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Proteins and nucleic acids perform a wide range of complex functions in biological systems.  
Nearly all of these molecular operations require the biopolymer chain to adopt a compact and 
specific folding pattern. The conformational behavior of biopolymers is usually analyzed 
hierarchically:  secondary structure reflects local features of the backbone (helix and sheet are the 
secondary structures with long-range order), tertiary structure  is formed when secondary structure 
elements pack against one another in intramolecular fashion, and quarternary structure arises when 
molecules with discrete secondary and/or tertiary structure assemble noncovalently into specific 
complexes. Over the past two decades many researchers have sought biopolymer-like folding 
behavior in unnatural oligomers ("foldamers"), with the long-range goal of using compact and 
specific conformations to generate biopolymer-like functions.[1-3] This lecture will provide a general 
overview of research in the foldamer area, and then focus on results obtained with peptidic 
foldamers. Beta-amino acid oligomers ("beta-peptides") were prominent in the development of the 
foldamer field,[4,5] and they remain subjects of intensive investigation today.  However, recent years 
have seen growing interest in foldamers with heterogeneous backbones,[6] such as "alpha/beta-
peptides", which contain both alpha- and beta-amino acid residues. Heterogeneous backbones are 
intriguing at a fundamental level, since they diverge from the homogeneous backbones of the 
biological precedents, proteins and nucleic acids. The lecture will cover both structural and 
functional behavior of peptidic foldamers.   

                                                  
Figure 1. Crystal structure of an alpha/beta-peptide, with 1:1 alpha:beta alternation in the 
backbone, in the 14/15-helical conformation.  Alpha-amino acid residues are yellow, and beta-
amino acid residues are blue. 
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In this lecture we will describe a program aimed at the design of synthetic agents that can recognize 
the exterior surface of proteins and block protein-protein interactions involved in different cell 
signaling pathways.  The unique distribution of charged, hydrophobic and hydrophilic groups on the 
surface of proteins offers the potential that well-designed artificial receptors will bind strongly and 
selectively.  Our principal strategy involves the synthesis of molecules that mimic the side chain 
distribution and recognition properties of, often non-contiguous, secondary structural domains, such 
as a-helices (Figure 1A), involved in the protein-protein contact. We had established this approach 
with the design of terphenyl-based mimics (Figure 1B) of the BH3 helix of Bak and shown by 
fluorescence polarization and NMR that they bind to BclxL with a Kd of 100nM and disrupt the 
Bak/BclxL complex. We have extended this strategy through the use of intramolecular hydrogen 
bonds first in a series of pyridyl- or phenyl-carboxamide oligomers (Figure 1C) and later in a series 
of extended benzoylureas (Figure 1D). Most recently, we have shown that by appropriate choice of 
subunit design we can use the foldamer concept, in a family of acetylene linked indolinones (Figure 
1E), to reproduce the side chain distribution in β-sheet domains. 
 
  
 
    
 
 
 
 
 
 
 
 
 
 
 
           A                        B                             C                              D                           E 
 
Figure 1. A) Side chain projection on a poly-alanine α-helix, B) Terphenyl α-helix mimetic, C) 
Pyridyl-carboxamide α-helix mimetic, D) Benzoulurea α-helix mimetic, E) 2,2-disubstituted 
indolin-3-one oligomers as β-strand mimetics.  
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The peptide sequences constructed from β-amino acid residues have proved their ability to fold into 
well-defined secondary structures.These foldamers cover a wide variety of periodic conformations 
comprising various helices, polar and nonpolar strands and sheets. The β-peptide backbone with an 
additional carbon atom provides a well-equipped toolbox with which to fine-tune the folding 
propensities of the sequences, which includes (i) control of the local torsional interactions, (ii) side-
chain to backbone interactions, (iii) side-chain to side-chain interactions, and (iv) 
nucleation/capping. 
Here we highlight the stereochemical control over the secondary structure, which offers a very 
efficient way to construct tailor-made folds without sacrificing the side-chain chemistry. Figure 1 
displays the stereochemical LEGO-game approach, which facilitates de novo helix creation 
including proteinogenic side-chains and even the natural α-amino acids.[1] 
 

 
 
Figure 1. The stereochemical LEGO approach to de novo construct foldamer helices. Numbers on 
the left indicate the combination of the pseudoring sizes formed by the stabilizing H-bonds. Letters 
designate the proteinogenic side-chains in standard notation 
 
