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Preface

The second volume of this treatise on heterocycles in peptide mimicry focuses
primarily on the replication of the form and function of larger structures. In contrast
to Volume I, which examined primarily local constraints and the consequences of
heterocyclic amino acids, dipeptides, and five-membered ring systems on global
peptide geometry and biological activity, Volume II probes the syntheses and
applications of mimics of helices, sheets, and larger folded motifs. In addition,
Volume II examines the preparation and applications of macrocyclic peptides,
particularly in the areas of chemical biology and medicinal chemistry, as well as
the post-translational modification of peptide and protein structures with
heterocycles. Maintaining our perspective that peptide mimicry entails the concep-
tion of molecular structures, so-called peptidomimetics, that can replicate the
elements for the recognition and activity of natural peptides [1-3], a broad variety
of examples is discussed to give perspective on the development of the field and
future directions.

Various methods have been pursued to create molecules that replicate the shape
and activity of natural peptides including de novo designs using small molecules
[4-7]. In the context of secondary structures, different strategies have been devel-
oped that employ heterocycles to nucleate the formation of intermolecular hydro-
gen bonds in order to stabilize peptide folds in sheets and helices [8-10].
Alternatively, molecular scaffolds have been developed to orient side chain groups
in a geometry that can mimic the topography of a helix [11-13]. Furthermore,
cyclic peptides have often been used to create structures with well-ordered
conformations [14—16]. On linking multiple residues to create polycyclic peptides,
three-dimensional shapes have been created with greater surface areas. In this light,
nature has employed disulfide bonds to form links and favor defined folded
structures within cyclic peptides such as in the conotoxins [17, 18], sunflower
trypsin inhibitor-1 [19], and cyclotides [20, 21]. Inspired by nature, synthetic
approaches have been pursued to link together multiple groups along the peptide
chain ideally by a single reaction [22 and references 6—11 therein] [23 and
references 14-23 therein]. Focusing along this perspective, this volume offers a
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sample of such multiple component reactions and their employment to prepare
heterocyclic peptidomimetics. The value of cyclic peptides for applications in
medicine is also highlighted. Finally, recognizing the importance of post-transla-
tional modifications in the normal physiology of peptides and proteins, as well as
their relevance in pathology, Volume II examines particular heterocyclic
amendments to polyamide structures in nature and in peptide mimicry.

Volume I

Focusing on the applications of heterocycles to control local peptide backbone
geometry, Volume I covers a series of methods for restricting motion about the ¢,
Y, and o dihedral angles in the sequence. In particular, heterocycles contained
within a single amino acid or dipeptide motif are examined. For example, in light of
the importance of the natural amino acid proline in peptide folding and function,
three chapters of Volume I are dedicated to such modified prolines that alter ring
puckering and backbone dihedral angles by way of electronic, steric, and structural
interactions. In particular, fluoroproline, silaproline, and methanoproline
derivatives are reviewed with focus on their synthesis and application to constrain
and alter the properties of peptides in applications spanning chemical biology,
medicinal chemistry, materials science, and catalysis. Furthermore, the synthesis
and applications of the 6-aza variant of the proline homologue pipecolic acid,
piperazic acid [24], are reviewed in a chapter that emphasizes the influences of
the hydrazino acid on N-terminal amide geometry and local peptide conformation
within a variety of natural products with anti-tumor, anti-HIV, antifungal, and
antibacterial activities. The synthesis and uses of o-amino lactam dipeptide
surrogates, so-called Freidinger—Veber lactams, are presented in two chapters that
review recent research on o-amino 7y-lactams and their aza variants, N-amino-
imidazalone and N-amino-imidazolidinone dipeptides, as well as o-amino ¢-
lactams, with attention to their potential for favoring turn conformations and for
study of the biologically active conformations of medicinally relevant peptides.
Attributes of proline and o-amino lactam motifs are combined in azabicyclo[X.Y.0]
alkanone amino acid structures. A chapter focuses on their polyhydroxylated
variants, which are compared to sugar-amino acid hybrids. These bicycles are
shown to stabilize stand-alone peptide hairpins and to mediate protein—protein
interactions. Finally, chapters are respectively dedicated to two important five-
membered heterocycle systems for peptide, protein, and peptidomimetic chemistry:
thiazoles which are the most common five-membered heterocycle of contemporary
pharmaceuticals, and triazoles which are growing in use as amide and disulfide
bond mimics, as well as linchpins to cross-link together various biomolecules onto
peptide structures.
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Volume II

Progressing from the local constraints of heterocyclic amino acids, dipeptides, and
five-membered ring systems, Volume II focuses on heterocycles that bias the global
folding of larger peptide structures. For example, the opening two chapters focus
respectively on helix and sheet mimicry. Presenting their research employing
oligomers of oxopiperazines to construct a-helix mimics, Lao and Arora review
initially various approaches for mimicry of helical peptides. The synthesis of
oxopiperazine oligomers is described, and their suitability for helix mimicry is
demonstrated  using computational analysis.  Finally, oxopiperazine
peptidomimetics are shown to be attractive for developing inhibitors of
protein—protein interactions and effective as antitumor agents. Reviewing strategies
for sheet mimicry, Del Valle probes the requirements for stabilizing extended
peptide conformations using heterocyclic peptide surrogates and backbone
constraints. Syntheses of B-strand peptidomimetics are discussed with attention to
their utility as enzyme inhibitors, receptor ligands, and disruptors of protein—protein
interactions. Analyzing applications of 2,5-diketopiperazines (DKPs) as a versatile
heterocyclic motif for peptide mimicry, Zhao and Schafmeister illustrate the utility
of monomeric and oligomeric DKP analogs to rigidify peptide conformation and to
orient hydrogen bonds in -, -, and y-turns, B-hairpins, as well as o- and B-helices.
Drawing attention to the integration of DKPs in two-dimensional supramolecular
lattices and three-dimensional spiral oligomers with specific shape and functional
group orientation, their promise is illustrated for uses in medicine, biomimetic
catalysis, and materials science.

The power of reactions employing iminium ions to make peptidomimetics is
illustrated in three chapters that demonstrate the value of such chemistry for
synthesizing mimics of secondary structure and cyclic peptides. Exploring the
potential of the Pictet—Spengler reaction, Petersen, Komnatnyy, and Nielsen exam-
ine the broad scope of this condensation of B-arylethylamines with aldehydes or
ketones for the construction of peptide turn mimics and rigid molecular scaffolds
that display pharmacophores with defined orientations. Studying the iminium ion
chemistry of peptide frameworks containing masked aldehydes, La Venia, Andrés,
and Krchndk describe a tandem cyclization strategy to furnish multiple ring
products for mimicry of various biologically active peptide conformations. Cyclic
6-, 7-, 8-, and 9-membered iminium ion intermediates are generated by unmasking
an aldehyde precursor that undergoes intramolecular annulation with various
heteroatomic (e.g., alcohols, sulfonamides, thiols) and aromatic nucleophiles to
provide diverse fused and bridged heterocyclic peptidomimetics with regio-,
chemo-, and stereocontrol. The iminium ion chemistry of aziridine aldehyde is
presented by Yudin and Zaretsky with particular focus on multiple component Ugi
reactions for the synthesis of a variety of linear, piperazinone, and macrocyclic
peptidomimetic structures. In particular, the combination of aziridine aldehyde
dimer, isocyanide, and peptides bearing an N-terminal proline residue provides a
novel route to cyclic analogs possessing an aziridine moiety that can be
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subsequently reacted with nitrogen and sulfur nucleophiles or hydrogenated to give
access to diverse cyclic peptides.

In the current climate of interest in peptides for medical and biotechnological
applications [25, 26], their cyclic variants have garnered particular attention, due to
the potential to exhibit improved drug-like qualities such as reduced polarity,
restricted conformation, and stability to proteolysis [27]. Two chapters in Volume
II illustrate the importance of cyclic peptides in chemical biology and medicine.
Focusing on synthetic methods to develop analogs of the natural cyclic peptide
antibiotic gramicidin S, Pal, Ghosh, Ampapathi, and Chakraborty provide a detailed
summary of relationships between conformation and biological activity towards the
creation of novel therapeutics to treat resistant bacterial strains should the issue of
hemolytic activity be overcome. Examining the development of cyclic peptides as
disruptors of protein-misfolding diseases, Chemerovski-Glikman, Richman, and
Rahimipour review various approaches that use heterocyclic peptides of natural
and synthetic origin to perturb the self-assembly of soluble proteins into insoluble
extracellular plaques. Towards new therapy for treating the unmet medical predic-
ament of amyloidogenic diseases, cyclic D,L-a-peptides are demonstrated to be
promising useful tools for studying structural similarities and cross-interactions
between different amyloids, as well as inhibitors of pathogenic structures, because
their aggregation into nanotubes provides conformational mimics that mitigate
toxic amyloids.

Finally, the importance of the chemistry and biochemistry of the 1,2-dithiolane
ring derivative of octanoic acid, so-called lipoic acid, is appraised by Rentier,
Pacini, Nuti, Rovero, and Papini, who describe the relevance of this heterocyclic
acid as an essential cofactor of several key enzymatic processes involved in cellular
oxidative metabolism, including the decarboxylation of pyruvate, acetylation of
coenzyme A, decarboxylation of glycine, and amino methylation of
tetrahydrofolate. Lipoylation is specifically shown to be an essential post-transla-
tional modification for energetic mitochondrial metabolism. Moreover, the thera-
peutic potential of lipoylated molecules is described for various indications
including chelation of heavy metals, diminishing reactive oxygen species, and
mediating symptoms of diabetes, multiple sclerosis, and Alzheimer’s disease.

Perspectives

Peptide science continues to grow in importance as its roots in natural product
isolation, synthesis, and analysis have spread to various other fields with particular
impact in medicine [25-28], catalysis [29 and reference 2 therein], materials
science [30], and nanotechnology [31, 32]. For example, growing impact in medi-
cine is evidenced by peptide-based drugs, which have exhibited expanded market
potential [25, 26] and elevated success rate in clinical trials relative to small
molecules [28]. Moreover, the application of peptide chemistry has become more
common in the early phases of drug discovery. Paralleling the growth in the field of



Preface ix

peptide science is an inherent interest to gain insight into the mechanism of action
and to improve the utility of these polyamide structures. Within the collaborative
nature of peptide science, peptide mimicry claims an important spotlight, because
of the value of peptidomimetics as tools for studying relationships between confor-
mation and activity to furnish understanding of the interplay of form and function.
In this light, the applications of heterocyclic structures have been paramount for
presenting the geometry of the peptide backbone and side chains in spatially defined
orientations. A bonus of conformational constraint has been improved pharmaco-
kinetics that make peptidomimetics more drug-like than their natural counterparts
[33]. T am grateful to the authors of this two-volume treatise and in particular for
their impressive efforts to address the various steps in the synthesis, conformational
analysis, and assessment of the activity of a broad set of heterocyclic
peptidomimetics. Furthermore, they have provided insight into strategies for
using the latter in different applications. Although nature has put peptides and
their heterocyclic components to work since the origins of life [34], pioneering
research in the synthesis and use of heterocyclic peptidomimetics began in earnest
less than 40 years ago. In this respect, many of those early pioneers and their
students are actively pursuing research today; however, this treatise is intended to
welcome and guide the next generation in the field of peptide mimicry as a fertile
source for their innovative minds to harvest new tools, probes, and products for
advancing scientific research in various disciplines.

Montréal, QC, Canada William D. Lubell
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Oligooxopiperazines as Topographical Helix
Mimetics

Brooke Bullock Lao and Paramjit S. Arora

Abstract Protein—protein interactions are often mediated by amino acid side chain
functionality organized on secondary structures. Small molecule scaffolds that
reproduce the array of protein-like functionality at interfaces offer an attractive
approach to target therapeutically important interactions. Here, we describe the
design, synthesis, and the biological potential of small molecule helix mimetics
derived from an oxopiperazine scaffold to target protein complexes in which
binding is largely dictated by one face of the interfacial helix. The oxopiperazine
helix mimetics can be assembled from a-amino acids using standard solid-phase
peptide synthesis methodology, enabling rapid diversification of the scaffold and
discovery of ligands for protein targets. We have evaluated the biological potential
of the oxopiperazine mimetics in cell-free, cell culture, and in vivo models. Our
results support the hypothesis that the scaffold offers an attractive platform for the
development of novel inhibitors of protein—protein interactions.

Keywords Helix mimic ¢ Peptidomimetic ¢ Protein-protein interaction inhibitor
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1 Introduction

1.1 Helix Mimics

Mimicry of protein a-helical domains has proven to be a successful strategy for the
development of synthetic modulators of protein—protein interactions [1-5]. The
a-helix is the most abundant secondary structure both within and on the surface of
proteins and frequently mediates interactions of proteins with binding partners [6—
8]. The helix displays residues on three distinct faces and can utilize one, two, or all
three faces for molecular recognition (Fig. 1) [9]. Examination reveals that approx-
imately 60% of helix-mediated protein—protein complexes require only one face for
partner recognition implying that a simplified scaffold — peptidic or non-peptidic —
imitating the topography of an a-helix could be used to design inhibitors for a target
interface [9].

Fig.1 Canonical o-helix
with residues on the same
face identified by matching
colors in (a) side view and
(b) top view down from C-
to N-terminus
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Fig. 2 Topographical helix mimetic. Natural a-helix (left panel) represented as a cylinder (middle
panel). Terphenyl helix mimetic shown in the right panel with residues highlighted to match
helical projections

1.2 Topographical Mimics

Topographical helix mimics aim to reproduce the side chain projections of protein
o-helices on synthetic backbones, based on the hypothesis that the backbone
hydrogen-bonding functionality is rarely involved in interactions with binding
partners (Fig. 2). Topographical mimics are attractive because they can be synthet-
ically tailored to enhance desired properties such as specificity, affinity, metabolic
stability, and solubility [10, 11]. The Hamilton group introduced and pioneered the
concept of helix surface mimetics with a scaffold based on tris-substituted
3,2/,2"-terphenyl building blocks [12]. The staggered ortho substituents on the
terphenyl backbone have been used to imitate the side chain on one helical face
atthe i, i+ 3 (or i +4), and i + 7 positions (Fig. 2). Terphenyls have been shown to
successfully mimic protein helices and to recognize their cognate protein receptors
[12—15]. During the past decade, a number of groups have described helix mimetics
that build and improve on the earlier designs with regard to solubility, synthesis,
and protein targeting potential [1, 2, 16-26]. Some of these derivatives have also
shown desired activities in cell culture and animal models [27-31].

2 Oxopiperazine Helix Mimetics

A potential limitation of the aromatic helix mimetics is that they may not effec-
tively discriminate between chiral protein pockets. Although the terphenyls are
axial chiral compounds, a majority of aromatic helix mimics do not contain a chiral
backbone. We sought to develop topographical helix mimics that could be
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assembled from amino acids and retain backbone chirality. The amino acid-derived
scaffold would facilitate incorporation of natural and nonnatural side chain func-
tionality for protein mimicry. Critical criteria for our design considerations were to
access conformationally defined, non-peptidic scaffolds from amino acids to obtain
helix mimics that could be stable toward proteolytic degradation yet rapidly
synthesized in a sequence-defined manner.

We began by searching solid-state conformations of amino acid-derived small
molecules in the Cambridge Structure Database (CSD). Our search led to
oxopiperazine derivatives as potentially attractive building blocks that adhered to
the criteria stated above. We were attracted to the piperazine skeleton because it is
considered a privileged scaffold for peptidomimetic research and drug discovery
[32, 33]. Specifically, the 2-oxopiperazine and the diketopiperazines have a rich
history in medicinal chemistry and are considered to be “drug-like” scaffolds [34-36].

