptide side

chains near the termini, so-called anchoring groups, which fit

in the protein’s pockets (Figure 4).27 The central section of the

MHC-protein-binding peptides, a more or less linear confor-

mation, is important for T-cell recognition. A group of MHC-

protein-binding peptides, isolated from patients suffering from

arthritis (an autoimmune disease), contain C- and N-terminal

arginine and lysine side chains as anchoring groups. With a

peptide consisting of six C-terminal �-amino acid residues of

alternating (S)- and (R)-configuration (to prevent folding to a

314-helix and to a turn) and of two N-terminal R-amino acids,

the inhibition of NK cytotoxicity of humanized pig cells in

human blood was reduced to the same extent as by a natu-

ral R-nonapeptide (Figure 4).28

2.2. Mimicking PPIs Involving Helices. The first dem-

onstration of a �-peptidic mimicry of an R-peptidic helix was

the inhibition of the lipid-transport protein SR-B1, which trans-

ports, for instance, cholesterol from the small intestine into the

lymph and blood system. It is inhibited by peptides and pro-

teins folding to or containing amphipathic helices, which carry

polar R-amino acid side chains on one face and nonpolar ones

on the other face of their surface (see Figure 5). A �-nonapep-

tide, which in its 314-helical form has the hydrophobic

�-amino acid side chains of alanine and phenylalanine on one

side and the hydrophilic side chains of lysine on the other

side, was shown to inhibit cholesterol transport by SR-B1

through the brush-border membrane (CaCo-2 cells).29 In this

case, it looks as if the only common property of the R- and

�-peptidic inhibitors needs to be the amphipathic character of

their helical forms.

FIGURE 4. Inhibition of NK cytotoxicity by a �-hexapeptide with two terminal R-amino acid residues: (a) schematic picture of an MHC-
protein-binding nonapeptide displayed on a cell surface and being “checked” by a T-cell; (b) reduction of NK killing rate in the presence of a
natural R-peptide and of an R/�-peptide; (c) formulae and degree of NK inhibition by an R- and a �-peptidic compound. Figure reproduced
from ref 2 by permission of Verlag Helvetica Chimica Acta.

FIGURE 5. Inhibition of a lipid-transport protein by a �-
nonapeptide capable of folding to a helical form with amphipathic
character: (a) transport protein SR-B1 in the intestine wall; (b) CaCo-
2 cell test for permeability through the brush-border membrane; (c)
a typical R-peptidic 3.613-helix of amphipathic character and a
simple �-peptidic mimic, reducing cholesterol transport through
living CaCo-2 cells, in which the R-peptide is ineffective because of
degradation by peptidases. Figure reproduced from ref 2 by
permission of Verlag Helvetica Chimica Acta.
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Along the same lines, the entire C-terminal helical part

(61-77) of interleukin-8 (hIL-8) was replaced by a �-peptidic

section (61-75) imitating, in its helical conformation, the

amphipathic character of the natural helix (Figure 6).30 Despite

the fact that the two helices have the opposite sense of chiral-

ity and a reversed direction of the macrodipole, the R/�-chi-

meric protein could be shown to have an identical efficacy

and an only 10-fold reduced affinity (EC50) for the CXCR1

receptor of hIL-8, as compared with the natural protein.

Inspection of R- and �-peptidic helix models shows that the

relative positions of adjacent substituents are quite different

(i(i + 4)1/2 ca. 6 Å at an angle of ca. 40° in the 3.613-helix, and

i(i + 3)1/2 ca. 5 Å more or less exactly parallel in the 314-he-

lix, cf. Figures 3 and 6).31 Despite this distinct difference, it was

possible to mimic with appropriately designed �-peptides the

recognition epitopes of helical protein domains in protein-
protein interactions, such as that between the activation

domain of the human suppressor p53 and the oncoprotein

hDM2 (Figure 7).32,33 Also, an intramolecular interac-

tion between the two protein domains of the HIVgp41 fusion

protein, involving the so-called WWI (Trp628, Trp631, Ile635)

epitope on a 3.613-helix, can be inhibited by a 314-helical

�3-decapeptide.34,35 It is remarkable that the �-peptides used

in these investigations may be considered amphipathic, with

two polar “stripes” and one nonpolar “stripe” on the surface of

a 314-helix (cf. Figure 6).

