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Plenary lecture 1

Foldamers: Accomplishments and Goals
Samuel H. Gellman
Department of Chemistry, University of Wisconsin, Madison, WI, 53706 USA
gellman@chem.wisc.edu
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/betapeptides", 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 betaamino acid residues are blue.
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Foldamers as Mimics of Protein Secondary Structure
Andrew D. Hamilton, Johanna Rodrigues, Pauline Wyrembak and Ishu Saraogi
Dept. of Chemistry, Yale University, New Haven, CT, 06520 and University of Oxford, Oxford,
OX1 2JD, UK.
Andrew.hamilton@admin.ox.ac.uk

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.
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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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Stereochemical control over the foldamer structures
Tamás A. Martinek
Institute of Pharmaceutical Chemistry, University of Szeged
martinek@pharm.u-szeged.hu

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) sidechain 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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Aromatic mimics of biomolecular folding
Ivan Huc
Institut Européen de Chimie Biologie - Université de Bordeaux
2 rue Robert Escarpit 33607, Pessac, France
i.huc@iecb.u-bordeaux.fr

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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Design and Applications of Protein Epitope Mimetics
John A. Robinson
Department of Chemistry, University of Zurich, 8057 Zurich, Switzerland.
robinson@oci.uzh.ch

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 αhelical 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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Disruption of Protein-Protein Interactions with Alpha/Beta-Peptide Foldamers
Samuel H. Gellman
Department of Chemistry, University of Wisconsin, Madison, WI, 53706 USA
gellman@chem.wisc.edu

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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Structure-based drug design with approaches to protein-protein interactions
Tom Ceska
UCB Celltech, 216 Bath Road, Slough, Berkshire, UK, SL1 4EN
Tom.Ceska@UCB.com

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 proteinprotein interactions, using antibodies to direct chemical approaches, and structural approaches to
defining binding modes and sites.
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Urea Oligomers: Connecting Structure to Function
G. Guichard
European Institute of Chemistry and Biology, Bordeaux, France
g.guichard@iecb.u-bordeaux.fr

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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Folded proteins without α-amino acids
Alanna Schepartz
Department of Chemistry, Yale University
alanna.schepartz@yale.edu

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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Stereocontrolled Access to α-and β-Amino Carbonyl Compounds:
From Stoichiometric To Catalytic Methods
Claudio Palomo Nicolau
Departamento de Química Orgánica I, Universidad del País Vasco
Facultad de Ciencias Químicas, 20018-San Sebastián
claudio.palomo@ehu.es, www.sc.ehu.es/qpwaiipj/organica.html
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.
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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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Foldamers designed to form supramolecular materials
Claudia Tomasini
Dipartimento di Chimica “G. Ciamician” - Alma Mater Studiorum Università di Bologna
Via Selmi 2, I–40126 Bologna (Italy)
claudia.tomasini@unibo.it

Aggregation and disaggregation are central phenomena in nature. In this context, the formation of
fibers through self-assembly is of particular interest, as protein fibers are involved in intra- and
extracellular functions. Recently, it has been demonstrated that β-sheet layers are the most stable
superstructure, although an exact explanation for the existence of this “dead-end” structure cannot
yet be given. In order to understand aggregation phenomena, foldamers may be designed and
prepared to interfere with or to mimic these processes. Indeed, the potential applications of such
supramolecular assemblies exceed those of synthetic polymers since the building blocks may
introduce biological function in addition to mechanical properties.
All our foldamers contain the scaffold L-Phe-D-Oxd (Oxd = 4-caxboxy 5-methyl oxazolidin-2-one)
that we have recently demonstrated to be the basic pattern for the formation of fibers in the solid
state, and differ for the introduction of other substituents. Depending on the chemical structure of
the foldamer, several materials may be prepared, as fibers, layers, supramolecular helixes,
organogels or hydrogels.

(a)

(b)

(c)

Figure 1. SEM and OM images of L-Phe-D-Oxd-based materials: (a) fibers, (b) layers, (c)
organogel.
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Switching Conformational Transitions in Foldamers with Light
Stefan Hecht
Dept. of Chemistry, Humboldt-Universität zu Berlin, Brook-Taylor-Str. 2, 12489 Berlin, Germany
sh@chemie.hu-berlin.de

The reversible helix-coil transition and the tubular cavity of phenylene ethynylene foldamers
present an ideal opportunity for the development of stimuli-responsive materials. However, the
stimuli, e.g. solvent composition and metal complexation, employed thus far to control the helixcoil transition in the vast majority of foldamers are invasive and therefore associated with the
formation of waste byproducts. Light on the other hand is perhaps the ideal stimulus since it allows
for precise temporal and spatial control and is non-invasive. Hence, we have engaged in designing
photoresponsive and more specifically photoswitchable foldamers, among other functional
constructs.
Our approach is based on incorporation of photochromic azobenzene moieties into the foldamer
backbone such that the photoisomerization disrupts the kinked connection leading to denaturation of
the helix (Figure 1).
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Figure 1. Prototype of a photoswitchable foldamer, which undergoes a light-triggered unfolding.1,2
While in our initial work,1,2 we could successfully demonstrate the folding transition, several
drawbacks became apparent, most notably low conversion (only 40% Z-content in the
photostationary state) and low loading capacity (pinene and other hydrophobic guest could be
bound to the interior but only in a 1:1 ratio). To overcome these limitations, we have engaged in
increasing the azobenzene content and preparing polymeric versions of our system (Figure 2).
increasing
cargo

increasing
switching efficiency

Figure 2. Improving the design by increasing the aspect ratio and amount of azobenzene units.3
For this purpose, we have recently engaged in preparing several foldamer series with varying
numbers and relative orientation of incorporated azobenzene units per turn in order to unravel the
structural and resulting electronic requirements for an optimal photoresponse. Here, we present our
work on the synthesis of various foldamers and their photoresponsive behavior.
References
[1] A. Khan, C. Kaiser, S. Hecht, Angew. Chem., Int. Ed. 2006, 45, 1878-1881.
[2] A. Khan, S. Hecht, Chem., Eur. J. 2006, 12, 4764-4774.
[3] unpublished.

FOLDAMERS: from design to protein recognition

January 25-28 2010, Bordeaux, France

Keynote lecture 4

Synthetic antifreeze glycopeptide analogues - glycosylated foldamers
Carolin Plattner,a Lilly Nagel,a Anna S. Norgren,a Carsten Budke,b Zsuzsa Majer,c Thomas Koop b,
Norbert Sewald,a
a

Organic and Bioorganic Chemistry, Bielefeld University, Universitätsstr. 25, D-33615 Bielefeld,
Germany, b Physical Chemistry, Bielefeld University, Universitätsstr. 25, D-33615 Bielefeld,
Germany, c Eötvös University, Institute of Chemistry, H-1117 Budapest, Hungary
norbert.sewald@uni-bielefeld.de

Antifreeze glycoproteins AFGP enable life at temperatures below the freezing point of
physiological solutions. They usually consist of the repetitive tripeptide unit (-Ala-Ala-Thr-) with
the disaccharide α-D-galactosyl-(1-3)-β-N-acetyl-D-galactosamine attached to each hydroxyl group
of threonine. Consequently, they can be regarded as naturally occurring glycosylated foldamers.
As antifreeze glycoproteins consist of numerous isoforms they are difficult to obtain in pure form
from natural sources. Mono- and diglycosylated analogues have been synthesized from the
corresponding threonine building blocks by microwave-assisted solid phase peptide synthesis. This
method allows the preparation of analogues containing sequence variations which are not accessible
by other synthetic methods. The synthetic peptides have been structurally analyzed by CD and
NMR spectroscopy revealing a structure as flexible as reported for the native AFGP. Microphysical
recrystallization tests showed an ice structuring influence depending on the concentration, chain
length and sequence of the peptides. [1,2]
Analogously, glycoconjugated peptoids as unnatural peptide-like oligomers having the side-chain
attached to the glycine nitrogen were synthesized, but were shown to be devoid of antifreeze
activity. [3]
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Folded and Functional: Cooperativity and Asymmetric Catalysis
Martin D. Smith
Department of Chemistry, University of Oxford, 12 Mansfield Road Oxford OX1 4BH, UK
martin.smith@chem.ox.ac.uk; http://msmith.chem.ox.ac.uk/
As part of an ongoing investigation into the conformational propensities of γ-peptides,[1],[2] we have
generated a non-peptidic reverse-turn that populates a hairpin conformation in the solid state and in
solution. Exploitation of the well-defined conformational preferences of this construct have
enabled the generation of sheet-like materials that populate hydrogen bond stabilized
conformations. Both solid state and solution data indicate significant C-H…O hydrogen bonding in
these materials, which is consistent with the postulated structural role of this interaction in
proteins.[3]
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Figure 1. Hairpin turn for parallel γ-peptide sheet formation and asymmetric catalysis
We considered whether this turn-forming construct could be used to develop folded materials that
demonstrate positively cooperative ligand-receptor binding. This effect could be exploited in the
development of more efficient asymmetric catalysts that operate by hydrogen bonding, leading to
the development of new transformations through the discovery of more active catalysts with lower
loading, shorter reaction times and wider substrate scope. In designing these new catalysts, we
reasoned that by analogy with ligand-protein binding, a series of non-covalent interactions within
the catalyst structure could: (i) direct folding toward population of an ensemble of structured
conformations, preorganizing the catalyst and minimizing the entropic cost of transition state
binding and (ii) result in stronger intramolecular non-covalent interactions and cooperative ligand
binding and hence greater stabilization of charged intermediates and transition states.[4]
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Molecular determinants of the nuclear receptor - cofactor interaction
Luc Brunsveld
Technische Universiteit Eindhoven, Department of Biomedical Engineering,
Laboratory of Chemical Biology, PO Box 513, 5600MB Eindhoven, the Netherlands
l.brunsveld@tue.nl