We designed several motifs based on the oxopiperazine scaffold and evaluated
their ground-state conformations using MacroModel [37, 38]. The results of the
MacroModel predictions were corroborated by the crystal structure data on
oxopiperazine analogs in the Cambridge Structural Database (CSD). Our molecular
modeling studies suggested that oxopiperazine rings linked by a-amino acids would
reproduce the array of side chain residues on one face of a canonical a-helix (Fig. 3).

The optimal conformation for helix side chain mimicry requires the ring geom-
etry of the oxopiperazine dimer (Fig. 3b) and the bridging a-amino acid to adopt
appropriate ¢ and ¢ dihedral angles (Fig. 4a). Between the two favored
oxopiperazine ring conformations in 1,4-dimethylpiperazin-2-one, the half-chair
is ~2.9 kcal/mol lower in energy than the boat conformation (Fig. 4b). The central
peptide unit of a dimer of oxopiperazines contains three rotatable bonds
corresponding to the dihedral angles ¢, y, and w. The tertiary amide bond may
adopt both cis and trans amide conformations similar to proline. Calculations with
the MacroModel program suggest that the trans conformation is roughly 1 kcal/mol
more stable than the cis conformation in trialanine oxopiperazine (Fig. 4c). A trans
amide geometry would place the side chain groups of the dimer to better reproduce
the arrangement of 7, i +4, and i + 7 residues on an a-helix.

To examine the preferred ¢ and y dihedral angles in oxopiperazine dimer A, we
utilized the “dihedral drive” functionality in MacroModel. The results of these
calculations suggested a limited number and narrow range of ¢ and y values in the
lowest-energy conformers (Table 1). Moreover, the dihedral angles predicted by
MacroModel were found in the crystal structures of relevant compounds in CSD
(CSD codes: KEMXUV, ZOZTUD, ZARZOH, and FOBFEH) (Table 1). Our
calculations indicated that oligooxopiperazines favor ¢ and yw angles of
—128° +25° and 76° £ 15°, respectively.

The predicted low-energy structure of the oxopiperazine dimer presents func-
tionality in a way that matches the side chain patterns on a canonical a-helix
(Fig. 3). The calculated low-energy conformations exhibited little deviation except
for the ring puckers. An ensemble of the 20 lowest-energy conformations of
tetraalanine oxopiperazine dimer is shown in Fig. 5 alongside the structures of
the first and twentieth lowest-energy conformers. The energy difference between
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Fig. 3 (a) Design of amino acid-derived oligooxopiperazines. (b) An 8-mer canonical alpha helix
with side chain residues depicted as green spheres (left). Predicted structure of an oxopiperazine
dimer with side chain residues depicted as orange spheres (right) and overlay of the piperazine
dimer and the a-helix (center). (¢) Top-down view of a canonical a-helix (/eff) and overlay of the i,
i+4, and i+7 residues of the a-helix and side chain residues of oxopiperazine dimer (right)
(reprinted with permission from ToSovska and Arora [24] Copyright (2010) Journal of the
American Chemical Society)

these two conformations is roughly 0.5 kcal/mol and results from different piper-
azine half-chair ring pucker geometries. Significantly, the positions of the side
chain groups are not perturbed by the ring puckers. The above analyses suggest
that the designed oxopiperazine scaffold is well suited for helix mimicry.
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b)
M‘q—

half-chair boat
AG ~ -3.0 Kcal/mol

frgecarar

trans amide cis amide
AG ~ —1.0 Kcal/mol

Fig. 4 (a) Rotatable bonds in an oxopiperazine dimer. (b) Favored chair and boat equilibrium for
1,4-dimethylpiperazin-2-one. (¢) Favored trans and cis amide equilibrium in an oligoalanine
derivative. Values were calculated with MacroModel MMFF force field in chloroform (reprinted
with permission from ToSovska and Arora [24] Copyright (2010) Journal of the American
Chemical Society)

Table 1 Calculated low-energy ¢ and y values for oxopiperazine dimer A

N e

NN~ 0
L

A

Dihedral angle (°) | Relative energy (kcal/mol) | Cambridge Structure Database Code®
¢ | —150 0.95 —

—128 0 KEMXUYV, ZOZTUD

—90 1.26 ZARZOH
v |60 0.64 -

76.76 0 ZARZOH

90 0.34 -

120 1.87 -

“The corresponding dihedral value was found in the indicated CSD structure
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Fig. 5 Ensemble of the 20 lowest-energy structures calculated for tetraalanine oxopiperazine
dimer using MacroModel (left panel). Overlay of the Ist and the 20th (green skeleton) lowest-

energy conformers (right)
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PPhg,THF, 100°C, nwave HN /'\f 0 h) Fmoc-AA-OH,
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v R4 H,0 R4

Scheme 1 Solid-phase synthesis of OHM dimer V

2.1 Synthesis of Oxopiperazine Helix Mimetics

We have evaluated solution and solid-phase strategies for the synthesis of
oxopiperazine helix mimetics (OHMs) [24, 29]. The key step in the synthesis of
OHMs is the formation of the six-membered piperazine ring, a formal addition of an
ethylene bridge between neighboring amide nitrogens in a peptide chain. Several
synthetic routes to piperazines are known, many entailing the use of amino acid
building blocks [39—42]. For the solution-phase synthesis, we found the reductive
amination route described by Moeller and coworkers to afford short oligomers in
respectable yields [24, 42]. The reductive amination approach proved to be cum-
bersome for the solid-phase method; instead, we turned to alkylation using the
Fukuyama—Mitsunobu method (Scheme 1) [29]. The optimized solid-phase strat-
egy utilized standard resins and Fmoc-amino acids and empowered rapid diversi-
fication of the side chain functionality.
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3 Recognition of Protein Receptors by Oxopiperazine
Helix Mimetics

OHMs were designed to target protein receptors in which the residues critical for
partner recognition were organized on one or two helical faces. We have developed
a dataset of helical interfaces in protein—protein (HIPP) interactions. The dataset
catalogs multi-protein complexes mediated by helical domains [6, 7, 9, 43]. The
contribution of each helix and the individual helical residues for binding were
evaluated using computational alanine-scanning mutagenesis analysis [44]. This
dataset reveals protein—protein interactions that may be targeted by topographical
helix mimetics and the residues that need to be grafted onto the scaffolds to create
suitable mimics.

Equipped with the HIPP database, we set out to determine if OHMs could inhibit
helical protein—protein interactions in which the energetically important residues
(“hot spot residues”) reside on one or two helical faces. We chose the p53/Mdm?2
and HIF1a/p300 interactions to test our initial hypotheses.

3.1 p53/Mdm2 as a Model System for Ligand Design

Formation of the p53/Mdm2 complex regulates the balance between cell growth
and arrest by leading to the activation of genes essential for cell cycle arrest,
apoptosis, and DNA repair [45]. Since its discovery over 30 years ago, pS3 has
received much attention, because of its crucial role in many physiological processes
and because its mutation has been detected in approximately 50% of all human
cancers [46]. On binding to Mdm2, an E3-ligase, p5S3 becomes susceptible to
ubiquitination and degradation [47—49]. Under normal conditions, Mdm2 and its
homolog, Mdm4 maintains low levels of p53 [50]. In response to stress signals, pS3
levels increase, which also increases Mdm?2 expression, leading to downregulation
of p53. Inhibition of this interface has been demonstrated to trigger programmed
cell death by increasing p53 activity [51-54].

The p53 transactivation domain (TAD) binds Mdm?2 in a cleft with three main
recognition residues organized on one face of a single helix (Fig. 6) [55]. Extensive
structural [45, 55] and mutagenesis data [55, 56] as well as the identification of
different classes of inhibitors of the p53/Mdm2 complex all have made this
interaction a model for the evaluation of helix mimetics [13, 57-64].

The three p53 residues (Phel9, Trp23, and Leu26) that make critical contacts
with Mdm?2 have been determined both by computational [65] and experimental
analyses [55, 66]. The residues occupy the i, i +4, and i + 7 positions in the peptide
chain and span two helical turns. Mimicry of the location of the side chains of these
hydrophobic residues by the OHM scaffold was at the core of our design of p53
mimics that oriented their Ry, R,, and R, residues to target Mdm2 (Fig. 6 and
Table 2).
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Fig. 6 p53-TAD bound to
Mdm?2 (PDB code 1YCR).
OHM P1 (blue) overlaid
onto p53 helix (gold)

Table 2 Design and Mdm2-
binding properties of first-
generation p53-OHM
mimetics

9
-
“\p53-TA
Mdm2
OHM
Leu26 =
HN OO
NOROS Trp23
rat —> L
P1 Phe19
R;
0]
HNJ\( O R,
N (0]
(A Lo,
Rz k/N\)J\ X
Ry
p53-OHM |R; |[R, |R; Ry |X K; (uM)*
P1 Phe |[Trp |Ala |Leu |OH |654+0.28
P2 Phe |Trp |Lys |Leu |OH >200
P3 Phe |[Trp |Leu |Leu |OH |7.90+£0.005
P4 Phe |Trp |Phe |Leu |OH [690+1.3
P5 Phe |Trp |Phe |Leu |NH, |2.88+0.012
P6 Phe |Trp |Phe |Lys |NH, |>200
P7 Lys |Trp |Phe |Leu |NH, |>200
P8 Phe |[Ala |Phe |Leu |NH, |63.9+6.8

“Binding affinity for Mdm2 as determined by a competitive
fluorescence polarization assay (reprinted with permission from
Lao et al. [67] Copyright (2014) Journal of the American Chem-

ical Society)

The first generation of Mdm?2 inhibitors focused on variation at the R3 position,
which did not overlay onto a specific residue of a canonical a-helix (Table 2, OHM
P1-P4). Binding affinities were determined using a previously described
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competition assay featuring displacement of a fluorescein-labeled p53 peptide to
indicate successful occupancy of the p53-binding pocket on Mdm2 by the OHM
inhibitor [60, 68]. The formation of an OHM/Mdm?2 complex was further supported
by an HSQC-NMR titration experiment in which addition of the best candidate to a
solution of '°N-labeled Mdm2 revealed peak shifts corresponding to the
pS53-binding pocket. These initial binding studies revealed that the Rj position
required a hydrophobic residue for high-affinity interactions with Mdm?2. In addi-
tion, we examined different C-termini and found that both carboxylate and
carboxamide functionalities resulted in similar affinities (see results for OHM P4
and P5; Table 2).

Designed negative controls support our hypothesis that the OHMs effectively
reproduce the geometry of p53 hot spot residues. Positions Ry, R,, and R4 of OHM
PS5 bearing Phe, Trp, and Leu side chains occupy the same hydrophobic pockets on
Mdm?2 as p53 residues Phel9, Trp23, and Leu26, respectively. Individual modifi-
cation of each residue of OHM P5 produced OHM derivatives P6-P8. Each of
these mutated controls exhibited reduced affinity for Mdm?2.

3.2 In Silico Design of OHMs to Target PPIs

OHM PS5 resulted from direct mimicry of the p53 side chains. Along with the
negative controls, OHM PS5 helped us to establish the potential of the scaffold as a
helix mimetic. In order to design more potent analogs, we investigated a Rosetta-
based computational approach that employed principles of computational protein
design [69-71] to study peptidomimetic scaffolds [67, 72]. The hypothesis under-
lying this effort was that OHMs with nonnatural residues may provide more optimal
interactions with the target protein surface, because the trajectories of the side
chains emerging from the scaffold were not identical to the oo — f side chain
trajectories from the canonical a-helix backbone [73]. Computational design was
used to reduce the number of total compounds to be synthesized and to streamline
the process to high-affinity binders. Rosetta has proven to be successful in protein
design applications, including an experimentally validated protein fold not seen in
nature [71], the design of protein—protein and protein—-DNA interfaces [44], the
hyper-stabilization of proteins [74], and the design of proteins with improved
enzymatic activity and ligand affinity [70, 75-81].

The basic design protocol used a fixed backbone template in Rosetta, with the
goal of identifying the lowest-energy set of residues and side chain conformations
(Fig. 7). To reduce the computational complexity required to model side chain
degrees of freedom, the side chains were represented as “rotamers” — discrete side
chain conformations located at the centroids of y angle clusters, which were
modeled by analyzing experimental protein structures. Extensions of the Rosetta
framework enabled modeling and design of non-canonical backbones on nonnatural
scaffolds such as peptoids [82]. Implementation of oxopiperazine design in Rosetta
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Fig. 7 Docking of the oxopiperazine scaffold in p53-binding pocket of Mdm2 (left panel).
Figure shows the relative positioning of the oxopiperazine dimer side chains R|—R4 and p53 hot
spot residues Phe19, Trp23, and Leu26 within the protein pocket. Key steps in the inhibitor design
protocol (right panel). The protocol was initiated with identification of hot spot residues at the
native interface by computational alanine scans. Positions on the scaffold were identified to mimic
hot spot residues, and the scaffold featuring the hot spot mimics was experimentally validated.
Computational steps including optimization of the conformation of the ligand — protein complex
and design of hot spot analogs — were performed using Rosetta. Top designs were inspected for
proper binding of the target interface, and proper designs were experimentally validated (adapted
with permission from Lao et al. [67]. Copyright (2014) Journal of the American Chemical Society)

has been described, and the protocols are available on the Web (http://rosie.
rosettacommons.org) [67, 72, 83].

We began the computational optimization protocol by manually docking a
model of OHM PS5 into the p53-binding cleft of Mdm2 with the hot spot residues
aligned (Fig. 7a). The OHM docking protocol described by Drew et al. was used to
optimize the rigid body conformations [72]. Briefly, the protocol used a fixed
backbone protein and flexible ligand so that a set of residues and side chain
conformations of low energy could be identified. The rotamer approximation was
also applied to the OHM side chains. Extensions in the Rosetta framework
expanded the modeling to include non-canonical amino acids and non-peptidic
scaffolds [84]. OHM PS packed well against Mdm?2 and made several energetically
favorable contacts at the interface closely resembling the packing of the p53 peptide
(Figs. 7 and 8a) [67].

The search for low-energy conformations and sequence optimization involved a
two-step protocol encompassing both a Monte Carlo simulation to sample confor-
mations of the rigid oxopiperazine backbone and chain substitution and repacking
of the OHM scaffold and target protein. Low-energy designs were scored, and
structures based on design predictions were synthesized. Table 3 summarizes the
top mimics from Rosetta predictions and their experimental binding affinity values.


http://rosie.rosettacommons.org/
http://rosie.rosettacommons.org/
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Fig. 8 Examination of the N-terminal residue-binding pocket of Mdm?2. (a) The phenylalanine
residue at the R position of P5 resides in a flexible pocket consisting of Ile-61, Met62, Tyr67, and
GIn72 of Mdm?2. (b) Predicted orientations of phenylalanine and analogs, (¢) naphthylalanine, (d)
tyrosine, and (e) 3-chlorophenylalanine. Electrostatic surface of Mdm?2 was modeled by PyMOL
(reprinted with permission from Lao et al. [67] Copyright (2014) Journal of the American
Chemical Society)
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Table 3 Computationally predicted oxopiperazine p53 mimics and their potential to target Mdm?2

R4
p53-OHM R, R, R; Ry K; (uM)?*
P9 Phe Trp Phe Nle 2.46 £0.520
P10 Phe Trp Tyr Leu 3.10£0.200
P11 Nap Trp Phe Leu 0.850£0.07
P12 Tyr Trp Phe Leu 0.400 £ 0.050
P13 Tyr(O-Me) Trp Phe Leu 0.320+0.010
P14 Phe(3-Cl) Trp Phe Leu 0.330+0.036
P15 Phe(3-Me) Trp Phe Leu 2.6040.04
P16 Phe(4-Cl) Trp Phe Leu 1.29 £0.060

“Binding affinity for Mdm2 as determined by a competitive fluorescence polarization assay
(reprinted with permission from Lao et al. [67] Copyright (2014) Journal of the American
Chemical Society)

Interestingly, we observed that substitutions at the R4 position were less impor-
tant for enhanced affinity compared to those at the R position. We chose to further
examine substitution effects of the R; side chain of the OHM dimer scaffold.
Derivatives of phenylalanine, such as tyrosine (e.g., P12), and 3-chloro and
3-methyl phenylalanine (e.g., P13-14) lead to significantly improved binding
relative to OHM PS. Analysis suggested that modification of the phenyl ring,
especially at the meta position, enhanced packing against Mdm?2 (Fig. 8).

