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WELCOME 

It is our pleasure to welcome all delegates to this three day scientific meeting devoted to

state of the art foldamer science. Our symposium will focus on various aspects of the design

and preparation of foldamers, the structural characterization of their structures and folding

propensity, and their properties and function. A prime objective will be to illustrate the

multidisciplinary aspects of the field.

In testimony to the tremendous developments in this emerging area, the symposium is held

under the joint European patronage of the COST Action CM0803 and the Marie Curie IAPP

FOLDAPPI project (FP7), both of which are dedicated to the advancement of foldamers.

However with speakers and participants coming from more than 20 different countries

across Europe, Asia and America, this is the largest scientific meeting focussing on foldamer

science to date.

The European networks will draw to a close in 2013, but we believe that they will have

served as a springboard, for fostering future international cooperation and progress, and for

stimulating greater interest in neighbouring bioscience and therapeutics fields. We sincerely

hope that this meeting will contribute towards those goals.

We wish you a very warm welcome to Paris and we hope you will enjoy the symposium.

David J. Aitken, Ivan Huc

Co chairmen

  



THE CONFERENCE VENUE LES CORDELIERS, PARIS 

Les Cordeliers is a refreshingly peaceful

academic centre located in the heart of

the Latin Quartier, surrounded by the

lively atmosphere of the Paris Left Bank.  

Historically, the area was occupied by

religious orders, and Les Cordeliers was

inhabited by Franciscan monks from as

early as the 13th Century.

During the French Revolution, the

monks were expelled and the site

became famous for hosting the

Society for Human and Citizen Rights,

and the Club des Cordeliers, animated

by renowned revolutionaries including

Danton, Desmoulins, Hébert and

Marat.

Today, the campus belongs to the City of Paris and

serves partly as a conference centre. It also plays host

to the Faculty of Medicine of Université Pierre & Marie

Curie Paris Universitas, as well as the Centre de

Recherche des Cordeliers (CRC), a joint university

hospital research unit.

 



SYMPOSIUM PROGRAMME

TUESDAY 9 APRIL

14h00 18h00 Arrival / Registration

16h00 18h00 MC Meeting (COST only)

WEDNESDAY 10 APRIL

8h00 – 9h00 Arrival / Registration

9h10 – 9h25 Chairmen’s Welcome

Session Chair: Andy Wilson

9h25 – 10h15 PL1 Jean Marie Lehn (Université de Strasbourg, France)

Controlled folding and motional dynamics of polyheterocyclic molecular

strands and their metallosupramolecular architectures

10h15 – 10h45 Coffee break

Session Chair: Rosa Ortuño

10h45 – 11h05 SL1 Young Kee Kang (Chungbuk National University, South Korea)

Peptide foldamers based on 2 (aminomethyl)cyclohexanecarboxylic acid

11h05 – 11h25 SL2 Knud J. Jensen (University of Copenhagen, Denmark)

Higher order self assembly of proteins

11h25 – 11h55 KL1 James S. Nowick (University of California, Irvine, USA)

The supramolecular chemistry of sheet foldamers

11h55 – 12h25 KL2 Gangadhar J. Sanjayan (National Chemical Laboratory, Pune, India)

Diversifying the foldamer architecture: the aliphatic aromatic hybrid

foldamer approach

12h25 – 14h00 Lunch + poster viewing

Session Chair: Luc Brunsveld

14h00 – 14h50 PL2 Stephen Kent (University of Chicago, USA)

Chemical protein synthesis: racemic protein crystallography and D protein

therapeutics

14h50 – 15h20 KL3 Thomas R. Ward (University of Basel, Switzerland)

Artificial metalloenzymes based on the biotin avidin technology: recent

advances and challenges

15h20 – 15h40 SL3 Miriam Royo (University of Barcelona, Spain)

Cis L proline peptides as multifunctional platforms scaffolds for diverse

therapeutic applications

15h40 – 16h00 SL4 Jonathan Farjon (Université Paris Sud, France)

A new NMR tool to probe hydrogen bonds in peptide foldamers

16h00 – 16h30 Coffee & refreshments break



Session Chair: Fernando Formaggio

16h30 – 16h50 SL5 Aya Tanatani (Ochanomizu University, Tokyo, Japan)

Aromatic foldamers based on the cis conformational preference of

N alkylated aromatic amide and urea bonds

16h50 – 17h10 SL6 Tamás A. Martinek (University of Szeged, Hungary)

Targeting solvent exposed protein surfaces with peptidic foldamers

17h10 – 18h00 PL3 Stephen G. Davies (University of Oxford, UK)

Solid and solution phase conformational preferences of peptides derived

from transpentacin and 3 alkyltranspentacin

THURSDAY 11 APRIL

Session Chair: Gilles Guichard

9h00 – 9h50 PL4 Peter B. Dervan (California Institute of Technology, USA)

Is the DNA binding hairpin Py Im Hp polyamide an archetypical foldamer?

9h50 – 10h20 KL4 Oliver Reiser (Universität Regensburg, Germany)

Cyclic cis aminocarboxylic acids – versatile constituents in foldamers

10h20 – 10h50 Coffee break

Session Chair: Claudia Tomasini

10h50 – 11h10 SL7 Nozomi Saito (Tohoku University, Japan)

Synthesis and two component lyotropic liquid crystal formation of

cyclobis(ethynylhelicene)oligomer

11h10 – 11h30 SL8 Emeric Miclet (Université Pierre et Marie Curie, Paris, France)

How the helical fold of peptidomimetic urea oligomers behaves in aqueous

solution? New insights from the NMR spectroscopy of methylene groups

11h30 – 12h00 KL5 Jonathan Clayden (University of Manchester, UK)

Torque talk: conformational communication through helical molecules

12h00 – 12h30 KL6 Kent Kirshenbaum (New York University, USA)

From chaos to control: design of functional peptoid oligomers

12h30 – 14h00 Lunch + poster viewing

Session Chair: Sven Mangelinckx

14h00 – 14h50 PL5 Hiroaki Suga (University of Tokyo, Japan)

Non traditional peptide “foldamer” discovery accelerated by the RaPID

system

14h50 – 15h20 KL7 Helma Wennemers (ETH Zurich, Switzerland)

Peptides as Asymmetric Catalysts

15h20 – 15h40 SL9 Aloysius Siriwardena (CNRS Laboratoire des Glucides, Amiens, France)

Effects of co and post translational modification by sugars on peptide

folding: insights from a study of a family of “glyco”–foldamers

15h40 – 16h00 SL10 Olga Iranzo (Universidade Nova de Lisboa, Portugal)

Harnessing the flexibility of peptidic scaffolds to control their copper(II)

coordination properties: a potentiometric and spectroscopic study



16h00 – 16h30 Coffee & refreshments break

Session Chair: Juha Rouvinen

16h30 – 16h50 SL11 Alessandro Moretto (University of Padova, Italy)

Reversible chirality control in peptide functionalized gold nanoparticles

16h50 – 17h10 SL12 Sophie Faure (Clermont Université, France)

Control of amide cis trans isomerism in peptoid: “directing” side chains to

promote stable secondary structures

17h10 – 18h00 PL6 Ferenc Fülöp (University of Szeged, Hungary)

Cyclic amino acids: an unlimited field

FRIDAY 12 APRIL

Session Chair: Alison Edwards

9h00 – 9h30 KL8 Bing Gong (State University of New York at Buffalo, USA)

Cavity containing aromatic oligoamide foldamers and macrocycles

9h30 – 9h50 SL13 Ona Illa (Universitat Autónoma de Barcelona, Spain)

Hybrid cyclobutane peptides: influence of the spacer on their folding in

solution and on their gelation ability

9h50 – 10h10 SL14 András Perczel (Eötvös L. University, Budapest, Hungary)

Foldamer stability coupled to aggregation propensity of elongated Trp cage

miniproteins

10h10 – 10h40 Coffee break

Session Chair: Norbert Sewald

10h40 – 11h10 KL9 Martin D. Smith (University of Oxford, UK)

Can a C H•••O interaction be a determinant of conformation?

11h10 – 12h00 PL7 Samuel H. Gellman (University of Wisconsin, USA)

Mimicry of protein recognition surfaces with peptidic foldamers

12h00 – 12h15 Concluding remarks
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Plenary Lecture PL1 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

Controlled Folding and Motional Dynamics of Polyheterocyclic Molecular 

Strands and their Metallosupramolecular Architectures  
 

Jean-Marie Lehn 

 

ISIS, Université de Strasbourg 

 

Molecular self-organization is reflected in the ability to generate specific structural patterns by 

design. In particular, the folding of molecular strands may be controlled by the implementation of 

folding codons (foldons), allowing for the control of molecular folding through structure enforcing 

subunits.   

Supramolecular self-organization explores systems capable of spontaneously generating well-

defined functional supramolecular architectures by self-assembly from their components, on the 

basis of the molecular information stored in the covalent framework of the components and read out 

at the supramolecular level through specific interactional algorithms.  

At both levels, the processes represent the behaviour of programmed chemical systems. 

The broad case of polyheterocyclic strands and their interaction with metal cations will be 

presented, involving: 

- the powerful structure enforcing features of selected sequences of heterocylic groups, based 

on non-bonded intramolecular interactions; 

- the generation of given metallosupramolecular architectures by the complexation of these 

strands with metal cations presenting a specific coordination geometry; 

- the functional features of the parent strands and their metal complexes, in particular the 

dynamic structural changes involved in the strand/complex folding/unfolding 

interconversion, generating molecular mechanical motion.   

      The three features, molecular design, selection of coordination processes and motional dynamics 

allow for a broad range of structural and functional features of interest in particular for nanoscience 

and nanotechnology. 
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 G.S. HANAN, J.-M. LEHN, N. KYRITSAKAS, J. FISCHER, 
“Molecular helicity: a general approach for helicity induction in a polyheterocyclic molecular strand”,  
J. Chem. Soc., Chem. Commun., 765-766, 1995. 

 M. OHKITA, J.-M. LEHN, G. BAUM, D. FENSKE, 
“Helicity coding: Programmed molecular self-organization of achiral nonbiological strands into multiturn helical 
superstructures: Synthesis and characterization of alternating pyridine - pyrimidine oligomers”, 
Chem. Eur. J. 5, 3471-3481, 1999. 

 M. BARBOIU, J.-M. LEHN, 
”Dynamic chemical devices: Modulation of contraction/extension molecular motion by coupled-ion binding/pH 
change-induced structural switching”, Proc. Natl. Acad. Sci. USA, 99, 5201-5206, 2002. 

 J.-L. SCHMITT, A.M. STADLER, N. KYRITSAKAS, J.-M. LEHN, 
“Helicity-encoded molecular strands: Efficient access by the hydrazone route and structural features”, 
Helv. Chim. Acta, 86, 1598-1624, 2003. 

 A.-M. STADLER, N. KYRITSAKAS, R. GRAFF, J.-M. LEHN, 
“Formation of rack- and grid-type metallosupramolecular architectures and generation of molecular motion by 
reversible uncoiling of helical ligand strands”, Chem. Eur. J., 12, 4503-4522, 2006. 



Short Lecture SL1 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

-Peptide Foldamers Based on 2-(Aminomethyl)cyclohexanecarboxylic Acid 
 

Young Kee Kang 

 

Department of Chemistry, Chungbuk National University, Cheongju, Chungbuk 361-763, 

Republic of Korea 

ykkang@chungbuk.ac.kr 

 

The conformational preferences of turn and helix foldamers of -peptides of 2-

(aminomethyl)cyclohexanecarboxylic acid ( Amc6) with a cyclohexyl constraint on the C C  bond 

have been carried out using density functional methods in water.  The chirospecific Amc6 

dipeptide with the (2S,3S)-(2R,3R) configurations forms a stable turn structure in water, resembling 

a type II' turn of -peptides, which can be used as a -turn motif in -hairpins of Ala-based -

peptides.
[1]

  The Amc6 dipeptide with homochiral (2S,3S)-(2S,3S) configurations but different 

cyclohexyl puckerings shows the capability to be incorporated into one of two -turn motifs of 

gramicidin S.  The helical structures of the Amc6 oligopeptides with homochiral configurations are 

known to be much stable than those with heterochiral configurations in the gas phase and in 

solution (chloroform and water).
[2]

  In particular, it is found that the (P/M)-2.514-helices are most 

preferred in the gas phase and in chloroform, whereas the (P/M)-2.312-helices become most 

populated in water due to the larger helix dipole moments.  As the peptide sequence becomes 

longer, the helix propensities of 14- and 12-helices are found to increase both in the gas phase and 

in solution.  The Amc6 peptides longer than octapeptide are expected to exist as a mixture of 12- 

and 14-helices with the similar populations in water.  The mean backbone torsion angles and helical 

parameters of the 14-helix foldamers of Amc6 oligopeptides are quite similar to those of 2-

aminocyclohexylacetic acid oligopeptides and 
2,3,4

-aminobutyric acid tetrapeptide in the solid state, 

despite the different substituents on the backbone.  Our calculated results and the recently observed 

results may imply the wider applicability of chirospecific -peptides with a cyclohexyl constraint on 

the backbone to form various peptide foldamers. 

 

 
 

Figure 1. Chemical structure of 2-(aminomethyl)cyclohexanecarboxylic acid ( Amc6). 
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Short Lecture SL2 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

Higher-order self-assembly of proteins 
 

Henrik K. Munch, Leila Malik, Knud J. Jensen 

 

Department of Chemistry, University of Copenhagen, Denmark 

kjj@chem.ku.dk 

 

 

The oligomeric state of peptides and proteins and proteins is central for their biological function and 

for the pharmaceutical efficacy of their therapeutic preparation. Here we present application of 

ligands for the control of peptide and protein self-assembly to form higher-order nano-scale 

assemblies. They utilize either selective complexation with di-valent metal ions or bio-orthogonal 

fluorous interactions [1,2]. 

Insulin, a small protein with three disulfide bridges, is a widely used biopharmaceutical drug 

for the management of glucose levels in diabetic patients. Human insulin forms a hexamer around a 

Zn(II) ion, as insulin has an inherent ability to form hexamers by combining three dimers, where 

each dimer has an antiparallel orientation. Several variants of insulin have been developed that are 

either fast- or long-acting, mainly by controlling the diffusion rates from subcutaneous depots via 

manipulations of insulin oligomer states. New methods to control insulin self-assembly and 

dissociation are thus highly relevant and could lead to new long-acting drugs. 

Here we describe the introduction of a second metal ion binding site in insulin for controlled 

nano-scale self-assembly and its characterization by UV-Vis and CD spectroscopy, and small angle 

X-ray scattering (SAXS). Furthermore, we report the synthesis and biophysical evaluation of a 

series of insulin variants with perfluoroalkyl substituents. Perfluorinated alkyl chains of varying 

length were attached by acylation of the -amino position of the side chain of LysB29. This surface 

exposed substituent enables intermolecular fluorous interactions leading to self-assembly, as a new 

and orthogonal approach to direct the self-assembly of proteins. The self-assembly was studied 

using SAXS and dynamic light scattering (DLS). 

 

 
 

Figure 1. Human insulin forms stable hexamers in the presence of divalent cations such as zinc. 

Introduction of a metal ligand on each insulin monomer enables the combination of native and 

abiotic self-assembly. A: Human insulin - bipyridine forms hexamer in the presence of Zn
2+

, 

whereas Fe
2+

 preferentially coordinates to bipyridine. 
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Keynote Lecture KL1 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

The Supramolecular Chemistry of -Sheet Foldamers 
 

James S. Nowick 

 

Department of Chemistry, University of California, Irvine, Irvine, California USA 

jsnowick@uci.edu 

 

-Sheets exhibit rich patterns of intermolecular interactions that are ubiquitous in peptide and 

protein aggregation, protein-protein interactions, and protein quaternary structure. Our laboratory is 

using foldamers that adopt -sheet structures and participate in -sheet interactions to understand 

and control the supramolecular chemistry of -sheets. We have developed families of macrocyclic 

peptides containing unnatural turn and template units that fold into well-defined -sheet structures. 