The Nuclear Receptor – Coactivator interaction is the key protein-protein interaction that transfers
ligand induced changes in the Nuclear Receptor conformation to the transcriptional machinery. A
molecular understanding of this process is necessary to fully control and predict the effects of
Nuclear Receptor modulation. Additionally, this interaction might constitute a novel target site for
the modulation of Nuclear Receptor functioning itself. With the Androgen and Estrogen Receptors
as examples molecular strategies to elucidate this protein-protein interaction are discussed. This
embodies the influence of post-translational modifications, molecular probes for the evaluation of
this interaction at the cellular level and the design and synthesis of miniproteins as molecular probes
and inhibitors for the Nuclear Receptor – Coactivator.
Naturally occurring miniproteins, with a stable secondary structure, constitute attractive
structural templates. We used a variety of miniproteins featuring a stable α-helix as natural fold and
convenient scaffold, to bind the surface of the Androgen and Estrogen Receptors. Computational
design allows generating a small, high quality, library of miniproteins targeting the Nuclear
Receptor – Coactivator interaction site. Miniprotein scaffolds found in nature, typically ion-channel
inhibitors, can be turned into strong binders of the Nuclear Receptor cofactor binding surface, by
inserting only 3 to 4 mutations based on computational studies. The stable helical segment of the
miniproteins, in conjunction with the introduction of an LxxLL or FxxLF motif, confers high
binding affinity. This design-based strategy requires the generation of only a small set of
compounds to achieve potent binders. Additionally detailed molecular insights are generated such
as a clear structure-activity relationship with respect to helix length of the miniprotein, which is
shown to be optimal when consisting of two turns only. Larger libraries of the miniproteins can also
be obtained by applying phage-display techniques, to enhance binding affinity and characterization
of the optimal structural determinants. These miniproteins represent novel tools for investigating
biological questions such as binding affinity and selectivity of the diverse NR-cofactor family.

Figure 1. Molecular strategy for the generation of miniprotein binders for the Androgen Receptor
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Catalytically Active Peptides with the Right Twist
Helma Wennemers
Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel, Switzerland
Helma.Wennemers@unibas.ch

In organic synthesis, enzymes and man-made catalysts are commonly used. We are intrigued by the
question whether short-chain peptides may be useful alternatives to enzymes and catalysts of low
molecular weight. Using the method of “catalyst-substrate coimmobilization” the peptide H-ProPro-Asp-NH2 1 was identified as an effective asymmetric catalyst for aldol reactions.[1-3] Insight
into the conformation of peptide 1 allowed for the development of the diastereomeric peptide H-DPro-Pro-Asp-NH2 2 as an excellent catalyst for asymmetric conjugate addition reactions between
aldehydes and nitroolefins.[4,5]
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The presentation will present the scope of these peptide catalyzed reactions and discuss recent
insight into the mechanism as well as the importance of the conformational properties for effective
catalysis
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Foldamer stability as predicted by various QM methods
Imre Jákli, Gábor Pohl, Tamás Beke and András Perczel
Laboratory of Structural Chemistry and Biology, Institute of Chemistry, Eötvös Loránd University,
Pázmány Péter sétány 1/A, H-1117, Budapest, Hungary
perczel@chem.elte.hu
Regular parts of protein’s core are primarily composed of helices and β-sheets. Due to their
amino acid composition and the strong internal H-bond network β-structures are often buried inside
a folded protein. Non-covalently attached foldamer S10, S14, and S12 [1] are integrated parts of
both parallel and antiparallel β-sheets. Structure and stability of such foldamers strongly depend on
their H-bonding pattern (polar interaction) and on their side chain contacts, typically apolar for βsheets. Amino acid pairs of apolar side-chains have been selected from sheets of a non homologous
set of PDB, a total of 3873. The statistical analysis of a total of 80547 pairs revealed the relative
probability of the different foldamres. Selected ones, (e.g. [HCO-(Xxx)n-NH2]2) or X…X for short)
were subjected to quantum chemical calculations (e.g. at M052X/6-31G(d) level of theory) and both
structural and stability information were acquired. Interestingly enough, G…G, A…A, A…V,
V…V etc. hydrophobic sequences containing models suggest, that local conformational preferences
dominate foldamer stability. Thus, the most frequent structural subunits (components) of β-sheets
are those amino acid residue-pairs that are also stable by QM calculations completed for shorter
models in vacuum.
Once that the applicability of selected QM methods turned out to be trustful for α-peptides, our aim
was to identify and rank sheet foldamers of β-peptides as well [2,3]. Sheet structures built up of
strands with carbonyl groups monotonically facing the same spatial direction, polar strands, were
previously assigned and synthesized [4]. We will present a novel β-peptide sheet structure of
alternating carbonyl group orientations, called as apolar strands (Figure 1) [5]. Single- and doublestranded structural units were analyzed; both the monomeric, HCO-[NH-CH(CH3)-CH2CO]n-NH2,
and dimeric forms, [HCO-(β-Ala)n-NH2]2 n=3 and 4, of oligo-β-alanine supramolecular complexes
were evaluated. These novel secondary structural elements of β-peptides are structural analogs of βpleated sheets of proteins. Interestingly enough, the latter type of apolar strands are foreseen as very
stable supramolecular complexes; more firm by ~10 kcal·mol−1 than the aforementioned polar
strands are. Furthermore, apolar strands lack the inherent twisting of β-layers, constantly present in
polar strands. The effect of substitution of Cα and/or Cβ atoms on apolar sheet on stability was
probed. The effect of point chirality on apolar sheet structures is described. Based on this statistical
and QM data, the stability difference between the apolar sheet foldamers with respect to their
chirality is explained and a general rule for folding preference is proposed.
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Figure 1. Selected foldamers of double stranded antiparallel sheets. Monomer type (A or B),
backbone torsion angles (g−,a, g+) and schematic view of the possible apolar structures, as well as
their fully optimized conformers (side and top view) are reported as obtained at the M052X/631G(d) level of theory
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Conformationally constrained foldamers: synthesis, structural features and
some applications
Rosa M. Ortuño
Departament de Química, Universitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona, Spain
rosa.ortuno@uab.es

Several authors have stated that the presence of small carbocyclic moieties in the backbone of
peptidomimetics and related compounds confers conformational constrain on these molecules
prompting the formation of secondary and tertiary structures. Specifically, we have observed that
the cyclobutane-containing β-peptides consisting of all-cis-monomers derived from 2aminocyclobutanecarboxylic acid adopt defined conformations in solution such as a 14-helix[1] and
strands.[2-4] This last folding is favoured by the formation of inter-residual 6-membered hydrogenbonded rings (Figure 1A). Moreover, some of these products self-assemble to produce nanosized
fibres and organogels. [3-4] When cyclobutane trans-monomers are incorporated into small βpeptides, the formation of 8-membered hydrogen-bonded rings is prevalent.[5] We have recently
studied a series of β-peptides consisting of trans- and cis-monomers joined in alternation (Figure
1B). Results will be presented and discussed.
Some of these cyclobutane β-peptides have shown interesting activities as enzyme inhibitors[6] or
have been employed to produce hybrid materials showing a conducting behaviour.[7]
An example of another type of cyclobutane-containing peptides is represented in Figure 1C.[8]
These compounds form gels and their incorporation into highly branched polyfunctional platforms
have been achieved in view to study their possible applications.
Finally, highly rigid ureas with cyclobutane rings have been synthesized in our laboratory
presenting strong tendency to aggregation. Besides this property, some urea derivatives have been
prepared to be used as organocatalysts in asymmetric synthesis.
A)

B)

C)

Figure 1. A) Example of a strand-type conformation for cyclobutane-containing all-cis-β-peptides.
B) Structure of the (trans,cis)-β-peptides studied. C) Highly branched cyclobutane γ,ε-peptide.
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Backbone-modified, α-peptide foldamers
Fernando Formaggio, Alessandro Moretto, Marco Crisma, Claudio Toniolo
Institute of Biomolecular Chemistry, Padova Unit, CNR, Department of Chemistry, University of
Padova, 35131
fernando.formaggio@unipd.it

Protein amino acids are characterized by one (two for Gly) hydrogen atom on the α-carbon.
Replacing this hydrogen with an R group (e.g., a methyl) is a simple way to dramatically bias the
conformational preference of protein amino acids and, consequently, to produce new foldamers.[1]
In general, Cα-methylated, coded amino acids possess a strong preference for β-turn/helical (α- or
310-) structures. This conclusion holds true also for a large series of Cα-methylated α-amino acids
not mimicking those of the protein pool.[2] However, some Cα-ethylated α-amino acids, both chiral
and achiral, display an uncommon preference for the 2.05-helix (also known as multiple C5 or fullyextended peptide conformation). This structure, the most elongated accessible to an α-peptide, is
extremely rare in proteins (observed only once in a protein crystal structure). Therefore, it appears
that appropriately selected Cα-tetrasubstituted α-amino acids allow one to generate different types of
3D-structures. Interestingly, some of these conformations have been already exploited as scaffolds
and spacers in spectroscopic, supramolecular and bioorganic investigations.
Recently, we and others have observed that a few (αMe)Val-rich peptides may be forced to
reversibly switch from the 310- to the α-helical conformation through an appropriate solvent change.
We believe that this phenomenon is amenable to be exploited in the design of molecular devices, as
the transition from α- to 310-helix implies a 10% elongation of the peptide backbone. Even more
striking (+ 40%) is the lengthening occurring in a 310-helical peptide that converts to the 2.05-helix.
In this latter case, we are currently searching for the optimal conditions to control the process.
In this communication the α- to 310-helix transition and the studies performed to understand how to
guide the 310- to 2.05-helix transition will be presented. In addition, our recent findings on the
conformational preferences of L-(αMe)Pro-containing peptides will be also shown. Indeed, we are
interested in understanding whether the left-handed poly(L-Pro)n II structure, typical of L-Pro, or
the right-handed 310-helical conformation, induced by Cα-methylation, would prevail. In particular,
discovering how to switch a peptide backbone from a left-handed to a right-handed helical
arrangement might be rewarding for the design of molecular devices.
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Application of allylamines and halogenated imines in the synthesis of
conformationally constrained β-amino acid derivatives
Sven Mangelinckx,a Asta Žukauskait÷,a,b Vida Buinauskait÷,b Algirdas Šačkus,b Gert Callebaut,a
Lorand Kiss,c Ferenc Fülöp,c and Norbert De Kimpea
a