The computational design effort resulted in ligands with 200-fold enhanced
affinity for Mdm2. Central to the present efforts was a combination of rational
design (i.e., hot spot mimicry) and a new set of Rosetta functionalities for compu-
tational design with non-canonical side chains and backbones.

4 OHMs Targeting the p300/HIF-1a Interaction

We chose Mdm2 as a model protein—protein interaction to evaluate the OHM
scaffold and test predictions from the Rosetta analysis. As discussed above, several
small molecules and helix mimics that target Mdm?2 had already been described. To
evaluate the potential of OHMs to target protein—protein interactions that had yet to
be blocked by small molecules, we targeted analogs that mimic hypoxia-inducible
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Fig. 9 HIF-lao OHMs. H1 OHM (gold) built from canonical residues docked into p300-CH1
(gray surface) and overlaid with HIF-1a helix aB (pink); H2 lacks the i + 6 glutamine; H3 has the
critical Leu822 mutated to alanine; H4 is an all alanine OHM dimer with no native residues for
partner recognition

factor-la to inhibit the p300/CBP interactions that regulate hypoxia-inducible
genes and tumor progression [85, 86].

The transcription factor hypoxia-inducible factor-1o (HIF-1a) utilizes a-helices
to recruit its co-activator partner p300 (or homolog CREB Binding Protein, CBP) in
response to low oxygen levels, a nearly universal condition of solid tumors
[87]. Upon protein complexation, transcription of numerous cancer survival genes
is activated leading to angiogenesis, cell proliferation, metabolism, and metastasis
[85, 86, 88-90]. HIF-1a utilizes two a-helices within its C-terminal domain
(C-TAD7g6_g27) to bind to the CH1 domain of p300 (Fig. 9).
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4.1 Development of HIF-1x Mimics

We began our OHM design by grafting residues of the native sequence from the «B
helix onto our scaffold. Leucines 818 and 822 were predicted to be critical for
partner recognition by computational alanine scanning [44]. These two residues
along with GIn824, which may enhance solubility, were mimicked by an
oxopiperazine dimer built from the appropriate starting amino acids (OHM H1I;
Fig. 9). Three control analogs of OHM H1, featuring alanine residues in place of the
native functionality, were synthesized. OHM H2 and OHM H3 contain alanine
residues in place of GIn824 and Leu822, respectively. Substitution of GIn824 was
predicted to have little effect on HIF-10/p300 complexation. A tetraalanine mutant
OHM H4 was also synthesized as a control.

The potential of the designed OHMs to target p300 was evaluated by an intrinsic
tryptophan-binding assay. The cleft of p300-CH]1 contains a tryptophan residue, the
fluorescence of which is known to change upon HIF-1a binding [91, 92]. We
monitored changes in tryptophan fluorescence upon titration with the ligands to
obtain binding constants for the designed compounds (Table 4). OHM H1 was
found to target p300-CH1 with a dissociation constant (K ) of 533 £ 24 nM. OHM
H2, which contains two critical leucine residues, bound CH1 with a K4 of
623 +26 nM. As predicted, the negative controls H3 and H4 showed reduced
affinity for p300-CHI. The binding site on p300-CH1 for OHM H1 was confirmed
by HSQC-NMR titration experiments with '°’N-labeled p300-CH1 [67].

Table 4 Binding affinities and cellular activities of the designed HIF mimetics

R;

1. o
HNT ™" 0

| R3
L\/N\/LN/'\/.O 5
F-iz \/N\)LNH;

Ra

Decrease in the expression of indicated genes

upon treatment with 10 uM OHM as measured
Residue by RT-PCR and or luciferase assays"

Luciferase RT-PCR

HIFla promoter
OHM |R; |[R, |R; |R, |KqmM)® |activity VEGF |LOX |c-Met
H1 Leu |Leu |Ala |Gln |533+£24.0 |89% 79% 82% | 84%
H2 Leu |Leu |Ala |Ala |623+£27.0 |56% 89% 91% | 83%
H3 Leu |Ala |Ala |GIn | >100,000 |ND ND ND ND
H4 Ala |Ala |Ala |Ala |>100,000 |0% 1.1% [93% |9.1%

ND = not determined

“Percent decrease in luciferase activity and mRNA levels under hypoxic conditions maintained
using EZ GasPak; data is normalized to the expression of each gene under normoxic conditions
"Binding affinities were determined by a tryptophan fluorescence assay
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4.2 HIF OHMs Decrease Expression of Downstream
Hypoxia-Induced Genes in Cell Culture

HIF-lo OHMs bound directly to p300-CH1 and inhibited transcription
downregulating gene expression levels in cell culture. In a luciferase reporter
assay, a hypoxia response element (HRE) construct was transfected into a triple
negative breast cancer cell line (MDA-MB-231) upstream of the hCMV firefly
luciferase promoter [93]. OHMs H1 and H2 were found to decrease expression to
nearly basal levels at 20 pM concentrations under hypoxic conditions mimicked by
a GasPak EZ pouch. At 10 pM concentrations, OHM HI1 reduced luciferase
expression by 89% (Table 4). Negative control OHMs were found to be ineffective
as inhibitors of the HRE-promoted luciferase expression at concentrations of up to
20 pM.

In addition to evaluating inhibition of transcription using the luciferase con-
struct, we utilized a real-time quantitative PCR assays (QRT-PCR) to assess the
expression of specific hypoxia target genes: VEGF-A, LOX, and c-Met genes [94—
96]. Tumor growth depends on the regulation of angiogenesis by vascular endo-
thelial growth factor (VEGF-A) [97]. The lysyl oxidase LOX [95] and the hepato-
cyte growth factor receptor c-Met [98] both are oncoproteins that contribute to
tumor metastasis and invasion. The HIF OHMs were examined for effectiveness in
hindering hypoxia-inducible signaling (Table 4). At 10 uM concentrations, OHMs
H1 and H2 were found to downregulate mRNA expression levels of the critical
angiogenesis regulator VEGF by 80% and 90%, respectively (Table 4). In compar-
ison, negative controls had no effect on VEGF-A mRNA levels at similar concen-
trations. Decreased levels were also observed for LOX and c-Met expression using
OHMs H1 and H2.

4.3 HIF-1a OHM Suppresses Tumor Growth In Vivo

A long-term goal of OHMs as inhibitors of PPIs is to transition them into novel
cancer therapeutics. Two mouse xenograft models were employed to evaluate the
efficacy of OHM s in vivo: breast cancer (MDA-MB-231) and renal cell carcinoma
(786-0) mouse xenografts. In both models, OHM H1 was found to reduce tumor
growth by >50% in comparison to untreated mice (Fig. 10). To our knowledge,
OHM H1 was only the second reported example of a small molecule helix mimetic
showing in vivo efficacy [29, 31]. The studies of HIF-1aoe OHM targeting p300-CH1
revealed their exciting potential to inhibit select protein—protein interactions and to
modulate downstream genes both in vitro and in vivo.
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Fig.10 Influence of OHM H1 on the tumor growth rate of MDA-MB-231 xenografts. (a) Box and
Whisker plots of the percentages of tumor volumes measured throughout the duration of the
experiment: boxes represent the upper and lower quartiles and the median; error bars show
maximum and minimum tumor volumes. ***P < (0.001. (b) Weight measurements during the
course of the study of control (-O-) and OHM H1-treated (—M—) mice with MDA-MB-231 tumor
grafts. Error bars are + SEM of the weight measurements of the mice within each experimental
group. (¢) Localization of the NIR contrast agent IR-783 in the tumors of the control and treated
mice. The fluorescence output was processed with Living Image software with one representative
sample for each group presented above. Mice from the OHM H1-treated group show lower
intensity of the signal originating from the tumor-accumulated contrast agent compared with the
control group (this figure was originally published in Lao et al. [29])

5 Conclusion

Development of small molecules that target protein—protein interactions has
evolved from an academic exercise to a novel means for identifying potential
therapeutics [99—101]. Search for protein—protein interaction inhibitors may be
broadly divided into three categories: (a) high-throughput screening from small
molecule and natural product libraries [4, 102—-105]; (b) mimicry of protein
domains that are critical for complex formation [3, 106, 107], and (c) fragment-
based strategies that build on both structural and high-throughput approaches to
identify new sites on the protein surfaces for small molecule intervention [108—
112]. Over the last decade our group has developed computational and experimen-
tal approaches to identify and mimic protein subdomains to extensively evaluate a
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structure-based rational design strategy [6, 7, 9, 93, 113—115]. The success of this
approach rests on synthesis of compounds that are metabolically stable, cell per-
meable, and efficacious in vivo. Several groups have achieved preliminary success
toward these goals using both stabilized peptide helices as well as small molecule
mimics [5, 29, 31, 93, 116, 117].

In this chapter, we reviewed the motivations for the design of a small molecule
topographical helix mimic scaffold based on oligoxopiperazines (OHMs). The
design arose from our motivation to develop scaffolds that originate from
a-amino acids and retain backbone chirality. OHMs can be effectively synthesized
on solid support from a-amino acids. We validated our basic design hypotheses by
mimicry of p53 to target Mdm2 but perceived that computational design could be
used to optimize mimics, especially with non-canonical side chain residues. Incor-
poration of the OHM scaffold into Rosetta provided a streamlined platform for the
discovery of OHM inhibitors of protein—protein interactions. Computational anal-
ysis was employed to perform alanine-scanning mutagenesis to assess the perti-
nence of side chains for receptor binding. Computer-aided design was also used to
optimize the orientation and composition of scaffold-based ligands. We evaluated
the computational strategy by developing ligands for Mdm?2 as well as p300/CBP
[67]. Gratifyingly, the designed HIF-1ae OHM ligands proved to be cell permeable,
downregulated hypoxia-inducible signaling in cell culture and reduced tumor
burden in mouse xenograft models. The initial success of the OHM scaffold in
complex cellular and in vivo models supports the hypothesis that mimicry of hot
spot residues is a promising approach for the development of small molecule PPI
inhibitors [99, 101, 106, 116, 118].
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for B-Strand Stabilization
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Abstract Peptidomimetic scaffolds designed to stabilize biologically relevant sec-
ondary structures play a key role in ligand-based drug design. Approaches aimed at
stabilizing extended peptide conformations hold particular promise for targeting
B-strand and f-sheet interactions. An understanding of how specific constraints
impact extended backbone conformations is needed to expand their potential utility
and to inform the design of novel templates. This chapter describes peptide orthotic
and prosthetic approaches toward f-strand stabilization using heterocyclic motifs.
Syntheses and conformational analyses are described for selected extended peptide
surrogates suitable for incorporation into native sequences.
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1 Introduction

Biomolecular interactions are largely governed by specific recognition events
between protein secondary structures including helices, loops, and sheets.
B-Sheets represent the second most common protein structural motif and are
comprised of laterally H-bonded extended peptide strands. f-Sheets are known to
engage in specific binding events with distinct protein secondary structures as well
as with DNA [1, 2]. Edge—edge contacts between f-sheet domains also make up a
sizable fraction of the protein interactome [3]. In addition to sheet interactions, a
large number of natively disordered peptides adopt extended conformations when
bound to proteolytic enzymes, kinases/phosphatases, and transferases [4-8]. Mod-
ulating these interactions with peptidomimetics has thus been an area of intense
activity — one particularly hampered by the large surface area-to-pharmacophore
ratio associated with f-sheet structure. Moreover, the folding and stability of
B-sheet peptides are compromised outside the context of surrounding tertiary
structures. The ability to predictably stabilize p-sheet-like structure within short
host peptides has thus wide-ranging implications for chemical probe development
and targeted drug design.

B-Strands within pleated sheets feature an extended or “sawtooth” peptide
backbone arrangement that projects residual side chains on either face of the strand
in an alternating pattern (Fig. 1). p-Strands lack intramolecular H bonds between
backbone elements and readily associate with complementary peptide strands to
form f-sheets [9]. The resulting sheets arrange in either a parallel or antiparallel
orientation, and their conformations are defined by backbone dihedral angles (y, o,
¢) that are slightly more acute than those in a fully extended peptide strand [10]. In
conjunction with bifacial side chain packing, interstrand H bonds along both edges
of the backbone also allow for the higher-order assembly of f-sheets.

Peptidomimetic approaches to stabilize -strands and p-sheets often involve the
restriction of backbone dihedral angles within cyclic motifs (Fig. 2) [11]. This
“orthotic” approach retains the composition of the native peptide backbone and
introduces constraint through covalent tethering, commonly via cyclization involv-
ing side chain or backbone elements. In contrast, the “prosthetic” approach to
[B-strand stabilization replaces short sections of the backbone with rigid, nonnative
scaffolds. Unnatural surrogates and trans-amide bond isosteres have proven effec-
tive in nucleating B-sheet-like structure [11]. In addition to these two classes of
B-strand stabilizers, p-turn peptidomimetic scaffolds have been widely used to
stabilize or mimic hairpin structures within peptides [9, 12—18]. However, the
requirement of an auxiliary (or scaffolding) strand to support folding renders
turn-inducing peptidomimetics unsuitable for the stabilization of isolated
B-strands. Within the wider field of B-strand and f-sheet mimicry, a number of
groups have also developed artificial secondary structures, composed entirely of
non-peptidic oligomers that exhibit topological and chemical properties reminis-
cent of conformationally extended peptides [19-24].
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Heterocycles have played a central role in B-strand and f-sheet mimicry owing
to their synthetic accessibility and to the importance of hydrogen-bonding elements
in f-sheet assembly and recognition. Despite the presence of various heterocyclic
B-strand mimics in biologically active compounds, successful applications in drug
discovery remain highly context dependent. There is relatively little known regard-
ing the ability of specific peptide orthotics and prosthetics to stabilize extended
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peptide conformations (across two or more residues) absent of a biological target.
This is in stark contrast to f-turn and o-helix mimicry, for which in-depth confor-
mational studies have led to the widespread application of specific strategies
[14, 25-28]. In this chapter, we explore selected heterocyclic peptide surrogates
and backbone constraints for f-strand stabilization. Given that chemical approaches
to P-strand mimicry have been the subject of various comprehensive reviews
[11, 29, 30], we have chosen to focus on peptidomimetics for which some degree
of conformational analysis has been reported in an unbound state. Particular
attention is paid to the design, synthesis, and structural characterization of
B-strand surrogates suitable for incorporation into host peptides. A fundamental
understanding of how these scaffolds impact -strand and p-sheet pre-organization
may broaden their potential utility in diverse applications and aid in the design of
novel peptidomimetic templates.