X-ray crystallography and 
1
H NMR spectroscopic studies in aqueous solution show that the 

macrocyclic -sheets form well-defined hydrogen-bonded dimers that further assemble to form 

tetramers and other higher-order assemblies. We have used these folded macrocycles to inhibit the 

aggregation of peptides and proteins associated with Alzheimer's and other amyloid diseases and to 

gain insights into the aggregation processes. This talk will describe our studies of the folding and 

supramolecular chemistry of these macrocyclic -sheet foldamers.  
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Keynote Lecture KL2 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

Diversifying the Foldamer Architecture: The Aliphatic-Aromatic Hybrid 

Foldamer Approach 
 

Gangadhar J. Sanjayan 

 

Division of Organic Chemistry, National Chemical Laboratory, Pune 411008, India 

gj.sanjayan@ncl.res.in 

 

The folding and assembly of biomolecules, by means of a collection of non-covalent interactions, 

are two of the most important events observed in the world of biomolecular science. In an attempt 

to mimic the bio-machineries, both structurally and functionally, synthetic oligomers were designed 

and developed. In this context, an area of research that has attained enormous attention in recent 

years is foldamers whose objective is the development of “conformationally ordered synthetic 

oligomers” mimicking the conformational features of biopolymers.
[1]

   

 

The major thrust of our research focus is in the generation of conformationally ordered synthetic 

scaffolds capable of displaying diverse secondary structural features. Scaffolds with well-defined 

secondary structural preferences (i.e. helices, sheets, or turns) could, for example, be used to create 

new types of tertiary structures, which in turn may have medicinal applications, e.g. for disruption 

of specific protein-protein interactions. Over the last few years, we have been able to develop and 

report diverse class of conformationally ordered synthetic peptide structures displaying remarkable 

conformational ordering, as would be evident from their biophysical studies.
[2]

 This talk will cover 

our recent efforts directed towards the generation of novel conformationally ordered synthetic 

oligomers featuring aromatic-aliphatic backbones. 
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Plenary Lecture PL2 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

Chemical Protein Synthesis:  

Racemic Protein Crystallography & D-Protein Therapeutics 
 

Stephen Kent 

 

Department of Chemistry, Department of Biochemistry & Molecular Biology, 

 Institute for Biophysical Dynamics, University of Chicago, Chicago, USA 

skent@uchicago.edu  

 

The total synthesis of proteins & enzymes was one of the 'Grand Challenges' of 20th century 

chemistry. Despite decades of development by skilled organic chemists throughout the world, 

conventional synthetic methods were able to reproducibly make only the smallest protein 

molecules. To overcome this size limitation, in 1992 we introduced the 'chemical ligation’ concept: 

chemoselective reaction forming an analogue structure linking two unprotected synthetic peptide 

segments.
[1]

 Then, in 1994 we introduced ‘native chemical ligation’: thioester-mediated 

chemoselective condensation of unprotected peptides to give a native peptide bond linking two 

peptide segments.
[2]

 The chemical ligation concept as realized in native chemical ligation forms the 

basis of modern  methods that enable the practical total chemical synthesis of a wide range of 

protein molecules, including enzymes.
[3]

 Synthetic products are characterized at high resolution by 

LCMS  for purity and covalent structure, by multidimensional NMR for unique fold, and by X-ray 

crystallography to reveal the tertiary structure of the synthetic protein molecule. Chemical protein 

synthesis gives precise, atom-by-atom control over the complete covalent structure of a protein 

molecule, and enables the incorporation of a wide range of non-coded building blocks and the 

introduction of isotope labels with single atom precision. Here I will present case studies to 

illustrate the application of chemical protein synthesis to the preparation of ‘mirror image’ 

D-protein molecules, to the use of racemic crystallography for protein structure determination,
[4][5][6]

 

and to the systematic creation of a potent D-protein antagonist of VEGF-A as a candidate human 

therapeutic.
[7]
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Keynote Lecture KL3 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

Artificial Metalloenzymes Based on the Biotin-Avidin Technology: 

Recent Advances and Challenges 
 

Thomas R. Ward 

 

Department of Chemistry, University of Basel, Spitalstrasse 51, CH-4056 Basel, Switzerland 

thomas.ward@unibas.ch 

 

Artificial metalloenzymes result from incorporation of a catalytically competent organometallic 

moiety within a host protein. We have been exploiting the potential of the biotin-avidin technology 

for the creation of artificial metalloenzymes. Thanks to the remarkable affinity of biotin for either 

avidin or streptavidin, covalent linking of a biotin anchor to a catalyst precursor ensures that, upon 

stoichiometric addition of (strept)avidin, the metal moiety is quantitatively incorporated within the 

host protein. 

Such artificial metalloenzymes are optimized either by chemical (variation of the biotin-spacer-

ligand moiety) or genetic (mutation of (strept)avidin) means. Such chemogenetic optimization 

schemes were applied to various organic transformations. The reaction implemented thus far 

include: 1) The rhodium catalyzed hydrogenation of N-protected dehydroaminoacids (ee up to 95 

%). 2) The palladium catalyzed allylic alkylation (ee up to 95%). 3) The ruthenium pianostool 

catalyzed transfer hydrogenation of prochiral ketones and imines (ee up to 97 %). 4) The vanadyl 

catalyzed oxidation of prochiral sulfides (ee up to 93 %). 5) The osmium catalyzed dihydroxylation 

of olefins (ee up to 97 %). 6) The ruthenium catalyzed oxidation of alcohol to ketones and the 

ruthenium catalyzed olefin metathesis. 

Noteworthy features, reminiscent of homogeneous catalysis include: the straightforward access to 

both enantiomers of the product; broad substrate scope; organic solvent tolerance and reactions 

typical of homogeneous catalysis. Enzyme-like features include: genetic optimization; aqueous 

medium as the preferred solvent; Michaelis-Menten behaviour; single substrate derivatization. 

X-ray characterization of artificial metalloenzymes provide a fascinating insight into possible 

enantioselection mechanism involving a well-defined second coordination sphere environment. 

Thus, such artificial metalloenzymes combine attractive features of both homogeneous and 

enzymatic kingdoms. 

After presenting an overview of recent results for the above reactions, the last part of the talk will 

outline our current efforts on performing catalysis on crude cell extracts, thus paving the way 

towards in vivo catalysis and directed evolution of artificial metalloenzymes. 

 

 
 

Figure 1. 
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Foldamer chemistry has become a useful tool to develop new chemical entities with well-defined 

secondary structure that can mimic protein interactions and consequently to be applied to explore 

their use on a variety of therapeutic applications.
 [1]

 Our group has described a family of -peptides 

based on (2S, 4S)-4-amino-L-proline with well-defined secondary structure amenable for solid-

phase synthesis with just one type of protected monomer with easy functionalization by 

introduction of diverse side chain mimetics.
[2] 

Members
 

of these family showed cell-uptake 

properties, low cytoxicity and imperviousness to proteolytic attack.
[3] 

Under these experimental premises we have designed and synthesized a discrete library of -

peptides with diverse functionalization pattern with the aim to improve their translocation across 

cell membranes in order to establish SAR relationships. The ability to cross cell membranes have 

been estimated by flow cytometry and confocal microscopy in two different systems: HeLa cells as 

model of mammalian cells and Leishmania as a protozoan parasite model with a challenging 

membrane system. In both cases cellular internalization of  some -peptides members of the library 

superseded Tat, a gold-standard for cell penetrating peptides The modulation of the cell entry by 

diverse factors, such as peptide concentration, time, cell type and temperature was also documented, 

The cellular internalization pathway for those peptides with the highest capacity to cross cell 

membranes was assessed by specific inhibitors for the different endocytosis pathways. A 

preferential localization of these peptides in lysosomes was assessed by colocalization with specific 

fluorescent probes for different subcellular organelles (nuclei, mitochondria, lysosome, endoplasmic 

reticulum and golgi apparatus). The capacity to transport cargo molecules of interest for diverse 

therapeutic applications was also studied. Altogether, the -peptide scaffold based on (2S, 4S)-4-

amino-L-proline demonstrated a high versatility and potential application in nanotechnological 

applications in biology and biomedicine. 
[4]

 

 

 

Figure 1. General structure of the -peptides library studied. 
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Hydrogen bonds (H bonds) are fundamental key features for the stability, structure, and dynamics 

of chemical and biological systems. In parallel, NMR spectroscopy has proved to be a suitable tool 

for probing structure and dynamics in a large range of molecules. In the field of biomolecules, H 

bonds have been detected on uniformly 
13

C and 
15

N labeled proteins, or nucleic acids.
[1]

 In the field 

of natural and synthetic organic products, H bonds are less studied, since the heteronuclei usually 

involved, namely 
13

C and 
15

N, are of low naturally abundance (1.1% for 
13

C and 0.36 % for 
15

N). If 

the H bond is sufficiently stable, trans H bond scalar couplings occur and can be detected by NMR. 

However, their magnitude is often very small. For instance, values from 0.2 to 0.6 Hz have been 

reported
 
for N-H

…
O=C H bonds.

[2]
 Therefore small trans H bond couplings involve longer 

evolution time for which transversal relaxation tends to reduce again the sensitivity. 

 

In order to compensate the low sensitivity inherent to the low gamma nuclei and to the small trans 

H bond couplings, a new methodology utilizing sensitivity optimized fast repetition NMR 

techniques have been developed. These new tools use band selective pulses
[3,4,5]

 to speed up 

longitudinal relaxation rates in order to decrease the experimental time of multidimensional spectra. 

The time-gain can be converted into a higher number of accumulations in order to increase the 

sensitivity of 
1
H detected signals. With this aim, a new set of SOFAST HMBC sequences has been 

developed: H
N
-CO, and H

N
-N versions for detecting N-H

…
OC and N-H

…
N H bonds respectively. 

With the help of new SOFAST HMBC experiments, in combination with a 950 MHz spectrometer 

equipped with a cold probe, a sensitivity gain of 29 can be reached in theory, in comparison with 

the standard HMBC data acquired on a 400 MHz with a warm probe. 

 

The Aitken research group works on foldamers based on the trans-2-aminocyclobutanecarboxylic 

acid (ACBC) building block.
[6]

 Using SOFAST HMBC, it is possible to detect the network of 

intramolecular H
N
-CO H bonds in an ACBC octamer

[7] 
and to confirm the conformational folding 

as a H12 helix. The H
N
-CO SOFAST sequence is the first experiment able to detect all H

N
-CO H 

bonds at natural abundance in less than a day of data acquisition. The technique has now been used 

to probe the detailed folding behavior of an aza-analogue of an ACBC hexamer, in which the N-

terminal is a 1-aminoazetidin-2-carboxylic acid (AAzC) residue,
[8]

 known to induce formation of an 

8-ring H bond. 
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Aromatic secondary amides such as benzanilide exist in trans form, whereas N-alkylated 

benzanilides exist in cis form in the crystal and predominantly in cis form in solution. The cis 

conformational preference is also observed in N, N'-dialkylated ureas and guanidines (Fig 1a). The 

folded structure of cis-amide and (cis, cis)-urea bonds can be applied to construct the aromatic 

foldamers with unique conformational properties, including helical structures (Fig. 1b),
[1]

 aromatic 

multi-layered structures (Fig. 1c),
[2]

 and chiral cyclic structures (Fig. 1d).
[3]

   

The cis conformational preference was also observed in the amide bond on the heterocyclic rings 

such as pyrroles and imidazoles. The oligomers that benzamide and heterocyclic amide are linked 

alternately were synthesized and their structures were investigated. The oligomers 2 with chiral 

substituents showed significant CD signals in CH3CN. Aromatic multi-layered oligoureas 4 showed 

the helical structure in the crystal. The helical properties of the oilgoureas in solution have been 

studied systematically by synthesis and conformational analysis of the derivatives with chiral 

substituents, such as 5.  The folded amide structure is useful to construct cyclic amides with chiral 

properties. The introduction of the functional groups on the cyclic amide skeleton caused unique 

properties such as chiral capsule-type dimer formation. The utilities of cis-amides and ureas in 

developing aromatic foldamers will be discussed. 

 
Figure 1. Conformational properties of aromatic amides and related functional groups (a) and its 
applications to aromatic foldamers, such as oligoamides (b), oligoureas (c), and cyclic amides (d) 
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 Solvent exposed flat regions are responsible for many of the known protein–protein 

interaction interfaces.
1
 It is challenging however to construct artificial folded structures that are able 

to cover these relatively large flat surfaces, and have programmable anchor points to stabilize the 

interaction. Short peptidic foldamer helices have been shown to be good candidates to inhibit 

protein-protein interactions,
2
 but their low radius of curvature is a limiting factor when a protein 

surface without pockets or protrusions is targeted. We addressed this problem in three ways 

(Figure 1). 

 First, construction of multivalent foldameric helix arrays can provide large interaction 

surface by forming contiguous binding area or separated anchor patches (A). We have successfully 

synthesized multivalent helical foldamer-dendrimer conjugates that recognize and inhibit the 

neurotoxic properties of -amyloid.
3
 Second, we explored the possibilities of synthesizing foldamer 

helices with increased diameter (B). This approach aims to increase the radius of curvature in a 

single helix approach. Two large-diameter helices, -H18
4
 and -H18/20 have been discovered 

recently. Third, water soluble -sandwich mimicking foldamers would offer ligands with 

sufficiently flat surface, but their stabilization in water is a great current challenge (C). Here we 

present the design, main structural features and biological effects of the foldameric analogs of 

anginex, a 33-mer antiangiogenic peptide with a tendency to form -sandwich. The effects of the 
3
-amino acid substitutions in this -sandwich tertiary structure will be discussed. 

 
Figure 1. Approaches to cover flat protein surface with peptidic foldamers 
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Peptides comprised solely of -amino acid residues (termed -peptides) often display useful 

biological activities whilst offering increased metabolic stability due to inherent immunity against 

peptidases. As such, the development of an understanding of the factors that contribute to the 

folding preferences of -peptides has been an active area of research: whilst an -peptide typically 

requires the presence of ca 20 amino acid residues to elicit any secondary structural conformational 

preference, several -peptides comprising ~6 amino acid residues have been shown to adopt stable 

secondary structures, even in aqueous solution. 

A systematic investigation into the effect of increasing the length of a -peptide derived from 

residues of the -amino acid transpentacin (2-aminocyclopentanecarboxylic acid) and 3-

alkyltranspentacin derivatives will be presented. Efficient methods based upon application of 

kinetic and parallel kinetic resolution strategies were developed to facilitate the synthesis of the 

requisite monomeric building blocks, bearing orthogonal N- and O-protecting groups, which were 

subsequently converted to the corresponding oligomers (2-mer  6-mer). The secondary structural 

preferences of each series, both in the solid state and solution phase, was comprehensively 

investigated using a range of analytical techniques, including single crystal X-ray diffraction 

analysis, NMR spectroscopy, IR spectroscopy and CD spectroscopy. 
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Oligomers comprising three aromatic amino acid monomers (pyrrole, imidazole, hydroxypyrrole) 

and an aliphatic  amino acid turn unit fold into a U-shaped conformation and bind in the minor 

groove of DNA in a sequence specific manner by a set of well-defined intermolecular interactions 

between antiparallel ring pairs and the edges of the four Watson-Crick base pairs.
[1-3]

 The structure 

and energetics of these interactions have been characterized by X-ray crystallography and 

quantitative footprint titrations, respectively.
[4,5]

 The oligomers likely have no shape in the absence 

of DNA but like many biologically important peptides have a propensity to fold into a compact 

conformation in the presence of the macromolecular target. The  “turn” unit is strategically placed 

in the oligomer primary sequence to hold specific ring pairs in defined side-by-side positions.
[1-3]

 

Programmed in the primary sequence of the hairpin oligomer is the target DNA sequence according 

to the modular “pairing rules”: Im/Py targets GC, Py/Im targets CG, Hp/Py targets TA and Py/Hp 

targets AT.
[3,4]

 When the hairpin folds in the presence of DNA it has multiple functions: sequence-

specific recognition
[1-3]

, nucleosome core particle recognition,
[6]

 and allosteric modulation which 

disrupts protein-DNA interfaces.
[7]

 Substitution on the  turn unit controls gene regulation 

properties,
[8]

 cell uptake,
[9]

 toxicity and antitumor activity in mouse xenograft.
[10]
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Cyclic cis- -amino acids have proved to be versatile constituents in peptide foldamers, giving rise 

to unique helical structures with good stability in aqueous environments as well as confer function, 

e.g. as selective ligands for neuropeptide Y receptors or as organocatalysts. Some recent examples 

from our laboratory in connection with collaborations within the COST-Foldamer network will be 

discussed.
[1]
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Lyotropic liquid crystals (LLCs), which are ordered fluid phases obtained by mixing mesogenic 

compounds and solvents, are unique materials in terms of both mobility and anisotropic order at 

molecular and bulk level. LLCs play crucial roles in biological systems, and the ordered assemblies 

have attracted attention as functional materials.
[1]

 It is then considered interesting to develop new 

LLCs, which can respond to external stimuli. 

We previously reported that pseudoenantiomeric ethynylhelicene oligomers (M)-1/(P)-1 form 

hetero-double-helices,
[2]

 which aggregate to form higher assemblies such as gels in toluene and 

vesicles in diethyl ether.
[2, 3]

 In this study, a cyclic derivative (M)-2 was synthesized to examine the 

effect of cyclized structure on the assembly formation, in which two ethynylhelicene tetramers were 

connected by hexadecamethylene linkers. (M)-2 formed an intramolecular homo-double-helix in 

organic solvents. When (M)-2 was mixed with (P)-1, CD spectra (toluene, 0.25 mM, 25 °C) showed 

enhanced Cotton effects, and UV-Vis spectra showed the red-shift of the absorption maxima. Job 

plots experiment indicated that they formed hetero-aggregate in 1:2 ratio. It was therefore 

concluded that intermolecular 1:2 hetero-double-helix was formed (Figure 1). It should be noted 

that the intermolecular complexation predominated over the intramolecular complexation. At a 

higher concentration of 10 mM, a 1:2 mixture of (M)-2/(P)-1 formed a viscous fluid in toluene. 

Polarizing optical microscopy (POM) showed birefringence, which indicated LLC formation in 

toluene (Figure 1). Atomic force microscopy (AFM) showed that the mesogens of the LLC were 

fibrous assemblies. Although LLC formation of DNAs and RNAs, which are biological double-

helix molecules, have been studied,
[4]

 LLC-forming synthetic double-helix molecules have not been 

known before. 

 

 
 

Figure 1. Hetero-double-helix and LLC formation of pseudoenantiomeric ethynylhelicene oligomers. 
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 Oligomers consisting of N,N’-linked urea bridging units represent a new family of 
peptidomimetic foldamers that is receiving increasing attention (Figure 1a).[1] This oligomeric 
backbone has been found to possess a remarkable propensity to fold into helical secondary 
structures in organic solvents and showed promise for interaction with biologically relevant 
targets.[2] Oligoureas share isosteric and isostructural relationship with -peptides, another class of 
helical foldamers. Compared to -peptides, helix stabilization in oligoureas is promoted by the 
presence of additional backbone conformational restriction and H-bond donor sites. In particular, 
three-centered H-bonding between C=O(i) and urea HN(i 3) and HN’(i 2) has been characterized 
in solution by NMR spectroscopy (MeOH and pyridine) as well as in the solid-state by X-ray 
crystallography.[3-5] 

 
Figure 1. (a) Covalent structure of a monomer i within a N,N’-linked oligourea. Backbone dihedral 
angles are marked by curved arrows. R denotes any proteinogenic side chain. (b) Structure of 
compound 1. 
 