Department of Organic Chemistry, Faculty of Bioscience Engineering, Ghent University, Coupure
Links 653, B-9000 Ghent, Belgium; bDepartment of Organic Chemistry, Faculty of Chemical
Technology, Kaunas University of Technology, Radvilenu pl. 19, LT-50270 Kaunas, Lithuania;
c
Institute of Pharmaceutical Chemistry, University of Szeged, H-6701 Szeged, PO Box 427,
Hungary
Sven.Mangelinckx@UGent.be

The incorporation of conformationally constrained α- and β-amino acids into biologically active
peptides has gained great interest in the preparation of peptide-based drug molecules.
Functionalized aziridine-2-carboxylates, 2-aziridinyl acetates, being homologues of aziridine-2carboxylates, and azetidine-2- and -3-carboxylic acid derivatives are biologically and synthetically
important azaheterocyclic amino acid derivatives. In this presentation, results are described on the
synthesis of alkyl 2-(bromomethyl)aziridine-2-carboxylates 2 and alkyl 3-bromoazetidine-3carboxylates 3 starting from alkyl 2-(aminomethyl)acrylates 1. The new azaheterocyclic amino acid
derivatives are promising synthetic building blocks as demonstrated by their transformation to a
broad range of new biologically interesting aziridine-2-carboxylic esters and azetidine-3-carboxylic
esters via nucleophilic substitution with C-, S-, N- and O-nucleophiles. Synthetic efforts to prepare
functionalized 2-aziridinyl acetates 5, as interesting substrates for further ring transformations, in
optically pure form starting from chiral N-sulfinyl α-chloroaldimines 4 are also disclosed.
R2
N

NHR2
COOR1

R2
N

and/or
Br
1
COOR

COOR1

Br
2

1

3

1

R = Me, Et
R2 = t-Bu, t-Amyl
PhMeCH, p-Tos

p-Tol
S
N

p-Tol

O

H
Cl
4

FOLDAMERS: from design to protein recognition

O
S
N H O
N

OR
Ph

Ph
5
R = Et, t-Bu

January 25-28 2010, Bordeaux, France

Keynote lecture 12

Inhibition of α-Helix Mediated PPIs Using Aromatic Oligoamides
Fred Campbell,a Jeff P. Plante,a,b Bara Malkov,a,b B. Tom Burnley,b Thomas A. Edwards,b
Stuart L. Warriner,a,b Andrew J. Wilsona,b
a

School of Chemistry, University of Leeds, Woodhouse Lane, Leeds LS2 9JT, United Kingdom
b
Astbury Centre for Structural Molecular Biology, University of Leeds, Woodhouse Lane,
Leeds LS2 9JT, United kingdom
A.J.Wilson@leeds.ac.uk

Protein-protein interactions play a pivotal role in diseased states and there is a pressing need for
synthetic agents that selectively target these interfaces.[1] What is not clear is how to do this using a
small molecule, given that it must cover 800-1100Å of a protein surface and complement the
discontinuous projection of hydrophobic and charged domains over a flat or moderately convex
surface.[1] ‘Proteomimetics’[2] replicate the spatial projection of key binding residues from a
secondary structural motif important in the target protein-protein interaction and thus represent a
possible solution. Similarly, the design and synthesis of oligomers that adopt well defined
conformations[3,4] is a key goal in developing functional supramolecular architectures that mimic
those found in nature. In this presentation we will discuss our initial studies on the synthesis of Oand N-alkylated aromatic oligoamides derived from p-aminobenzoic acid (Figure 1). We will
highlight the subtle role that the conformation of secondary and tertiary amides can play in adopting
helical or extended conformations and the role of hydrogen-bonding in promoting extended
structures.[5,6] We will present preliminary screening results[7] that show these compounds act αhelix mimetics and inhibit the p53-hDM2 protein-protein interaction – an important cancer target.[8]
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Figure 1. Trimeric N- and O-alkylated aromatic oligoamide scaffolds
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Formation of Nanostructures by Self-Assembly of Zwitterions in Water
Carsten Schmuck, Thomas Rehm, Gerd Gröger
University of Duisburg-Essen, Institute for Oganic Chemistry, Universitätstrasse 7,
45141 Essen, Germany
carsten.schmuck@uni-due.de

Our research focuses on the development, synthesis and evaluation of new supramolecular systems
which function in polar solvents and thus might have prospect for applications. Currently our work
mainly involves ionic interactions as a key non-covalent bond. We have introduced
guanidiniocarbonyl pyrroles as one of the most efficient oxoanion binding motifs known so far
relying on H-bond assisted ion pair formation.[1]
One main topic in our group are self-assembling zwitterions which form soft materials such as
vesicles, polymers or monolayers in polar solvents and on surfaces. For example, very recently we
developed a supramolecular polymer based on a monomer with two orthogonal self-complementary
binding sites using either metal-ligand or ionic interactions.[2] In a hierachical self-assembly process
this molecule first forms ion paired dimers which can be polymerized by the addition of metal ions.
We have also developed a new class of bolaamphiphiles derived from a bis-zwitterion which forms
large vesicles in solution.[3] However, even very small amino acid derived zwitterions self-assemble
into vesicles the formation of which can be reversibly controlled by changing the pH of the
solution.[4] Incorporating three self-complementary zwitterions into one flexible molecule gives rise
to a very complex hierarchical self-assembly which leads from dimers, to supramolecular ribbons
and tubes and finally to solid spheres.[5]
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Nanoporous material by self-assembled foldamers: structure and function
Debasish Haldar, Shibaprasad Maity and Poulami Jana
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deba_h76@yahoo.com

Inspired by biological systems that accumulate the concepts of molecular recognition and selforganization, new strategies have adopt, whereby designer foldamers self-associate in predictable
fashion to form cutting edge materials. We have designed and synthesized the foldamers Boc-PheMaba-Phe-OMe 1 (maba: m-aminobenzoic acid) and Boc-Phe-Maba-Tyr-OMe 2 which selfassemble to form spherical vesicle in both nano and macro structure. The TEM and AFM studies
show that the nano spheres have average diameter of 20 nm. These nanospheres have wide
propensity to interact with dye and drug molecules. Nanoporous materials having unique bulk,
surface and structural properties are the emerging area of current research due to their potential
importance in various fields like catalysis, sensor, ion exchange, separation, purifications and biomolecular isolation and delivery vehicles.[1] Depending on the size, microporous (pore size below 2
nm), mesoporous (2–50 nm) and macroporous (exceeding 50 nm) solids can be constructed
efficiently from a single molecule or ionic template or the molecular recognition and association of
organic templates.[2] We have developed a tripeptide Boc-Tyr-Aib-Val-OMe 3 containing α-amino
isobutyric acid, self-assembles to form porous nanomaterials in solid state. The unique selfassembly nature of the peptides leads to the formation of pores with different internal diameters.
Moreover, the foldamers 2 and 3 are acting as in situ reducing agent and synthesized hexagonal
gold nanoparticles (GNP). We also have designed and synthesized foldamer Boc-Leu-Val-Aib-PheAib-OMe 4 having consecutive β-turn conformation in solid state. The β-turn subunit of 4 further
self-assemble one top of other to build a supramolecular helix that finally form a helical bundle like
structure in higher order assembly. The foldamer 4 forms organogel in xylene. The porous xerogel
(Figure 1) are efficient to absorb dye and recover oil spill from water.

Figure 1. The porous xerogel of foldamer 4.
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Synthetic chimeras: New tools to engineer alpha helical interfaces
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The application of unnatural biopolymers for the selective inhibition of helical protein-protein
interactions is an interesting strategy for drug discovery. Peptides composed of homologous amino
acids at present are among the most widely studied biopolymers and their enormous potential for
secondary and quaternary structure is already known.[1] Theoretical studies (ab initio MO theory)
have shown that hybrid peptides composed of alternating beta- and gamma amino acids are well
suited to mimic alpha-helical conformation[2], and our results provide experimental proof for this
concept. To generate the chimera, the two central turns of the helix in a basic model alpha-peptide
(Base-pp) were replaced by a pentad of alternating beta- and gamma amino acids. Heteromeric
coiled-coil formation between the chimera and the acidic alpha peptide (Acid-pp) was proven by a
combination of analytical methods. Our data provide strong evidence for the specific contribution
of beta- and gamma- amino acid side chains to the stability of the chimeric helical folding motif.
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Probing secondary structure of β-peptide foldamers using
gas-phase H/D exchange reactions
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The β-peptide foldamers are among the most interesting models of the artificial polymers. The
importance of β-peptides in chemistry and biology is warranted by the fact that they have important
biological applications e.g. they are antibacterial amphiphiles, RNA binding foldamers, inhibitors of
protein-protein interactions.[1] On the other hand, the very stable secondary structure patterns
available to β-peptides are efficiently controllable by the side-chain chemistry.[2]
In peptide and protein chemistry, the H/D exchange reaction is widely used in secondary structure
investigations. A rapid mass spectrometry-based method could strongly support the structure
determination of foldamers. The solution phase amide H/D exchange rate is affected mostly by the
strength of the hydrogen bond, which is related to the secondary structure but can be crucially
altered by the self-association of molecules. In the gas phase, the shielding effects of the solventdriven self-association can be excluded, so that the hydrogen bond strengths and the stability of the
secondary structures can be separately studied.[3]
We performed the ion/molecule reactions with β-peptides having different secondary structures
both with single and doubly charged ions. The systems were studied by using FT-ICR MS.