2 Native Backbone Orthotics

Covalent tethering of peptide backbone elements is an effective approach toward
restricting endocyclic dihedral angles. Coupled with retention of native backbone
composition, this mode of constraint can allow for precise mimicry of desired
conformations. The section below presents an overview of extended peptide orthot-
ics capable of enforcing B-strand and f-sheet geometries as determined by exper-
imental conformational analysis.

2.1 Lactam Constraints

Side chain-to-backbone lactamization (between Ca; and N, ) is among the most
commonly utilized strategies for peptide conformational constraint. In 1980,
Freidinger and coworkers first demonstrated this approach in the pursuit of potent
peptidomimetic inhibitors of luteinizing hormone-releasing hormone [31]. In the
ensuing years, several research groups have successfully utilized (-, y-, and
d-lactams, as well as macrocyclic variants, to augment the conformational rigidity,
inhibitor potency, and proteolytic stability of bioactive peptides [32-35]. Covalent
linkage of Ca; to N, effectively locks the amide bond into a frans configuration.
However, lactam-based dipeptide constraints have been used almost exclusively to
enforce turn conformations. This is primarily due to the fact that cyclization of N,
onto Ca;, in which residue i possesses an L configuration, constrains generally the y;
dihedral angle to values near —120°. Coupled with a ¢;,; torsion that remains
flexible, lactam constraints have proven to be particularly effective at stabilizing
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type II f-turn conformers within host peptides. Despite this preference, a select few
lactam-constrained dipeptides have exhibited extended or p-strand-like conforma-
tions that have been characterized by X-ray crystallography and predicted by
computational modeling.

Following the general method described previously by Freidinger [32], the
groups of Toniolo and Johnson synthesized y- and d-lactam-containing tripeptides
3 and 6 and carried out X-ray crystallographic analyses (Scheme 1) [36]. In contrast
to the type II f-turn observed in the crystal structure of an unconstrained control
peptide (Boc-Pro-Leu-Gly-NH,), both lactams 3 and 6 adopted extended confor-
mations across the i and i + 1 residues as evidenced by backbone torsions surround-
ing the heterocyclic motif. Notably, the y; and ¢;,; dihedral angles observed in the
solid-state structures were of similar magnitude (in the 110° to 132° range) but
opposite sign. This alternating pattern is the principle requirement for p-strand and
B-sheet structure. The sign of each of these torsions was however opposite to that
expected for native f-strands and p-sheets comprised of L residues, because the ith
residues in 3 and 6 possessed L configuration.

The solid-state conformational preferences of 3 and 6 supported earlier compu-
tational studies carried out on peptidomimetic inhibitors of angiotensin-converting
enzyme (ACE). Thorsett and coworkers used lactam rings of 5 to 9 members to
constrain the y; and o dihedral angles within a parent tripeptide [37, 38]. Energy-
minimized structures of model lactams bearing a D configuration indicated ;
torsions in the +135° to +175° range, in good agreement with extended peptides
(Fig. 3). Although computational analysis of the ¢;,; torsion was not carried out,
crystal structures of synthetic intermediates also showed an extended conformation
across e-lactam-containing peptidomimetics such as 7.

Although few conformational studies have examined the stabilization of
B-strand structures using Ca—N;,;-linked lactam peptidomimetics, the crystallo-
graphic and computational analyses above suggest that p-Met- and p-Lys-derived
lactams (at least in the case of Gly;,;-contaning dipeptide subunits) may be
effective at promoting extended peptide conformations beyond the constrained
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amide bond. Further studies are required to fully assess the generality of this
approach for p-strand stabilization.

2.2 Macrocyclic Tethers

Macrocyclic tethers have been widely utilized for the constraint of bioactive
peptides into p-strand conformations [11, 29, 39—41]. Tethering strategies aimed
at stabilizing extended backbone conformations involve typically a connection
between Co; and Coy,, by way of side chains residing on the same face of an
idealized (all-L configuration) B-strand or f-sheet. The observation that proteases
recognize universally extended peptide substrates has prompted extensive use of
macrocyclic tethers in drug discovery efforts. Macrocyclic analogs have been
described which inhibit HIV proteases, HCV NS3, f-secretase, renin, thrombin,
and related targets [4, 42]. In contrast to a wealth of crystallographic data for
macrocyclic B-strand peptides bound to protein targets, relatively few efforts have
assessed the ability of discrete tethering approaches to promote extended confor-
mations in the absence of macromolecular receptors. By comparison, a variety of
peptide “bridging” and “stapling” strategies are known to promote helical and other
turn conformations [25-28, 43, 44].

Early investigations on biphenyl ether-linked f-strand macrocycles drew inspi-
ration from the naturally occurring ACE inhibitor K-13 (8a, Fig. 4) [45]. Hobbs and
Still completed the synthesis of thioether K-13 analog 8b that exhibited an extended
backbone conformation by NMR spectroscopy and molecular modeling [46]. Rich
and coworkers subsequently carried out conformational analysis on related
17-membered macrocycles en route to potent inhibitors of HIV protease [47]. Inter-
mediate 9 exhibited large (>11 Hz) "H NMR NH-CHa coupling constants for both
the Ile and Tyr residues, indicating the presence of p-sheet-like ¢ dihedral angles.
Moreover, the 2D NOESY spectrum of 9 in CDCI; revealed strong CHo; — NH;,
correlations typical of an extended conformation. An X-ray crystal structure of a
close analog confirmed an extended backbone conformation that overlaid well with
the enzyme-bound conformation of the HIV-protease inhibitor JG-365 (10). This
template was used to prepare biphenyl ether 11, which inhibited HIV protease
in vitro with a K; of 15 nM.

In 2002, Fairlie and coworkers examined a series of phenyl ether-linked
macrocycles possessing 15 to 22 member rings to constrain Val-Tyr derivatives
(Scheme 2) [48]. Macrocyclic ethers 14 were readily obtained by intramolecular
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alkylation of the Tyr phenolates derived from bromides 13. The synthesis of the
more constrained derivative 16 required lactam cyclization in the final step. Each of
these macrocycles exhibited unusually large NH-CHa coupling constants in the 'H
NMR spectra in various solvents, as well as strong CHa; — NH,,; ROESY corre-
lations typical of an extended conformation. In contrast, NH; — NH;, correlations
that are often observed in turn conformations were either weak or absent.
Employing distance constraints that were obtained from NMR spectroscopy
(in H,O/D,0) to calculate 3D structures for 16, the average backbone dihedral
angles were found to be in close agreement with p-sheet values (¢py, = —100°,
Yya = 137°, ¢ryr = —135°). Macrocyclic tethers such as 16 may thus pre-organize
short peptides to stabilize f3-strand conformations in aqueous solution. A related
phenyl ether macrocycle was later employed in the synthesis of potent
peptidomimetic HIV-protease inhibitors exemplified by 17 [49, 50].
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Abell and coworkers explored the conformation of -strand peptides featuring an
alkene tether that was introduced through ring-closing metathesis (RCM)
[51]. Macrocyclization of substrates such as allyl ether 18 proceeded in excellent
yield and E:Z selectivity in the presence of Grubbs 2nd generation catalyst and a
Lewis acid additive (Scheme 3). In the X-ray crystal structure of ether 19, the
peptide backbone dihedral angles were consistent with B-strand geometry.

Novel triazole-containing aryl ether macrocycles were later developed using
w-azido a-amino acids and O-propargyl tyrosine as building blocks (Scheme 4)
[52]. Employing copper-catalyzed azide alkyne cycloaddition (CuAAC) reactions
to form the macrocycles, a series of calpain II inhibitors were prepared in solution.
Conformational analysis of potent inhibitors 22 and 23 by "H NMR spectroscopy in
DMSO-dg revealed larger NH-CHa coupling constants and stronger CHo;; — NH;,
ROESY correlations relative to acyclic and unstructured controls. Variable tem-
perature 'H NMR experiments in DMF-d also showed the NH proton chemical
shifts to vary significantly with changes in temperature, indicative of the amides
being exposed to solvent and not involved in intramolecular hydrogen bonds typical
of turn conformations. Constrained ethers 22 and 23 were more potent inhibitors of
calpain II than peptidomimetic analogs that did not adopt stable p-strand confor-
mations in solution [53].

A related set of triazole-tethered macrocycles lacking a phenyl ether bridge was
also developed (Scheme 5) [54]. Starting from appropriately protected alkynyl and
azido amino acid building blocks, triazoles (e.g., 27) were synthesized using
CuAAC chemistry. The triazole macrocycles were observed to have large NH—
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CHo; "H NMR coupling constants and strong CHo; — NH,,; ROESY correlations
indicative of a B-strand conformation, similar to macrocycles 22 and 23, albeit their
amide NH protons exhibited slow deuterium exchange in DMSO/CD;OD
supporting involvement in strong hydrogen-bond interactions. Crystallographic
analysis of triazole 27 revealed (-sheet-like self-association, as well as cylindrical
assemblies resulting from macrocycle stacking. The endocyclic ¢ and y dihedral
angles in the solid-state structure of triazole 27 were in excellent agreement with
those typically found in parallel -sheet structures.

2.3 Azabicycloalkanes

Similar to the monocyclic lactams discussed above, azabicycloalkanes have been
widely utilized to promote turn conformations. Their synthesis and incorporation
into biologically active peptidomimetics has been the subject of numerous reviews
[10, 16-18, 55-58]. The use of azabicycloalkane dipeptide surrogates for p-strand
stabilization remains uncommon, due in part to a more acute ¢,,; dihedral angle as
depicted in generalized bicycle 28 (Fig. 5). Though few p-strand azabicycloalkane
scaffolds have been the subjects of conformational analysis in the absence of an
enzyme target, a select number have been proposed as backbone constraints for
conformationally extended protease inhibitors. For example, conformational
searches carried out by Kahn and coworkers on azabicycloalkane scaffolds 29
and 30 yielded low energy structures that overlaid closely with an idealized
antiparallel B-sheet dipeptide [59]. In these cases, mimicry of the 3-strand y; torsion
was made possible by the p-amino acid-derived stereochemistry at the indicated
carbons (Fig. 5).

Recently, Del Valle and coworkers investigated the ability of various novel
azabicycloalkanes to mimic extended dipeptide conformations [60]. Their design
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incorporated two covalent backbone tethers and transposition of the carbonyl group
to maintain the sp, hybridization of the backbone N;,; nitrogen (Fig. 6).

A series of extended dipeptide surrogates including hexahydro-1H-pyrrolo
[1,2-c][1,3]oxazin-1-one 37 and tetrahydro-1H-pyrrolizin-3(2H )-one 41 were pre-
pared from readily available substituted proline derivative 31 (Scheme 6). In each
case, regioselective formation of an ester enolate from 32 was followed by
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diastereoselective alkylation to provide functionalized 5-substituted prolines 33—
35. Carbamate 36 was prepared by reduction of azide 33 and Boc protection of the
resulting amine. Chemoselective reduction of the ethyl ester, hydrogenolytic cleav-
age of the N-benzyl group, and treatment of the amino alcohol with carbonyldii-
midazole afforded cyclic urethane 37 in high yield. Pyrrolizidinone 41 was obtained
by oxidative cleavage of alkene 39, oxidation to the carboxylic acid, and subse-
quent lactamization.

The ability of scaffolds based on bicycles 37 and 41 to mimic conformationally
extended dipeptides was evaluated using X-ray crystallography (Fig. 7). Dihedral
angles were labeled in structures 42 and 43 in relation to their corresponding native
backbone torsion angles, because of the transposition of the main chain carbonyl
groups. The crystal structure of pyrrolizidinone 42 retained the “sawtooth” back-
bone geometry of a f-strand. Measurement of the putative y, ®, and ¢ torsions in
the solid state revealed values of —113°, 157°, and 109°, respectively. These values
are in good agreement with the ideal values of a parallel $-sheet peptide. The more
acute o angle (157° vs. 180° in an ideal frans-amide bond) leads to a slight
shortening of the terminal N-to-C dipeptide distance from the 5.9 A typical of a
B-sheet to 5.8 A in sheet mimic 42.

Oxazinone 37 was converted into tripeptide mimic 43, crystallized, and analyzed
in the solid state. The observed backbone conformation (y; ®, and ¢, dihedral
angles equal to 171°, 149°, and 117°, respectively) deviated from an ideal p-sheet
peptide; however, the bicyclic scaffold adopted an extended conformation in the
solid state, featuring a head-to-tail dimer with two intermolecular hydrogen bonds.
Moreover, the terminal N-to-C dipeptide distance in 43 (5.9 A) matched that
observed in an ideal extended dipeptide.

The hexahydro-1H-pyrrolo[1,2-c][1,3]Joxazin-1-one scaffold above has been
incorporated into peptidomimetic inhibitors of the kinase Akt, the hyperactivation
of which is linked strongly to oncogenesis. Replacement of a central dipeptide
motif within an Akt peptide substrate led to the discovery of peptidomimetic
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inhibitors with low micromolar potency (Fig. 8) [61]. The most active analog,
substrate mimic 44, inhibited Akt phosphorylation of a consensus peptide substrate
with an ICsq value of 3.1 pM in vitro.

2.4 Tetrahydropyridazinediones

In pursuit of minimalist pB-strand-stabilizing residues, Del Valle and coworkers
designed a readily accessible peptide orthotic that could impart rigidity through
both covalent tethering and internal hydrogen bonding [62]. The targeted
tetrahydropyridazine-3,6-dione (Tpd) scaffold was derived from a backbone-
aminated Dp-aspartyl dipeptide precursor (Fig. 9). The Tpd scaffold enforces a
trans-amide configuration and restricts the \; torsion angle value between
120 and 180°, due to Co—N,, tethering of the D-Asp i-residue. A potential
intramolecular hydrogen bond between the azodicarbonyl NH and CO;y is
designed to constrain the ¢, dihedral angle within the p-strand range and sets
this scaffold apart from the Freidinger—Veber lactam and related structures, which
have been used primarily as f-turn mimics within host peptides (see above).

The synthesis of Tpd peptidomimetics required efficient access to chiral
a-hydrazino acid building blocks for incorporation on solid phase (Scheme 7). The
requisite acids 47 were prepared starting from a-hydroxy esters 46 that were made by
diazotization of the corresponding bp-amino acids [63] and esterified.
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Trifluoromethylsulfonation and displacement of the resulting triflate installed the #-
butyl carbazate with inversion of stereochemistry. Subsequent saponification gave
acids 47. Building on the observation that the a-amine of N-B-(Boc)-a-hydrazino
esters was remarkably resistant to acylation under a variety of standard coupling
conditions, a chemoselective C-terminal amidation was explored. Acid 47 was
coupled to resin-bound amino amides in the presence of HATU to provide
immobilized carbazate 48 without any detectable N-terminal acylation. Alanine-
derived carbazate 48 was acylated with f-methyl N-(Fmoc)aspartate o-acid chloride.
The peptide was elongated using standard protocols for solid-phase synthesis with
Fmoc amino acids and cleaved from the resin. During cleavage with TFA, the Boc
group was removed from the hydrazide, and cyclization occurred to provide
Tpd-containing tetrapeptide mimic 49 in good overall yield after HPLC purification.

The scope of this methodology was demonstrated through the assembly of
diverse Tpd peptidomimetics on solid support (Fig. 10). The described protocol
tolerated both b and L cyclic subunits, and the Tpd ring closure was not adversely
affected by the presence of other electrophilic or nucleophilic side chains within the
peptides. In addition, hindered a-hydrazino acids such as N-amino-Ile, N-amino-
Val, and N-amino-Leu were readily incorporated. Analysis of the crude HPLC
traces for various Tpd peptidomimetics revealed good purity with the principle
byproduct identified as the acyclic trifluoroacetylated N-amino peptides.