2.3. Imitating r-Peptidic Hairpin Turns and Their

Interactions with Proteins. The most accurate and rational

mimicking of an R-peptidic secondary structure by �- and also

by γ-peptides36 is possible with so-called “�”-turns. The pep-

tidic dimer sequence -(S)-�2hXaa-(S)-�3hXaa- and its mirror

image -(R)-�2hXaa-(R)-�3hXaa- favor folding with formation

of a 10-membered hydrogen-bonded ring (Figure 8a,14,37

compare the 12/10-helix in Figure 3). In this secondary-struc-

tural motif, the geometry of the (CHR-CO-NH-CHR) unit is

superimposable with that of a corresponding R-peptidic so-

called �I-turn with a D-R-amino acid residue (Figure 8b). There-

fore, a PPI involving recognition of the two side chains on the

turn of one peptide/protein in the pocket of another can be

mimicked by a �-peptide (cf. Figure 8c). This has been dem-

onstrated with a large number of open-chain �-di-, �-tri-, and

�-tetrapeptides, as well as cyclic �-tetrapeptides, that mimic

octreotide (Sandostatin, Figure 9a), an analog of the peptide

hormone somatostatin containing a hairpin turn (D-Trp-Lys, see

also Figure 8).37–41 The affinity of the �-tetrapeptide shown in

Figure 9b was strikingly specific to one of the five human

G-protein-coupled receptors (hsst4), which is present in high-

est concentration in brain tissue, and which is of unknown

function. Note the dramatic difference between the constitu-

tional isomers with (Figure 9b) and without (Figure 9c) the

�2/�3-turn segment. A cyclic analog is shown in Figure 9d.41

An open-chain “mixed” �3,R,�3,�3-tetrapeptide was shown in

an affinity investigation40 and by ADME (absorption, distribu-

FIGURE 6. Replacing the entire R-peptidic 3.613-helix of the protein interleukin-8 (hIL-8) by a �-peptidic 314-helix with retention of activity:
(a) The 16-residue long C-terminal helix section in hIL-8 is amphipathic (with basic and acidic polar side chains grouped on the polar
surface). (b) The nonpolar surface of the helix is in contact with the other part of the 77-residue long protein, and its polar surface is
exposed to the aqueous medium; replacement by a �3-peptidic C-terminus leads to a functional chimeric protein. (c) Arrangement of
nonpolar and polar side chains on the surface of the �-peptidic helix is shown (a �3-icosapeptide in MeOH has the side chain distribution
shown here31). (d) Attachment of the �-peptidic part to the remainder of the protein by thioligation is shown.

FIGURE 7. Modeled docking of an R- and a �-peptide helix into
the pocket of a receptor protein. The �-decapeptide shown in its
helical form is amphipathic (cf. Figure 5) and presents its leucine,
tryptophan, and phenylalanine side chains in a similar arrangement
(A) to the corresponding R-peptide (B).
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tion, metabolism, excretion) investigation with rats to be a

potent agonist of the somatostatin sst4-receptors, to be orally

bioavailable (25% in 15 min), to be metabolically stable, and

to be completely excreted within 3 days (vide infra, Figure

10).42 This and other ADME investigations with radioactively

labeled �-peptides have uncovered the outstanding proteolytic

and metabolic stability of these peptidomimetics, as well as

the fact that their distribution in various tissues and organs of

rats is highly structure-dependent (Figure 10).19,42,43

The successful mimicking of the somatostatin turn struc-

ture by short-chain (“small”) �- and γ-peptides36–42 can be

considered as just a promising starting point. G-protein-cou-

pled receptors (GPCRs), such as those for somatostatin, are

ubiquitous in living organisms, and many are activated by

peptides. The title of a recent review article44 speaks for itself:

“Over One Hundred Peptide-Activated G Protein-Coupled

Receptors Recognize Ligands with Turn Structures”. Note that

targeting GPCRs with peptidomimetics does not require cell

penetration!

2.4. Cyclic �-Tripeptide Derivatives with Carcinostatic
Activity and as Scaffolds for the Mimicking of Protein-
Protein Interactions. C3-Symmetrical cyclic oligomers, such

as enterobactin, play important roles in bacterial ion uptake

and storage. Compounds of this type bind metal ions with

high affinity and selectivity due to the unique structure of their

central macrocyclic core where the ester carbonyl groups all

point upward and the metal ion is complexed by catachol

units below the ring. Cyclic �-peptides resembling the core of

enterobactin adopt similar structures, appearing to stack into

indefinite tubes in the solid state and possessing a large dipole

moment due to the unidirectional alignment of the CdO

groups (Figure 11a).45 Cyclic �-peptides of this type have been

FIGURE 8. Mimicking R-peptidic hairpin turn structures and a turn-
related peptide interaction: (a) (S,S)-�2/�3 segment forming a 10-
membered hydrogen-bonded ring; (b) structural analogy of an (R,S)-
R,R- and an (S,S)-�2/�3-turn with respect to the spatial arrangement
of the attached side chains R; (c) when interaction of those side
chains (“bit of a key”) with pockets of a receptor protein (“lock”) are
important, the different structures of the attached antiparallel sheets
may merely act as the “handle of the key”.