Figure 1. H/D exchange for the cis-ACPC oligomer with ND3 at the pressure of 5 x 10-8 mbar
Our results support the view that the studied β-peptides have secondary structure in the gas phase.
The type of the folding pattern determined in the solution phase correlates well with the gas phase
exchange rates. This opens up the possibility for the gas phase protein-foldamer interaction
screening.
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Folding of Oligo(aryl-triazole)s that Driven by Anions
Ying Wang and Hua Jiang
Beijing National Laboratory of Molecular Sciences, CAS Key Laboratory of Photochemistry,
Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China
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Artificial oligomers with well-defined conformation termed as foldamers represent a new
family of self-assemble supramolecular architectures in the past decade.[1] Thanks to much effort
that has been placed on the development of novel oligomers and its secondary structure, especially,
on helical conformation, considerable advancement has been achieved not only on secondary
structures, but on intrinsic properties such as recognition, chiral amplification, catalysis and
molecular machines triggered by acid/base, light and environment.[2] Recently, 1,2,3- triazole has
been received much attention in many fields including foldamers.[3] One of most appealing features
is that triazole bears the large dipole moment in the ring (5D). Here, we will present our recent
discoveries on oligotriazoles, particularly, its folding and aggregation in the absence and presence
of halides.

Figure 1. Oligotriazole studies here (Up) and Proposed schematic representation of the folding and
aggregation process (Bottom).
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Circularly Folded Aromatic Pentamers and Their Biological Implications
Huaqiang Zeng
Department of Chemistry and NUS MedChem Program of the Office of Life Sciences, 3 Science
Drive 3, National University of Singapore, Singapore 117543
chmzh@nus.edu.sg

Shape-persistent aromatic macrocycles with rigid, non-collapsible backbones have attracted great
attention to many researchers in the field. However, few methods allow fine-tuning of interior
properties and even fewer with ability to apply for selective metal ion recognition. We report a
novel experimental strategy in a previously unexplored area of research among unnatural hydrogen
bond-enforced foldamers, demonstrating for the first time systematically tunable interior properties
(e.g., effective cavity size, steric crowdedness, hydrophobicity and cation-binding selectivity)
contained within a new class of highly rigid, shape-persistent aromatic pentamers on the scale
below 3 Ǻ. Furthermore, we show that such finely tunable structural features indeed resulted in
experimentally observable and computationally verifiable functional properties in selective cationbinding, as revealed by the differential binding affinities toward alkaline metal cations (e.g, Li+,
Na+, K+, Rb+ and Cs+) by some selected pentamers with subtle structural variations The availability
of such unique tunability and cation-binding capacity in a well-defined macrocyclic aromatic
system shall significantly expand the functional repertoire of currently available synthetic foldamers
that have proven to be capable of performing molecular recognition, ion transportation, reaction
catalysis/sieving, cell membrane penetration, and regulation of the functions of DNAs and proteins.
Their medical relevances in building up synthetic ion channels for combating drug-resistant
bacterial infections, constructing pentavalent ligands for treating Alzheimer’s Disease and
developing RNA G-quadruplex specific stabilizers as potential therapeutics for anticancer therapy
will be briefly discussed to exemplify their diverse applications in chemistry, materials sciences,
biology and medicine.
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Figure 1. Highly rigid, penta-O-methyl macrocyclic aromatic amide foldamer (1): (a) schematic
drawing depicting an inward-pointing, continuous H-bonding network, (b) top view of the X-ray
crystal structure of 1 with methoxy methyl groups omitted for clarity, and (c) CPK representation of
1 built based on the van der Walls radius (H = 1.20 Å and C = 1.70 Å), illustrating three methoxy
methyl groups that form a hydrophobic cap above the plane. A second hydrophobic cap consisting
of two methoxy methyl groups is below the plane.
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A new entry into β,γγ-diaminoacids
Towards γ-peptide synthesis
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Since 2003, a new general stereoselective synthesis of β,γ-diaminoacids has been developed in our
laboratory, starting from various α-aminoacids. This synthesis, based on Blaise reactionenaminoester reduction sequence, gives access to enantiomerically and diastereomerically pure β,γdiaminoacids or 4-aminopyrrolidinones[1]. These compounds are new valuable and flexible building
blocks for both β and γ-peptides.
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This strategy will be presented as well as some applications to the synthesis of α/γ peptides
containing conformationally constrained γ-aminoacid residue derived from L-aspartic acid. The
conformation adopted in solution by such peptidomimetics will be described in the light of NMR
structure calculations.
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Protein surface recognition by aza aromatic oligoamide foldamers
Marine Stupfel, Frédéric Godde, Katta L. Reddy, Bernard Gallois, Béatrice Langlois d’Estaintot,
Ivan Huc*.
Chimie et Biologie des Membranes et des Nanoobjets, Université de Bordeaux, CNRS UMR 5248,
33607 Pessac.
m.stupfel@iecb.u-bordeaux.fr

Protein-protein interactions play key roles in many biological processes as well as in many
diseases. The importance of these interactions has led to the development of new therapeutic
approaches that target protein interfaces[1]. The strategy developed in our lab to inhibit proteinprotein interactions is to mimic the natural helical molecular framework using aza aromatic
oligoamide foldamers[2]. Foldamers that we develop result in very stable and well defined helical
structures which are build up from several repeating units (either pyridine or quinoline scaffolds)
linked by amide bonds allowing the folding into helical structures[3]. This helical backbone is used
as a template within each building block can be modulated according to the desired properties of the
foldamer.
The aim of the project is to develop a functionalized foldamer able to bind to the protein
surface in order to further be used in protein surface recognition and to improve understanding of
protein-protein interaction. To validate this concept, the well-characterized interaction between the
enzyme human Carbonic Anhydrase II (HCAII) and its N-benzyl-4-sulphamoylbenzamide inhibitor
was selected as a model system. The strategy is to synthesize step by step a helix mimetic
framework linked to the inhibitor as anchor system[4]. Each intermediate is cocrystallized with the
protein to determine which functional groups fit best with the protein surface. After several
modeling trials, we chose both the position and the nature of the link between the natural inhibitor
and the first quinoline monomer of the foldamer. Synthetic strategies and preliminary results will be
discussed.

Figure 1. Model of the proposed strategy: Natural inhibitor of the target protein (HCAII) is linked
to the foldamer, which is decorated with functional groups (R) in order to interact with the protein
surface.
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Anticancer Vaccine Against Melanoma:
Synthesis and Biological Evaluation of Antigenic Peptide Mimics Containing
β-lactam Moieties in the Central Part
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Miles,c Emily Edwards,c Céline Douat-Casassus,a Stéphane Quideaua
a

Institut Européen de Chimie et Biologie, 2 rue Robert Escarpit, 33607 Pessac Cedex, France ;
Institut des Sciences Moléculaires (UMR 5255 CNRS), Université Bordeaux 1, 351 cours de la
Libération, 33405 Talence Cedex, France
b
Centro Joxe Mari Korta Departamento de Química Orgánica-I, Universidad del País Vasco, Avda.
Tolosa 72, 20018-San Sebastián, España
c
Department of Medical Biochemistry and Immunology, Henry Wellcome Building, Cardiff
University School of Medicine, Heath Park, CF14 4XN Cardiff, UK
m.tarbe@iecb.u-bordeaux.fr

T-cell receptors (TCRs) orchestrate adaptive immunity by recognizing antigenic peptides (APs)
presented on cell surfaces by major histocompatibility complex proteins (MHCs).
T-cell-mediated immune responses are essential for protecting humans from diseases including
cancer and viral infections. Thus, APs bound to class I MHC (pMHC) through their N- and Ctermini and recognized by CD8+ cytotoxic T lymphocytes (CTLs) are promising leads for
developing immunotherapeutic drugs.[1]
The objective of our project was to engineer bioresistant AP mimics capable of triggering stronger
T cell responses.[2] In this study, we focused on the HLA-A2 restricted peptide, Melan-A/MART126-35, and more particularly, on its analogue ELA (Glu-Leu-Ala-Gly-Ile-Gly-Ile-Leu-Thr-Val).[3]
X-Ray crystal structure of binary (ELA/HLA-A2)[4] and ternary (MEL5/ELA/HLA-A2)[5]
complexes have shown that the central part of the peptide bulges out of the binding groove to
interact with TCRs. Thus, based on preliminary in silico study, the central tri-peptide Gly-Ile-Gly
was replaced with 3 different β-lactam building blocks,[6] known as being β-turn mimics of
peptides.[7]
Herein, we disclose the rational design and synthesis of ELA β-lactam hybrids as well as the
unexpected opening of the β-lactam ring during their conception on solid support. Biological
evaluations were conducted to determine the binding of these six ELA peptidomimetics to
HLA-A2 protein as well as their capacity to trigger a ELA specific T-cell responses.
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DNA-Peptide-Interactions Using the Example of the
Transcriptional Activator PhoB
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DNA-protein interactions are a key element in the regulation of cellular processes.
Transcription factors are able to recognize their cognate DNA sequences and regulate the
expression of proteins. As a model system, the specific DNA binding of the transcription factor
PhoB from E. coli is investigated in single molecule experiments on peptide and on protein level.
Structurally, PhoB belongs to the family of winged helix-turn-helix proteins. It is composed
of a transactivation domain (amino acids 1-127) and a DNA binding domain (amino acids 123-229).
After phosphorylation of the transactivation domain, the protein binds to specific DNA sequences
containing a TGTCA consensus sequence [1].
Different C-terminally modified protein epitopes representing parts of the DNA binding
domain of PhoB were chemically synthesized using microwave assisted solid phase peptide
synthesis. The binding contributions of these molecules are compared to the complete DNA binding
domain (127-229). This protein was purified using intein mediated protein splicing.
The protein/DNA or peptide/DNA interaction was determined by surface plasmon resonance
experiments. Alanine scans of strategic residues revealed the contributions of single amino acid
residues for peptides and proteins.
Performing single molecule force spectroscopy experiments, kinetic off-rates were obtained,
and sequence specific DNA-binding of both peptides and proteins was proven in competition
experiments [2, 3].
Structural investigations of the peptides, the proteins and DNA/protein complexes were
performed using circular dichroism measurements [2].
Acknowledgment: This project was supported by DFG (SFB 613).
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Aptamers against foldamers
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Aptamers are folded single-stranded RNA or DNA molecules which are able to recognize
pre-determined targets with high affinity and specificity. They are identified in a library containing
up to 1015 random sequences of oligonucleotides by a process called SELEX (Systematic Evolution
of Ligands by EXponential enrichment) that involves iterative selection and amplification steps. [1],
[2]