 We were then interested in evaluating the stability of these 12- and 14-membered pseudo 
rings in aqueous solvent. A complete NMR study has been performed on compound 1 (a 
representative oligourea with antimicrobial properties)[2] in water (Figure 1b). Methylene NMR 
allowed the measurements of numerous scalar and dipolar couplings in weakly aligned samples. 
Restrained Molecular Dynamics has been performed, which highlights the dynamics and structural 
features of compound 1. Comparisons with the canonical oligourea X-ray structure will be 
discussed in details. 
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While synthetic chemistry has made great progress in building the molecular structures of biology, 
the same is not yet true of the ability of synthetic molecules to communicate and process 
information in the manner of biological molecular devices such as the G-protein coupled receptor 
(GPCR).[1] This lecture will detail the design, synthesis and function of oligomeric structures 
(foldamers) whose conformational preferences may be dynamically controlled by a stereochemical 
influence located at one terminus.  Inspired by 
the structures of fungal antibiotics such as the 
cephaibols,[2] oligomers of the achiral -amino 
acid Aib (2-aminoisobutyric acid) are 
employed to build a racemic helical scaffold, 
in which we are able to induce from one end a 
screw-sense preference persisting over multi-
nanometre distances (Fig. 1).[3]  
These conformationally switchable molecular structures are able to mediate the communication of 
information, allowing remote control of spectroscopic or reactive properties.[4] The lecture will 
describe the use simple NMR techniques that allow detailed exploration of their conformational 
preferences,[5-7] and will show how these techniques have allowed us to maximize screw-sense 
control to a quantitative preference for a single helix handedness. The lecture will show how screw-
sense induction in foldamers may be used to achieve by far the most remote asymmetric induction 
ever reported (Fig 2) and will detail progress towards the design of functional GPCR mimics.  
These include a synthetic purinergic receptor capable of relaying information about the identity and 
configuration of a reversibly bound nucleoside ligand over multi-nanometre distances 
commensurate with the thickness of a lipid bilayer membrane (Fig 3). 
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Figure 1: The longest known crystallographic 310 helix: 

CbzPheAib8GlyAib8Ot-Bu 
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Peptoids are peptidomimetic oligomers composed of highly diverse N-substituted glycine units. 
Due to their inability to establish backbone hydrogen bond networks, peptoids are anticipated to 
exhibit substantial conformational heterogeneity. A variety of strategies have now been described to 
identify peptoid side chains that can enforce local conformational ordering. Long-range 
conformational constraints can be established by macrocyclization.[1] These strategies are now 
permitting the elucidation of predictable sequence-structure-function relationships. Control of 
peptoid primary sequence permits the design of oligomers that function as antifreeze agents[2] and 
bioactive multivalent displays.[3,4] Control of peptoid secondary structure permits the design of 
potent antimicrobial agents,[5] along with supramolecular assemblies such as peptoid nanotubes that 
reversibly sequester water molecules.[6] A rudimentary peptoid tertiary structure has recently been 
attained by the tethered packing of peptoid macrocycles (Figure 1).[7] Future rational design will 
increasingly be propelled by development of computational tools for accurate prediction of peptoid 
structure.[8,9] Advances in computer-assisted design of peptoid structures will be highlighted, 
including efforts to introduce non-natural monomer types into the Rosetta suite of protein design 
algorithms. 
 

 
 
Figure 1. X-ray crystal structure of a rudimentary peptoid tertiary structure assembled by covalent 
tethering of oligomer macrocycles.[7] 
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The genetic code is the law of translation, where genetic information encoded in RNA is translated 
to amino acid sequence. The code consists of tri-nucleotides, so-called codons, assigning to 
particular amino acids. In cells or in ordinary cell-free translation systems originating from 
prokaryotes, the usage of amino acids is generally restricted to 20 proteinogenic (standard) kinds, 
and thus the expressed peptides are composed of only such monomers. To overcome this limitation, 
we recently devised a new means to reprogram the genetic code, which allows us to express non-
standard peptides containing multiple non-proteinogenic amino acids in vitro. 
 
This lecture will describe the most recent development in the genetic code reprogramming 
technology that enables us to express natural product-like non-standard peptides. The technology 
involves (1) efficient macrocyclization of peptides, (2) incorporation of non-standard amino acids, 
such as N-methyl amino acids, and (3) reliable synthesis of libraries with the complexity of more 
than a trillion members. When the technology is coupled with an in vitro display system, referred to 
as RaPID (Random non-standard Peptide Integrated Discovery) system, the non-standard 
macrocyclic peptide libraries with a variety ring sizes and building blocks can be screened 
(selected) against various drug targets inexpensively, less laboriously, and very rapidly. The work 
represents a bridge between chemistry and biology, leading to the next generation of peptide drugs. 
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In Nature, proteins fulfill manifold different functions and are crucial as, for example, enzymes or 
templates for the controlled formation of structural components such as bones. The Wennemers 
group is intrigued by the question whether also peptides with significantly lower molecular weights 
compared to proteins can fulfill functions for which nature evolved large macromolecules. 
Specifically we ask whether peptides can serve as effective asymmetric catalysts, templates for the 
controlled formation of inorganic materials, or tumor targeting vectors.  
 
The lecture will focus on the development of peptides as asymmetric catalysts. Tripeptides of the 
general type H-Pro-Pro-Xaa (Xaa = amino acid with a carboxylic acid) will be presented that are 
effective catalysts for aldol reactions and conjugate addition reactions between aldehydes and 
nitroolefins.[1] The peptides allow for enamine catalysis with catalyst loadings of as little as 0.1-1 
mol% and provide synthetically versatile products in high stereoselectivities. Several synthetically 
valuable compounds such as -amino acids, pyrrolidines, -butyrolactones and -butyrolactams are 
easily accessible using this methodology. 
 

 
 
The scope of these peptide-catalyzed reactions will be discussed and recent insight into the 
mechanism as well as the importance of the conformational properties for effective catalysis will be 
discussed. 
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Interactions of glycoproteins with their cellular environments, impacts on a wide range of 

physiological phenomena.[1] Indeed, it is predicted that over half eukaryotic proteins are 

glycosylated and it is known that co- and post-translational modification of proteins with glycans 

has dramatic consequences on their folding, stability and ultimately, their function. Considerable 

effort has thus been invested in delineating and understanding the impact of carbohydrates on the 

conformational preferences of glycoproteins and glycopeptides in solution and also in 

manipulating their interactions with their cognate receptors. These endeavors have revealed 

themselves not to be straightforward and success in rationalizing or predicting such processes has 

been possible only in a handful of well-studied cases. Important insights into such questions have 

been gleaned from the study of glycopeptide- and oligosaccharide-mimetics and especially those 

that are structurally well defined. However, attempts to correlate secondary structures with the 

biological activities of non-multivalent glycopeptide mimetics have been relatively sparse despite 

the importance of such targets in the quest for carbohydrate-based therapeutics. 

In the present work we sought to examine the effects of appended sugar moieties on the 

conformational behavior of a family of !sugar amino acid ( !SAA)-derived foldamers.[2]  

Foldamers are synthetic oligomers able to adopt ordered conformations in solution and their study 

has helped enlighten our understanding of the origins of the preferred secondary structures and 

biological activities of polymers prevalent in Nature.[3] Considering the importance of 

glycoproteins we were struck by the absence of reports describing the impact of glycosylation or 

the absence thereof, on the preferred secondary structures of foldamers and how such preferences 

might impact on their biological activity. 

We here examine the secondary structures adopted by various -SAA-derived foldamer backbones 

either appended and not with selected sugar moieties. We also show the impact of the 

conformational preferences manifested in water by these -glycofoldamers on their non-

multivalent interactions with model protein targets. 
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Designing small peptides capable of binding Cu(II) mainly by the side chain functionalities and 
forming single species in the neutral pH range is a hard task since the amide nitrogens strongly 
compete for Cu(II) coordination.[1] However, metalloproteins are proficient on this and generate the 
appropriated coordination pocket to avoid amide coordination. This exquisite control allows copper 
proteins to attain a myriad of catalytic activities and thus, biological functions.[2] Achieving this 
with short peptides will be very appealing to engineer miniaturized copper proteins with potential 
redox and hydrolytic activities. 
 
In this presentation we will report our recent results on the design, synthesis and characterization of 
two His-containing decapeptides, a cyclic (C-Asp) and an open derivative (O-Asp), capable of 
coordinating Cu(II).[3] Detailed potentiometric, mass spectrometric and spectroscopic studies (UV-
Vis, CD, NMR and EPR) were carried out. The results indicated that at 1:1 Cu(II)/peptide ratio 
these peptides formed single species (CuH(peptide), Figure 1) at close to neutral pH values and 
spectroscopic data were consistent with the coordination of the metal ion exclusively by the side 
chain functionalities. Additionally, these studies showed how cyclization and coordination to an 
Asp residue played an important role in determining the Cu(II) coordination properties of these 
peptides. Interestingly, different properties were observed for the similar [CuH(peptide)] species 
due to the distinct intrinsic nature of their peptidic scaffolds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Species distribution diagrams for the Cu(II) complexes of C-Asp (blue) and O-Asp 
(green) peptides (aqueous solution, I = 0.1 M KNO3, 298.2 K, [peptide] = [Cu(NO3)2] = 1.0 mM). 
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Nucleotides and -amino acids are crucial building blocks for living organisms. These chiral 
molecules are the biosynthetically precursors of two of the most important classes of biopolymers, 
DNA and proteins, respectively. The 3D-structures of biomolecules are currently studied using a 
variety of techniques, while helical handedness is routinely detected by means of light pulses of 
opposite circular polarization. The difference in the UV absorption of these two circularly polarized 
pulses is called electronic circular dichroism (ECD). In Nature, biomolecules explore a wide range 
of conformations with intrinsically strong ECD signals in the 200-300 nm region, but these signals 
are essentially absent in the visible. Nanomaterials such as metallic nanoparticles (depending on 
their sizes) display absorptions in the visible region but are achiral. As a result, when biomolecules 
are co-assembled with nanomaterials their chirality is transferred to create a plasmon-induced ECD 
signal in the visible region. 

In this work, we present our results which underscore the occurrence of moderately strong ECD 
bands in the range 300-550 nm resulting from a series of appropriately thiol-functionalized peptide 
oligomers (based on alternating L-Ala and Aib residues) covalently anchored to 2-2.5 nm sized gold 
nanoparticles. We related the (positive or negative) signs of the ECD plasmonic signal with the 
oligopeptide length, that in turn is strictly associated with their secondary structure. This latter 
property was simultaneously monitored via ECD in the 200-250 nm range. We believe that in our 
systems a peptide-to-metallic surface chirality transfer would take place. 

 

 
 

Figure 1. Peptide folding effect on the plasmonic ECD response. 
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Peptoids developed in the early 1990s are structurally related to -peptides with the side chains 
located on the amide nitrogen rather than the -carbon.[1] A major advantage of peptoids is their 
ease of synthesis, particularly by the straightforward so-called submonomer method. The diversity, 
brought by primary amines, is virtually unlimited and peptoids possess other desirable advantages 
like proteolytic stability and greater cell permeability than peptides.[2] 

Peptoids are inherently more flexible than peptides due to the absence of internal hydrogen bonding 
and achiral backbones but the primary cause is the presence of N,N-disubstituted amides in the 
backbone which can populate both cis and trans conformations. However peptoids still retain 
propensities to adopt stable secondary structures, in particular PPI and PPII helical conformations, 
provided the cis/trans isomerism is optimally controlled.[3] To meet this challenge, the design of 
side chains that control the amide geometry in cis or trans by formation of local non-covalent 
interactions with the backbone is crucial.[4]  

In this communication, we introduce two novel side chains that force peptoid amides to adopt the 
cis conformation[5] and we present their use for the preparation of stable all-cis and alternated cis-
trans peptoid sequences.  
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Figure 1. Conformation control of N,N-disubstituted amides 
 
 
 
References 
[1] R. N. Zuckermann, Biopolymers 2011, 96, 545; R. J. Simon, R. S. Kania, R. N. Zuckermann, V. D. Huebner, D. 

A. Jewell, S. Banville, S. Ng, L. Wang, S. Rosenberg, D. C. Spellmeyer, R. Tan, A. D. Frankel, D. V. Santi, F. E. 
Cohen, and P. A. Bartlett, Proc. Natl. Acad. Sci. USA 1992, 89, 9367. 

[2] J. A. Patch, K. Kirshenbaum, S. L. Seurynck, R. N. Zuckermann, A. E. Barron, Versatile Oligo(N-Substituted) 

Glycines: The Many Roles of Peptoids in Drug Discovery; Wiley-VCH Weinheim, Germany: 2004; pp 1-31. 
[3] C. W. Wu, K. Kirshenbaum, T. J. Sanborn, J. A. Patch, K. Huang, K. A. Dill, R. N. Zuckermann, A. E. Barron, J. 

Am. Chem. Soc. 2003, 125, 13525; N. H. Shah, G. L. Butterfoss, K. Nguyen, B. Yoo, R. Bonneau, D.L. 
Rabenstein, K. Kirshenbaum, J. Am. Chem. Soc. 2008, 130, 16622; J. R. Stringer, J. A. Crapster, I. A. Guzei, H. E. 
Blackwell, J. Am. Chem. Soc. 2011, 133, 15559. 

[4] C. Gorske, J. R. Stringer, B. L. Bastian, S. A. Fowler, and H. E. Blackwell, J. Am. Chem. Soc. 2009, 131, 16555. 
[5] C. Caumes, O. Roy, S. Faure, C. Taillefumier, J. Am. Chem. Soc. 2012, 134, 9553. 



Plenary Lecture PL6 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 

Cyclic -amino acids: an unlimited field 
 

Ferenc Fülöp 
 

Institute of Pharmaceutical Chemistry, University of Szeged 

H-6720 Szeged, Eötvös u. 6, Hungary 

fulop@pharm.u-szeged 
 
The alicyclic -amino acids have acquired great interest in recent years in view of their 
pharmacological potential. Cispentacin, an antifungal antibiotic with a cyclopentane skeleton, is one 
of the most important derivatives. (1R,2S)-2-Amino-4-methylenecyclopentanecarboxylic acid 
(Icofungipen) is a known antifungal agent,[1] and even higher activity was achieved when cyclic, 
conformationally rigid -amino acids were applied to create foldameric structures.[2] 
The present lecture will discuss out different strategies that result in the regio- and stereoselective 
functionalization of 2-aminocycloalkenecarboxylic acids to form exotic building blocks for the 
development of bioactive compounds and/or the construction of new units from which to prepare 
bioactive foldamers.[3] 
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The lecture will also focus on -amino acids with a norbornene skeleton, where new procedures 
involving retro Diels-Alder reactions, ring opening and subsequent ring closure strategies are 
applied. A safe and efficient flow chemistry-based procedure will be presented for 1,3-dipolar 

cycloaddition reactions between -amino acids with azide functions and acetylenes.[4] 
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Based on highly favorable three-center intramolecular H-bonding interactions, we have developed 
backbone-rigidification strategy that is generally applicable to the generation of a host of porous 
folding oligomers.[1] The first series of such cavity-containing foldamers are aromatic oligoamide 
strands that adopt well-defined, crescent or helical conformations. The generality of this backbone-
rigidification strategy has been demonstrated in other unnatural folding oligomers: oligoureas and 
oligo(phenylene ethynylenes). Large nanosized cavities have been created based on the folding of 
these helical foldamers. Tuning the size of the nanocavities has been achieved without changing the 
underlying helical topology. Attempts to extend the same folding principle for preparing helically 
folded polymers have instead led to the discovery of shape-persistent macrocycles that are formed 
in one-pot in very high yields.[2] The oligoamide macrocycles were found to have a high propensity 
for forming nanotubular assemblies[3] that act as highly conducting ion channels.[4] Recently, by 
equipping nanocavity-containing, rigid macrocycles with multiple directional non-covalent forces, 
organic nanotubes with non-collapsible internal pores have been obtained.[5] These nanotubes 
mimic pore- and channel-forming proteins and at the same time, offer more structural and 
functional tunability. These created porous structures are being used as novel platforms for the 
development of protein-like nanostructures. 