FIGURE 9. Affinities [nM] of various somatostatin-mimicking
peptides for the human receptors hsst1-5: (a) Sandostatin, used for
treatment of acromegalia and of certain colon cancers, with highest
affinity for hsst2 (growth-hormone regulation) and lowest affinity
for hsst4 (unknown function); the turn element contains (R)-
tryptophan, stabilizing a �-turn; (b) a �3/�2/�3/�3-tetrapeptide
folding to a turn and binding specifically to hsst4 (present in
highest concentration in brain tissue); (c) the constitutional isomer
consisting of all �3-residues does not bind to hsst4; (d) a cyclic �-
tetrapeptide built of two �2- and two �3-amino acid residues (NMR-
solution structure shown) has moderate affinity for hsst4. Figure
reproduced from ref 2 by permission of Verlag Helvetica Chimica
Acta.
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shown to have carcinostatic and antiproliferative activity

against a range of human cancers including leukemia, CNS,

renal, non-small-cell lung, ovarian, and breast cancer cell

lines.46

Such �-peptidic macrocycles have also been used to mimic

more complex processes. Multivalent ligand-induced oligo-

merization is a general and important process in initiating and

controlling many cell-surface receptor-mediated biological pro-

cesses with the activation of the receptors strongly relying on

a stoichiometrically defined complex. Cyclic �-tripeptide deriv-

atives have recently been used as key central scaffolds for

mimicking the interactions of CD40L,47,48 a C3-symmetric

homotrimeric ligand, with its receptor CD40,49 an essential

immune response glycoprotein and member of the tumor

necrosis factor receptor (TNFR) superfamily (Figure 11b,c).

A general feature of such mimics is the cyclo-(�3-hXaa)

core, where the peptide backbone adopts a flat ring confor-

mation with the side chains occupying equatorial positions

along the ring’s edge and radiating outward. Small, synthetic,

C3-symmetric molecules containing such �-peptidic cores inter-

act significantly with CD40 (KD ) 2.4 nM) and induce high lev-

els of apoptosis in lymphoma and leukemia cells. Ligands with

central cores composed of R-amino acids (L and D) were found

to be not as effective, and it is suggested that the diameter of

the central �-peptidic ring (ca. 6-6.5 Å) is “just right” for pre-

senting the side chains at the correct distance and location to

induce a biological effect. Molecular modeling and X-ray stud-

ies indicate that the surface area buried upon complexation of

CD40 and CD40L is ca. 850 Å2, making the ability of such

synthetic ligands to mimic the 39 kDa CD40L all the more

remarkable. Recently, such molecules have been shown to

inhibit parasitemia in Trypanosoma cruzi infected mice by

binding to CD40 and eliciting an IL-12-mediated immune

response.50

3. Interactions of �-Peptides with DNA and
RNA
In an effort to mimic the binding portion of DNA-duplex-bind-

ing enzymes (proteins), which are known to generally fold to

helical structures upon binding to the DNA (“induced fit”) while

being “unstructured” in the absence of DNA, we have prepared

�-peptides in such a way that their 314-helical form would

have asparagine and glutamine side chains in the central part

and lysine side chains near the termini. This substitution pat-

tern would allow the 314-helix to form hydrogen bonds with

FIGURE 10. Structure-dependent and organ-specific distribution of
three different 14C-labeled �-peptides in rats. The white areas
indicate the presence of the �-peptide in these
autoradioluminograms of sagittal sections (top, kidney, bile, testes;
center, kidney, cartilage, lymph nodes; bottom, liver, lymph nodes).
The �-peptides are not degraded or metabolized and are more or
less slowly excreted. The distribution among different organs shifts
with time. Figure reproduced from refs 19 and 42 by permission of
Verlag Helvetica Chimica Acta.