Preliminary conformational analysis of p-Tpd peptidomimetics indicated their
potential for stabilizing p-strand structure (Fig. 11). Comparison of the '"H NMR
spectra for p-Tpd and acyclic control peptides 51 and 50 revealed enhanced
resolution of the diastereotopic CHf} methylene ring protons from increased rigid-
ity. Moreover, the Gly CHa protons (external to the Tpd ring) in peptide 51
exhibited a larger difference in chemical shift than those of 50, indicating pro-
nounced restriction of the ¢, torsion angle likely due to an intramolecular
hydrogen bond between the Tpd azidocarbonyl NH and glycine carbonyl. X-ray
analysis of crystals of dipeptide mimic 52 confirmed the presence of this predicted
hydrogen bond in the solid state, despite crystallization from a known hydrogen-
bonding solvent.
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sequence ;ise‘ig‘zﬁ/‘j)
Ac-Phe-(D)Tpd-Gly-Tyr-NH, 23 Ac-Phe-(D)Tpd-Gly-Tyr-NH,
Ac-Phe-(D)Tpd-Ala-Tyr-NH, 27 23% overall
Ac-Leu-(D)Tpd-Ala-Phe-NH, 21
Ac-Leu-(L)Tpd-Ala-Phe-NH, 34 oruge RE-HPLC
Ac-Leu-(D)Tpd-Phe-Phe-NH, 18 UV = 254 nm
Ac-Leu-(D)Tpd-Ile-Phe-NH, 26 RS RS | TR P
Ac-Leu-(D)Tpd-Leu-Phe-NH, 42 1 9 % =
Ac-Leu-(D)Tpd-Val-Phe-NH, 30
Ac-Leu-(D)Tpd-Ser-Phe-NH, 3 Ac-Phe-(D)Tpd-Ala-Tyr-NH,
Ac-Ser-Leu-(D)Tpd-Ala-Tyr-NH, 21 27% overall
Ac-lle-(D)Tpd-Ala-Ser-Phe-NH, 16

crude RP-HPLC

H-Gly-Leu-(D)Tpd-Ala-Ser-Phe-NH, 18 Cg column
H-Gly-Leu-(D)Tpd-Phe-Ser-Ala-NH, 13 | UV =254 nm
H-Gly-Leu-(L)Tpd-Phe-Ser-Ala-NH, 13 SR S R
Ac-Val-Lys-Asn-Pro-Asp- 22 ! " " A

Gly-(D)Tpd-Ala-Thr-NH,

Fig. 10 Tpd peptides prepared on solid support and crude purities for selected examples

OH OH
A3: 0.08 ppm A3: 0.42 ppm
avg 5: 2.49 ppm HO NH avg 8: 2.39 ppm t'\)?\
HJ’
Y Y NH (0]
: \n/ \)L /\n, NH,

Y
=

"H NMR data in DMSO-dg

NH [¢]
FmocHN?ﬁr (%
Vit

+163° Givs +1450
-127°

52 -
X-ray co-crystal with EtOH

%3-

H NMR data in DMSO-dg

Fig. 11 Effect of Tpd constraint on diastereotopic chemical shifts and X-ray structure of dipeptide

mimic 52 exhibiting NBH-CO 4, hydrogen bond

3 Heterocyclic Backbone Prosthetics

Prosthetic scaffolds deviate generally from native backbone conformations owing
to their non-peptidic structures. Several conformationally extended scaffolds that
effectively promote f-sheet-like folding have however been achieved through
careful design considerations for the incorporation of hydrogen-bond donor and
acceptor elements, the mimicry of side chains, and the isosteric replacement of
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backbone amides. Below are selected examples of heterocyclic motifs suitable for
incorporation into host peptides. Their ability to enforce extended peptide confor-
mations external to the scaffold itself has been investigated in model systems using
both NMR spectroscopy and X-ray crystallography.

3.1 Pyrrolinones

In 1992, the laboratories of Hirschmann and Smith reported the development of a
new class of f-strand mimic based on an oligomeric pyrrolinone scaffold (Fig. 12)
[64, 65]. This marked the first comprehensive effort to mimic peptide p-strand and
[-sheet structure using an entirely non-peptidic backbone. A 3,5-linked pyrrolinone
motif harboring transposed backbone nitrogen was designed to retain key backbone
hydrogen-bonding elements and to display side-chain functionalities in the desired
three-dimensional arrangement. The putative ¢ dihedral angles within these rigid-
ified structures were further constrained by intramolecular hydrogen bonds that
were predicted using Monte Carlo conformational searches. Detailed crystallo-
graphic analysis of polypyrrolinones exemplified by 53 indicated solid-state con-
formations that closely overlaid with B-sheet peptides [19]. A number of these
oligomeric structures exhibited p-sheet-like self-association in which the displaced
backbone NH was engaged in H-bonding interactions with adjacent strands [65].
Diverse 3,5-linked polypyrrolinones have found broad utility in the study of self-
assembling superstructures and in the development of non-peptide inhibitors of
HIV protease, somatostatin receptors, and major histocompatibility complex pro-
teins [66—73]. Although these oligomeric motifs were originally developed as fully
artificial secondary structure mimics (foldameric repeats of unnatural subunits),
their use as heterocyclic surrogates within p-strand host peptides was demonstrated
in the pursuit of potent ligands of the major histocompatibility complex, class II,
HLA-DRI1 [67, 68]. The targeted peptidomimetics were composed of a central
bis-pyrrolinone subunit as a tetrapeptide replacement. The synthesis of this unnat-
ural backbone prosthetic employed quaternary amino acid derivative 54 as a

s N LR R : i B¢ Y

YN 2 By $
o H o O "N (o]

H (b restriction

polypyrrolinone
B-strand mimics

antiparallel -sheet conformation and
dimeric stacking in X-ray structure

Fig. 12 Design of pyrrolinone-based p-strand mimics and self-association of tetrapeptide mimic
53 confirmed by X-ray analysis
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—_—
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56% 59 Y

OH HLA-DR1 |c50 137 M

Fig. 13 Bis-pyrrolinone 60 exhibited potent activity against the class II major histocompatibility
protein HLA-DR1

starting material (Scheme 8). Ozonolysis and acetal protection was then followed
by hydrogenolytic removal of the Cbz protection to give amino acetal 55. Schiff
base formation with a chiral aldehyde synthon, base-promoted cyclization, and
acetal hydrolysis gave pyrrolinone aldehyde 56, which was employed in a second
pyrrolinone formation sequence to afford bis-pyrrolinone 57 after Alloc protection.
An N-terminal amine was introduced as an azide, which was reduced and protected
to N-(Fmoc)amino alcohol 58. Finally, SEM deprotection, oxidation of the alco-
hols, and removal of the Alloc groups provided keto acid 59 as a building block
suitable for incorporation into host peptides.

Bis-pyrrolinone 60 (Fig. 13), a tridecapeptide mimic corresponding to a parent
HLA-DRI1 ligand, was assembled from 59 by conventional solid-phase peptide
synthesis on Wang resin and displayed an in vitro ICso of 137 nM against
HLA-DRI in a competitive displacement assay [67, 68]. The observed activity
was comparable to the parent tridecapeptide ligand, which is known to bind
HLA-DRI in a f-strand-like conformation.
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3.2 Dihydropyridinones and Dihydropyrazinones

Dihydropyridinone subunits have been shown to stabilize p-sheet association and
folding using a combination of NMR and circular dichroism (CD) spectroscopy by
Bartlett and coworkers [74-76]. The dihydropyridinone residue (“Ach”) was
designed as an amino acid replacement that restricts y and ¢ torsion angles within
a cyclic enamide structure (Fig. 14). Transposition of the backbone carbonyl group
results in a strand that retains hydrogen-bonding capacity on one edge but is
incapable of forming complementary hydrogen bonds on the modified edge. Sim-
ilar to the macrocycle, lactam, and tetrahydropyridazinedione designs described
above, the dihydropyridinone peptides (known as @-tides) offer promise as f-sheet
“breakers” capable of interrupting pB-sheet propagation.

An optimized solution-phase synthesis of @-tides relied on the Lewis acid-
promoted addition—elimination of a-amino esters onto 5-hydroxydihydropyridinone
62 (Scheme 9) [77]. Removal of the Alloc group and coupling of the dihydropyridinone
nitrogen to an Alloc-protected amino acid set the stage for further iterations, as
illustrated in the preparation of tetrapeptide mimic 64. Moreover, the protocol was
successfully adapted to the solid-phase synthesis of @-tides such as pentapeptide
mimic 65 on Merrifield resin.

carbonyl

transposition
cyclization

(i 4,
3\H)}gn\)\HJ\g/§ :> g\ J\Ir ~ J}(é @-tide
)j\/ N\n/\ NJ\/ N Comﬁﬁflsetgigtary

Fig. 14 Design of @-tides which exhibit self-limiting B-strand dimerization

o g hmmem

7 2) Alloc-Cl, then 1N HCI ﬁ Z)Ef:(&)'res'n' ELNH, ﬁI !

N ome 80% Alloc” N ~"on T AN N~ cosMe
61 63

tBu o

Alloc-Ach-Thr(tBu)-OH, OtBu
HATU, DIEA, DMF
> Al

4% oc” CO,Me

SPPS
i T ﬁ ﬁf
H NLN Jﬁ(

439
Merrifield resin

Scheme 9 Solution and solid-phase synthesis of @-tide B-strand mimics
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The propensity for @-tides to form self-limiting dimers was examined, because
they possess hydrogen-bond donor and acceptor groups on only one backbone edge
(Fig. 15) [74]. In solution, model @-tides such as amide 66 exhibited a greater
concentration dependence of their backbone amine proton NMR chemical shifts
relative to acyclic control peptides. This concentration dependence was used to
derive dissociation constants that correlated with increased constraint in the olig-
omeric Ach-containing peptidomimetics. The presence of extensive interstrand as
well as sequential CHo; — NH;,; NOE correlations in 1% CD;OD/CDCl; further
supported the self-association of @-tide strands into dimeric antiparallel $-sheet-
like structures. Incorporation of a single Ach residue into a short f-hairpin model
system likewise stabilized pB-sheet folding relative to control peptides as evidenced
by NMR and circular dichroism (CD) spectroscopy in CD;OD/CDCl; of @-tides
such as hairpin mimic 67 [76]. The distinct CD signatures of the vinylogous amide
within the @-tide Ach residue was sensitive to solution conformation and degree of
[B-sheet-like association [75] and served as a diagnostic of the folding propensity of
various @-tide p-hairpin mimics [77].

In an effort to maintain side-chain functionality on both faces of the @-tide
strand, Bartlett and coworkers later developed a novel dihydropyrazinone scaffold
that was derived synthetically from amino acid precursors [78]. An example of this
modified “aza”-@-tide subunit was prepared via intramolecular cyclization of
leucine thioamide 69 (Scheme 10). Methylation activated 69 as the corresponding
thioimidate, which underwent an addition—elimination reaction with H-Val-OrBu
and cyclization to furnish aza-@-tide subunit 70. Elongation under standard peptide
synthesis conditions provided access to longer aza-@-tides.

inter-strand NOEs

OH
Q \
)LN P
C.) "4 Q o
H HN

@-tide- stablllzed B-hairpin

dimerization constant (Kd =0.4 mMin CDCl3 (NMR structure in CD;0D/CDCl5)
3 3

(NMR titration)

Fig. 15 B-Sheet-like association and folding of @-tides observed by NMR spectroscopy

1) BrCH,CO,Me,
DIEA, MeCN
2) Alloc-CI, DIEA,  MeO,C N

(0] \l S
DCM 1) Mel, DIEA, MeCN N |
HZN\_)I\NH2 3) Lawesson's, THF AIIoc/N\_)J\NHZ 2) H-Val-OfBu, MeCN  Alloc” \z)\u CO,tBu
H > H —_—

2 0/ < 0 B
Y 49% \r 44% 1 d’Y
68 69 70

‘aza'-@-dipeptide

Scheme 10 Synthesis of aza-@-tide 70 from a-amino amide 68
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AcHN CO H AcHN COzH

7 COZH 72 COQH

a1-syntrophin PDZ domain K4 = 0.32 uM a1-syntrophin PDZ domain K4 = 1.0 uM

Fig. 16 Aza-@-tide p-strand mimics as inhibitors of the al-syntrophin PDZ domain

il ot P Y

pyrrole-based .
dipeptide surrogate oxazolelthlazole—conslralned

peptidomimetics

Fig. 17 Pyrrole surrogate of extended peptide backbone and oxazole/thiazole peptidomimetics
predisposed to form intramolecular hydrogen bonds

Aza-@-tides 71 and 72 were used to disrupt protein—protein interactions as
constrained peptide substrates of PDZ domains [78]. A pentapeptide inhibitor of
the PDZ domain from al-syntrophin (Ac-KESLV-OH) was used as the parent
structure for aza-@-tide subunit scanning, because it was known to bind in an
extended conformation (Fig. 16). The constrained p-strand mimics 71 and 72 bound
the PDZ domain target with higher in vitro affinities than the parent peptide.

3.3 Pyrroles

The use of pyrroles as P-strand inducers was initially reported for the design of
artificial p-sheet receptors [79—-81]. A guanidinocarbonylpyrrole residue was found
to promote P-strand association with selected natural substrates when attached to
the peptide C-terminus. 5-Aminomethyl pyrrole-2-carboxylates were synthesized
and employed as dipeptide surrogates to stabilize B-hairpin model peptides [82]. In
contrast to more commonly utilized oxazole and thiazole isosteres that tend to be
hydrogen-bond acceptors predisposed to adopt peptide backbone turn conforma-
tions [83], pyrrole derivatives possess a hydrogen-bond donor that may mimic the
amide NH to favor p-strand geometry (Fig. 17).

For use as an extended dipeptide surrogate, methoxypyrrole amino acid (MOPA)
75 was synthesized from 3-hydroxy-pyrrole-2-carboxylate 73 by O-methylation
and Vilsmeier—Haack formylation, followed by a two-step reductive amination
(Scheme 11). Hydrolysis of ester 75 and carboxylate activation gave hydroxyben-
zotriazole ester 76, which was incorporated as a dipeptide surrogate into a short
turn-promoting sequence using standard solution-phase peptide synthesis. In spite
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OH OMe 1) HCO3H, BocNH,, OMe
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7

Scheme 11 Synthesis and X-ray crystal structure of MOPA-based p-hairpin peptidomimetic 77

H OMe OMe
Boc—N, / H

s
psLe

interstrand MOPA
ROE correlations 78

OMe OMe o
N Ho ) H
Boc. N N
o N | H\)_\S\ °c Nj;f VQ}( \=)I\N/\C02Me
N N” ~COEt HoO At m
H H
0 80 7/

Self-association
K =135 L/mol in CDCly

Fig. 18 p-Sheet folding and self-association of 5-aminomethylpyrrole-2-carboxylate
peptidomimetics

of its small size, tetrapeptide mimic 77 adopted a B-hairpin fold that was observed
by X-ray crystallographic analysis. Although the y; (70°) and ¢, (—176°) torsion
angles deviated from ideal p-sheet peptide values, the MOPA residue pyrrole NH
engaged in complementary interstrand hydrogen bonds in the solid state.