Aptamers can be isolated against many different molecules such as nucleic acids, proteins,
antibiotics, amino acids, or more complex targets such as viruses or cells. They are powerful tools
for many applications such as therapeutics, diagnostic, imaging, or purification. [3]
Despite the broad diversity of validated aptamer targets, hydrophobic or highly charged
molecules are difficult to target with a high affinity due to the chemical constitution of aptamers.
In order to expand the target repertoire we proposed to combine the chemical diversity of
foldamers and the potential of aptamers to form a foldamer-aptamer complex or « foldaptamer »
which could perform tasks that foldamer or aptamer could hardly achieve individually.
We selected a family of DNA aptamers against a water-soluble foldamer (a cationic
octameric quinolinecarboxamide)[4]. After 10 rounds of selection, candidates have been cloned and
sequenced. G rich oligomers have been obtained. The propensity of the selected candidates to
generate G4 structure has been caracterized by different techniques such as CD (circular dichroism),
Tm (melting temperature) and TDS (thermal differential sprectra). The affinity and the specificity
of these aptamers have been characterized by SPR (surface plasmon resonance). We demonstrate
that we were able to obtain aptamers that specifically recognize these oligocationic foldamers.
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Ultrasound induced reversible sol-gel phase transition of hybrid peptides
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Regulated assembly of low molecular weight compounds with weak non-covalent interactions
builds up a supramolecular gel. Useful supramolecular materials have been the subject of increasing
interest in recent years due to their extensive applications in areas of catalysis, drug delivery,
nanoscience, sensors, cosmetics and many others.
Ultrasound-induced reversible gelation can occur for low molecular weight gelators (LMWG) by
self assembly.[1] The ultrasound influences the aggregation properties of the molecules in the
solvents. The ability of compounds to gelate solvents relies on the balance between the tendency for
self aggregation and the affinity for solvent molecules. An intermolecular interaction of suitable
strength is required for the formation of an organogel. Hydrogen bonding and π-π stacking
interactions are the principle interactions involved in the aggregation of these molecules.
While aggregation can be due to H bonding, organometallic coordination bonding between
gelator molecules can also occur.[2] Metal coordination can provide strong interactions between
individual components. Metal salts have been found to influence the critical gelation concentration,
the gelation temperature and the extent of gelation.
A set of oligomers containing the pseudoproline group trans (4R,5S) 4-carboxy-5-methyloxazolidin-2-one, a cyclic structures with stabilizing effects,[3] were synthesized with the aim of
investigating their ability to form molecular aggregates for the development of hydro and
organogels with the help of ultrasound.
The effect of metal salts on gelation of these oligomers was also investigated.

Figure 1. Photos of gels formed in the presence and absence of metal salts
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Cis-trans isomerization in trifluoromethylated pseudoprolines
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The cyclic nature of the proline residue gives rise to some unique conformational properties of the
peptide backbone. First of all it induces a constraint by restricting φ to values around -60°.
Secondly, the Xaa-Pro peptide bond is subject to cis-trans isomerization characterized by ∆G°c-t and
∆G#c-t values that are relatively small when compared to the other amino acids, the trans
conformation still being the major one.
A variety of mimetics and substituted proline analogs have been designed in order to control the
peptide backbone or to alter the cis-trans ratios and the rotational barriers for cis-trans
isomerization.
In this context, δ-substituted prolines 1 and pseudoprolines 2 have been shown to be very useful as
∆G°c-t and ∆G#c-t can be monitored depending on the nature of R1 and R2 as well as on the absolute
configuration.[1-3]
We here report the influence of a trifluoromethyl substituent introduced at the δ-position of
pseudoprolines (tripeptides 3 and 4) on ∆G°c-t and ∆G#c-t. These properties were determined using
NMR temperature studies (1D) and NOESY experiments.
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Figure 1. δ-Substituted proline and pseudoproline analogs
Trifluoromethylated pseudoproline analog 3 was incorporated into larger peptides. Molecular
dynamics calculations using NMR constraints revealed the presence of 2 stable conformations in
solution.
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Template-Assembling Synthetic Protein (TASP) strategy has proven its efficiency for the
formation of stable collagen-like triple helical structures even with short sequences. In all cases
described in the literature, the three peptides involved in the triple helix were attached onto the
template via linkers.[1] In this work, we show that this strategy can be applied to systems where only
two of the three peptides are linked to the template (host) and are able to form heterodimeric triple
helices with an additional free peptide (guest). The attachment of only two of the three strands,
opens the opportunity to get a new host/guest system useful for selective peptide recognition, and
additionally, allows the determination of binding constant involved in the hybridization event
(figure 1). Among the 6 different template/linker combinations tested for a defined peptide
sequences, we found that 1,8 anthracene dicarboxylic acid with β Alanine as linkers allowed to
obtained the most stable host/guest heterodimeric triple helices characterized by the higher melting
temperature Tm in water. Titration experiments by CD confirmed the formation of 1:1 complexes,
and allowed us to determine, for the first time, the binding constant involved in the hybridization
into triple helix, which is in the 106 L.mol-1 range in our case. We also demonstrated that this
binding constant can be tuned, depending on peptide length. Interestingly, this strategy shows a
high selectivity for sequences having a repetitive triad GXY, X and Y being mostly imino acids
such as prolines. It opens the opportunity to use this strategy for tag-fused protein recognition, since
the tag sequence (corresponding to the guest in our case) can be genetically encoded. Due the
possibility to add a fluorophore to the template, this methodology is potentially applicable in bioimaging experiments and could be an additional method for the detection of tag-fused proteins.

Figure 1. (a) Schematic representation of the new host/guest system. The host-guest recognition
leads to the formation of a heterodimeric collagen-like triple helical structure. The dashed lines
show interstrand electrostatic interactions between the aspartates side chains at the X position of the
host and arginines side chains at Y position of the guest. (b) Molecular structure of the linkers and
templates.
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Morpholine-based amino acids: new templates for the synthesis of foldamers
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The creation of new molecular templates with structural restrictions and carriers of molecular
diversity is of primary importance in the field of peptidomimetic design, since in the post-genomic
era there has been a growth of the number of identified bioactive peptides in many branches of
biomedical research. Thus, rapid access to new molecular templates is crucial for rational or
combinatorial drug design of modified peptides in order to improve bioactivity and
pharmacokinetic properties.
Our interest in this area is devoted in the exploration of synthetic strategies towards the structural
diversity of cyclic and bicyclic amino acids containing the morpholine nucleus, using suitable
building blocks from the chiral pool. The relevance of morpholine in medicinal chemistry is
remarkable, as this heterocycle is present in several bioactive molecules, such as TACE (TNF-α
converting enzyme), MMP (matrix metalloproteinase), and TNF (tumour necrosis factor) inhibitors,
and a potent orally active VLA-4 antagonist. The combination of amino acid and carbohydrate
derivatives followed by intramolecular trans-acetalization give access to a wide array of cyclic and
bicyclic scaffolds, leading to the development of α-, β-, and γ/δ-amino acids with marked structural
differences.[1] Moreover, conformational studies of model molecular systems containing selected
amino acids as reverse turn inducers have been carried out to study the role of such rigid templates
as proline surrogates.[2] The information taken from these studies allows selecting proper scaffolds
as peptidomimetic templates from a panel of molecules based both on structural and conformational
diversity.[3,4]
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Isostructural modifications of antibacterial foldamers
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In the field of peptidomimetics, there has been a sustained interest towards the design of
non-natural oligomeric backbones with new folding patterns. Over the past 12 years, the amide
linkage has become the quintessential motif to elaborate folding oligomers. Aliphatic and aromatic
oligoamides (peptoids, β-, γ-peptides) have provided numerous helical-folded structures, many of
which have shown interesting biological activities[1].
Interestingly, substituting urea for the CH2-CO-NH units in the γ4-peptide backbone
represent a spectacular case of isosteric and iso-structural replacement. High resolution structural
studies of the resulting oligoureas reveal a helical fold very similar to that reported for the cognate
γ4-peptides.[2,3] Definitive confirmation of this isostructural relationship came with the recent X-ray
structure determination of the canonical 2.5-helix of oligoureas. How such isosteric and
isostructural oligoamide and oligourea backbones compare in biomolecular recognition events is an
interesting question that we attempted to address in the present work.[4,5] Notably the two systems
were compared for their antimicrobial activity, membrane interaction and disruption properties.
Both γ-peptides and oligoureas designed to mimic globally amphiphilic α-helical host-defense
peptides have been synthesized and tested. The results showed a dichotomy in bactericidal activity
between the two isostructural systems and enlightened the unique antibacterial of amphiphilic
oligourea helices. To question whether the functional difference between oligourea and oligoamide
backbones results from differential membrane disruption activities, we have undertaken detailed
physicochemical investigations using negatively charged phospholipid membranes as model
systems.
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The 1:1[α
α /α−N-amino]mers
: A New Family of Foldamers
/α−
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Laboratoire de Chimie-Physique Macromoléculaire, UMR 7568 CNRS-INPL, ENSIC, NancyUniversité, 1 rue grandville, BP 20451, 54001, Nancy Cedex, France
Brigitte.jamart@ensic.inpl-nancy.fr
In biomimetic chemistry, structural diversity were not restricted to natural linear αpolypeptides but were attainable by a number of aliphatic (β- and γ-peptides[1]) and aromatic ωoligoamides. These folding oligomers or “foldamers”, conceived to adopt regular and predictable
conformations, provide good models for studying the main factors governing the formation of 3Dstructures in biopolymers. In addition, the predictability of folding in these molecules can be used
further to develop molecules with interesting biological functions.
Recently, our group in Nancy has developed the synthesis of new family of mixed
oligomers: the 1:1 [α/α-N-amino]mers.[2] After a brief description of the 1:1 [α/α-N-amino]mers
synthesis, we will present the conformational study conduct by NMR and IR spectroscopies which
allowed us to highlight a original repetitive folding by a C8 hydrogen bond involving a carbonyl
group of phthalimid and the amid proton. The Z/E equilibrium of N-aminoamide bond and an
original NH/π interaction will also be discussed.
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Design of new cyclobutane γ-peptides as new conformationally restricted foldamers
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γ-Amino acids and γ-peptides represent the next step in protein homologation and their structural
diversity is expected to be even richer that the one shown by α- and β-derivatives.[1] They present
additional advantages like high protease resistance and inherent therapeutic potential.
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We present the design of two different γ-peptides families: In one hand, highly conformationally
restricted polycyclobutane peptides and, on the other hand, combinations of a rigid cyclobutane
residue and a flexible segment proceeding from GABA.[2]
Structural description in solution of both families is under study using NMR, IR and CD as well as
their possible application as organogelators.
It has been demonstrated that several γ-peptides are capable of crossing the cell membrane (cellpenetrating peptides) fact that suggests their potential application as agents for cellular delivery of
biomolecules.[3] The capacity of the peptides synthesized in our laboratory as CPPs will be tested in
collaboration with highly specialized laboratories.
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Aza-β3-peptides are oligomers built from aza-analogs of β3-aminoacids. They show a
divergent H-bonding with regard to β3-peptides, characterized by a recurrent bifidic motif closing
C8 pseudocycles (figure 1). [1] Despite this robust H-bond network, aza- β3-peptides are not true
foldamers, because the fast chiral sequence scanning that results from nitrogen pyramidal inversion
(NPI) modulates continuously the shape of the backbone. Such short-range H-bond contacts can be
maintained into aza-β3-macrocycles (figure 2). The cyclisation of 4-mer and 6-mer both selects the
only syndiotactic chiral sequence together with slowing down the NPI to an unexpected level with
regard to the size of the macrocycles (16 and 24 membered rings respectively). [2] The resulting
compounds can be regarded as cyclofoldamers (or foldacycles). They are isolated as dynamic
racemates where the enantiomers are in equilibrium with a rate constant that reflects the rate of the
NPI phenomenon (figure 3). Taking advantage of the seargent and soldier principle, full inhibition
of the NPI can be obtained [3] by introducing a single optically pure center inside the macrocycle,
for instance by cyclising a precursor containing a β3-aminoacid or an α-hydrazinoacid (figure 4).
Recent developments allowed to raise the NPI barrier at a level that let foreseen to resolve the
racemic mixtures and to extend the concept to new macrocycles.
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Accurate measurement of scalar couplings in peptidomimetic molecules bearing
diastereotopic methylene protons
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Three-, two- and one-bond scalar couplings have long been used as a valuable source of information
in NMR structural studies of biomolecules.[1] Here, we demonstrate a simple two-dimensional
NMR experiment that yields accurate measurements of 3JHH and 1JCH in methylene groups.
Applications are proposed on three kinds of peptidomimetic molecules: urea oligomers, peptides
incorporating constrained γ-aminoacids or trifluoromethylated pseudoproline residues.
Homodecoupling provided by the pulse scheme made it possible to readily measure conformationdependent 3JHH constants that are difficult to obtain accurately in standard NMR experiments (figure
1). It will be shown that using those couplings as additional NMR restraints improved significantly
the quality of the structure calculations. Moreover, the accurate determination of individual 1JCH
couplings within each methylene offers a straightforward route for achieving the stereospecific
assignment of diastereotopic protons.
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Figure 1. αCH2 region of a 1H-13C COSY spectrum recorded on a α/γ peptide at 500 MHz. A spin
state selective NMR pulse scheme has been employed to achieve a 2JHH homodecoupling.
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New cyclobutane bifunctional thioureas and their application as asymmetric
organocatalysts
Ona Illa, Albert Gargallo, Rosa M. Ortuño
Departament de Química, Universitat Autònoma de Barcelona,
08193 Bellaterra, Barcelona, Spain
ona.illa@uab.cat