FIGURE 11. (a) Cyclic �-tripeptides, resembling the bacterial Fe
chelator enterobactin, adopt indefinite tubes in the solid state due
to unidirectional alignment of the CdO bonds and display
antiproliferative activity against a range of cancer cell lines: cyclo-
(�3hGlu(OBn))3sCNS (mean 10 µM), renal (mean 8 µM), non-small-
cell lung (HOP-92 4 µM), ovarian (SK-OV 6 µM), breast (HS 5787 5
µM). Reproduced from refs 45 and 46 by permission of Verlag
Helvetica Chimica Acta. (b) The 39 kDa CD40L (1aly in the RCSB
Protein Data Bank) binds as a homotrimeric ligand to the TNF
(tumor necrosis factor) immune response receptor CD40. (c) Small
synthetic C3-symmetrical ligands, containing a key �-tripeptidic core
that allows the side chains to radiate out equatorially from the
central scaffold, mimic CD40L binding and induce apoptosis in
lymphoma and leukemia cells. Such synthetic ligands have also
been shown to inhibit parasitemia in Trypanosoma cruzi infected
mice.
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the bases and have charge interactions with the backbone of

DNA phosphate anions, just like the natural R-peptidic coun-

terparts. As is evident from the circular dichroism titration

curves in Figure 12, an appropriately designed �-pentade-

capeptide interacts with the 20-mer DNA duplex containing

the ATF/CREB-binding sequence for the protein GCN4

(involved in the regulation of cAMP).51 A specific nanomolar

interaction of a �-undecapeptide mimicking the HIV-tat pro-

tein in the binding of TAR-RNA (transcription activator respon-

sive element) has also been reported.52

Structurally less well-defined interactions between polyca-

tionic �-peptides and DNA have been described as well by

us19,22,53 and by others.54 The broadly demonstrated but

poorly understood cell-penetrating ability of lysine- and argi-

nine-rich peptide sequences allows organisms to carry car-

goes through cell walls.55–57 With simple oligolysines and

oligoarginines (>8 residues), unnatural cargoes such as

fullerene or magnetic particles can be transported into cells. If

not proteolytically degraded, the positively charged peptides

go all the way into eukaryotic nuclei and bind specifically to

the nucleoli (“exposed” DNA). This result can also be obtained

with the proteolytically stable peptides consisting of corre-

sponding D-amino acids or of �-amino acid residues (Figure

13).

4. Conclusion and Outlook

From the available data, there is no doubt that �-peptides car-

rying proteinogenic side chains can mimic their progenitors,

the R-peptides. Helical mimics will be likely to consist of six or

more �-amino acid residues, while turn- and hairpin-mimick-

ing �-peptides might consist of as few as two �-amino acid

moieties. As demonstrated with a �-peptidic tetrapeptide, there

is a chance that the short-chain �-peptides are orally bioavail-

able and are excreted within a reasonably short half-life (see

section 2.3), a prerequisite considered essential for a drug can-

didate by most medicinal chemists and clinical researchers.

Proteolytic cleavage and metabolic processes do not seem to

be an issue with �-peptides. Longer-chain �-peptides for which

“pharmacokinetic” investigations have been carried out so far

are neither orally bioavailable nor effectively excreted. In this

respect, they resemble certain proteins, such as anti-

bodies,58,59 and peptides consisting of D-R-amino acid units.60

Such compounds are actively investigated for application as

drugs. We could foresee the development of �-peptides with

FIGURE 12. A �-pentadecapeptide designed for its helical form to bind to DNA duplexes and “titration” of the interaction with a 20-mer
DNA duplex by circular dichroism spectroscopy. No information about the actual structure of the complex is available as yet. Figure
reproduced from ref 51 by permission of Verlag Helvetica Chimica Acta.

FIGURE 13. Fluorescence microscopy of fluorescein-labeled �-
oligoarginines entering eukaryotic (a) mouse cells and (b) HeLa cells
and (c) prokaryotic Bacillus megaterium cells. The metabolically
stable �-oligoarginines bind preferentially to the nucleoli within the
mammalian cell nuclei. In the bacterium, the entire interior “shines”,
compatible with the fact that there is no cell nucleus with the DNA
being more or less evenly distributed throughout the cell. Figure
reproduced from ref 2 by permission of Verlag Helvetica Chimica
Acta.
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long-term activities, for instance, for the treatment of autoim-

mune diseases (see section 2.1).

The rational design and the stability of secondary struc-

tures of �- and γ-peptides will help to find candidates for bio-

medical application of “peptidic peptidomimetics”.
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