An important issue is the stability of the foldamer structures in aqueous medium. Some of the 
helices are inherently stable, while others exhibit unfolding in water. Recently, a generally 
applicable method has been established, in which amino-prolines are incorporated into the 
stereochemically patterned sequence leading to strongly enhanced stability in buffer.[2] 
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Our group has developed helical foldamers – oligomers that adopt stable folded conformations – 
derived from aromatic amino acids.[1] Some of these folded objects have shown unprecedented 
conformational stability,[2,3] and constitute convenient building blocks to elaborate synthetic, very 
large (protein-sized) folded architectures (Figure 1).[4,5] They possess a high propensity to assemble 
into double and quadruple helices.[6,7] Cavities can be designed within such synthetic molecules that 
enable them to act as artificial receptors.[8] Water soluble analogues show a number of promising 
properties such as spontaneous cell internalization[9] and specific recognition of G-quadruplex 
DNA.[10] 
 

 
Figure 1. Crystal structure of a very large foldamer comprised of two helices of opposite 
handedness at a 90° angle. The protein crystal structure on the right is shown as the same scale for 
size comparison 
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The folded 3D structures of peptides and proteins provide excellent starting points for the 
design of synthetic molecules that mimic key epitopes (or surface patches) required for biological 
activity. Protein epitope mimetics (PEMs) should capture both the structural and conformational 
properties of the target epitope, as well as the biological activity. By transferring the epitope from a 
recombinant to a synthetic scaffold that can be produced by parallel combinatorial methods, it is 
then possible to optimize properties through iterative cycles of library synthesis and screening.  
 One very interesting naturally occurring scaffold is based on the ß-hairpin motif, which is 
used by many proteins to mediate molecular recognition events. This motif is readily amenable to 
PEM design, for example, by transplanting hairpin loop sequences from folded proteins onto 
hairpin-stabilizing templates, such as the dipeptide D-Pro-L-Pro. However, ß-hairpin 
peptidomimetics can also be exploited to mimic other types of epitope, such as those based on α-
helical secondary structures. Some examples taken from earlier work will be presented in this 
lecture[1,2]. 
 In one case, some naturally occurring cationic host-defence antimicrobial peptides were 
taken as a starting point for PEM design. After several rounds of optimization, a lead compound 
was produced that showed potent antimicrobial activity against the Gram-negative bacterium 
Pseudomonas aeruginosa. The mechanism of action of this compound has been studied intensively, 
and appears to target an outer membrane protein required for the biogenesis of the outer cell 
membrane. The peptidomimetic also shows potent antimicrobial activity in a mouse septicemia 
model. Drug-resistant strains of Pseudomonas are a serious health problem, so this family of 
antibiotics may have important therapeutic applications. 
 In another case, the focus of interest has been in the use of epitope mimetics as vaccine 
candidates. In order to elicit strong immune responses using synthetic epitope mimetics, we have 
developed a novel delivery system, based on synthetic virus-like particles (SVLPs)[3]. SVLPs have a 
size and shape similar to those of some recombinant VLPs, but are completely of synthetic origin. 
In recent work, we have shown how the properties of these SVLPs can be tailored by synthesis, to 
include T helper epitopes and Toll-like receptor ligands, as well as allowing multivalent display of 
B cell epitope mimetics. The SVLP technology combined with the use of synthetic antigen 
mimetics may represent a powerful chemistry-driven approach to synthetic vaccine design. 
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The development of unnatural oligomers that can mimic the structural behavior of biopolymers has 
been avidly pursued for the past two decades.  One major goal in this arena has been to develop 
foldamers that can mimic specific biorecognition properties of nucleic acids or proteins while 
resisting degradation by nucleases or proteases.  Oligomers containing only beta-amino acid 
residues ("beta-peptides") and oligomers containing both alpha- and beta-amino acid residues 
("alpha/beta-peptides") have been used to mimic alpha-helix-forming segments of natural proteins 
that play crucial roles in protein associations.[1]  These protein-mimetic foldamers can disrupt 
biomedically important protein-protein interactions.  We will describe development of foldamers 
that can engage binding partners for two different types of alpha-helical epitopes.  One system 
involves BH3 domains, helical segments that mediate interactions between pro- and anti-apoptotic 
members of the Bcl-2 protein family.[2-4]  The second system involves foldamers that mimic the 
long alpha-helix formed by the C-terminal heptad repeat segment of HIV protein gp41.[5] 

                                                  
Figure 1. Crystal structures of six-helix bundle assemblies formed by the N-terminal heptad repeat 
segment of HIV protein gp41 (gray) and an alpha/beta-peptide (left; yellow, red and blue) or an 
alpha-peptide (right; yellow) intended to mimic the C-terminal heptad repeat segment of gp41. 
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The challenging problem of discovering drugs targeted at protein-protein interactions has meant 
that this area has been mostly ignored by pharmaceutical companies, mostly because there are many 
conventional drug targets left to be explored. The advent of antibody-based therapeutics, which in 
general target receptors or their ligands, are quintessential disruptors of protein-protein interactions. 
Antibody therapeutics have been very successful in alleviating severe symptoms and curing disease. 
 