Bifunctional thioureas have been described as powerful asymmetric organocatalysts in a wide range
of reactions.[1] In this poster, we present a short and versatile entry to a broad variety of differently
substituted cyclobutane thioureas (2 and 3). Our chiral precursor is half-ester 1.[2]

Figure 1. Synthetic strategy towards cyclobutane thioureas.
These thioureas have been initially tried in Michael addition reactions of malonates to nitroolefins,
obtaining promising results in terms of enantioselectivity and yield. Referring to the catalyst, on one
hand, the thiourea moiety acts as a hydrogen donor activating the electrophile, and organizing the
transition state, whilst on the other hand, the amine substituent acts as a base, activating the
nucleophile. Currently, other reactions are being investigated.
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Lucile Fischer,a Paul Claudon,b Nagendar Pendem,a Jean-Paul Briand,b Claude Didierjean,c Eric
Ennifar,d Gilles Guicharda
a

Institut Européen de Chimie et de Biologie, CBMN, Université de Bordeaux-CNRS UMR 5248,
Pessac
b
CNRS, Institut de Biologie Moléculaire et Cellulaire, UPR 9021, 15 rue Descartes, 67000
Strasbourg.
c
Laboratoire de cristallographie, résonance magnétique et modélisation, UMR-CNRS 7036,
Groupe Biocristallographie, Nancy Université, BP 239, 54506 Vandœuvre-lès-Nancy.
d
CNRS, Institut de Biologie Moléculaire et Cellulaire, UPR 9002, 15 rue Descartes, 67000
Strasbourg.

Foldamers are discrete artificial oligomers with well-defined and predictable folding
patterns akin to naturally occurring helices, turns and linear strands.[1] Because of their diversity in
size, shape and side chain appendages as well as their resistance to enzymatic degradation,
peptidomimetic helical foldamers represent unique scaffolds for use in a range of biological and
biomedical applications.
Characterizing such helical folds at atomic resolution is of prime importance if one aims to
design molecules that can target biological surfaces and for reliable structure-function analysis. To
date, extensive crystallographic data sets have been gathered on aliphatic (β- and α/β-peptides) and
aromatic oligoamides, thus providing a detailed picture of the structural diversity within these
foldamer families. Notable achievements include the atomic structure determination of large (>8
kDa) aromatic oligoamide foldamers,[2] helix bundle quaternary structures formed by designed βpeptides,[3] and a α/β-peptide/protein complex.[4] Few other helical backbones have been
characterized by crystallographic analysis.
In the past few years, we have investigated peptidomimetic oligomers of general formula –
(NH-CH(R)-CH2-N’H-CO)n – consisting of urea bridging units and bearing proteinogenic sidechains.[5,6] In solution, these oligomers which belong to the γ-peptide lineage show a remarkable
propensity to fold into helical secondary structures. 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.[7]
Here, we report four crystal structures of N,N’-linked oligoureas ranging from 4 to 8
residues (5 to 9 urea groups) with naturally occurring Phe, Val, Ala and Leu side chains. The nature
of the capping groups at both termini was found to be critical to grow high quality crystals suitable
for x-ray diffraction.
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Collagen Model Peptides with Sites for Functionalization
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Collagen is the most abundant protein in mammals. Many diseases such as scurvy or brittle bone
disease are linked to faults in the structure of collagen.[1] Cross linking of collagen strands is part of
the natural ageing process of our skin.[2] Thus, understanding the triple helical collagen structure
and factors that have an influence on this structure is important. The collagen triple helix consists of
Xaa-Yaa-Gly repeat units, with Pro-(4R)Hyp-Gly (Hyp = (4R)Hydroxyproline) as the most
abundant repeat unit in natural collagen which provides the highest stability.[3] Raines et al. showed
by replacing (4R)Hyp with (4R)fluoroproline that stereoelectronic effects contribute to the stability
of the collagen triple helix.[4] Recently, the Wennemers group showed that the azido group exerts a
similarly strong stereoelectronic effect as fluorine[5] and demonstrated that (4R)azidoproline (Azp)
can be used to stabilize the PPII conformation within oglioprolines.[6] In this work we tested the
effect of (4S)Azp and (4R)Azp on the stability of collagen. Incorporation of Azp into host/guest
collagen model peptides (figure 1) demonstrated that (4R)Azp has a comparable stabilizing effect as
(4R)Hyp.

Figure 1. Structure of the investigated host/guest collagen model peptides.
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β-Peptide helical structures induced by bicyclic amino acid units
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Due to their stabilization effects, cyclic β-amino acids are considered to be interesting building
blocks in the creation of various foldameric helices.[1] Oligomers having six-membered ring transACHC and trans-APiC residues are able to form H14 helix, while the five-membered ring
containing trans-ACPC and trans-APC have a strong nucleating effect for H12 helix.[2] Both
structures could be excellent mimetics of the natural α-helices and have influence upon proteinprotein interactions.
We have reported a novel route to gain H12 helix using monoterpene-based β-amino acid
monomers, the bicyclic analog of ACHC (2-amino-6,6-dimethyl-bicyclo[3.3.1]heptane-3carboxylic acid; ABHC).[3] Former results showed that homooligomers with five trans-ABHC
residues in the sequence, unambiguously adopt stable H12 helix because of the steric repulsions
between the bulky side-chains in (i - i+3) positions (Figure 1).[4]

Figure 1. Steric repulsions between the bicyclic residues
Herein we present structural characterization of newly synthesized oligomers that contain transABHC and β3-homoserine residues in three different substitution patterns. NMR, ECD and
molecular modeling results revealed two types of helical secondary structures. ABHC monomers
can serve as helix-stabilizing building blocks, their numbers and positions in the peptide chains play
key role in formation of H12 helix, while the increased number of β3-homoserine promote the H14
helix as a predominant geometry.
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Clickable β3-peptides: synthesis and conformational preference
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Azide-containing homo-β3-peptides, of up to six residues in length (Fig. 1a), were synthesised in
solution from aspartic acid. Their subsequent conjugation with monosaccharides bearing a terminal
alkyne function was efficiently achieved by copper-mediated cycloadditions leading to a family of
small glycoclusters (Fig. 1c). These compounds represent ideal tools to explore carbohydratemediated multivalent interactions. NMR-structural investigation of the N-terminus deprotected
azide-hexamer in CD3OH indicates that it could fold into the expected 314-helix conformation.
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Figure 1. (a) β-peptides investigated. (b) CD spectra of the Boc-protected oligomers in TFE at 20 °C. (c)
Glycosylated β-peptides investigated and (d) CD spectra of the Boc-protected glycoconjugates in water.