 
Figure 1. Aromatic oligoamides are forced to adopt defined conformation by highly favorable 
intramolecular three-center hydrogen bonds. This back-rigidifying strategy has turned out to be effective for 
enforcing the folding of other oligomers and for forming a variety of rigid macrocycles in one pot.  
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The use of carbocyclic amino acids to construct peptides confers rigidity to the corresponding 
oligomers. Alternation with linear residues results in new conformational bias in solution. Hybrid 
tetra-, hexa- and octapeptides that join in alternation glycine, -alanine or -amino butyric acid 
(GABA), respectively, and an enantiopure cyclobutane -amino acid have been synthesized. 
Studies have been carried out by NMR, CD and theoretical calculations and results show that the 
spacer length has an effect on the folding pattern shown by these peptides.[1] This behaviour 
contrasts with that of oligomers consisting exclusively of cyclobutane residues.[2] 
The gelation ability of the tetrapeptides in various organic solvents has been studied by means of 
SEM, CD and NMR. Differences in the morphology of the gels have been observed (Figure 1). A 
model for the gelation process has been proposed using NMR data together with theoretical 
calculations.[3]

 

 
 

 
 
 

Figure 1. Structures of tetrapeptides 1, 2 and 3; SEM images of xerogel samples of 1 (a), 2 (b), 3 

(c) as on graphite at 70 Pa. 
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Structure and aggregation propensity of selected elongated “Trp-cage” foldamers were 

studied by NMR, ECD, VCD and FT-IR spectroscopy, namely the 20 amino acid long E0, the 25 

residue containing E5 with its variant and the 30 amino acid incorporating E10. Backbone folding 

associated aggregation propensity of the three different model systems of comparable molecular 

properties were analyzed in a comprehensive manner. Spectroscopy measurements were used to 

monitor their concentration dependent, heat induced (5 °C  65 °C) -helix to -sheet fold 

transitions. While the ECD curves of E0 reflect to an ensemble of highly dynamic set of backbone 

structures, those of E5 and E10 foldamers show the expected Trp-cage fold,
[1]

 dominated by -

helical properties. At low molecular concentration (c < 1 mM), typically used for ECD 

measurements, no sign of -structures was revealed at any conditions (5 °C < T < 65 °C, 5 < pH < 

7, c~30 M) for any of these miniproteins. However, at higher concentration (c~1-30 mM) both 

VCD and FT-IR spectral features of E5 and E10 resemble to that of a -strand (~1615 cm
-1

), 

accompanied with “free -edges”,
[2]

 or native -sheets (~1630 cm
-1

). E5 at lower (c~1-3 mM), 

while E10 at higher concentration (c~30 mM) witness the  native-  -sheet folding transition 

pathway, effectively monitored by the characteristic C=O vibrational normal mode frequency shift 

as follows: ~1650 cm
-1

  ~1630 cm
-1

  ~1615 cm
-1

. The latter folding path happens to be 

irreversible. The shortest polypeptide E0 has an unordered or very dynamic fold, while E10 presents 

the most tightly packed Trp-cage 3D-structure. We have found that both high dynamicity and/or 

tight molecular core packing are different in nature, but common in efficacy to prevent the 

polypeptide backbone chain against self-aggregation. However, E5 is intermediate in size and 

stability, and thus among these three it is the most “vulnerable” foldamer against aggregation.
[3]

 The 

present foldamer triad, E0, E5 and E10,
[4]

 serve as a good example of larger globular proteins for 

which, aggregation and amyloid-fiber like nano-particle formations is often associated with 

Alzheimer’s, Creutzfeldt–Jakob, or Prion diseases. 
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A range of noncovalent interactions, including hydrogen bonding and electrostatic repulsion, 
can significantly affect the conformations of small molecules.  Nominally weak hydrogen bonds 
such as the C H···O interaction are often overpowered by other effects, but their influence can be 
augmented by incorporation of electronegative substituents adjacent to the donor atom.[1] Whether 
these nonconventional hydrogen bonds are a consequence or a determinant of conformation is a 
long-running and unresolved issue.[2] In this lecture we outline an ongoing investigation combining 
a solid-state and quantum mechanical study designed to probe whether a C–H···O interaction can 

override the significant trans-planar conformational preferences of -fluoroamide substituents. A 

profound change in dihedral angle from trans-planar(OCCF) to cis-planar(OCCF) observed on 

introducing an acceptor group for a C–H···O hydrogen bond is consistent with this interaction 

functioning as a significant contributor to overall conformation in certain systems. 

 

 

 

 

 

However, the study of non-covalent interactions is most relevant when examined in a 

dynamic environment and hence we decided to extend our investigations to encompass a solution-

state investigation. Consequently, we decided to utilize our established -turn scaffold stabilized by 

an intramolecular amide N-H···O hydrogen bond.
[3,4]

 This parallel turn should allow us to determine 

the influence that a selection of C-H···O donors and acceptors would have on the rotation of a single 

bond within the confines of a conformationally well-defined system, using diastereotopic X and Y 

as reporter groups for rotation about the OCCH torsion. Our results in this endeavour and the 

potential for the application of the C-H···O interaction in a range fields will be discussed. 
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Interactions between specific proteins are essential for life, with key roles in normal physiological 

signal transduction and disease-related processes. Many such interactions have proven recalcitrant 

to modulation with small molecules because the protein surface areas involved are large. In these 

cases, clinical modulation is generally achieved with large peptides or proteins. We are exploring an 

alternative approach to this fundamental challenge in molecular recognition, based on foldamers 

that adopt specific conformations and display protein-like surfaces. We have found that 

informational -helices can be mimicked effectively with oligomers containing both - and -

amino acid residues (" / -peptides").
[1]

 Placement of  residues throughout a sequence can confer 

substantial resistance to proteolysis. Successful -helix mimicry has been demonstrated in the 

context of BH3 domain recognition by Bcl-2-family proteins and formation of CHR+NHR helix-

bundles from gp41-derived segments (Figure 1).
[2-4]

 Current efforts include expansion of protein-

surface mimicry beyond isolated -helices.

 

 
 
Figure 1. Sequence of an / -peptide that mimics the -helical CHR domain of HIV protein gp41 
and inhibits HIV infection in cell-based assays, and a crystal structure of the / -peptide bound to a 
model protein. 
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Death Receptors (DR), members of the tumor necrosis factor (TNF) receptor family, have come 
into focus as suitable targets for the selective activation of the cell death (apoptosis) pathway in 
tumors in vivo without causing toxicity to healthy cells. Current approaches in clinical development 
for replicating the function of the TNF-related apoptosis inducing ligand (TRAIL) are restricted to 
recombinant proteins which have poor pharmacokinetic properties due to their susceptibility to 
proteolytic degradation, and high production cost. In this context, the identification of small 
molecules that can both bind to TRAIL receptors (DR5 and/or DR4) and activate the TRAIL 
signaling pathway is of prime interest towards the development of new treatments complementary 
to conventional cancer therapy.  
The combinatorial approach is one of the most powerful tools for the discovery of new active 
compounds.[1] We created a library of urea/ -amide foldamers aimed at replicating TRAIL activity 
in cancer cell lines. An one-bead-one-compound (OBOC) approach was used to generate such 
library. The urea/ -amide hybrids were synthesized by the coupling of new azido succinimidyl 
carbamates[2] and Fmoc- -AA (standard split-and-mix procedure). Microwave irradiation was used 
to accelerate the synthesis. To convert the azido function into amino group, Staudinger reaction was 
chosen with PMe3 as a reducing agent. Fmoc- -AA were coupled in the presence of HBTU/HOBt 
as a coupling reagent. The sublibraries of 8-mer with five variable (X) positions and three fixed 
were designed and prepared.  
Such length of the foldamers was chosen because it surpasses the minimum length required for 
helix formation (four residues). The X positions were varied by six of thirteen residues using a 
unique pairs method[3], which reduces the number of redundant compounds, so the one sublibrary 
contains 31104 distinct foldamers. The difference between each sublibrary was the position of Trp-
type residue. All the libraries were screened for binding affinity against DR5 labeled with the 
fluorescent dye (ATTO488) and the beads were analyzed by Complex Object Parametric Analyzer 
and Sorter (COPAS). The hit beads were manually chosen. MALDI analysis and sequencing is 
under investigation.  
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Synthetic oligomers with peptidomimetic helical folding properties have attracted considerable 
attention for use in biological and biomedical applications. Our work has focused on oligourea 
foldamers, which offer 2.5-helical scaffolds that are conformationally robust in solution, including 
aqueous environment. They are stabilized by regular bifurcated intramolecular hydrogen bonds 
between urea carbonyl groups (i residue) and urea amide protons (i-2 and i-3 residues).[1] The 
modular building blocks are readily accessible from -amino acids, thereby offering proteinogenic 
side chains. 
 
The present work is focused on sequence analysis of oligoureas by means of tandem mass 
spectrometry, to build a basis for de novo sequencing for future high-throughput combinatorial 
library screening of oligourea foldamers.[2] A series of five model oligoureas has been synthesized 
in this view. 
 
After evaluation of MS/MS spectra obtained for these model compounds with either MALDI or ESI 
sources, we found that the MALDI-ToF-ToF instrument gave the more satisfactory results. MS/MS 
spectra of oligoureas generated by decay of singly charged precursor ions show major ion series 
corresponding to fragmentation across both CO-NH and N’H-CO urea bonds. Oligourea backbones 
fragment to produce a pattern of a, x, b and y type fragment ions. De novo decoding of spectral 
information is facilitated by the occurrence of low mass reporter ions, representative of constitutive 
monomers, in an analogous manner to the use of immonium ions for peptide sequencing. 
 
Our most recent results include de novo sequencing from individual TentaGel beads isolated from 
combinatorial libraries. 
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Oligomers of the achiral amino acid Aib (Aib = -aminoisobutyric acid) adopt helical 
conformations known as 310-helices,[1] which display no screw-sense preference and undergo 
conformational inversion on a time scale of milliseconds.[2] We[3] and others[4] had previously 
shown that this dynamic equilibrium may be biased in favour of either left or right handed screw-
sense by interaction of the helix with a chiral residue at the chain N-terminus. We also developed a 
simple NMR method to report on the degree of control obtained when different amino acids where 
used as well as their screw-sense induction to the rest of the Aib oligomer.[5] 
Using crystallographic and NMR techniques, we now show that the left- or right-handed sense of 
helical induction arises from the nature of the -turn at the N terminus: the tertiary amino acid L-
Val induces a left handed Type II -turn in both the solid state and in solution, while the 
corresponding quaternary amino acid L- -methylvaline induces a right handed Type III -turn 
(Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Newmann projection representing the two different types of -turns generating the 
observed left (a) and right handed (b) helical screw sense 
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Synthetic molecules that mimic the secondary elements of proteins, structurally and/or functionally, 
have received significant attention in recent years.[1] These de novo designed molecules with diverse 
backbones find applications in molecular recognition, drug design and material sciences.[2] Through 
proper design, these conformational mimetics can act as inhibitors of therapeutically relevant 
protein-protein interactions (PPIs).[3] 

This poster describes the development of orthogonally functionalised variants on the original 
aromatic oligoamides reported in our group (Fig. 1a).[4] A method for the synthesis of an alternative 
di-hydroxylated monomer will be described along with the synthesis of a ‘clickable’ monomer; both 
can readily be incorporated into trimeric structures (Fig. 1b). The effect of these modifications on 
the inhibition activity in a fluorescence anisotropy assay will also be discussed. These initial results 
provide a promising starting point for the development of more elaborate, multifunctional PPI 
inhibitors and will be considered in our ongoing efforts towards the synthesis of -helix mimetics 
tailored to a range of biological targets. 
 

 
 

Figure 1. Structures of (a) aromatic oligoamide trimer and (b) novel monomers designed as 
inhibitors of PPIs. 
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-Peptides are a new class of peptides that share structural properties with -peptides. The 
replacement of -aminoacids by -aminoacids in -peptides can lead to the formation of interesting 
secondary structures starting from 4 residues. 

The aim of this work is both to allow the development of a new synthetic route to 
enantiopure -diaminoacids and to use them to access to novel unnatural peptides having specific 
conformational properties.  

 
 

 
Figure 1. Synthetic strategy 

 
 

 The synthetic strategy, developed in our laboratory, starts from natural enantiopure 
aminoacids and is based on two key-steps : a Blaise reaction followed by a diastereoselective 
reduction. It gives access to enantio and diastereopure -diaminoacids.[1-3] 
 The structural study of the synthetized peptides, realized in collaboration with Dr. E. Miclet 
(Paris 6), shows that hybrid -peptides present stable extended helical conformation characterized 
by the absence of any intramolecular hydrogen bond and a four-fold symmetry.[4]

Figure 2. Hybride -peptide 
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Carbocyclic -amino acid derivatives attract considerable attention because the incorporation of 
these non-proteinogenic amino acids in peptides can lead to a modification of their biological 
activity. For example, the -peptide bond is resistant to enzymatic degradation, which enhances the 
metabolic stability of a -peptide. -Aminocyclopropanecarboxylic acid ( -ACC) is a carbocyclic 
analogue of -alanine which possesses severe ring strain.[1] To avoid spontaneous ring opening of 
the cyclopropane core via a push-pull mechanism, a suitable stabilizing group at nitrogen is 
essential, which complicates the synthesis of -ACC derivatives and their incorporation in peptides. 
Moreover, due to the presence of two stereogenic centres in the cyclopropane ring, -ACC exists as 
four stereoisomers.  
In this work, the stereoselective synthesis of a novel -aminocyclopropanecarboxylic acid, with no 
extra functionalization of the cyclopropane core, was developed.[2] (2S)-N-(Tert-
butoxycarbonyl)aspartic acid 4-benzyl ester 1a, a derivative of the naturally occuring -amino acid 
aspartic acid, was used as a chiral building block. 
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The key-step in the reaction sequence is a stereoselective base-induced ring closure of -amino 
ester 2a towards (-)-benzyl -aminocyclopropanecarboxylate 3a with a good trans 
diastereoselectivity. Saponification of this ester and subsequent coupling with methyl glycinate led 
to the formation of the novel -ACC-containing dipeptide 4a. Starting from (2R)-N-(tert-
butoxycarbonyl)aspartic acid 4-benzyl ester 1b, the (+)-enantiomer of this -ACC derivative and 
the corresponding dipeptide 4b were prepared as well. 
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Besides the two familiar secondary structures, -helices and -sheets, polyproline II helix is the 
architectural hallmark of many protein-protein interaction modules, playing a critical role in the 
coordination of different protein complexes.[1] The significance of this unique extended structure, its 
implication in various targets involved in crucial pathologies have stimulated chemists to synthesize 
PPII mimics over the past few years. However, compared to the ever-growing field of -helices or 

-turn mimics, only a few approaches have been described to emulate the PPII structure. Taking 
advantage of the highly stereoselective ring-contraction TRAL reaction,[2] followed by two 
unprecedented tandem reactions, we described here an efficient access to elegant spirocyclic 
scaffolds. After dimerization, structural analyses of our constructions highlighted an attractive 
edifice able to fold and behave as a PPII helix, in view of affording a contribution in the 
development of new tools to understand molecular basis in biological targets involving protein-rich 
domains. 
 

 
 

Figure 1. Schematic analysis of the relative orientation of the spiro groups of the synthetic dimer 
(orange) with the N- and C- term Pro-Pro of a natural pentaproline (yellow) 
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N,N’-linked oligoureas belong to the foldamer field based on amide bond surrogates and are 
extensively studied in the Guichard group.[1]  

They have shown a remarkable propensity to fold into well defined helical secondary structures in 
solution by remote intramolecular three-centred H-bond interactions between backbone ureas.[2] More 
recently, some of these helical urea oligomers have been characterized at atomic resolution.[3] 

Translating structure information into function certainly represents one of the most fascinating 
issues in the field of foldamers. Oligoureas have been shown to be very effective in terms of interaction 
with biomolecules and for possible biomedical applications. In particular, helices designed to mimic 
host-defense peptides disrupt bacterial cell membranes and display potent antimicrobial activities.[4] The 
importance of protein anion recognition processes in biology (anion channels/transporters, enzymatic 
reactions) and the role of H-bond mediated interactions in conferring selectivity led us to consider a new 
development of oligoureas in molecular recognition: the four urea NHs at the extremity of the helix are 
not involved into intramolecular interactions and build a cleft, intrinsically chiral, that could be suitable 
for binding anions or neutral protons acceptors.  
 Different oligoureas have been tested with different anions by NMR titrations that gave us 
access to binding constants: the data suggest different binding modes depending on the anion and 
the terminal part of the oligourea helix. Overall, the results show that the interaction is site-specific 
and that the helicity of the foldamers is unaffected upon binding.  
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Foldamers, artificial oligomers with well-defined conformations, represent a new family of self-
assembled supramolecular architectures that have developed rapidly in the last decade. 
Considerable advancements have been made in mimicking proteins architecture and fonction using 
foldamers that adopt helical conformations. However, foldamers do not yet span the same range of 
structural diversity that can be found in proteins. For example, foldamers with -sheet-like 
structures are very rare and most of them are of a peptidic nature.  
 
Therefore, we have endeavored to expand foldamer diversity by developing a novel class of abiotic 

-sheet-like architectures. Our strategy is to use inter-strand -  aromatic stacking between 
sequences of aromatic oligoamides and oligoamines to mimic the natural stabilization of -strands, 
which occurs through a network of regularly spaced hydrogen bonds. These oligamides and 
oligoamines sequences are connected by a rigid U-shaped moiety that will create a turn and initiate 
strand formation. These molecules are designed to adopt compact folded structures that can be 
studied in solution and in the solid state.  
 
 

 

 
 

Figure 1. -sheet-like foldamers, from concept to crystal structure. 
 
 

In this poster we report our stepwise approach in the development of -sheet-like aromatic amide-
based foldamers: from the optimization of the design elements and the use of macrocycles, to the 
synthesis of multi-turn structures and curving strands -sheet-like foldamers. 
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The 33mer peptide anginex is a potent antitumor agent with antiangiogenic and 
antiproliferative activity. Anginex forms -sandwich with three antiparallel -strands, associating 
into dimers, and tetramers.[1] Biological activity and binding to its main target protein galectin-1 
have been thoroughly studied,[2] therefore anginex is a good model for investigating -amino acid 
substitution effect on a -sheet structure, along with its protein binding and biological activity. 

Residue triplets were systematically replaced by 3-amino acids in the sheet forming region 
of anginex (Figure 1). This was expected to maintain the H-bonding network with one 3-amino 
acid substitution in each -strand. Structural analysis (CD measurements and NMR chemical shift 
difference analysis) showed that the sheet forming propensity of the analogs remains, but it is lower 
than the parent peptide anginex. Analysis of the effects of the substitution pattern revealed that the 

3-amino acid substitution decreases the tightness of the hydrophobic side chain packing. 
Binding to galectin-1 was measured by using isothermal titration calorimetry, and one of the 

derivatives displayed affinity comparable to anginex. To investigate the biological activity of the 
foldameric -sandwiches, cell proliferation measurements were carried out with a brain endothelial 
cell line. The antiangiogenic effect showed correlation with the folding tendency.  