Are antibodies telling us something about the axis of intervention in protein-protein interactions? 
Screening libraries of compounds are crucial to identifying chemical matter that becomes the 
starting point for medicinal chemistry. There has been a trend in recent years to adopt fragment 
libraries for use in screening and subsequent development in medicinal chemistry. They do pose 
problems of their own, including low affinity and the requirement for biophysical methods to 
identify binders in a screen. I will consider approaches to developing chemical matter for protein-
protein interactions, using antibodies to direct chemical approaches, and structural approaches to 
defining binding modes and sites. 
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Selecting the appropriate building units and deciphering the associated “folding codes", are 
determining steps towards the elaboration of discrete oligomers with defined folding patterns. 
Though non natural amino acids remain unmatched for structural diversity and versatility in 
foldamer chemistry, foldamers based on amide bond surrogates have emerged.[1] Strategies 
developed for oligoamides to impose conformational restriction and to promote folding – e.g. local 
conformational control, solvophobic interactions or long range H-bond interactions – largely apply 
to aromatic and aliphatic urea oligomers. Secondary structural motifs adopted by urea strands 
include duplexes, helices, sheets and turn segments.[2] Our group has investigated enantiopure 
oligomers consisting of urea bridging units and bearing proteinogenic side-chains. These oligomers 
show a remarkably strong propensity to fold into stable helical secondary structures reminiscent of 
the α-helix.[3-5] Because of their diversity in side chain appendages, and also their resistance to 
enzymatic degradation, urea-based helical foldamers are promising scaffolds for use in a range of 
biological and biomedical applications. Noteworthy, short sequences designed to mimic globally 
amphiphilic α−helical host-defense peptides display broad antibacterial activity with selectivity for 
prokaryotic versus mammalian red blood cell membranes.[6, 7]  
 

 
Figure 1. α-peptide versus urea-based helical backbones. 
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The catalytic, mechanical and structural fitness of proteins rely on their ability to fold into discrete 
tertiary and quaternary structures.  Non-natural polymers have the potential for equally complex 
structure and sophisticated function, but the design of such molecules is even more challenging than 
protein design because there exist no natural templates to mimic. This lecture will describe the 
design, synthesis, high-resolution structure, biophysical analysis, and subsequent elaboration of 
helical bundle proteins composed entirely of β3-amino acids [1-X].  Like natural proteins containing 
α-amino acids, β-peptide bundles fold cooperatively, assembling into structures containing parallel 
and anti-parallel helices, extensive inter-helical electrostatic interactions, and a solvent-excluded 
hydrophobic core.  Ongoing efforts to elaborate β-peptide bundles with stereochemically diverse 
cores and enzyme-like metal-binding and catalytic sites will also be described. 
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Control of the stereochemistry in a chemical transformation is a key issue in modern organic 

chemistry, embracing from chiral auxiliary-controlled processes to more advanced, and atom 
economic, chiral catalyst-controlled reactions. Research in the area is devoted not only to the 
finding of new reagents and catalysts, but also towards identifying substrate templates, either chiral 
or achiral, amenable for easy activation and arrangement in well-ordered transition states. To this 
end, we have identified the α–hydroxy ketone (enone) motif as an efficient platform for asymmetric 
C-C and C-heteroatom bond forming reactions. Herein the utility of these templates for the 
synthesis of β–amino carbonyl compounds is discussed.  
 

We have explored the concept of metal- and proton-assisted chelation of the α-hydroxy 
carbonyl moiety as a tool for substrate activation and reaction stereocontrol. Initial studies led to the 
design of α-hydroxy ketone 1, which upon enolization affords a highly ordered chelate capable of 
promoting an efficient chirality transfer event. We succeeded in the application of this design 
element to aldol[1] and Mannich[2] reactions wherein high levels of diastereoselectivity were 
achieved. 
 

 
 

 
 
 
 
 
 
Concurrent with these investigations we also found that achiral α'–hydroxy enones upon 

combination with chiral Lewis acids provide a new platform for carrying out highly 
enantioselective catalytic reactions. For example, α'–hydroxy enones 2 react with carbamates in the 
presence of (S,S)-[Cu(tBu-box)](OTf)2  (10 mol %) to afford the corresponding adducts in high 
yield and enantioselectivity.[3]  A further demonstration of the potential scope of these enones is 
shown in the 1,3-dipolar cycloaddition with nitrones where remarkably high and regular  endo:exo 
selectivities and enantioselectivities are obtained.[4] Finally, alternative catalytic protocols for the 
access to nitrogen containing compounds from nitroalkanes as simple starting materials[5,6] will also 
be presented. 
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