Circular dichroism (CD) investigation was performed to complement information obtained from
NMR. Analysis of the azido β3-peptides (X = Boc) in TFE showed a chain length dependence (Fig.
1b) and also an effect from removal of the N-terminal protecting group of the hexamer. The
addition of water to the Boc-hexamer in TFE did not alter the conformational preference observed.
However, a loss of ordered secondary structure was observed in TFE upon heating. CD study of the
deprotected N-terminus hexamer was performed in MeOH and TFE. Water titration in MeOH gave
CD spectra consistent with those previously reported for a β3-peptide adopting a 314-helix
conformation.[1] It is worth noting that the CD curves of the glycoconjugated oligomers in water are
also consistent with the 314-helix conformation (Fig. 1d). [1] The preparation of other conjugates by
click post-modification of the azido-oligomers should help us to understand the significance of this
observation. Molecular modelling of β3-peptides bearing 1,2,3-triazole side chains will also be
undertaken.
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Effects of Terminal Functional Groups
on the Stability of the Polyproline II Structure
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gregory.upert@unibas.ch

The left-handed polyproline II helix (PPII) plays an important role in many biological processes, for
example recognition events at protein-protein inter-faces. Factors like solvation,[1] steric
interactions between the pyrrolidine rings[2] and dipole-dipole interactions within the backbone[2,3]
are known to influence the stability of the PPII helix.
This poster presents investigations into the influence of functional groups at the C- and N-termini
on the stability of the PPII helix. Proline 12-mers with free or capped end-groups were synthesized
and their conformation was studied by circular dichroism spectroscopy. The different tendencies of
these peptides to switch between the two possible helical conformations of oligoprolines were
analysed and correlated to calculated dipole moments. As in α-helical structures, the macrodipole
was found to influence the stability of the helices.

PPII (favoured in water)

PPI (favoured in 1-PrOH)

Figure 1. Representation of the polyproline (PP) II and I structures

References
[1] A. Rath, A. R. Davidson, C. M. Deber, Biopolymers (Pept. Sci.) 2005, 80, 179-185.
[2] J.-C. Horng, R. T. Raines, Protein Sci. 2006, 15, 74-83.
[3] M. Kümin, L.-S. Sonntag, H. Wennemers, J. Am. Chem. Soc. 2007, 129, 566-467.

FOLDAMERS: from design to protein recognition

January 25-28 2010, Bordeaux, France

Poster 19

Photoswitchable Triostin A Analogs – Orientation Dependent DNA Intercalation
Ansgar Zobel, Katharina Gaus, Katrin Wollschläger, Norbert Sewald
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Novel highly active and specific DNA binding molecules have a considerable potential
particularly with regard to applications in medical science. The major and minor grooves of the
DNA serve as recognition areas. Controlling DNA-binding abilities of synthetic molecules is of
high interest for Chemical Biology. A possible modulator is light in combination with
photoswitchable molecules such as azobenzenes.
Triostin A is a natural bisintercalator which belongs to the quinoxaline antibiotics originally
isolated from Streptomyces S-2-210.[1] It consists of a bicyclic octadepsipeptide arranged
symmetrically with partially N-methylated amino acids and a cystine bridge. Its heteroaromatic
quinoxaline moieties are able to intercalate GC-specifically[2, 3] into the DNA inducing a change in
conformation and therefore inhibit the transcription by blocking specific enzymes.
Des-N-Tetramethyltriostin A (TANDEM) is the N-unmethylated analog of Triostin A which
binds AT-selectively[2, 3] to the DNA due to the change in the hydrogen bonding pattern. The
exchange of the Cystine bridge of TANDEM with symmetric azobenzene units leads to
photoswitchable Triostin A analogs.
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Figure 1. Structure of Triostin A (R = CH3) and TANDEM (R = H).
The synthesis of the depsipeptidic basic structure which contains the quinoxaline moieties is
introduced as well as the coupling with azobenzene amino acids. Key step of the successful
synthesis is the double macrolactamization which is accomplished under pseudo high dilution
conditions. In order to differ between cis- and trans-configurations of the molecule, NMRspectroscopy was carried out as well as the photoswitchability of different analogs was tested by
irradiation and RP-HPLC analysis.
One important characteristic of the molecule related to successful intercalation is the
orientation of the quinoxaline moieties towards each other. Beside being parallely arranged the
distance has to be well defined. Herein we show that the introduction of azobenzenes influences the
alignment of those heteroaromatic systems.
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Synthesis of new unnatural amino acids for foldamers and neuropeptide Y
(NPY) analogs as selective ligands for NPY receptors
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The synthesis of new unnatural α- and β-amino acids is always a remunerative challenge since they
display an important class of compounds which can induce discrete and predictable folding
properties. Hence, they are utilized in the preparation of foldamers, as analogues of natural amino
acids in biologically active peptides to study structure-activity relationships and as potential
therapeutics. The properties of various unnatural β- and γ-amino acids were extensively studied by
various groups showing their high potential in the aforementioned fields. In our work we focus on
conformational constrained cispentacin derivatives. These analogues allow a wide range of
modification in the “side chains” obtaining natural α-amino acid counterparts as enantiomerically
pure building blocks.
Hence, the incorporation of these building blocks into biologically active compounds like peptides
as well as their application in foldamers are a promising objective. This principle was already
reported by us for both enantiomers of 3-amino-cyclopropane-1,2-dicarboxylic acid monomethyl
ester (β-ACC)[1] as constrained β-alanine analogues. They were found to induce a defined
conformation already in short α-peptides [2], and were helpful in receptor-ligand interactions studies
on neuropeptide Y (NPY)[3], Calcitonin gene related peptide [4] and orexin peptides.[5]
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Synthetic antifreeze glycopeptide analogs
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In polar and subpolar seas, the water temperature declines below the colligative
freezing point of physiological solutions. The body cells of ectotherms can be harmed by the
growing of ice crystals under these conditions. Hence, efficient biological antifreezes are
crucial for survival, which are able to inhibit the growth of large ice crystals and suppress
heterogeneous ice nucleation. One of these agents are classified as antifreeze glycoproteins
(AFGP), which have been barely investigated due to problematic purification from natural
sources and challenging synthesis of heavily glycosylated peptides.
AFGPs usually consist of a varying number of [AAT]n-repeating units (n=4-50) and
every threonine side chain is glycosidically linked to β-D-galactosyl-(1-3)-α-N-acetyl-Dgalactosamine. Although this pattern is highly conserved in different species, minor sequence
mutations were found, e. g. alanine is substituted by proline. The antifreeze activity is proven
by suppression of the recrystallisation and ice nucleation, thermal hysteresis and change of the
crystal habitus. This antifreeze activity is given by the N-acetyl group at the C2 position of the
galactosamine, the α-configured glycosidic bond to the threonine as well as the γ-methyl
group, which should be considered in the synthesis.[1] Further it is known that AFGPs adopt a
threefold left-handed helix similar to a polyproline type II helix. It concerns a highly flexible
structure, which changes significantly upon ice surface contact.