 

 
Figure 1. Structure of anginex, and one letter code sequence with the substitution positions 
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The conjugate addition reaction of aldehydes to nitroolefins is an important reaction for the 

synthesis of -nitroaldehydes that can be readily converted into, for example, -amino acids.
[1]

 Our 

group introduced tripeptides of the type Pro-Pro-Xaa (Xaa = acidic amino acid) as highly efficient 

catalysts for asymmetric conjugate addition reactions of aldehydes to -mono- and , -

disubstituted nitroolefins.
[2,3]

 We now became interested in using , -disubstituted nitroolefins as 

electrophiles since they would afford -nitroaldehydes with an all-carbon quaternary stereogenic 

center. Their stereoselective transformation is challenging due to the higher steric congestion at the 

electrophilic carbon of the , -disubstituted nitroolefin and consequently the difficulty of 

controlling the stereoselectivity compared to -monosubstituted nitroolefins. The further 

transformation of such -nitroaldehydes to -amino acids bearing an all-carbon quaternary 

stereogenic center might not only be interesting for the development of therapeutics but also for 

foldamer research. 

Here, we show peptide-catalyzed stereoselective conjugate addition reactions of different aldehydes 

to , -disubstituted nitroolefins providing -nitroaldehydes with an all-carbon quaternary 

stereogenic center in good yields and stereoselectivities. 

 
 

 
Figure 1. 1,4-Addition reactions between aldehydes and , -disubstituted nitroolefins providing 
access to -amino acids bearing an all-carbon quaternary stereogenic center. 
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Bifunctional 1,4-dihydropyridine (1,4-DHP) derivatives comprising two or more functional groups 
suitable for condensation reactions (carboxylic acid, amino groups in side chains or in the 1,4-DHP 
nucleus) can be used for synthesis of oligomers and foldamers. 
1,4-Dihydroisonicotinic acid monocyclic, bicyclic and tricyclic derivatives 1 could be mentioned as 
prototypes along with 1,4-DHP derivatives comprising carboxylic groups in position 3 and 5: 
attached to the DHP ring directly (3) or by a spacer (e.g. carboxymethylene, 4). Compounds 1 can 
be further derivatized to obtain dipeptide type compounds 2. 
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Above mentioned 1,4-DHP derivatives possess mainly low toxicity, e.g., monocyclic compound 2, 
R=CH2CH2CO2H has LD50 > 10,000 mg/kg p.o., rats. 
Monocyclic compound 1 (3,5-diethyl ester) possesses antimutagenic, DNA protective properties. It 
stimulates DNA repair and has dual effects on cellular defense systems against endogenously 
generated DNA damage. It reduces DNA strand breaks and stimulates apoptosis. After genotoxic 
stress it reduces DNA strand breaks and the number of apoptotic cells. The major target is DNA 
repair.[1] This compound significantly reduced DNA bare damage by treatment with X-irradiation 
and lowered mutation frequency.[2] 
Compound 4 (X=CH2, R=Et) stimulates anticancer activity of 5-fluorouracil[3] and reveals antiviral 
activity.[4] 
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-Peptoids are a class of peptidomimetic foldamers structurally related to natural -peptides, in 
which the side chain is moved along the backbone from the C  to the amide nitrogen. This 
determines favourable properties, such as greater flexibility, resistance to proteases and higher cell 
permeability. The -homologues of -peptides, -peptides, also have comparable -peptoid 
counterparts. The study described herein examines the conformational preference of the hybrid -
peptoid backbone, where - and -residues are alternated along the backbone. A library of -
peptoids with variability in the chain length, side chain patterns and terminal capping groups was 
designed to aid conformational investigation (Figure 1a). A comprehensive study of the library by 
circular dichroism (CD) has enabled us to identify a number of distinct conformational features and 
relate these to the primary structure using NMR, IR and X-ray crystallographic data. Further to this, 
a comprehensive binding study with a cyclic hexamer has enabled us to explore the binding 
selectivity of the hybrid architecture for a range of metal ions. 
 

 

 
         

Figure 1. (a) The -peptoid backbone and the side chains employed. (b) Several of the 
characteristic spectra observed for the cyclic -peptoid backbone in MeCN. 
 
The work presented will focus on the most recent data obtained for the library of -peptoids 
where a distinct set of CD spectra were observed in MeCN (Figure 1b) and also in other solvents 
such as TFE. Six CD spectra have now been identified which are representative of all of the CD 
spectral features observed for the compound library. Therefore this set of spectra constitute the 
reference CD spectra for the conformations adopted by the novel backbone. Although molecular 
modeling is limited, due to the cis/trans isomerism of the amides, it is has been possible to propose 
(from literature and crystallographic data) what conformations these characteristic spectra may 
represent. The findings of this recent work will be presented alongside earlier achievements in the 
investigation of the -peptoid architecture to give a comprehensive overview of the current 
understanding of the conformational preferences of this hybrid architecture. 

(a) (b)



Poster 14 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 
Synthesis and structural study of aza-modified ACBC oligopeptides 

 

Amandine Altmayer-Henzien,a Valérie Declerck,a Jonathan Farjon,b Jean-Pierre Baltaze,c Régis 
Guillot,c Denis Merlet,b David J. Aitkena 

 
a
Laboratoire de Synthèse Organique et Méthodologie, 

b
Laboratoire de RMN en Milieu Orienté, 

c
Services Communs, Institut de Chimie Moléculaire et des Matériaux d’Orsay (CNRS-UMR 8182), 

Université Paris-Sud, 15 rue Georges Clemenceau, 91405 Orsay, France 

amandine.altmayer-henzien@u-psud.fr 
 

-Peptides are known for their resistance to enzymatic degradation and, like -peptides, they 
present multiple hydrogen bonding opportunities which can promote 3D structuration. In this 
respect, the use of cyclic -amino acids enhances foldamer propensity. Indeed, oligomers of 5- and 
6-membered ring -amino acids have been shown to adopt regular structures such as sheets or 
helices. Our interest focuses on 4-membered ring -amino acids. It has been reported that oligomers 
of cis-cyclobutane -amino acid (ACBC) adopt a strand-type structure,[1] whereas oligomers of 
trans-ACBC form a 12-helix.[2] In ACBC dipeptides, the predominance of eight-membered 
hydrogen-bonded rings have been reported for (trans, trans) and (trans, cis) configurations whereas 
six-membered rings are observed for (cis, trans)-dimers.[3] These observations have prompted us to 
study N-aminoazetidinecarboxylic acid (AAzC), an aza-analogue of ACBC, which can potentially 
adopt either a cis or trans structure due to the configurational flexibility of the pyramidal nitrogen 
atom that formally replaces the -carbon of ACBC.[4] 
Previous structural studies concerning three model cyclobutylamide derivatives containing ACBC 
or AAzC allowed us to conclude to a trans behaviour of AAzC, and a propensity to adopt an eight-
membered hydrogen-bonded ring, stabilized by the formation of a hydrazinoturn. Moreover, the 
structural study of four hetero-dipeptides, each incorporating AAzC at the N-terminal position and a 
single stereoisomer of ACBC at the C-terminal position, revealed also the formation of the same 
hydrazinoturn, without any influence of the stereochemical pattern of ACBC. 

 

Here, we will describe the synthesis of hetero-oligopeptides comprising a sequence of trans-ACBC 
residues bearing a single AAzC unit at the N-terminal position. The folding behaviour of these 
peptides will be examined on the basis of NMR studies, circular dichroism, X-ray diffraction and 
molecular modelling studies. We will demonstrate the influence of this single AAzC building block 
at the N-terminal position upon the structuration of an entire oligopeptide. 
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Over the last decades, strong efforts have been made to develop new molecular backbones 
for the construction of original, predictabable, and well defined molecular architectures: the 
foldamer chemistry.[1] These researches were mainly focused on the elaboration of architectures that 
mimic secondary structures of biomolecules (helices and sheets) and have lead to a wide variety of 
building blocks that can be used to build such molecular architectures. The second step in this 
process of biomolecular mimicking is the construction of more complex structures such as tertiary 
and quaternary structures which are key intermediates to reach functions.[2]  Therefore some efforts 
have been done to design molecular architectures (mostly helices) that have specific side chains in 
their outer surface to specifically interact with biomolecules or other foldamers.[3] 
 

In this context we have focused our attention into the design, the synthesis and the 
characterization of oligoamide-quinolines foldamers that have side chains designed to interact with 
each other and form specifically dimeric helix bundles. This study is the first step to learn how 
molecular recognition at the surface of this type of aromatic oligoamide foldamers could be design. 
 
 
 

 
 
 

Figure: Schematic representation of the helix bundle formation. 
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Proteins modulate the majority of biological functions and are composed of highly 
organized secondary structural elements such as alpha helices, beta sheets and beta strands. These 
elements could represent attractive therapeutic targets. In the literature, numerous synthetic alpha-
helix mimetic molecules have already been presented ranging from biotic to abiotic foldamers, that 
are, accordingly to Huc,[1] oligomeric compounds that adopt compact globular structure in solution 
stabilized through non covalent interactions between non adjacent monomer subunits. 

Our laboratory is interested for years in the synthesis of a large library of abiotic mixed 
aromatic oligopyridyl systems,[2] in the study of their conformational organization[3] and in their 
biological interest. 

 
Figure 1 

 
After describing general synthetic pathway, the poster will present possible biological applications. 
Alpha helices or beta sheets often facilitate protein-protein interactions (PPIs) which control 
numerous cellular processes. Therefore, PPIs misregulation can result in numerous disease states 
such as HIV, cancer, diabetes and neurodegenerative diseases.[4] Between them, in the last years, we 
have investigated the ability of our foldamers to restore apoptosis in cancer cells by inhibiting the 
function of pro-apoptotic members of Bcl-2 family proteins. To date, encouraging biological results 
show that these molecules are able to disturb these protein interactions. 
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Foldamers, molecules which adopts well-defined conformation in solution,[1] are receiving 
considerable attention because of their potential application in medicine and material design.[2] A 
number of building blocks of natural- and synthetic origin have been utilized in the synthesis of 
such molecular systems and a variety of conformations such as helix, -sheets and turns have been 
realized till date;[3] hybrids of -amino acids with -amino acids are among one of the most 
studied.[4] We have recently shown that trans- -amino acid residues in their , -hybrid peptides 
undergo anti- to gauche rotamer shift in response to intramolecular hydrogen bonding possibilities 
and facilitate formation of an 11-helix.[5] We have continued our studies in this direction and 
synthesized a new set of hybrid peptides which adopts helical structures in low polar solvents but 
change to extended conformation in polar ones (eg. peptide 1, Figure 1a). Such systems are ideal for 
studying conformational transition in peptides. Their synthetic details, along with results from 
NMR- and X-ray crystallographic studies will be presented here.[6] The peptide 1 from this group 
was found to aggregate and give nanometer-sized vesicles from isopropanol solution (Figure 1b). A 
discussion on the mode of self-organization that lead to spherical assemblies will also be a part of 
the presentation.[6] 
 
 
 

 

 

 

 

 

   

 

 

Figure 1. a) Solvent dependent conformational change of -hybrid peptide 1; b) SEM image 
showing the formation of vesicles from the peptide 1. 
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Removing the peripheral subsituents from helical capsule sequences (these residues serve as end-
caps of the helix hollow) allows the incoporation of guests that are longer than the hollow itself. 
Proof of concept was established by the crystal structure shown below which shows a dumbell-
shape guest molecule threaded through a helix. The terminal diphenyl substituents of the guest are 
too large to go through the helix hollow, implying that the complex cannot form by a threading 
mechanism but through helix winding around the guest. The winding process requires helix 
unfolding and refolding, as well as a strict match between helix length and anchor points on the 
rods. The time scales of folding/unfolding being relatively slow, the helices can undergo some 
motions without dissociation, such as shuttling[1] or screwing,[2] on guest molecules having several 
binding sites. The strong analogy between this system and rotaxanes hints at possible applications 
of such constructs in the vast field of artificial molecular machines.  
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We recently reported that a series of helical Aib/Ala-containing peptides, lacking any charge or 
polar group, are soluble in water.[1,2] In this communication we present evidence of the formation of 
self-assembled structures in water, likewise responsible for the unexpected solubility properties.[3] 
Z-(Ala)3-(Aib-Ala)4-OMe forms spheres with diameters up to 100 nm (Figure 1), that can 
incorporate molecular systems of relevant size, such as Au nanoparticles. Our aggregates are larger 
than a typical micelle, although it is not clear yet if they form vesicles or a different type of 
supramolecular structure. To this aim, additional experiments are under way. In particular, we are 
investigating the role of (i) the non intramolecularly H-bonded amide N-H and C=O groups, (ii) the 
aromatic -  interactions and (iii) the peptide helix dipole moment. Indeed, a few years ago Kimura 
and coworkers demonstrated that molecules with a large dipole moment are intrinsically 
hydrophilic.[4] 
We believe that our supramolecular systems may widen the number of applications currently 
accessible to self-assembled aggregates in the fields of biomedicine and materials science. 

 
 

 
 
Figure 1. The hydrophobic, helical undecapeptide Z-(Ala)3-(Aib-Ala)4-OMe forms in water 
spherical aggregates as revealed by TEM (right image, uranyl acetate staining). 
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The study of water soluble -sandwich mimetic foldamer structures is challenging, because of 
the difficulties associated with the optimization of the long-range hydrophobic interactions. The 
larger surface of -sheets is however required in order to interact with solvent-exposed protein sites. 
To find a transition between -sandwiches and the thoroughly studied helices, we turned our 
attention to -solenoids, structures where parallel -strands are folded in an overall helical 
arrangement (Figure 1). 

Our de novo design consisted of two parts: short helical segments of cyclic beta amino acids, 
stabilized by stereochemical controlling effects, and /  chimera strands with alternating polar and 
hydrophobic side-chains to create a hydrophobic core similar to -sandwiches. These strands 
connect the helix segments, resulting in a structure which can be described as a “stretched helix”. 

We designed a number of peptide foldamers varying the number of strands and the hydrophobic 

core. The results of Molecular Dynamics (MD) modeling and Circular Dichroism (CD) 

measurements in water revealed that a minimal number of six strands is required for the folding. 

Unlike foldameric helices, these structures were not soluble in methanol. We were unable to get 

high-resolution NMR structural data, which indicates that stereochemical control on its own is not 

enough to ensure rigid folding. We assume that hydrophobic interactions need further optimization, 

and we aim to correct this by using cyclic -amino acids in the strands and less hydrophobic 

monomers in the helical segments.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Representaion of a soleonid structure 
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Aliphatic -peptides, i.e. oligoamides consisting exclusively of -amino acid residues, represent an 
interesting class of peptidomimetic foldamers that today still remains overlooked.[1] Compared to -
amino acids, -amino acids are characterized by a greater chemical diversity (seven substitution 
positions versus three for -amino acids) and conformational versatility. The -peptide backbone 
can be seen as the prototypic member of a larger family (i.e. -peptide superfamily or lineage) of 
peptidomimetic backbones and combinations thereof, all sharing an isosteric relationship (e.g. 
oligocarbamates,[2] N,N’-linked oligo(thio)ureas,[3] oligoguanidines,[4] oligomers of -aminoxy 
acids,[5] sulfonamidopeptides[6]). Although the constituent units in these backbones are endowed 
with different properties, their combination may represent an opportunity to generate new 
heterogeneous backbone oligomers with defined secondary structures,[7] thus further expanding the 
chemical space of foldamers in the -peptide superfamily. Herein, we report the structural 
characterization of heterogeneous aliphatic oligomers containing different arrangements of isosteric 
amide, urea and carbamate units of general formula NH-CH(R)-CH2-X-CO, X = CH2, NH, O. 
Because these units display different helix folding propensities (U (X = NH) > A (X = CH2) > C (X 
= O), the stability of the resulting fold will be controlled by the ratio of A, U and C units and by 
their sequence distribution. We show that oligomers consisting of 1:1 alternation of U and C (or A) 
linkages and 2:2 alternations of U and A units retain the ability to fold into well defined helical 
structures.[8] We also provide evidence that high C to U ratio in U/C heterogeneous oligomers can 
cause local helix destabilization.[9] This study can be seen as the first step towards the introduction 
of a general folding code in the -peptide foldamer superfamily. 
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Metalloenzymes play crucial roles in biological systems and have great biotechnological potential.  
The design of suitable peptidic analogues is of great interest and has been an object of research to 
test our understanding of metal-protein interactions and catalysis.[1-3] Our work has the objective of 
constructing asymmetric metal ion binding pockets in the interior of de novo designed helical 
bundles to evolve artificial metalloenzymes. 
 
Starting from the de novo designed model peptide 3D,[4] we inserted the mutations L17H, L27D, 
F30H, L66H, and H71G to generate the mutant 3DII_H71G which contains a metal ion binding 
pocket found in several enzymes, among them the Superoxide Dismutases. The mutated peptide 
was obtained by protein expression (E. coli BL21*) and purified by reverse-phase HPLC. DOSY-
NMR and Far-UV Circular Dichroism (CD) spectroscopies revealed a monomer -helical bundle 
structure in aqueous solution. However, the CD thermal denaturation studies indicated a significant 
loss of stability in comparison to the model peptide. UV-Vis and EPR spectroscopies showed the 
binding of 1 equivalent of Cu(II), a metal ion with interesting redox and hydrolytic properties. Far-
UV CD spectroscopy indicated that upon Cu(II) binding, the -helical content of 3DII_H71G 
increased. The same experiments carried out with the native 3D peptide showed only unspecific 
Cu(II) binding. 

 
 

Figure 1. Scheme of the 3DII_H71G peptide showing the metal ion binding site. 
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Human urotensin-II (hU-II) is a cyclic peptide that plays a central role in cardiovascular 

homeostasis and is considered to be the most potent mammalian vasoconstrictor identified to date. 

It is a natural ligand of the human urotensin-II (hUT-II) receptor, a member of the family of 

rhodopsin-like G-protein-coupled receptors. hU-II is composed of 11 amino acids 

(ETPDCFWKYCV), generated by proteolytic cleavage from a precursor prohormone, with a 

conserved cysteine-linked macrocycle CFWKYC. The sequence WKY appears to be very important 

for the biological activities, whereas the disulfide bridge of U-II is of minor importance. A 

published report has demonstrated the existence, in mouse, rat and human, of a paralog of hU-II 

(ACFWKYCV for the sequence) named UII-related peptide (URP) suggesting that the biological 

effects previously attributed to hU-II could actually be exerted by URP. 