The combination of two sequential MOPA subunits and a p-Pro-Gly turn motif
in model decapeptide 78 was found to stabilize a f-hairpin fold exhibiting various
interstrand ROESY correlations in CDCI; (Fig. 18). Moreover, MOPA tetrapeptide
mimic 79 self-associated in CDCl; with a binding constant of 135 L/mol, as
determined by NMR spectroscopy during dilution experiments. Similarly,
Chakraborty and coworkers synthesized S5-aminomethylpyrrole-2-carboxylates
that were used as Gly-Ala mimics in short peptides (e.g., 80), which were observed
by 2D NOE experiments to adopt an extended conformation in DMSO-dg [84].
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3.4 Imidazopyridines

Imidazo[1,2-a]pyridines (IP) have been investigated as heteroaromatic replace-
ments in conformationally extended dipeptides by Del Valle and coworkers
[85]. The IP subunit was designed to display a native side-chain pharmacophore
and to retain hydrogen-bonding capacity on one edge of the putative backbone
(Fig. 19). Overlap of the backbone hydrogen-bond acceptor groups was observed in
the overlay of MM2 energy-minimized IP tetrapeptidomimetic and the antiparallel
[B-sheet conformer of tetra-alanine. Similar to other aromatic prosthetics, the IP
surrogate possesses a planar structure that offers better mimicry of the fully
extended P-strand.

Diverse substituted p-keto esters 81 were condensed with (V-Cbz)-diamino
pyridine to provide access to protected IP subunits 82 bearing native residue side
chains (Scheme 12). The acid and amine moieties of unprotected IP intermediate 83
were chemoselectively coupled, respectively, to protected amino acids to provide
tetrapeptide mimic 84. Moreover, oligomeric IP structures, such as 86, were
prepared using N-Cbz IP units.

acceptor 4
R donor | R
N H o

R
imidazo[1,2-a]pyridine (IP) overlay of IP tetrapeptide

dipeptide surrogate mimic (green) with an idealized
antiparallel B-strand (magenta)

Fig. 19 Substituted imidazopyridines as conformationally extended dipeptide surrogates
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The conformational preferences of IP peptides were evaluated by a variety of
NMR methods, which demonstrated the absence of rotational isomers (Fig. 20). For
example, in the '"H NMR spectrum of IP heptapeptide 86, the CHa proton chemical
shifts for the natural residues (Ile, Leu, and Phe) were indicative of extended
fB-strand structure and 0.4—0.8 ppm downfield of their expected values in a random
coil peptide. The backbone ¢ torsion angles derived from NH—~CHa; coupling
constants within 86 were in agreement with a f-strand conformer. In addition,
ROESY correlations between the IP methyl and neighboring backbone NH protons
indicated the presence of amide trans isomers throughout the peptidomimetic.
Prominent CHa; — NH;,; ROESY correlations were also observed that were typ-
ical of an extended peptide conformer.

Similar to the hexahydro-1H-pyrrolo[1,2-c][1,3]oxazin-1-one scaffold described
above, the IP subunit was incorporated into Akt1 inhibitors in an effort to mimic the
extended conformation of the native substrate (Fig. 21) [86]. A structure-activity-
relationship campaign led to the identification of IP mimic 87, which inhibited the
activity of Akt isoforms 1-3 with in vitro ICs, values of 0.64, 0.76, and 0.13 pM,
respectively. Computational analysis of 87 and comparison with the crystal struc-
ture of a GSK3p peptide substrate bound to Aktl revealed good overlap with the
side chain geometries in the native ligand.

proton d (obs) & (random coil)

lecp, 4.34 ppm 3.95 ppm he
Leucyy,, 5.00 ppm 4.17 ppm

Phecy,  5.10 ppm 4.66 ppm H H
Cbz— N%L /Q [I\j CO,Me

proton Jvalue ¢ angle (calc) SA/BT I
Teny 8.9 Hz -100°/-140° 5.6 ppb/K Ph
Leuyy 8.1Hz 920/-148° 4.4 ppb/K. ROESY correlations
Pheyy 73Hz -859/-155° 7.2 ppb/K a6
IP1yy - - 6.2 ppb/K
P2y - - 6.4 ppb/K.

Fig. 20 Conformational analysis of a di-IP f-strand mimic 86 by NMR spectroscopy

Hw ¥ L

Akt1 ICs = 0.64 uM
Akt2 IC50 = 0.76 pM Overlay of docked conformation of 87 (green)
Akt3 ICs0 = 0.13 uM and the X-ray conformation of a substrate peptide (orange) bound to Akt1.

Fig. 21 A conformationally extended IP-based substrate mimetic inhibitor of Akt1-3
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4 Conclusions

The importance of B-strand and B-sheet structures in recognition events of biolog-
ical processes has prompted the development of various approaches toward their
mimicry. Successful designs of mimics that interact with specific target proteins
have motivated further studies of the conformational impact of specific peptide
modifications. The examples presented here are representative of heterocyclic
peptide surrogates capable of pre-organizing host structures into extended confor-
mations. Building on preliminary conformational analyses, these motifs offer
promise as promoters of f-sheet structure and as bioactive protein mimics. To
complement the existing array of peptide surrogates, structurally well-characterized
and broadly useful approaches are still needed for p-strand stabilization. Applica-
tion of small extended peptide surrogates as “minimalist” 3-strand mimics may be
particularly useful for drug discovery efforts to target protein—protein interfaces.
In-depth conformational and biological studies necessitate development of efficient
synthetic routes toward f-strand constraints amenable to peptide scanning applica-
tions. Heterocyclic mimics of fB-strand interactions will thus continue to play a
central role in probing relevant structures for applications in peptide science,
chemical biology, and medicinal chemistry.
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Diketopiperazine-Based Peptide Mimic
Scaffolds

Qingquan Zhao and Christian E. Schafmeister

Abstract 2,5-Diketopiperazines (2,5-DKPs) are heterocyclic molecules cyclized
from two alpha amino acids. Their ease of synthesis, ability to display up to six
functional groups, and pre-organization all led 2,5-DKPs to be utilized in drug
discovery, catalysis, and material science. This review focuses on recent develop-
ments and applications of the diketopiperazine motif as a rigid scaffold in peptide
science to mimic protein secondary structures and in crystal engineering to organize
functional groups in three-dimensional space, as well as in molecular recognition
and catalysis.

Keywords 2,5-Diketopiperazine - Peptidomimetics - Spiroligomers - a-Helical
mimics - f-Hairpin - p-Turn
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Abbreviations

Boc tert-Butoxycarbonyl

Cbz Carboxybenzyl

CD Circular dichroism spectroscopy

Spectroscopy

CD;0OH Deuterated methanol

CDCl3 Deuterated chloroform

CuAAC Cu(I)-catalyzed alkyne—azide cycloaddition

d°-DMSO Deuterated dimethyl sulfoxide

DIC Diisopropylcarbodiimide

DIPEA N,N-Diisopropylethylamine

DKP Diketopiperazine

Fmoc 9-Fluorenylmethoxycarbonyl

HATU O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate

HBr Hydrobromic acid

HOAt Hydroxyazabenzotriazole

HUVEC Human umbilical vein endothelial cells

MARK Mitogen-activated protein kinase

MC/SD Monte Carlo/stochastic dynamics simulations

simulations

Melm Methylimidazole

MMFF Merck molecular force field

MSNT 1-(Mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole

NOE Nuclear overhauser effect

NOESY Nuclear overhauser effect spectroscopy

ROESY Rotating frame nuclear overhauser effect spectroscopy

TFA Trifluoroacetic acid

THBC Tetrahydro-p-carboline

Trk Tropomyosin receptor kinase

1 Introduction

The remarkable biological functions of peptides and proteins are achieved by
adopting structures with well-defined conformations by virtue of a variety of
non-covalent forces, including hydrophobic interactions, the formation of intra-
molecular hydrogen bonds, and van der Waals forces [1]. This folding process posi-
tions chemical groups, both reactive and unreactive, precisely in three-dimensional
space either inward, in the case of enzymes, to catalyze chemical reactions or
outward to create recognition elements to bind proteins and other macromolecules.
Applications of synthetic peptides are limited due to the difficulty involved in
controlling the three-dimensional structure of peptides due to their highly dynamic
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Fig. 1 The general structure of a 2,5-diketopiperazine (DKP)

behavior in solution, their susceptibility to proteolytic cleavage, and the tenuous
nature of the forces that govern folding [2]. Therefore, peptidomimetic compounds
have been widely developed to mimic secondary structures of peptides and proteins.
Toward this goal, the application of scaffolds that constrain peptide conformation has
received much attention given their ability to order molecules into well-defined
structures for presenting essential functionalities in orientations necessary to achieve
binding and catalytic functions [2].

2,5-Diketopiperazines (Fig. 1, DKPs) have been identified in many natural
products [3]. Diketopiperazines are the smallest constrained cyclic peptide. They
have been incorporated into linear peptides to induce and to stabilize secondary
structure, and they have been assembled into oligomers with discrete conform-
ationally ordered folds in solution to mimic specific protein structures. Recent
reviews of the synthesis and bioactivities of DKP-containing compounds have
been written [3—7]. There are also recent reviews on the synthesis and utilization
of DKP motifs in receptors for molecular recognition and peptidomimetics
authored by Ressurreicdo et al. in 2011 [8] and Borthwick in 2012 [3]. This review
covers recent developments and applications of the DKP motif with focus on its use
as a rigid scaffold in peptide science to mimic protein secondary structures, crystal
engineering to organize functional groups in three-dimensional space, and mole-
cular recognition to create functional molecules and catalysts.

2 Diketopiperazines as Rigid Units in Flexible Molecules

2.1 p-Turn Mimics

One of three major elements of secondary structure in bioactive peptides and
proteins, the p-turn reverses the direction of a polypeptide (Fig. 2). Defined as a
peptide conformation that places the Co atoms of the 7 and i + 3 residues within a
distance of less than 7 A, the p-turn may form a ten-member ring by way of an
intramolecular hydrogen bond between the amide carbonyl and NH of these two
opposing residues. At least 14 different types of fB-turn structures have been
described in the literature [8, 9].

To date, a great deal of attention has been directed toward p-turn mimicry.
Among the designs, considerable success has been achieved by the synthesis of
conformationally restricted p-turn peptidomimetics featuring DKP structures. The
diketopiperazine ring has served in three categories (Fig. 2): (a) internal p-turn
mimics, in which a DKP is part of the rigid scaffold that mimics the p-turn structure;
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Fig. 2 P-turn structure in polypeptides and three categories of p-turn mimics (bold) based on
diketopiperazines. (a) internal B-turn mimics; (b) p-hairpin mimics and receptors; (c¢) external
B-turn mimics

(b) B-hairpin mimics and receptors, in which the DKP is incorporated into a peptide
or pseudo-peptide chain to induce a U-shaped turn conformation; and (c) external
B-turn mimics, in which DKPs act as templates in a cyclic peptide to stabilize a
specific f-turn secondary structure.

2.1.1 Internal B-Turns

Early examples of DKP-based internal B-turn mimics have been prepared by Kahn
and co-workers using solution-phase synthesis [10], as well as by Golebiowski
et al. who made two generations of 6,6-fused ring systems using solid-phase
synthesis [11-13]. A highlight of Kahn’s synthesis is formation of the
diketopiperazine-fused ring system 5 in one step on treatment of ketone 2 with
TFA, followed by bicarbonate workup. Failure to reduce the imine intermediate
3 with ZnCl,/NaBH;CN was presumed to be due to rapid isomerization to enamine
4. Although the absolute stereochemistry of the diastereomers was not assigned, the
synthesis successfully introduced three substituents (R, R3, and R4) onto the DKP
bicycle 6 to mimic the side chains of the f-turn structure (Fig. 3a).

Two high-throughput solid-phase syntheses were developed by Golebiowski and
co-workers for introducing substituents onto a similar bicyclic fused ring scaffold
containing a diketopiperazine (Fig. 3b, c) [11-13]. Synthesis of the first generation
of analogs started from the supported piperazine-2-carboxylic acid 7. A Petasis
reaction was used to introduce the R4 group, and a subsequent peptide coupling
added Rs to provide amide 8. After Fmoc removal from 8, a variety of a-amino
acids were coupled to introduce the Ry and R, substituents (Fig. 3b) [12]. Using this
synthetic pathway, the authors found that the R4 group was restricted to aromatic
and conjugated systems. A second-generation synthesis was developed to overcome
this drawback and to introduce the R3 group (Fig. 3c¢) [11, 13]. In this modified
pathway, the R;, R4, and Rs groups were introduced in one step through a
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Fig. 3 Examples of internal B-turn mimic syntheses. (a) Solution-phase synthesis by Kahn and
co-workers; (b) and (c) first and second-generation solid-phase syntheses by Golebiowski et al.;
(d) Mimic 14 (S-epimer) superimposed onto an ideal type I p-turn conformation

multicomponent Ugi reaction, allowing for the rapid generation of diverse analogs.
The bicyclic fused ring scaffold was shown to overlap closely with a type I f-turn
using simulated annealing calculations and the SYBYL 6.7.2 (Tripos Inc.,
St. Louis, MO) program with the MMFF (Fig. 3d) [11].

In 2010, Burgess and co-workers reported an antagonist of the tropomyosin
receptor kinase C (TrkC) receptor composed of two DKP internal p-turn mimics
(Fig. 4) [14]. The interaction of the TrkC receptor and neurotrophin-3 (NT-3)
mediates neurotrophic factor effects such as neuronal differentiation and has been
targeted for therapeutics of pathologies including cancer and neurodegeneration. In
the design hypothesis, close distances between the CP atoms of the R, and R;
groups were considered critical for biologically active p-turns (Fig. 4a). Compared
with the longer distance (5.5 A) between the Cp atoms in type B mimics 16, the
separation between the two Cp atoms is about 5.15 A in type A mimics 15 and close
to the 5.2 A distance displayed in natural peptide p-turns. A library consisting of a
variety of substituted diketopiperazines was synthesized and attached in different
ways onto a 4,6-dichloro-1,3,5-triazinylamino-biotin core with either short or long
linkers (Fig. 4b). The resulting compounds were tested in binding assays, biological
assays, and biochemical signal transduction assays. Mimic 17 antagonized
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selectively TrkC—NT-3 activity without influencing TrkA and blocked mitogen-
activated protein kinase (MARK) activation of signal transduction (Fig. 4c).

2.1.2 B-Hairpin Peptidomimetics and Receptors

B-Hairpins are peptide turn units that typically induce antiparallel p-sheet formation
(Fig. 5a). Diketopiperazines functionalized with amine and carboxylic acid groups
have been designed for incorporation into peptide and pseudo-peptide chains to
nucleate f-hairpin formation. Contingent on its substitution, the DKP turn unit may
stabilize parallel or antiparallel B-sheet formation.

The concept of a DKP structure in a f-sheet inducer was contributed by Davies
and co-workers [15]. who employed computational modeling to show that cis-
carbamato ester 18 could serve as a B-turn structure suitable for hairpin nucleation
(Fig. 5b). Although the racemic DKP was synthesized, no further DKP as f-sheet
mimic was reported.