By using solid phase peptide synthesis the preparation of sequence variations as they
occur especially in the smaller AFGP 6-8 is possible. The troublesome peptide synthesis due
to the heavily glycosylated peptide, is efficiently executed by HATU activation and
microwave-assistance during the cycles.[2]
The synthetic analogs were examined by CD and NMR in water and DMSO at
different temperatures. Furthermore the peptides were analysed microphysically according to
their recrystallisation inhibition activity and their influence on the crystal habitus.[3]
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Stereoselective Synthesis of Cyclobutane γ-Amino Acids
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Unnatural aminoacids have made a significant impact in the field of foldamer research. Cyclic βaminoacids, in particular, have shown a strong tendency to induce regular folding structural
arrangements in oligopeptides which contain them, whether these be β-peptides or mixed α/βpeptides.[1,2]
By analogy, conformationally restricted γ-amino acids could likewise be expected to impart folding
preferences to their oligopeptides, and indeed, recent results in this area are encouraging. Gellman
has shown that cis-(Cβ-Cγ)cyclohexyl γ-amino acids can support helical secondary structure in an
α/γ peptide backbone,[3] while Smith has shown that trimers of the trans-(Cα-Cβ)cyclopropyl γamino acid core adopt infinite parallel sheet structures.[4] Ortuño has described the preparation of
(Cα-Cγ)cyclobutyl γ-dipeptides,[5] but there is still plenty demand for new ring-constrained γ-amino
acid building blocks for further studies on foldamer structures.
As an extension of our recent work on photochemical routes to cyclobutane β-amino acids,[6] we
have initiated studies of an analogous approach towards (Cα-Cβ)cyclobutyl γ-amino acids. In this
first communication on this programme, we present a very simple photochemical synthesis of
suitably protected derivatives of the parent cis-(Cα-Cβ)cyclobutane γ-amino acid in
enantiomerically pure form, as summarized in Figure 1.
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There is considerable interest to develop pseudopeptide oligomers with reduced complexity that
are able to fulfil the functions of their natural peptide counterparts without limitations such as low
half-life and limited membrane permeability.[1] α-Peptoids (oligomers of N-substituted glycine)
were developed in the early 1990’s as a new type of peptidomimetic which are characterized by
resistance to proteases, rapid cellular uptake, significant potential for diversity and straightforward
synthesis.[2] We have recently communicated our initial studies on a new family of hybrid α,βalternating peptoids.[3]
Herein, we present a new and convenient solution phase approach for synthesis of a range of novel
α,β-alternating peptoids. Oligomers consisting of up to six peptoid residues (n = 1-3) were
synthesized on large scale using an efficient iterative solution-phase method and longer oligomers
(n = 4-5) were obtained by peptide coupling of appropriately protected shorter oligomers.
Deprotection followed by cyclisation provided the corresponding macrocycles.
Using this methodology we have synthesized a library of α,β-alternating peptoids with varying
substitution patterns of α-chiral side chains in order to study the potential induction of secondary
structures.
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Figure 1. Synthesis of novel hybrid α,β-peptoids
The conformational preference of these novel systems is currently under investigation by circular
dichroism (CD). This technique is an invaluable tool to assist the conformational analysis of these
novel systems, due to complexity in the NMR arising from cis/trans isomerism of the tertiary
amide and difficulties encountered in the crystallisation. ECD and VUVCD data are currently
under investigation to establish the conformational preference adopted by each family of novel
hybrid α,β-peptoids and the effect of varying sequence patterns and protecting groups upon the
observed conformation(s). This preliminary data, along with data derived from complementary
spectroscopic techniques (ROA), will aid interpretation/assignment of the observed
conformation(s) and will help to characterise the forces which direct the folding.
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Type 2 diabetes is a disease characterised by high concentration of glucose in blood due to
insulin resistance. Glucagon-like peptide 1 (GLP-1) is an incretin hormone involved in glucose
homeostasis and stimulation of insulin release from pancreatic β-cells through specific interaction
with the GLP-1 receptor (GLP-1R). Exendine-4 (Ex-4) is a naturally occurring GLP-1R agonist
sharing 53% homology with the human GLP-1, showing higher binding affinity to GLP-1R[1].
Crystal structure of the Ex-4 bound GLP-1R proved that affinity of Ex-4 is due to its higher αhelical propensity in solution and due to its C-terminal extension – also known as Trp-cage – which
forms additional stabilizing contact with the receptor[2].
We have designed, synthesised and investigated the folding properties of several Ex-4
derivatives by using chiroptical spectroscopy. Our model peptide, Tc6b comes from our earlier
studies which is structurally similar to the C-terminal fragment of Ex-4[3]. The gradual N-terminal
elongation of TC6b (NLYIQWLKEGGPSSGRPPPS) with the corresponding residues of Ex-4
(HGEGTFTSD-LSKQMEEEAV-RLYIQWLKEGGPSSGRPPPS, C-term. extention highlighted by
green) revealed a periodic change in the helical content of this foldamer. We will present
spectroscopic data on the role of the length of the above mentioned extension in stabilizing the
overall molecular fold. In addition, shift of the molecular packing of the aromatic rings of the key
Trp and Tyr residues will be reported. For quantitative spectral analysis was made possible by the
use of the in house developed CCA+ deconvolutional algorithm[4],[5].

a)

b)

Figure 1. a) A representative NMR structure of the 28 residue long foldamer and b) the Tc6b-type
“head” enlarged, stabilized by the core Trp with its indole ring packed again the aromatic side chain
of Tyr.
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Foldaxanes: Helically Folded Oligomers
around Dumbbell Molecules
Quan Gan, Yann Ferrand, Brice Kauffmann, Hua Jiang and Ivan Huc*
IECB UMR 5248 - Université de Bordeaux - 2, rue Escarpit, 33607, Pessac, France
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Helical conformation is one of the most significant structural motifs observed in biomolecules[1]
and artificial[2,3] oligomers. We have previously shown aromatic oligoamide sequence 1 composed
of five different monomers can fold into a robust helical structure which has a hollow large enough
to bind linear alkyldiol or diamine such as 1,4-butanediol or 1,4-butanediamine.[4] Such constructs
proved to completely surround their guest, especially because of quinoline units existing at both
extremities of the capsule. Quinolines are known to form corks closing the molecular shell and also
preventing single helix to assemble into double helix. We thus anticipated that their removal will
allow us to bind longer guest, typically dumbbell molecule. As expected, their suppression led not
only to the capsule opening but also to its hybridization in a double helix.
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Figure 1. Structures of foldamers 1 and 2
Herein we report the use of the aromatic amide sequence 2 which proved to be able to fold
around a dumbbell molecule. In the absence of guest, this undecameric oligoamide sequence forms
a strongly hybridized duplex in solution and in the solid state. Upon addition of the rod, the
dissociation of the double helix proceeds and is followed by the association of a single strand
around the guest leading to the formation of a pseudo rotaxane (Figure 2).

Figure 2. Schematic representation of the dissociation of the double helix to a single helix, and its
association to a dumbbell molecule. And crystal structure of compound 2 and compound 2 with rod.
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G-Quadruplex DNA Bound by an Artificial Ligand is Highly Dynamic
Katta Laxmi-Reddy, Benoît Baptiste, Zeyuan Dong, Frédéric Godde, and Ivan Huc
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Four stranded structures called G-quadruplexes are formed by certain guanine-rich
sequences of DNA. Meanwhile, the G-quadruplex formed by the human telomeric
DNA sequence is of particular interest, owing to the importance of telomere
maintenance for cellular proliferation.[1] Artificial molecules that selectively bind and
stabilize the G-quadruplex can disrupt telomere function and consequently are under
investigation as potential anticancer drugs.[2, 3]
In collaboration with the group of S. Balasubramanian at the University of
Cambridge and the group of T. Ha at the University of Illinois, we discovered that
oligoamides of 8-amino-2-quinoline carboxylic acid, for example, trimeric
macrocycle 1 and helical tetramer 2, are good ligands for stabilizing G-quadruplexes
(Figure 1).[4, 5, 6] These ligands showed significant potential for G-quadruplex
stabilization yet no significant duplex stabilization. Interestingly and importantly, by
means of single molecule fluorescence resonance energy transfer (Figure 2),
macrocycle 1 stabilizes a particular G-quadruplex conformation of the human
telomere DNA sequence without preventing the intrinsic intramolecular dynamics of
the telomeric DNA(interconversion between several folded and unfolded states).[7]

Figure 1. Formulas of cationic oligomers 1 and 2 and schematic structures of B-DNA[5] and G-quadruplex of htelo[6].
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Figure 2. A (GGGTTA)3-GGG oligonucleotide is hybridized to the complementary stem strand and immobilized
via a biotin-Neutravidin interaction to a bovine serum albumin-biotin coated quartz surface. TMR (green) and Cy5
(red) are the donor and acceptor fluorophores, respectively.
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Prolinoamino acids: Tools for building fully functionalized βturn mimetics
stable in water. Synthesis, structural and pharmacological applications.
Mothes, C. 1 ; Quancard, J. 1 ; Goasdoué, N. 1 ; Lavielle, S. 1 ; Chassaing, G. 1 ; Lequin, O. 1
and Karoyan, P. 1
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The design of peptidomimetics able to mimic the structural and binding motifs of proteins is a
major challenge in the development of new pharmaceutical tools. The β-turn motif is one of the
major secondary structure elements that plays an important role in the folding of globular proteins
and is often implicated as a recognition element in receptor-ligand interactions.[1] Considerable
effort has been devoted to the development of synthetic templates as reverse turn mimics.[2] A
possible approach to stabilize β-turn conformations is the incorporation of proline residues that are
known to have a high β-turn propensity.[3] Heterochiral D-Pro-L-Pro or L-Pro-D-Pro sequences adopt
type II' or type II β-turn conformations, respectively.[4] The replacement of one proline residue by
an N-methyl aminoacid or a Cyclopropylamino acid [5] (D-Pro-L-NMeXaa, L-Pro-D-NMeXaa or
Pro-Cyclopropylaa sequences) further stabilizes the β-turn conformation and enables the
introduction of a side-chain functionality in the i+2 position of the β-turn.[6, 7] We have explored the
possibility to recover the side-chain functionality in the i+1 position by using cis-3-substituted
prolinoamino acids (Pc3Xaa) [8] and we have validated the use of prolinoamino acids to stabilize
short β-turns in water that possess the two side-chain functionalities in i+1 and i+2 positions. We
have examined different types of side-chains able to mediate van der Waals or cation-π interactions
and characterized the conformational space explored by side-chains.[9] Turn-mimetics targeting
somatostatin/Sst receptors were chosen as models and will be presented here.

Figure 1. NMR structures of turn mimetics involving Prolinoamino acids.
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β-amino acids acids: Syntheses and biological application in the develoment of
mixed α/β
β peptides analogues of angiotensin IV.
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G.,c Tourwé, D.b and Karoyan, P. a
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The development of scalable syntheses of β-amino acids derivatives is an important challenge since
these homologues of a-amino acids have relevant roles in medicinal chemistry. [1] Moreover,
pioneering work by Seebach et al. [2] and Gellman et al. [3] has demonstrated the folding propensity
of oligomers of these compounds, leading to secondary and tertiary structures very similar to that of
a-peptides, so considered as excellent peptidomimetics. [4] One will distinguish between β 2- and β 3amino acids regarding the position of the side chain on the β -amino acid skeleton. β 3-amino acids
are readily available in enantiomerically pure form by homologation strategies of α-amino
acids.[5][6] The preparation of β2-amino acids is much more challenging and many useful strategies
are reported for the synthesis of these compounds, allowing access to β2-amino acids bearing
trivial[7] or functionalised[8] side chains. Herein we present a methodology based on the
aminomethylation of chiral silyl enol ether we have previously reported and its application to the
synthesis of β2hlysine and β2htryptophane dérivatives. [9] We will also present the use of β-amino
acids in the preparation of mixd α/β-peptides analogues of angiotensin IV. Angiotensin IV (V-Y-IH-P-F) is a bioactive metabolite of AngII which mediates a wild range of physiological actions
through supposed binding to AT4, APN or AT1 receptors. [10]
We have reported that the β-homo amino acid containing analogue H-β2hVal-Tyr-Ile-His-Proβ3hPhe-OH is a potent, selective and stable Ang IV antagonist, in which the β2hVal is responsible
for stability and the β3hPhe for selectivity. The fact that the full Ang IV sequence is not necessary
for high potency will be presented here.
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Figure 1. Aminomethylation of chiral silyl enol ethers.
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