 

From the structure-activity relationship studies of the reported ligands, a 3D pharmacophores for 

both non-peptide agonists and antagonists were previously built in our laboratory. We realized 

dynamic studies on hU-II and URP to check the conformation flexibilities of these peptides and 

established the relationships between their 3D structures and our pharmacophores.  
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Non-natural peptide analogs have significant potential for the development of new materials and 
pharmacologically active ligands. One such architecture, peptoids (N-alkyl-glycines), has found 
use in a variety of biologically active compounds but has only been studied to some extinct with 
respect to folding propensity. Thus, we here report an investigation of the effect of structural 
variations on the cis-trans amide bond rotamer equilibria in a selection of monomer model systems. 
We present the synthesis and investigation of cis-trans isomerism in the first examples of peptoids 
containing thioamide bonds as well as trifluoroacetylated peptoids. These systems revealed an
increase in the preference for cis-amides as compared to their parent compounds and thus provide 
novel strategies for affecting the folding of peptoid constructs. By using NMR spectroscopy, X-ray 
crystallographic analysis, and density functional theory calculations, we present evidence for the 
presence of thioamide-aromatic interactions through Csp2H···Samide hydrogen bonding, which 
stabilize certain peptoid conformations. 
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Non-natural peptide analogs have significant potential for the development of new materials and 

pharmacologically active ligands. One such architecture, the -peptoids (N-alkyl- -alanines), has 

found use in a variety of biologically active compounds but has been sparsely studied with respect 

to folding propensity. We present an investigation of the effect of structural variations on the 

cis trans amide bond rotamer equilibria in a selection of monomer model systems. In addition to 

various side chain effects, which correlated well with previous studies of -peptoids, we present the 

synthesis and investigation of cis trans isomerism in the first examples of -peptoids containing 

thioamide bonds as well as trifluoroacetylated -peptoids. These systems revealed an increase in the 

preference for cis-amides as compared to their parent compounds and thus provide novel strategies 

for affecting the folding of peptoid constructs. By using NMR spectroscopy, X-ray crystallographic 

analysis, and density functional theory calculations, we present evidence for the presence of 

thioamide aromatic interactions through Csp
2

H···Samide hydrogen bonding, which stabilize certain 

peptoid conformations.
[1] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References 
[1] Laursen, J. S.; Engel-Andreasen, J.; Fristrup, P.; Harris, P.; Olsen, C. A. J. Am. Chem. Soc. 2013, 135, 2835 2844.



Poster 26 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 
Stability of oligourea helices containing achiral gem-dimethylated units 

 
J. Fremaux,a C. Dolain,a B. Kauffmann,a J. Clayden,b G. Guicharda 

 
a
Institut Européen de Chimie et Biologie, CBMN, Université de Bordeaux-CNRS UMR 5248, 

2 rue Robert Escarpit, 33600 Pessac, France 
b
School of Chemistry, University of Manchester, Oxford Road, Manchester, M13 9PL, UK 

j.fremaux@iecb.u-bordeaux.fr 
 

N,N’-linked aliphatic oligoureas such as those developed in our laboratory are 
peptidomimetic foldamers that adopt well-defined helical secondary structures akin to that of -
polypeptides[1]. In the past few years, we have investigated the rules that govern helix formation 
among oligoureas (chain length dependence, solvent effect, substitution pattern requirement, 
backbone isosteric replacements). This is of practical utility if one aims to elaborate functional 
helices. However, the possibility to use Thorpe-Ingold effects (i.e. introduction of a backbone 
quaternary carbons) to control conformation of oligoureas like with Aib ( -aminoisobutyric acid) in 
peptides, has not yet been studied. Aib is the simplest quaternary -amino acid well-known for its 
ability to promote and stabilize 310 and -helical structures[2]. Since it is achiral, (Aib)n 
homooligomers adopt both right- and left-handed helical conformations that interconvert rapidly in 
solution. It is nevertheless possible to control the helix screw sense by adding a chiral controller 
(covalently or non covalently) at either end of the helix[3]. 

Herein, we have tested whether the helix geometry of aliphatic oligoureas may 
accommodate the presence of achiral Aib-type units. Required activated monomers with gem-
dimethyl substituents were prepared from 1,2-diamino-1,1-dimethylethane (DADME). 
Spectroscopic and X-ray diffraction studies have shown that the insertion of these units in the 
central region of an N,N’-linked Oligourea (1-4) does not impair 2.5 helical folding but may have a 
local destabilizing effect around the achiral residue depending on the position of the gem-dimethyl 
substituent (quaternary C vs C) and also induce some local conformational rearrangement[4]. This 
work is relevant to the design of oligourea helical structures made of contiguous gem-dimethylated 
units for studying helicity induction in the presence of a chiral controller. 
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 Enzymes, built of -amino acids, are natural and powerful catalysts. They owe their 

remarkable efficiency to their tridimensional structure, which allows the formation of a specific and 

functionalized catalytic site stabilized by a large folded environment. Built of non-natural 

monomers, foldamers tend to mimic the folding ability of biopolymers along shorter sequences. A 

lot of foldamers families have been described in the literature, allowing access to a wide variety of 

stable secondary structures.[1] Nevertheless, the design of foldamers able to mimic the function of 

biopolymers remain a challenge and only a few examples have been described.[2] Our group has 

developed the synthesis of non-natural amino acids derived from proline which is well known to 

favor PPII helices and turn conformations in proteins. The synthetic pathway allows access to - 

and -proline derivatives substituted by a wide range of functional R groups including 

proteinogenic side chains.[3] These chimeras, combining conformational constraints together with 

natural amino acids side chains can be used to design functionalized foldamers targeting catalytic 

activity, we propose to call “foldazymes”. 

 

 

 

 The folding propensities of oligomers made of these proline chimeras have been 

investigated[4] with the aim of rationally design oligomers bearing side chains at predicted positions 

in order to mimic a catalytic site of an enzyme. 
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-Amino acids are of high relevance in pharmaceutical and medicinal chemistry. These compounds 
are key elements of bioactive substances and some derivatives are known to exhibit strong 
antifungal properties.[1-2] Fluorinated amino acids and peptides as a result of a series of interesting 
biological activities are considered valuable materials in pharmaceutical chemistry. These 
derivatives are known as enzyme inhibitors, antitumoural agents or antibiotics.[3-6] In the recent 
work several novel fluorination strategies will be discussed starting from 2-aminocyclohex-4-
enecarboxylic esters. The syntheses were based on the selective transformations of the C-C ring 
double bond, via dihydroxylation, epoxidation-oxirane opening or oxidative olefinic bond cleavage, 
followed in each strategy by a hydroxyl-fluorine interconversion.  
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Figure 1. Fluorination of cyclohexene beta-aminocarboxylates 
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The propensity of racemic solutions of organic molecules to frequently produce racemic crystals 
and to only rarely resolve into crystals containing exclusively one enantiomer (conglomerates) has 
been known for long. Over a decade of foldamer chemistry has provided strong empirical evidence 
that this observation also holds true in the case of helical aromatic foldamers. Racemic 
crystallography has been used to solve the structure of some proteins that can be produced by 
chemical synthesis and which were shown to crystallize more readily as a racemic pair than as a 
single enantiomer.[1] As an extension to racemic crystallography, quasi-racemates are sometimes 
found to co-crystallize, as was originally described by Pasteur for malate and tartrate salts.[2] A 
quasi-racemic crystal comprise a pair of molecules the structures of which are almost, but not 
exactly, mirror images.[3] 

 

 
 

In this poster, we introduce the use of quasi-racemic crystallography as a method to 
elucidate the structures of host-guest foldamers complexes of tartaric and malic acid. We took 
advantage of the high propensity of enantiomeric P and M helices to co-crystallize, and 
demonstrated that co-crystals still form even when the guests introduced in the cavities are not 
mirror images. 
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The construction of synthetic materials that can mimic the unique structures and functions of natural 
biopolymers is an important goal in many fields of chemistry. Particularly interesting are (i) the 
ability to use biomimetic oligomers as recognition elements for selective catalysis and (ii) the 
interactions between biomimetic oligomers and metal ions, because the later are key elements both 
in the structure and function of natural biopolymers. Currently, there is a lack of knowledge 
regarding the structural organization of biomimetic oligomers, especially peptidomimetics, upon 
metal coordination. Therefore, the creation of functional materials based on such metallo-
peptidomimetics is still a great challenge. We are studying (i) the interaction of peptidomimetic 
foldamers with metal ions and the properties of the new metallofoldamers with regard to 
coordination geometry and chirality for applications in biomimetic catalysis (Figure 1), and (ii) the 
aggregation of metal nanoparticles mediated by biomimetic oligomers (Figure 2) to be utilized for 
chemical and/or biological sensing and heterogeneous catalysis. 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Ag(0) NPs (A) and their spherical assemblies (B) mediated by peptidomimetic oligomers.[1]
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Figure 1: A peptidomimetic before (A) and after (B) metal coordination. 
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The ability of synthetic oligomers of - and -amino acids to adopt protein-like secondary structures 
is of great interest to develop helical mimic with functional properties. Incorporation of constrained 
cyclic building blocks reducing the backbone flexibility has permitted to improve the stability of the 
folding and to substantially enlarge the helical foldamer realms. According to the results obtained 
with -peptides, -amino acids were expected to be valuable tools to design new scaffolds. 
Nevertheless, to date, only few -subunits are available due to the difficulty to access 
stereochemically pure species and only few -oligomers secondary structures have been described.[1] 

Additionally, while control of structure is crucial for biological function, access to foldamers 
bearing a wide variety of side chains and being soluble under physiological conditions is essential 
to purchase biological applications. Nevertheless the combination of these three criteria remains 
challenging. 
Herein, we report the design of a new family of highly constrained thiazole-based -amino acids 
(ATC). The synthetic strategy for ATC residues is higly versatile allowing a straightforward 
modulation of the side chains. We demonstrate by NMR and X-ray crystallography studies that 
their ATC oligomers adopt a definite three-dimensional 9-helix structure thanks to periodic 
intramolecular hydrogen bonds in organic and aqueous solutions as well as at the solid state. 
 

 
 

Figure 1. General structures of ATCs and of their corresponding oligomers 
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Cyclic 1,2-diamines and cyclic 1,2-dicarboxylic acids are versatile building blocks in organic 
chemistry. They have been used as scaffolds for the preparation of various derivatives ranging from 
hybrid materials[1] to ligands in catalyzed reactions[2] and self-assembling molecules (used as 
templates for inorganic nanostructures),[3] due to the possibility to control their stereochemistry, 
steric demand and rigidity. 
Herein we report on the stereoselective synthesis of new chiral bola surfactants derived from 
cyclobutane-1,2-diamine[4] and cyclobutane-1,2-dicarboxylic acid. Special attention has been 
focused on the study of the influence of the relative stereochemistry and the regiochemistry in their 
aggregation properties.  
 

 
 
To the best of our knowledge, there are no reports concerning chiral surfactants derived from 
cyclobutane-1,2-dicarboxylic acid and cyclobutane-1,2-diamine, on their physicochemical 
characterization and on their aggregation properties so our aim is to investigate how the 
conformational constraints imposed by the rigid cyclobutane ring will affect their properties, 
aggregation behavior and the transfer of chirality from the monomers to the assemblies. 
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The importance of the left-handed polyproline II (PPII) helical conformation has recently become 
apparent. This conformation generally is involved in two important functions: protein-protein 
interactions and structural integrity. The PPII helix is believed to be the dominant conformation for 
many proline-rich regions of peptides and proteins. In particular PPII are major features of 
collagens. 
In our laboratory, an original proline analogue has been synthesized: the 4,4-dimethylsilaproline, 
denoted silaproline (Sip).[1] The presence of dimethylsilyl group confers to silaproline a higher 
lipophilicity as well as an improved resistance to biodegradation. 
Recently we developed a gram scale synthesis of enantiomerically pure Sip, requiring resolution of 
the racemate by chiral high performance liquid chromatography (HPLC).[2] 
With this new starting material, our aim was to construct polysilaproline polymers to investigate 
physico chemical properties and modifications of PPII structure. 
In this study monodisperses homopolypeptides have been synthesized by peptide coupling in 
solution, polydisperses homopolypeptides have been prepared by ring opening polymerization of N-
carboxyanhydrides (ROP). These peptides have been characterized by NMR, MALDI-Tof and 
circular dichroism. 
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Protein-protein interactions form the basis of many cellular processes. Disruption or deregulation of 
these complex interactions is the main cause of a significant number of human ailments. 
Consequently, there is intense research effort to design inhibitors that target specific protein-protein 
interactions. Peptide drugs take benefit from the highly specific and selective interaction between 
proteins. An appealing approach to the modulation of protein-protein interactions is the use of 
“dominant-negative” peptides representing only the fragment of a protein that engages a target. In 

practice, however, such dominant-negative peptide fragments rarely exhibit potent biologic activity, 

because their removal from the folded context of the parent protein tends to deprive them of 

conformational stability, leading to poor binding affinity, proteolytic instability, cell impermeability 

and rapid clearance in vivo by renal filtration. One approach toward circumventing this problem 

involves the introduction of synthetic cross-linking functionalities into the peptide, so as to restore 

and enforce its bioactive conformation. Given that the -helix is the most common secondary 

structural motif in proteins, it is not surprising that this particular folding motif has received the 

greatest deal of attention with respect to cross-link-induced stabilization. We have previously 

shown that an RCM-derived 18-membered macrocycle can be used to cross-link the side chains of i 

and i + 3 amino acids in short 310-helical peptide sequences.
[1]

 Recently, the metaxylyl group was 

carefully chosen as the optimal cysteine cross-linker from screening a library of potential cross-

linkers.
[2]

 In this work we present a dual set of intramolecular crossed-link reactions, accomplished 

on a -helical peptide, which results in a double stapled, intersected bicycle-46-(E)ene motif. The 

conformational studies revealed an enhancement effect of the original helical content. 

 

 

Figure 1. Schematic representation of the linear, stapled and double stapled peptides discussed in 

this work. 

 

 

 

 

References 
[1] A. K. Boal, I. Guryanov, A. Moretto, M. Crisma, E. L. Lanni, C. Toniolo, R. H. Grubbs, D. J. O’Leary, J. Am. 

Chem. Soc .2007, 129, 6986-6987. 

[2] H. Jo, N. Meinhardt, Y. Wu, S. Kulkarni, X. Hu, K. E. Low, P. L. Davies, W. F. DeGrado, D. C. Greenbaum, J. 

Am. Chem. Soc. 2012, 134, 17704 17713.



Poster 35 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 
Synthesis and conformational studies of a new hybrid 

-alanine-morpholine tetramer 
 

Gloria Menchia,b Andrea Trabocchi,a,b Antonio Guarnaa,b 
 
a
 Department of Chemistry "Ugo Schiff”, University of Florence, Via della Lastruccia 13, I-50019 

Sesto Fiorentino, Florence, Italy. 
b

 Interdepartmental Center for Preclinical Development of 

Molecular Imaging (CISPIM), University of Florence, Viale Morgagni 85, I-50134 Florence, Italy 

gloria.menchi@unifi.it 
 
One of the relevant aspects in medicinal chemistry is related to the development of peptides and 
peptidomimetics as drugs, and to the comprehension of the role of small modified peptides in the 
development and cure of diseases and macromolecular systems gained interest to target extended 
peptide-protein and protein-protein interactions in biomedically relevant issues. Foldamers[1] have 
been proposed as a new promising class of macromolecues for the creation of unnatural oligomers 
able to mimic the structural features of biopolymers. In order to expand the conformational space 
available for foldamer design, synthetic oligomers based on the formation of special helix types in 
hybrid peptides derived from changing aliphatic amino acid residues have been proposed.[2]  

Recently, we reported on a new method for the synthesis of enantiopure Fmoc-protected 
morpholine-3-carboxylic acid from dimethoxyacetaldehyde and serine methyl ester through a 
practical synthetic route,[3] and we carried out the conformational analysis of model tetrapeptides 
containing L- or D-Mor at i+1 position of a model -turn structure, with the aim to assess the role 
of such amino acids in determining the conformational preferences with respect to the parent 
peptide sequence bearing a proline residue at the same position.[4]  We envisioned the possibility of 
applying this six-membered proline surrogate for the generation of / -hybrid peptide foldamers 
taking advantage of the folding propensity of the morpholine ring (Figure 1).  
 

 
Figure 1. Morpholine-containing / -hybrid peptide. 