The bifunctional DKP scaffold 23 bearing orthogonally protected carboxylic
acid and amine functionalities was reported by Gennari and Piarulli and co-workers
(Fig. 6) [16]. Protected aspartic acid was coupled to N-benzyl serine methyl ester 19
by way of an O- to N-acyl migration of ester intermediate 20 [17]. The resulting
primary alcohol 22 was converted to N-(Boc)aminomethyl DKP 23 by a sequence
featuring a Mitsunobu reaction with hydrazoic acid and a one-pot Staudinger
reaction/Boc protection. Selective removal of the Boc- and allyl-protecting groups
permitted functionalization of the DKP core with two separate peptide sequences to
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Fig. 6 Synthesis and application of DKP scaffold 23 in B-hairpin analogs 24 and 25 (red arrows
indicate observed NOE/ROE correlations)

form hairpin mimic 24. Conformational studies on 24 were carried out using a
combination of one-dimensional/two-dimensional NMR, IR, and CD spectroscopy
and compared with results from molecular modeling. In the ROESY spectrum of 24
in d°-DMSO, interstrand NOE cross-peaks were observed between the opposing
a-carbon and amide nitrogen protons (Fig. 6, red arrows). Furthermore, downfield
chemical shifts of the amide protons in the 'H NMR spectrum in 5% CD;OH-
CDCl; supported the presence of intramolecular hydrogen bonds between the
opposing peptide chains. The B-hairpin conformation of 24 was also predicted
from an unconstrained Monte Carlo/energy minimization (MC/EM)
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conformational search. A second DKP f-hairpin 25 was later reported to be
stabilized using 5-amino-2-methoxybenzhydrazide [18], which had previously
proven effective for favoring intermolecular pB-sheets preventing dimerization and
proteolysis [19-21]. Evidence for f-hairpin 25 came from the observation of a
number of long-range ROEs between the two strands, albeit the chemical shifts of
the amide protons on both strands showed higher temperature dependence than
expected. These two examples demonstrated that DKP scaffold 23 was an efficient
B-turn mimic for inducing B-hairpins toward f-sheet mimicry.

In addition to bifunctionalized DKP peptidomimetics, multifunctionalized DKP
units have been developed. For example, diamino carboxylate DKPs 29-31 were
synthesized by Gellerman et al. from glyoxylic acid and orthogonally protected
lysine using a reductive amination/peptide coupling/lactam formation sequence
(Fig. 7a) [22, 23]. The coupling step gave only moderate yield, presumably due
to the weak nucleophilicity and steric hindrance of secondary amine 27
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Fig. 7 Synthesis and application of multifunctionalized DKPs: (a) diamino carboxylate DKPs

developed by Gellerman and co-workers;

(b) triamino DKPs developed by Chierici and

co-workers; (c¢) examples of triazole-functionalized DKPs designed as AP aggregation inhibitors
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[24]. Triamino DKPs 34 and 35 were synthesized by Chierici and co-workers using
a similar strategy in which the N-aminoalkyl group was installed by a Mitsunobu
reaction to give secondary amine 33 (Fig. 7b) [25]. Orthogonally protected triamino
DKPs were converted to a set of precursors 36—38 bearing glyoxyloyl, aminooxy,
alkynyl, or azido functionalities for subsequent ligation to the peptide KLVFFA and
curcumin by way of oxime formation and copper-catalyzed azide—alkyne cycli-
zation (CuAAC) reactions to make DKPs 39-41 (Fig. 7c). With the interest of
diminishing amyloid plaques found in the brains of Alzheimer patients, the ability
of 39—41 to inhibit amyloid-p40 fibril formation was evaluated in thioflavin T
fluorescence assays. Among the three analogs, DKP 39 gave the best activity
reducing florescence to 80% at 1 pM concentration, and at 10 uM, was shown by
atomic force microscopy to reduce the number and length of fibrils in a sample of
amyloid p40.

4-Aminoproline-derived DKPs have been used to induce turn structures in
peptide sequences (Fig. 8a) [26-30]. Compared with the DKPs discussed above,
the tricyclic 4-aminoproline-derived DKPs are more rigid and possess a longer end-
to-end distance. Wennemers and co-workers reported the synthesis of a set of
receptors 42 employing such a tricyclic DKP to display two flexible tripeptide
chains, each possessing a red azo dye attached to the phenolic hydroxy group of a
tyrosine residue. Receptors 42 were employed in on-bead screening against librar-
ies prepared on polystyrene resin using encoded split-and-mix methods and
containing a maximum of 29% =24,389 different acylated tripeptides with unpro-
tected and protected side chains [26, 27]. Different receptors 42 bound selectively
different peptides from the side chain-free and protected libraries. In the case of the
side chain-protected peptide library, adding one single additional methylene group
to the receptor (from asparagine to glutamine) eliminated receptor binding affinity
indicating that subtle changes in structure can significantly alter receptor properties
[27]. The importance of the central DKP scaffold for creating a cleft to hold two
side arms apart from each other was highlighted by its replacement with flexible
and shorter diamine linkers 43—46, which abolished all interactions between recep-
tor and substrates, presumably due to aggregation of the opposing peptide chains
through hydrogen bonding in the receptor (Fig. 8b) [31]. The four-position stereo-
chemistry of the aminoprolines in the DKP scaffold was also shown to be crucial for
activity, which was lost employing the cis,cis-diketopiperazine. X-ray analysis of
the trans,trans- and the cis,cis-DKPs 47 and 48 revealed that they adopted respec-
tively turn and linear conformations with distances between the terminal amines of
7.8 and 8.7 A (Fig. 8c). Employing NMR spectroscopic analysis, cis,cis-DKP
scaffold 48 was shown to be relatively more flexible than trans,trans-DKP 47.
Joining the terminal ends of receptors 42 with different linker lengths gave
macrocycles 49, which exhibited reduced binding affinities for the original peptide
substrates, as well as alternative selectivity (Fig. 8d) [32], highlighting the impor-
tance of DKP core pre-organization and peptide side arm flexibility.
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2.1.3 External f-Turn (Peptide Loops)

External pB-turn mimics refer to DKPs that act as templates to stabilize p-turn and
B-hairpin structures inside cyclic peptide analogs, as pioneered by the groups of
Robinson [33—40] and Albericio [41].

Bicyclic and tricyclic DKPs 52-55 have been inserted into peptide sequences
containing Asn-Pro-Asn-Ala (e.g., NPNA, 50) and Arg-Gly-Asp (e.g., RGD, 51,
Fig. 9a) [33—40]. Moreover, a monocyclic DKP has been introduced into cyclic
RGD peptides 57-59 by a solid-phase synthetic approach employing a backbone
amide linker (BAL) resin [41]. Toward the development of a vaccine against
malaria, constrained cyclic peptides 50 have elicited sporozoite cross-reactive
antibodies under conditions in which the linear peptide sequence failed to induce
a detectable cross-reactive immune response. Studying the binding of DKPs 51 and
57-59 to the a,P; integrin receptor, which is important for tumor angiogenesis,
greater conformational constraint was considered as a means for improving affinity.

Further research on cyclic RGD mimics 60-67 employed N-benzyl and N,N-
dibenzyl DKP scaffolds of different configurations (Fig. 10) [42, 43]. In the
construction of the DKP core, O- to N-acyl migration (Fig. 6) [16, 17], and
employment of symmetric anhydride coupling conditions surmounted the difficul-
ties in the acylation to the secondary amine. For macrocycle 66, two different
atropisomers 66A and 66B were isolated due to the large energy barrier required to
flip the DKP by rotating the N-benzyl groups through the inside of the macrocycle
ring (Fig. 10c). Macrocyclic RGD peptidomimetics 60—67 were tested in compe-
tition with biotinylated vitronectin for binding to immobilized o,p3; and o,ps
integrin receptors (Fig. 10b). Although micromolar affinity toward the a,f3; integrin
was exhibited by analogs bearing the cis-DKP, examination of a trans-DKP core in
the RGD macrocycles gave nanomolar affinities, as well as 10-500-fold greater
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Fig. 10 (a) Cyclic RGD analogs containing N-benzyl and N,N-dibenzyl DKPs; (b) their 1Cs
values; (c¢) atropisomers 66A and 66B [42, 43]

selective for o,f3 over a,fs receptors compared to the reference compounds,
such as ¢(RGDfV) and ST1646.

Conformational analysis of 60—67 using variable temperature NMR and NOESY
spectroscopy supported by Monte Carlo/stochastic dynamics simulations and
molecular docking calculations identified five preferred intramolecular hydrogen-
bonding patterns (Fig. 11) [43]. Peptidomimetics showing high bioactivity adopted
well-defined conformations with a turn motif within the RGD sequence. For
example, analogs 61, 62, and 64 with good affinity showed only one relevant
long-range coupling in their NOESY spectra between the amide protons of the
Gly and Arg residues, indicating a turn motif centered on the DKP and Arg residues
(type III conformer). High-affinity analog 63 and the tightest-binding analog 66B
adopted a p-turn motif centered at the Gly—Asp sequence (type I hydrogen-bonding
pattern) as determined by the low temperature coefficient of the DKP—NH, which
exhibited a cross peak with the Asp—NH in the NOESY spectra. Relatively lower



62 Q. Zhao and C.E. Schafmeister

Fig. 11 Conformational Type | N H Type Il R Nm, Type ll HN_ N
. 2 77/N i Ve

analysis of hydrogen- o il NH HN

bonding patterns of cyclic /i_) HLH

RGD mimics containing

z

bioactivity with well- \ o

o o]
)\—N
p i o C H HY N
DKP-related high ﬁ\XN i Nl :b %0
HC%H

defined turn motifs about ) NH NH
the peptide sequence COH 2/—((30 )
Type IV Type V n NH, 2
M " Prefered
o r z Q N H-bonding
™ N e
Ph n N H J H 60: [
e H 0 o X ) _ 61: il
O HN N-H*--0 62: Il
o Pho N NH 63: |
e - ~ V&o /L 64: in
(o HT o 65 IV
H NH —nH AN 66A: I+l

NZ 66B: |
67: \
coH 0 ~CcoM —_—

]

affinity analog 67 preferred a turn centered on the Arg—DKP residues evidenced by
a strong long-range NOE correlation between their corresponding NH protons (type
V conformer). On the other hand, weak-affinity compounds 60 and 66A existed in
equilibrium between two different conformations. In docking studies, the highest
affinity analog 66B superimposed well with the bound conformation of the refer-
ence peptide and former clinical candidate cilengitide, c[RGDf(NMe)V], in the
crystal structure of the extracellular domain of a3 integrin. Without affecting cell
viability and proliferation, peptidomimetic 62 inhibited angiogenesis in human
umbilical vein endothelial cells by a mechanism involving reduced phosphorylation
of protein kinase B (Akt) and disruption of integrin-mediated adhesion [44].

2.2 «- and y-Turn Mimics

In addition to the B-turn structure discussed previously, other protein secondary
structures are classified as a-, y-, 8-, and m-turns according to their number of
residues (Fig. 12).

An important motif in many proteins [45], the o-helix is composed of
13-member ring hydrogen bonds between the carbonyl group of residue i and the
amide NH group of residue i +4 [46]. These so-called a-turn units repeat with
consistent backbone dihedral angles (¢ = —58°, y = —47°) resulting in an ideal
right-handed a-helix. These consecutive angles deviate however in proteins due to
backbone sequence, side chain orientations, and helical pitch [47, 48]. Compared
with B-turn peptidomimetics, few examples of DKPs stabilizing a-turn structures
have been reported [47, 48].

A fused tetrahydro-f-carboline (THBC)-DKP scaffold was synthesized by
Silvani and co-workers to mimic the a-turn conformation (Fig. 13) [49]. A Pictet—
Spengler reaction between L-tryptophan methyl ester (68) and N-(Cbz)glycinal
dimethyl acetal (69) provided tetrahydro-f-carboline 70 in good yield and a 7:3
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Fig. 13 (a) Synthesis of THBC-DKP a-turn mimics; (b) inversion of C6-stereochemistry resulted
in a y-turn-like seven-member intramolecular hydrogen-bonding pattern

diastereomeric ratio. Amino acylation of the major diastereomer and cyclization
gave DKP 72, which was suggested to adopt an a-turn conformation based on 'H
NMR experiments and computational analysis using Monte Carlo searches with
molecular mechanics. Although unconfirmed by NMR studies, computational ana-
lysis suggested that diastereomer 73 from the minor Pictet—Spengler product, which
has the opposite stereochemistry at C6, would adopt a low energy seven-member
intramolecular hydrogen-bonded y-turn conformation (Fig. 13b).

2.3 Peptoid Peptidomimetics Containing Diketopiperazines

Peptoids are N-substituted glycine oligomers that may fold without hydrogen bond
stabilization. They may also exhibit resistance to proteolysis. Introduced into the
literature by Zuckermann and co-workers [50], peptoids have been used to mimic
peptide and protein structures in a variety of applications. In contrast to peptides
that usually possess secondary amides which prefer trans conformations, the
tertiary amides of peptides may exist in equilibrium between trans and cis isomers
[51], such that the steric interactions and electrostatic repulsion of side chains [52—
54], as well as backbone cyclization [55-57], have been used to pre-organize
peptoid conformation to mimic natural secondary structures (e.g., helices).
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Fig. 14 Solid-phase synthesis of peptoids with DKPs that rigidify the chain: (a) racemic synthesis
by aza-Michael reactions; (b) enantiomerically pure synthesis

To reduce peptoid conformational diversity, Messeguer and co-workers incorpo-
rated DKPs that changed amide trans/cis isomer ratios and stabilized secondary
structure (Fig. 14) [58]. The synthesis started by acylation of Rink amide poly-
styrene resin 74 using bromoacetic acid and DIC, followed by bromide displace-
ment with a primary amine to form secondary amine 75. Acylation of amine 75 with
allyl maleate 76 was performed with HOBt and DIC. Michael addition of a primary
amine gave regioselectively aspartamide 77, which on microwave heating
underwent cyclization with resin cleavage to give DKP 78 (Fig. 14, route A).
Removal of the allyl protection gave the carboxylic acid that was loaded onto
resin 74 and cleaved to give racemic DKP peptoid amide 79. Analysis of tertiary
amide 79 by NMR spectroscopy revealed a predominant cis isomer in CDCl; and a
50:50 trans/cis isomer ratio in d°-DMSO. Moreover, the signal for the terminal
amide protons of 79 underwent a significant change in chemical shift on addition of
d°-DMSO into the CDCl; solution, suggesting that an intramolecular hydrogen
bond between the terminal amide NH and the DKP carbonyl stabilized the cis
isomer in the nonpolar solvent. As solvent polarity increased, the hydrogen bond
was disrupted, and the amide cis isomer population decreased. Enantiomerically
pure 83 was subsequently synthesized, respectively, using p- and L-aspartate 80 in
the acylation of secondary amine 75 (Fig. 14, route B) [59]. Respective evaluations
of both enantiomers of DKP peptoids 83 demonstrated no significant difference in
their potency as apoptosis inhibitors in vitro, indicating that the chiral center was
not crucial for this biological activity.

Solid-phase syntheses of peptoids bearing DKPs as main chain (e.g., 89), side
chain (e.g., 90), and terminating (e.g., 91) units were developed by Kodadek and
co-workers using Rink amide resin (Fig. 15) [60]. In these approaches, a-amino
esters 85 displaced bromoacetamides 84 to install half of the DKP unit. The
resulting secondary amine 86 was acylated with bromoacetic acid, the bromide
was displaced with another amine, and the resulting amino ester 87 was heated
overnight to induce cyclization. Resin cleavage provided DKP peptoids 88. This
synthetic route was adopted to split-and-mix strategies to prepare DKP peptoid
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Fig. 15 (a) Solid-phase synthesis of DKP peptoids by Kodadeck and co-workers; libraries
prepared by split-and-mix strategies with DKP as (b) side chain, (¢) main chain, and (d) terminal
element

libraries 89-91, as confirmed by MALDI MS and MS/MS analysis of randomly
selected beads. Screening of these libraries may identify new bioactive compounds.