 

In this work, we report the solution-phase synthesis of a model hybrid-peptide containing -Ala and 
Mor residues using the Fmoc protocol. Such method, taking advantage of the corresponding 
activated acyl chlorides, enabled the facile preparation of a tetrameric structure. Such method may 
be easily translated to the synthesis of higher foldameric structures consisting of alternating - and 

-amino acid residues. The conformational analysis by NMR revealed the existence of a mixture of 
two rotamers, the major one possessing equilibrating intramolecular hydrogen-bonds for both amide 
protons. Moreover, molecular modeling calculations revealed a higher foldamer containing three -
Ala-Mor repeating units to fold in a compact -helix stabilized by -turns and by the preferential 
trans geometry at the -Ala-Mor amide bond. Thus, this study confirmed the possibility of using 
morpholine-3-COOH as a proline surrogate to generate higher /  hybrid peptides. 
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Preorganized dipeptide mimics, all containing a 1,2-disubstituted oxazolidin-2-one, a flexible 
methylene group and a 1,4-disubstituted triazole, have been prepared in few steps and high yield. 
The triazole ring may be easily prepared by Huisgen cycloaddition.[1] This reaction has been firstly 
developed by thermal addition, but generally mixtures of 1,4- and 1,5-substituted triazoles were 
obtained. Recently the copper-catalysed azide-alkyne cycloaddition (CuAAC)[2] has been reported: 
these approaches afford exclusively 1,5-disobstituted triazoles respectively in high yield.  
We have developed a general synthetic method that leads to the formation of both Oxd-Tri-CO- and 
Oxd-Tri-CH2- moieties (Figure 1). These compounds contain two heterocyclic units, one 
oxazolidin-2-one (Oxd) and a triazole (Tri), connected by a methylene group, that is highly flexible 
and favours the formation of curves, needed for the formation of folded secondary structures, as we 
could demonstrate with ROESY and NOESY analysis of two derivatives containing some 
additional amino acids residues.[3] 
 

 
 

Figure 1. General structure of the L-Oxd-Tri scaffolds. 
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Nuclear receptor binding to coactivator proteins is an obligate first step in the regulation of gene 
transcription. Nuclear receptors preferentially bind to an LXXLL peptide motif which is highly 
conserved throughout the 300 or so natural coactivator proteins. This knowledge has shaped current 
understanding of this fundamental protein-protein interaction, and continues to inspire the search 
for new drug therapies.[1] However, sequence specificity beyond the LXXLL motif and the 
molecular functioning of flanking residues still requires urgent addressing. We have used ribosome 
display to reassess the estrogen receptor (ER) for new and enlarged peptide recognition motifs, 
leading to the discovery of a potent and highly evolved PXLXXLLXXP binding consensus (Figure 
1, Left).[2] Molecular modeling and X-ray crystallography studies have provided the molecular 
insights on the role of the flanking prolines in priming the length of the -helix and enabling 
optimal interactions of the -helix dipole and its surrounding amino acids with the surface charge 
clamp and the receptor activation function 2 (Figure 1, Right). These findings represent new 
structural parameters for modulating the nuclear receptor-coactivator interaction based on linear 
sequences of proteinogenic amino acids and for the design of chemically modified inhibitors. 
 

    
 
Figure 1. Left: a. Peptide library design; b. sequence cluster analysis of peptide sequences 
identified through rounds 4, 6 and 8 of ribosome display screening against ER  and ER ; c. 
PXLXXLLXXP peptides selected for biochemical and cellular evaluation. Right: a-d. Structural 
basis for the potent binding of proline flanked peptides to ER provided by X-ray co-crystallography 
studies. 
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The substitution of -amino acids by / -amino acids has a strong impact on a peptides overall 
structure and topology, and thus on the stability of interhelical interactions. The tetrameric Acid-
pp/B3 2  coiled-coil system, which comprises a pentad of alternating - and -amino acids, is 
known to tolerate this modification while a loss in thermal stability is observed compared to its 
parental system Acid-pp/Base-pp.[1] 

To this end, we applied phage display in search for preferred Acid-pp interaction partners of B3 2 . 
The predefined secondary and tertiary structure of the -helical coiled coil allows to randomize the 
direct interaction partners of the / -amino acids and therefore to select specific binders out of the 
pool of Acid-pp mutants that contain every possible combination of the 20 canonical amino acids in 
four randomized positions. 
This screen lead to consensus sequences bearing a cysteine in combination with an aromatic 
residue. Molecular dynamic simulations confirm ideal core-packing as well as the formation of an 
interhelical H-bond between the cysteine and a non-H-bonded backbone carbonyl of the / -
segment. Moreover, selected peptides are able to form tetrametric assemblies with B3 2  and 
possess thermal stabilities that are similar to that of its parental system. 
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An important challenge for chemical biology and medicinal chemistry is the development small 
synthetic molecules able to selectively perturb protein–protein interactions (PPI).

[1]
 Researches in 

this field have been intensively carried out in the early 21th century, allowing the design and 

preparation of peptidomimetics, molecules that mimic peptides and protein-fragments.  

The most prevalent non repetitive motif observed in protein is the four residue  turn, in which 

proline and glycine residues are generally found in the i+1 and i+2 positions. Many rigid scaffolds 

mimicking this structural motif have been developed during the years, while the Pro-D-Pro or D-

Pro-Pro sequences have been demonstrated effective semi-rigid reverse turn nucleators.
[2] 

Continuing our long time researches on multicomponent reaction between sulfonylazides and 

amidines, we recently developed the click reaction between the morpholino enamine of N-alkyl 

piperidone and tosyl azide, affording azacycloalkene monosulfonyl diamine 1, through a 5-amino-

1,2,3-triazoline decomposition rearrangement.
[3]

 (Scheme 1) 
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Scheme 1 

 

Considering the biological importance of proline and its involvement in  turn induction, we 

envisioned the possibility to apply our synthetic methodology for the preparation of compound 2. 

(Fig 1) The multicomponent reaction was carried out using proline as the secondary amine and, in 

order to obtain compound 2 in enantiopure form, we studied the selective reduction of the double 

bond of obtained intermediate like 1. Finally, we evaluated the possibility to use 2 as a semi-rigid  

turn inducer in peptide models. 
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It is widely established that oligomers of -aminoacids can present a large variety of secondary 

structures including reverse-turns, sheets or helices. Studies of oligomers containing -aminoacids 

are also potentially capable of adopting well-defined secondary structure: several stable helical 

conformers are predicted for -peptides and -peptides, including a 14-helix and a 13-helix, 

respectively.
[1] The conformational restrictions imposed by the presence of a cyclobutane ring are 

expected to favor particular secondary structures in such peptides, and to this end our group 

embarked on the expedient preparation of all possible stereoisomers of cyclobutane -aminoacids
[2] 

and cyclobutane -aminoacids
[3] using a [2+2] photocycloaddition strategy. 
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Figure 1. Cyclobutane aminoacid building blocks. 

 

In this contribution, we will present and discuss these syntheses, as well as our recent results 

regarding the preparation and study of short -peptide and alternating -peptide sequences which 

contain selected cyclobutane aminoacid residues, in the search for new foldamer manifolds. 
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Figure 2. -Peptides (left) and -peptides (right), indicating the positions of cyclobutane residues. 
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Collagen is the most abundant protein in mammals.[1] It is not only the most prevalent constituent of 
the extracellular matrix, but also providing for stability in disparate tissues and organs.[2]  
Furthermore, collagens play a crucial role in the modulation of cellular activities.[3] Due to its 
biocompatibility collagen based materials are interesting matrices in different medicinal 
applications, e. g. tissue engineering and delivery of proteins, drugs and genes.[4] Making collagen 
based materials more applicable is therefore an important objective. A promising approach towards 
this goal are short synthetically accessible collagen model peptides (CMPs). 
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Figure 1. Functionalization of CMPs using the reduction/amidation or “Click”Chemistry approach. 

 

We have shown that (4R)- and (4S)-azidoprolines can be incorporated in CMPs as conformation 

directing amino acids and sites for functionalization.
[5],[6],[7],[8] 

Furthermore, the functionalization of 

CMPs is possible keeping some structural characteristics in mind. After introducing (4R)-

azidoprolines to the CMP, both, functionalization via triazole formation and Staudinger 

reduction/Amidation procedures are feasible without disturbing the basic structure. 

We are now developing these CMPs further towards a biomimetic material for medicinal 

applications. 
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It is becoming increasingly apparent that, in order to create a sustainable future, methods for 
efficiently activating/producing economically important small molecules (H2, N2, H2O, CO2, etc…) 

must be developed. Nature has evolved numerous metalloenzymes capable of performing such 

transformations as part of cellular processes. That it can do so with high turn-over frequencies and 

under physiological conditions is the result of active metal centers whose properties are specifically 

tuned through interactions with an assortment of functional groups in the protein. It would be ideal 

to replicate these interactions in synthetic systems in order to study how well-ordered functional 

groups arrays can improve the capabilities of synthetic catalysts. In the current work, aromatic 

oligoamide foldamers have been used to synthesize a helical scaffold around a tethered, [FeFe]-

Hydrogenase inspired, 2Fe2S cluster, Figure 1. The interactions between the scaffold and the metal 

complex and their effect on the fluxional and catalytic properties of the system have been studied. 

Oligomers of several different lengths containing a ( -SCH2NRCH2S)[Fe(CO)3]2 unit have been 

synthesized and characterized by X-ray crystallography. While there is little effect on the ground 

state structure of the diiron moiety in the solid state, further spectroscopic studies (NMR and IR) 

have shown that, depending on the oligomer used, the rotational/translational degrees of freedom 

afforded to the metal center can be limited with respect to the scaffold. Additionally, 

electrochemical studies of the foldamer/metal conjugates have shown that the organic scaffold is 

capable of inducing moderate shifts in the redox properties of the metal site. The implications of 

these results for the electrochemical reduction of protons to H2 and application of helical aromatic 

oligoamides as synthetic second coordination spheres for biologically inspired catalysts are 

discussed.
 
 

 

 
 

Figure 1. Pictorial overview of the project showing the goal of the project (top) and a general 

scheme of the aromatic oligoamide foldamer scaffold that has been synthesized (bottom).
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In Nature, conformational changes in proteins are extensively used to relay and process information 
in biological systems; for example the G-protein coupled receptors. Whilst these natural switches 
are of immense conformational complexity, synthetically we are not constrained by evolutionarily-
imposed structural requirements and as such can employ much simpler structures. Aib ( -
aminoisobutyric acid) peptides are known to adopt 310 helical structures.[1] Since Aib is an achiral 
residue, the helices adopted show no intrinsic preference for left- or right-handedness (M or P 
helicity respectively) and so its two enantiomeric conformations rapidly interconvert at ambient 
temperature.[2] Whilst the covalent attachment of chiral auxiliaries has been shown to induce high 
levels of helical conformational control[3] such that the equilibrium is perturbed to favour M or P 

helicity, reported examples of the exploitation of non-covalent interactions in the same context are 
surprisingly rare.[4] We wished to explore the use of ion pair interactions between chiral additives 
and Aib-based peptides as a means of realizing intermolecular communication and the transfer of 
stereochemical information.  

A series of achiral Aib oligopeptides with a cationic centre incorporated at the N terminus of the 
peptide have been synthesised. Ion pair interactions between chiral anions, such as TRISPHAT, and 
the charged peptides have been successfully exploited to realize intermolecular communication. 
Propagation of stereochemical information along the helix has been verified through detection of 
helical excess using NMR spectroscopy techniques (Figure 1). Control experiments undertaken with 
neutral analogues of the oligopeptides have established that the non-covalent ion-pair interaction is 
essential for the intermolecular communication of information. 

 

Figure 1: (a) Achiral helix which displays rapid interconversion between the M and P enantiomeric 
conformations in the absence of a chiral auxiliary (b) The introduction of a chiral anion induces the 
preference of one conformer through intermolecular communication of the stereochemical 
information via ion pair interactions.  
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Foldamers, synthetic oligomers that adopt defined, stable secondary structures in solution, have 
been the focus of intense research efforts. Arylamide oligomers constitute one of the most important 
foldamer classes. The main objective of this project is to establish information transferability 
between the oligoamide foldamer building blocks and the final oligoamide foldamer structure. Our 
goal is to develop a methodology and an associated library that will allow for rational design of aryl 
amide foldamers. 

To date, we have carried out a systematic computational and experimental study of 
arylamide building blocks and oligomers of varying types and sizes. Specifically, we used quantum 
mechanical calculations and NMR conformational studies of appropriate model compounds to 
reparameterize and validate critical torsional parameters. Using the improved parameters, we 
carried out molecular dynamics simulations of both building blocks and oligomers, in environments 
of varying polarities.[1,2] 

Our group also contributed developmental approaches, including a methodology aimed to 
quantify intramolecular interactions. The method allows identification of influences between 
different molecular fragments, including electrostatic interactions, charge delocalization pathways, 
core repulsions, and their relative importance. With that information it is possible to determine how 
far conformational or substituent information may travel along an oligomer chain and thus influence 
overall oligomer shape.[3] 

We also developed a methodology for determining oligomer structures. The method uses 
full quantum mechanics (QM) at short distances, and effective fragment potentials (EFP) at longer 
distances to model non-bonded interactions. This methodology allows the treatment of large 
systems without using fitted parameters. This approach gives descriptions of QM quality with 
computational demands closer to empirical methods. It also allows identification of different energy 
terms that contribute to the final conformations.[4] 

Using thus obtained structural and dynamical features; we establish information 
transferability between the small oligomer segments and the final folded structure. 
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The recently synthesized conformationally constrained 2-(aminomethyl)-1-
aminocyclopropanecarboxylic acid derivatives 1 and 2 are non-proteinogenic , -diamino acid 
derivatives belonging to a class of versatile building blocks which can be used for the preparation of 
biologically active compounds and peptide design. 
The conformational preferences of peptides containing a cycloaliphatic residue Acnc (n = 3–8) have 

already been investigated,
[1]

 but the influence of an extra substituent on this cycloaliphatic moiety 

has not been fully studied so far. Furthermore, previous research has shown that the oxygen atoms 

of the 1,3-dioxane system of residue 3 may act as H-bond acceptors for amide NHs.
[2]

 These main-

chain to side-chain intramolecular H-bonds destabilize the 310-helical structures, typically adopted 

by the related Ac6c 4 homopeptides. 

Based on these findings, model peptides containing these substituted carbocyclic amino acids were 

synthesized to study the conformational bias imparted to a peptide chain and to assess whether the 

insertion of the aminomethyl substituent, as present in residues 1 and 2, affects the -turn/helix 

induction tendency of the parent Ac3c residue. 

 

 

 

 

 

 

 

 

 

Figure 1. Relevant cycloaliphatic residues 
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A strategy aiming the stereoselective synthesis of -diaminoacids has been developed in our 
laboratory.[1] Key steps in this sequence are a Blaise reaction followed by the reduction of the 
enaminoester giving access to enantiomerically and diastereomerically pure -diaminoacids or 4- 
aminopyrrolidinones. Such synthetic aminoacids are interesting compounds, as they can either be 
used in - and/or -peptides[2] synthesis. 
 
Generation of this -diaminoacid moiety starting from (L)-valine, as well as its utilization in the 
synthesis of  tripeptides will be presented.[3]  
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Conformation adopted by these short peptides, determined by extensive NMR and simulated 
annealing under NMR restraints, using vicinal coupling constants and NOE distance restraints, will 
be described.[4] To get further insights into the NMR structure stabilities, molecular dynamics 
calculations in chloroform solvent boxes have been performed and will be presented. 
 
The capacity of these short  tripeptides to form a -turn mimic, depending on the steric 
hindrance of the first residue of the peptidic chain, will be detailed. 
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Hybrid foldamers, containing the oxazolidin-2-one (Oxd) unit alternated with an - or a -amino 
acid, have been extensively studied by our group.[1]   
The relative configuration of the Oxd and the alternated amino acid is very important, since the L-
Ala-D-Oxd series tend to form -bend ribbon spirals,[2] while the L-Ala-L-Oxd series do not. 
Furthermore the insertion of the L-Phe residue alternated with the D-Oxd moiety allows us to obtain 
interesting compounds that behave as supramolecular materials,[3] while the L-Phe-L-Oxd 
oligomers tend to form PPII helixes,[4] as we could demonstrate by VCD analysis. 
In contrast, the formation of a H11 helix was obtained, alternating an Oxd and a -amino acid 
moiety in the chain and interesting cyclic pseudopeptides were prepared alternating these groups. 
Finally, more complex oligomers have been recently obtained by introducing, besides the Oxd 
group, a triazole ring, that may be easily prepared by Huisgen cycloaddition.[5] 

 

 
 

Figure 1. Alternated hybrid foldamers containing the Oxd unit. 
 
 
 
 
 
 
 
 
 
 
References 
[1] C. Tomasini, G. Angelici, N. Castellucci, Eur. J. Org. Chem. 2011, 3648–3669. 

[2] C. Tomasini, G. Luppi, M. Monari, J. Am. Chem. Soc. 2006, 128, 2410-2420. 

[3] G. Angelici, G. Falini, H.-J. Hofmann, D. Huster, M. Monari,  C. Tomasini, Chem. Eur. J. 2009, 15, 8037-8048. 

[4] G. Longhi, S. Abbate, F. Lebon, N. Castellucci, P. Sabatino, C. Tomasini, J. Org. Chem. 2012, 77, 6033–6042. 

[5] N. Castellucci, C. Tomasini, Eur. J. Org. Chem. submitted.



Poster 48 

PARIS FOLDAMERS 2013 SYMPOSIUM  10-12 April 2013 

 
Constrained 3,4-dihydro-2H-[1,4]oxazine scaffold as a building block for 

peptidomimetic hybrid foldamers: a modeling study 
 

Andrea Trabocchi, Antonio Guarna  
 

Department of Chemistry “Ugo Schiff”, University of Florence, via della Lastruccia 13, 

50019 Sesto Fiorentino, Florence, Italy 

andrea.trabocchi@unifi.it  
 
The role of alternating proline residues in nucleating novel folded structures has been widely 
demonstrated in the literature, because of the disruption of conventional hydrogen-bonding schemes 
found in helices. As an additional unexplored proline analogue, morpholine-3-carboxylic acid 
(Mor) is of interest due to the oxygen atom in the ring, which can modulate the polarity and the 
conformation profile. Accordingly, we recently reported on a new morpholine-containing 
foldameric hybrid peptide, and preliminary conformational preferences assessed by means of NMR 
and molecular modeling calculations.[1]  
We were also interested in applying constrained 3,4-dihydro-2H-[1,4]oxazine scaffolds as building 
blocks for hybrid peptidomimetic foldamers, as previous conformational studies on model 
tetrapeptides containing such scaffold at i+1 position of a model -turn structure suggested a role of 
dihydro-oxazine in nucleating a well-defined compact structure of the peptide.[2] Preliminary 
synthetic studies revealed the application of primary amino acids as appendages at the nitrogen 
atom of the dihydro-oxazine scaffold to induce some skeletal diversity. Successful achievement of 
the title building block useful for hybrid foldamers was applicable only by using proline or / -
amino acids, which impaired any skeletal rearrangements, and these molecules were taken into 
account for modelling studies to design an array of model foldameric structures. 
 

 

Figure 1. Ser/Thr-derived scaffolds from primary amino acids or proline, and designed monomeric 
dipeptide scaffolds containing 3,4-dihydro-2H-[1,4]oxazine. 
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Foldamers are artificial folded molecular architectures inspired by the structures and functions of 
biopolymers.[1] In the case of helical aromatic oligoamides,[2] folding is mainly due to local 
conformational preferences induced by endocyclic or exocyclic moieties on each aromatic 
monomer at the ortho positions of the amide bonds, for example, endocyclic nitrogen atoms and 
exocyclic fluorine, chlorine and methyl groups.[3] Studies have been carried out to determine the 
stability of helical aromatic oligoamides depending on their length,[4] the solvent[5] and the helix 
propensity of the monomers.[6] A series of 5 compounds were synthesized in order to study how 
certain functionalities located on a central unit influence the helical conformations and the resulting 
helical stability. The rate of interconversion of the P and M helical enantiomers was assessed to 
quantify the stability of the helices.[4] The dynamics and kinetics of this interconversion were 
determined using chiral HPLC, assisted by NMR spectroscopy. 
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In the last decade the increasing resistance of bacteria and fungi against available antibiotics led to 
the development of a new way to fight against these species. Several recent works demonstrate that 
the best candidates for this aim are antimicrobial peptides (AMPs) and lipopeptides (LPs) based on 
cationic and nonionic aminoacids, as lysine (K).[1] AMPs and LPs are able to disrupt bacteria cell 
membrane by peptide-membrane interactions from outside the cell. Such mechanism suggests that 
these peptides can be immobilized on a solid support by covalent bonds producing surfaces (metals, 
polymers, fibers…) able to reduce bacterial adhesion and to prevent their proliferation.  

In this framework, our group is working with the aim at creating antibacterial textiles for medical 

devices and food packaging.
[2-5]

 In the present work we have used cotton fibers as solid support. 

Several methods to functionalize the fibers were tested in order to found the most environmentally 

friendly technique. The first approach converted utilities fibers as a solid phase synthesis resin, on 

which we built short peptide sequences with known antimicrobial activity.
[6]

 The second way tested 

refers to the “thiol-ene” click-chemistry. This method needs the use of a small amount of solvent 

and allows to bound the peptide on the fibers without activating agents (as HOAt or HATU). The 

linking process is activated via UV irradiation at 320 nm. The third methodology allows to convert 

the fiber in a thiolated support and on this surface build gold nanoparticles covalently linked to the 

textile and covered by peptides with antibacterial activity.  

The last methodology applied is based on several studies published in recent years
[7]

. The 

possibility to prepare peptides in bulk water is a new green approach that promise to offer a useful 

and cheap method to prepare these molecules. This approach uses 4-(4,6-Dimetoxy-1,3,5-triazin-2-

yl)-4-methyl-morpholinium chloride (DMTMM) as activating agent of the carboxylic group
[8]

 in 

alkaline conditions. In order to increase the reaction rate, relying on recent work,
[9]

 we used a 

microwave assisted method, using a power of 70 W and a reaction temperature of 50°C. The 

peptides chosen are short (4-10 amino acid). We also built dendrimers covalently bound to textiles 

in order to favor aggregation and cooperation between the peptides.  

We will present the synthesis and chemical characterization of a series of antimicrobial peptides 

both free in solution and covalently linked to cotton fibres. To evaluate the effective link to the 

cotton surface, we employed UV absorption spectroscopy (of the removed Fmoc protecting group), 

and quantitative EPR spectroscopy. For this last kind of measurements, we prepared an analogue of 

the peptides containing a nitroxyl-probe in the place of aliphatic chain at N-terminal end of the 

peptide sequence. 
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In our laboratory, starting from the chiral aziridine 1, we synthesized a new isostere of aspartic acid 
where a nitrogen atom occurs in place of the C-3 of the ring, leading to the imidazolidinone 2. 
 

 
 
Starting from hydrazido oligomer 2, dimer, trimer, tetramer and eventually hexamer were obtained 
by homogeneous phase methods and on the basis of NMR and CD data we found a novel 8-helix. 
In the event, we focused again our attention towards foldamers obtained starting from linear 
monomers where C  atom of -amino acid residues is replaced with a nitrogen atom. Thus, the 
monomer 3, obtained through simple steps, was reacted leading to corresponding trimer, tetramer 
and heptamer whose structure was assigned as 8-helix on the basis of 1H NMR spectra. 
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One primary requirement for developing effective gene therapy systems to treat cancer and 

other diseases is the efficient delivery of the therapeutic macromolecule to the target cells. LAH4 is 

a synthetic amphipathic cationic peptide that efficiently transfers genes. The presence of histidine 

and lysine residues at specific positions in the sequence ensure a good transmembrane positioning 

and a pH sensitiveness.
1
 From a structural standpoint, this peptide has a strong propensity to fold 

into an -helical conformation with all His residues located on one face of the helix. Mimicking this 

peptide architecture with synthetic folded oligomers constitutes a valuable approach towards the 

design of novel agents for gene transfer with improved enzymatic stability. 

N,N’-linked oligourea are aliphatic peptidomimetic foldamers that adopt well-defined 2.5-

helical structures stabilized by three-centered hydrogen bonds in solution and solid state.
2
 These 

oligoureas are routinely prepared either in solution or on solid support by iterative coupling of 

ethylene diamine type building blocks. Recent developments have allowed the preparation of a new 

challenging monomer: the His-derived building block 1.
3
 With this activated monomer in hand, we 

set out to prepare a series of amphipathic oligourea foldamers resembling the LAH4 peptide, with 

multiple His-type units at selected positions. Their synthesis and the evaluation of their gene 

transfer efficiency is reported. 
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Protein-Protein Interactions (PPIs) play a central role in essential cellular processes and their 

misregulation may be involved in several diseases. As the fundamental recognition element in many 

PPIs, -helix motif contributes to a significant and specific recognition through a small subset of 

their residues.
[1]

 To date, different approaches have been established to mimic side chains 

distribution of an -helix and then targeted PPIs by a diverse array of mimetics based on foldamers. 

Hamilton and co-workers, for instance, have designed a non-peptidic preorganized -helix mimetic 

terphenyl as 3,2 ,2 -trisubstituted terphenyl derivative where methyl groups mimic positions i
th

, i + 

3
rd

, and i + 7
th[2]

 and few years later, they have provided terpyridyl scaffolds using sequential 

Bohlmann-Rahtz heteroannulation reactions.
[3]

 However, due to the difficulty to prepare such 

compounds, our laboratory has described a methodology to design new foldamers, such as 

oligophenylpyridines, using as structural chemical units, pyridyl, thiophenyl and phenyl rings: the 

Garlanding concept.
[4-6]

 Thus we were interested in the evaluation of the ability of 

oligophenylpyridyl scaffolds to mimic -helix side chains.  

In this study, a three part methodology was applied.
[7]

 Firstly, the preferential twist angle in 

biphenylpyridine was predicted from theoretical simulations in function of methyl substituent 

position and/or nitrogen position in the pyridyl ring. The latter have suggested a possible similitude 

with the geometry of side chain distribution of an -helix. Then, suitable crystals for X-ray 

diffraction study were obtained for some synthesized oligophenylpyridyl compounds and the 3D 

structures were solved. Finally, molecular dynamic simulations under the NMR constraints from a 

NOESY experience were performed. 

The experimental results have fully confirmed that the theoretical predictions from the 

biphenylpyridyl models are reproduced in longer models in a solid state (crystal structures) as well 

as in a liquid state (NMR structures). Moreover, the superposition of oligophenylpyridyl along a 

helix axis has showed that the methyl substituants can successfully mimic certain side chains of an 

-helix. 
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The controlled formation of a new chiral centre under the influence of a pre-existing stereochemical 
feature (asymmetric induction) typically requires close proximity of the controlling functionality 
and the prochiral reactive site. Remote asymmetric induction (over 3 or more bonds) invariably 
necessitates some degree of conformational organisation of the molecular architecture that connects 
the two. Oligomers of the achiral, non-proteinogenic amino acid 2-aminoisobutyric acid (Aib) adopt 
well-defined 310 helices which, in the absence of a stereochemical influence, rapidly interconvert 
between equally populated left- (M) and right- (P) handed conformations.[1] The introduction of an 
N-terminal chiral amino acid is sufficient to bias this equilibrium and induce preferential adoption 
of one of the two screw-sense conformers.[2] Given that helix fidelity persists over at least 20 Aib 
residues,[3] this constitutes a mechanism by which stereochemical information can be relayed over 
nanometre distances.  
 

Herein, we describe how 13C VT-NMR studies, in conjunction with Density Functional Theory 

calculations, have identified that Cbz-L-aMv2 (aMv = -methylvaline) at the N-terminus exerts 
quantitative screw-sense control (P helix favoured). Subsequent work has exploited this for the 
installation of a new chiral centre 45 bonds (approx. 2.9 nm) away from the nearest source of 
stereochemical information (Figure 1). 
 

 
 

Figure 1. Ultra-remote stereocontrol through a configurationally achiral oligomer  
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Protein-protein interactions play crucial roles in many biological processes and diseases, as the 
understanding of these interactions could lead to the development of new therapeutic approaches.[1] 
Recently, our laboratory has developed methodologies for the synthesis of aromatic amide 
foldamers resulting in highly functionalized, predictable, stable and well defined helical 
structures.[2] The application of these molecules as objects that could bind selectively to a given 
protein is a remarkable challenge and there is an urgent need for progress in this area. Hence, 
functionalized foldamers, if able to bind to the protein surface, can help to interfere with the 
molecular recognition events in which proteins participate and/or elucidate the mechanism of 
protein-protein interactions. 
 
The target protein we chose is the human carbonic anhydrase II (HCAII). It represents a model 
widely used by the scientific community for structural studies of enzymes. Indeed, its structural 
properties were extensively described, thanks to its high propensity to crystallize.[3] 
We decided to anchor the natural arylsulfonamide inhibitor, which has a very high affinity for 
HCAII, [4] to some different functionalized foldamers with the addition of a spacer (Figure 1). The 
challenge is to develop a foldamer able to interact with the surface of HCAII in a specific manner. 
 
The synthesis of these compounds will be described and biochemical and biophysical evaluation of 
these molecules will be discussed.  

 
Figure 1. Model of the proposed strategy: Arylsulfonamide inhibitor of the target protein (HCAII) 
is linked to different foldamers decorated with functional groups (R), with the aim of interacting 
with the protein surface. 
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Foldamers are defined as artificial folded molecular architectures.[1] Work in the Huc group has 
shown that the introduction of side-chains bearing polar groups onto quinoline-based oligoamide 
foldamers endows them with good water solubility.[2] This, coupled with their resistance to 
proteases and high structural stability makes them ideal candidates for investigation as medicinal 
compounds.  
 
The advantage of a solid phase strategy for oligomer synthesis is that it potentially allows rapid 
access to diverse analogues, since functionalised monomer units can be incorporated individually. 
Following on from initial studies by our group,[3] this work describes a highly reproducible and 
efficient methodology for the microwave-assisted solid phase synthesis of quinoline-based 
oligoamide foldamers. Using a variety of orthogonally protected quinoline units (Figure 1) bearing 
peptide-like side-chain functionalities, foldamers up to 24 units in length have been synthesised.  
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Orthogonally protected quinoline units for Fmoc SPS of oligoamide foldamers. 
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During the last decade major breakthroughs have been made in the recognition of 

carbohydrates by synthetic receptors both in organic solvents and water.
[1]

 However, practical 

applications (e.g. tools for glycobiology, sensors…) are still premature at this stage and there is still 

a need for new receptor architectures.
[2]

 Our group has developed helical foldamers – oligomers that 

adopt stable helical folded conformations – derived from aromatic amino acids.
[3]

 Some of these 

folded objects have shown unprecedented conformational stability even in water, and constitute 

convenient building blocks to elaborate synthetic, very large (protein-sized) folded architectures. 

Cavities can be designed within such synthetic molecules that enable them to act as artificial 

receptors for chiral polar guests including carbohydrates (Fig. 1). This design offers unmatched 

modularity in that each and every monomer may be varied in order to tune the structure, the 

dynamics and host-guest properties. In this poster, we show how we use iterative evolution of 

oligoamide sequences to develop a receptor that can bind -D-fructopyranose with high affinity and 

selectivity. Rounds of selection have been made possible through the extensive use of 

crystallography, NMR and circular dichroism.
 

 

 

 
 

Figure 1. Schematic representation of the capture and release of a guest molecule by a capsule 

consisting of a helix whose diameter is wider in the center than at the ends. 
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Homopeptides of the unnatural amino acid 2-aminoisobutyric acid (Aib) have a strong propensity 
for adopting 310 helical conformations.[1] As with other dynamic helical foldamers, Aib is achiral 
and so its oligomers exist as isoenergetic left- (M) and right-handed (P) helices which rapidly 
interconvert at ambient temperatures. A screw-sense bias can be induced by a single chiral amino 
acid at the N-terminus.[2] Whilst C-terminal control of helicity has been briefly studied,[3] its 
mechanism of action is not well understood.  
 

 
 

Figure 1. Phe-NHtBu controlled peptide and its 13C VT-NMR spectrum (Aib methyl region) 
 
This work describes the use of an N-terminal enantioenriched 13C-labelled probe (Figure 1, blue) to 
study the level of screw-sense control that a chiral amino acid (Figure 1, green) exerts when placed 
at the C-terminus of an otherwise achiral peptide. Variable-temperature (VT) NMR studies were 
used to quantify the degree of helical bias induced by a variety of amino acid derivatives. A 
correlation was found between the position of the major peak (shown here on the right) in the NMR 
and the preferred helical conformer (right-handed). The identity and terminal functionality of the 
controlling amino acid were found to be important in both the level and direction of screw-sense 
preference. 
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Arylopeptoids (oligomeric N-substituted amino methyl benzamides) are entirely new backbones for 
aromatic oligoamides (Fig. 1a). These synthetic oligomers are only distantly related to -peptides 
because they lack any amide hydrogen and possess aromatic rings in the backbone. Thus they may 
have altered folding of their backbone relative to -peptides. However, studies have shown that N-
alkylated aromatic backbones can adopt stable secondary structures by the use of solvophobic/or 
aromatic interactions.[1] A series of ortho, meta and para (o/m/p) substituted arylopeptoids with 
different side chains, were synthesized by solution and solid phase using sub monomer methods 
(Fig. 1b).[1-3] They differ from other synthetic aromatic oligoamides in that the presence of an 
additional aliphatic carbon provides the potential to sample a larger range of conformations. This 
also allows increased diversity and also facile synthesis.[1-3] The conformational studies of o/m/p 
arylopeptoids by NMR, demonstrates their folding propensity as tert-butyl and phenyl side chains 
are able to direct 100% adoption of cis and trans amide conformations respectively.[2,3] 
 
 
 
 
 
 

 

 

 

 

 

Figure 1. (a) General structure of arylopeptoids, (b) an example structure: meta dimer, and (c) the 
molar ellipticity CD spectra of the o/m/p trimers. 
 
By contrast, arylopeptoids with chiral (S)-N-(1-phenylethyl) (spe) side chain showed broader, and 
partly overlapping NMR signals which indicates the presence of cis/trans amide isomers. 
Conformational information was therefore difficult to obtain from NMR data.[1-3] Hence, current 
studies have focused on investigation of the influence of chiral spe side chains on the conformation 
and cis/trans isomerisation of arylopeptoids using circular dichroism (CD). This study has 
investigated: (i) the effect of ortho, meta and para substitution on conformation (Fig. 1c), (ii) effect 
of different protecting groups at the C and N termini, (iii) solvent interactions and (iv) cooperative 
folding within the series. The initial conformational information deduced by CD for these novel spe 
aromatic foldamers will be presented. 
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High pressure is known to accelerate a broad scope of different chemical reactions.[1] It has been 
shown that short -peptide foldamers (1) containing -aminocyclopropanecarboxylic acid 
( -ACC, / ) as a rigidifying element are highly efficient catalysts for various 
transformations.[2,3] In order to investigate the conformational behavior of such molecules under the 
influence of pressure we conducted high-pressure NMR (up to 2 kbar) and IR (up to 7 kbar) 
experiments. Furthermore, organocatalytic reactions under high pressure (4-5 kbar) applying 1 as 
catalyst were carried out. In addition to these short tripeptides, longer -peptide foldamers 
were investigated with high-pressure NMR/IR spectroscopy, and pressure-dependent 
conformational changes were detected and analyzed.[4,5] 

 
 

 
 

Figure 1. Bifunctional tripeptide organocatalyst H-Pro- -Pro-OH (1) in its two major 
conformations. 
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Unlike 2-(aminomethyl)cyclopropane-1-carboxylic acid derivatives, which are biologically and 
synthetically important -amino acid derivatives, the corresponding 2-(aminomethyl)cyclopropane-
1,1-dicarboxylic acid derivatives 1 have received far less attention. Only a few syntheses of bicyclic 
3-aza-2-oxobicyclo[3.1.0]hexane-1-carboxylic acid derivatives 2 have been reported. 
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In the present disclosure, the first synthesis of 2-(aminomethyl)cyclopropane-1,1-dicarboxylic acid 
5 is described, involving sequential iodocarbocyclization, azidation, saponification and reduction of 
dimethyl 2-allylmalonate 3. This new carbocyclic -amino dicarboxylic acid could have a potential 
as a bidentate or tridentate ligand of metals due to the presence of both the cyclopropane-1,1-
dicarboxylic acid (CPDCA) moiety and the amino group. Efforts towards the development of an 
asymmetric synthesis of these functionalized cyclopropanes via Michael-induced ring closure 
(MIRC) of formaldehyde N,N-dialkylhydrazones with halogenated alkylidenemalonates will be 
presented as well. 
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