3 Diketopiperazines as Monomers in Macromolecules

3.1 Diketopiperazines Assembled via Non-covalent Bonds
(Crystal Engineering)

The conformations of DKPs possessing up to four substituents have been studied
[61-67] and reviewed [3, 68]. Although constrained, DKPs are not completely
rigid, because of the similar energies of their planar and boat conformations, in the
solid state, intermolecular hydrogen bonding between two amides permits form-
ation of supermolecular structures. Linear tape orientations of DKPs without
N-substituents have been observed to exist in hydrogen-bonded cyclic eight-
membered rings. Substituted DKPs may adopt layer structures contingent on ring
substitution. One-dimensional hydrogen-bonded tapes and dimers are generally
observed for mono-N-substituted DKPs.

By virtue of its rigidity, synthetic accessibility, structural diversity, and resis-
tance to proteolytic enzymes, the DKP moiety has been extensively studied as a
building block in supramolecular chemistry. Symmetrical DKPs 92 with cycloalkyl
substituents were shown to form tapes by Whitesides and Palmore (Fig. 16a) [69—
71]. Mash and co-workers postulated that three geometrically and chemically
independent elements may be used to make ordered three-dimensional organic
crystals: amide-to-amide hydrogen bonding between DKPs along the z-axis; van
der Waals forces shared by R, R4, Rs, and Rg substituents along the y-axis; and
other interactions between the R,, R3, R¢, and R, groups in the x-axis (Fig. 16b).
A series of studies toward such designs have been reported [72-76] and
reviewed [77].
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Fig. 16 (a) Assembly of symmetric cycloalkyl-substituted DKP reported by Whitesides and
Palmore; (b) Mash’s postulate that three independent sets of interactions between groups displayed
on diketopiperazine containing compounds can generate three-dimensional networks and control
crystal formation

Emphasizing the importance of aromatic side chain substituents in DKP ensem-
bles, Verma and co-workers chose four different model systems 93-96 to form
two-dimensional extended structures employing n—mx interactions from the aro-
matic groups to create intermolecular interactions orthogonal to the hydrogen
bonding between amides (Fig. 17a) [78]. Employing similar 7—= interaction in
the self-assembly of DKPs 97 and 98, Govindaraju and co-workers prepared
two-dimensional nano- and mesosheets (Fig. 17b) [79]. These networks that com-
bine n—xn interactions and hydrogen bonding have been characterized by NMR
spectroscopy and X-ray diffraction. Similarly, low-molecular-weight gelator soft
materials were formed by sequential heating and cooling DKPs 99 (Fig. 17¢c)
[80]. Chemical shift values in NMR analyses at various concentrations and tem-
peratures revealed the formation of intermolecular ladders through hydrogen bonds,
respectively, between DKP amides and side chain carbamates. In addition, aromatic
n—nx interactions were crucial for the self-assembly process. Similarly, gelation of
DKP 100 was observed in a number of solvents including water using agitation with
ultrasound (Fig. 17d) [81]. These organic hydrogels may be applied as entrapping
agents, drug delivery systems, and thermo-responsive soft materials.

Helical chirality, which is ubiquitous in proteins, was adopted by naphthalene-
diimide (NDI)-DKP supramolecular assemblies designed by Govindaraju and
co-workers (Fig. 18) [82]. For example, the monosignate negative CD signal of
NDI-DKP 101 in hexafluoroisopropanol (HFIP) indicated a left-handed M-helical
assembly, which on titration with DMSO underwent a reversible transition from M-
to P-helicity leading to a bisignate positive Cotton signal. On the other hand, NDI-
DKP diastereomer 102 exhibited no preference to adopt helical geometry in
mixture of DMSO and HFIP.
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Fig. 18 Solvent and stereochemistry-dependent helical conformations formed from NDI-DKP
3.2 Foldamers Containing Multiple Diketopiperazines

“Foldamers,” oligomers that adopt a well-defined secondary structure stabilized by
non-covalent interactions, were developed to mimic the conformations and abilities
of proteins and nucleic acids. Foldamers are often assembled chemically by cou-
pling unnatural monomers into sequence-specific oligomers. Various applications
have been reported using different foldamers: p-peptides [83, 84], peptoids [85, 86],
aryl-based oligomers [87—89], and others [90-93]. Several foldamers containing
DKPs have been reported to mimic protein secondary structure.

3.2.1 @-Bend Ribbon Mimics

f-bend ribbon is normally considered a subtype of the peptide 3, helix featuring a
succession of repeating f-turn conformations, in which the carbonyl group of
residue i is hydrogen bonded to the NH of the i + 3 residue [94]. Peptides containing
repeating units composed of proline or a-aminoisobutyric acid (Aib) often adopt
this secondary structure [95, 96]. In 2010, Piarulli and co-workers reported -bend
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Fig. 19 (a) p-Bend ribbon
104 composed of amino
acid DKPs 103; (b) SD
simulation of tetramer 104

ribbon 104 formed by linking four-amino acid DKP monomers 103 through amide
bonds (Fig. 19a) [97].

Tetramer 104 exhibited characteristics of a -bend ribbon in NMR and CD
spectroscopic experiments and stochastic dynamic (SD) simulations. For example,
titration of 104 with deuterated methanol in d°-DMSO revealed intramolecular
hydrogen bonds between exocyclic amide protons, which exchanged at slower rates
compared to the DKP N—H protons. Moreover, the exocyclic amide and methylene
protons exhibited NOE correlations (red arrows in Fig. 19a). The CD spectrum of
tetramer 104 displayed a typical Cotton effect with strong and weak negative
maximum, respectively, at 200 and 215 nm, similar to oligopeptides that are
known to adopt ten-member hydrogen-bonded conformations. The spectroscopic
evidence and SD simulations, all indicated that the DKP scaffolds pre-organized
tetramer 104 to adopt a conformer featuring repeating ten-member hydrogen bonds
(Fig. 19b).

3.2.2 Spiroligomers, Ladder Molecules Containing Multiple
Diketopiperazines

The a-helical structure in proteins is a common secondary structure consisting of
repeating a-turns every 3.4 amino acid residues with the side chains of the 7, i + 4
and i + 7 residues aligned roughly on the same face (Fig. 20). About 30% of all
known protein structures are composed of helical peptide segments [47], and 62%
of the protein—protein interaction interfaces observed in the Protein Data Bank
(PDB) contain an o-helix [98, 99]. Many foldamers have been designed to mimic
helical structures including f-peptides [84, 100], peptoids [101, 102], N,N'-linked
oligo-ureas [92], aromatic amino acid oligomers [103, 104], and others [105-108].

Seeking to develop disruptors of protein—protein interactions, our group made
pro4-DKPs to mimic a-helix structure (Fig. 21a) [109, 110]. Hypothesizing that
shape-persistent and programmable backbones may be rationally designed using
pre-organized arrays of functional groups to selectively bind protein surfaces, a
collection of cyclic, enantiomerically pure diamino acid monomers have been
coupled to form spiral-ladder oligomers named “spiroligomers” (Fig. 21a, b)
[111, 112]. Featuring fused ring systems having well-defined three-dimensional
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Fig. 20 Depictions of the a-helix show residue side chain alignments
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Fig. 21 The diamino acid-based approach to form spiroligomer scaffolds; (a) bis-amino acid
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structures, spiroligomers do not fold like flexible peptides and proteins [113—
115]. A variety of diamino acids have been synthesized and assembled into
spiroligomers having different sizes and shapes [116—121]. In addition, an effective
method for DKP assembly was developed featuring formation of amino acid-mixed
anhydrides (e.g., 110) and acyl transfer. Spiroligomers made from such DKPs are
highly functionalized, shape-programmable ladder molecules, on which functional
group presentation is controlled by the sequence and stereochemistry of the compo-
nent monomers.

The synthesis of a-helix peptidomimetics based on the pro4-DKP approach is
analogous to peptide synthesis and may be extended to incorporate as many mono-
mers as desired (Fig. 22a). For example, diamino acid 114 was combined with
activated ester 115 and stirred at room temperature overnight to furnish two
products observed by HPLC/MS to be consistent with amide and DKP intermedi-
ates (e.g., 111-113, Fig. 21c). On addition of another equivalent of DIC to the
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reaction mixture, the amide was converted to DKP, which on removal of the Cbz-
and tert-butyl protecting groups with HBr in acetic acid, gave amino acid 116 after
purification by reverse-phase chromatography. Multiple repetitions of this DKP
synthesis protocol afforded spiroligomers 120 and 121.

The lowest energy conformers of spiroligomers 120 and 121 were analyzed by
computation using the AMBERY4 force field (Fig. 22b). Spiroligomer 120, which
was composed of all pro4 monomers with S-stereochemistry, arranged to mimic a
left-handed helical alignment with the side chains of residues i, i+ 3, and i +6
superimposed on the same helical face with a distance between each successive pair
of functionalized amide nitrogen of 5.6 A. By inverting the stereochemistry of the
middle two pro4 monomers in spiroligomer 121, a right-handed helical structure
was mimicked with the side chains of residues i, i + 4, and i + 8 superimposed on
the same a-helical face.

The solid-phase synthesis of spiroligomers 133 and 134 was conducted on acid-
stable HMBA resin (Fig. 23). Attachment of Pro4 monomer 122 onto the resin
featured esterification using MSNT and methylimidazole as base. Removal of the
Boc and tert-butyl groups with 95% TFA in the presence of scavenger gave amino
acid 123, that was elongated by the general DKP synthesis procedure as described
in solution. Acylation with activated ester (e.g., 124) in the presence of DIPEA,
followed by treatment with DIC/HOALt for 4 h gave the DKP, from which removal
of the Cbz- and tert-butyl ester groups liberated the next amino acid for acyl-
transfer coupling to diamino acid 125. The chain was terminated by DKP formation
with Boc-homophenylalanine 126 to give spiroligomer 127. Formation of a final
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Fig. 23 Solid-phase synthesis of spiroligomers 133 and 134

DKP residue with resin cleavage was then used to deliver the desired spiroligomers.
After Fmoc removal using piperidine, the resin was split into two portions, that
were respectively acylated with ferz-butyl N-(Boc)glutamate 128 and e-N-(Fmoc)-
lysine 129 to produce resin-bound oligomers 130 and 131. Removal of Fmoc group
from 131 and treatment with fluorescein isothiocyanate yielded resin-bound olig-
omer 132. Treatment of the resins 130 and 132 with TFA removed the Boc group,
and DKP formation by nucleophilic resin cleavage in the presence of DIPEA gave
respectively spiroligomers 133 and 134.

Spiroligomers 133 and 134 were designed to disrupt the p53/hdm2 protein—
protein interaction by mimicking the hydrophobic face of the a-helix of p53. A
direct binding fluorescence polarization assay was used to measure the binding
affinity to HDM2. Spiroligomers 134 exhibited a K4 of 0.4 pM and bound more
tightly than the fluorescein derivative of natural p53 (0.62 uM). Notably, both the
spiroligomer side chain composition and configuration influenced binding affinity.
For example, changing the stereocenter of the terminal lysine residue, to which the
fluorophore was attached, caused a 17-fold increase in affinity. Spiroligomer 134
was demonstrated to penetrate human cells by passive diffusion and stabilized
HDM?2 in a p53 mutant cell line culture. In spite of their size, spiroligomers with
pre-organized conformation can thus penetrate cells, bind protein surfaces, and
invoke biological responses.
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4 Diketopiperazines Involved in Mimicking Enzyme Active
Sites

2,5-Diketopiperazines are attractive platforms for orienting catalytic groups to
mimic enzyme active sites as reviewed [3, 122—-124]. In particular, DKPs have
been used to catalyze cyanohydrin formation [125-129], Strecker [130, 131],
Reformatsky [132] Michael addition [133], and Diels—Alder reactions [134]. Cata-
lysis has also been explored using pro4-DKPs in spiroligomer scaffolds.

4.1 Scaffolds Containing One DKP

In 2012, our group developed a series of modified proline catalysts including a
pro4-DKP fused catalyst that promoted the aldol reaction in water with high
activity (down to 0.5 mol% catalyst loading) and selectivity (up to 98% ee)
(Fig. 24a) [135]. The DKP-based catalyst 138 showed similar activity and selec-
tivity as hydantoin catalyst 139, which had been demonstrated to function by a
specific hydrophobic interaction in water between an aromatic ring on the catalyst
and the aldehyde substrate 136. Catalysts (e.g., 138 and 139) that favored this
interaction were ~43 times faster than those (e.g., 140) unable to make such
contacts. Hydrophobic effects have been proposed to enhance the rate of the aldol
reaction in water by other proline catalysts [136]. Quantum chemical calculations
indicated a hydrophobic edge-to-face interaction stabilized transition state 139
relative to 140 by 2.6 kcal/mol, in excellent agreement with experimentally
observed AAG” of 2.3 kcal/mol (Fig. 24b).

Mimicry of the enzyme ketosteroid isomerase by a catalytic pro4-DKP system
was demonstrated by the acceleration of the Claisen rearrangement of ally ether 141
to phenol 142 (Fig. 25) [137]. In the catalyst design, a carboxylic acid and a phenol
alcohol were positioned close to each other to donate hydrogen bonds to the
substrate ether oxygen and stabilize the developing negative charge in the transition
state. First-generation catalyst DKP 143 accelerated the reaction 11-fold relative to
background. Rate acceleration dropped to twofold above background (similar to the

uptt? O(SI mg\ 1% -
catalyst loading o~ g
é “©\ S iﬁ*@ R, VYR
e YJ‘
9 p Ph\N w, & W
Ph< r--
O N / 9 \(5) ) ) Y ’ 2 ) A '"‘I
SO 4 {S’\)Q( 0 Ts- 139, N 15140,

Optimized transition structures for the aldol addition
139: K,y 43 5 140: Koy = 1 step catalyzed by 139 (left) and 140 (right) in water.
= rel

Fig. 24 (a) Aldol reaction catalyzed by DKP and hydantoin proline motifs in water; (b) quantum
chemical calculations support a specific hydrophobic interaction for successful catalyst design
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activity of benzoic acid alone) on inverting the seven-position stereocenter in DKP
144 and by removing the phenol alcohol in 145, suggesting a dual activation
process from accurate positioning of the catalytic groups in the transition state.
Improved alignment of the alcohol and the carboxylic acid based on the theoretical
design gave 146, which increased the relative reaction rate to 30-fold over back-
ground. Considering that the carboxylic acid and phenol alcohol may simulta-
neously donate hydrogen bonds to the ether oxygen, we made a second
generation of N-benzyl-DKP catalysts that exhibited increased activity. The com-
bined quantum mechanical and molecular dynamic computational study of these
systems suggested that the acceleration was due to an optimal disposition of the
phenol and benzoic acid moieties in both the TS and the reactant complex. Among
the N-benzyl-DKP catalysts, N,N-dibenzyl-DKP catalyst 147 exhibited the best
activity giving a 58-fold acceleration relative to the background reaction, due in
part to a lower activation barrier from pre-organization of both hydrogen donors in
close proximity: ca. 94% of the time during the 1 ps MD simulation. In contrast to
common N-H hydrogen bond donor catalysts composed of urea, thiourea, and
guanidinium moieties, DKP catalysts such as 147 represent the first examples in
which O-H hydrogen bond donors are used outside of biological systems, such as
ketosteroid isomerase.

4.2 Scaffolds Containing Several DKPs

Spiroligomers 148-154 were studied in a design to arrange multiple functional
groups to catalyze a transesterification reaction [138]. In enzymology, the catalytic
Ser-His-Asp triad enhances the nucleophilicity of the hydroxyl group of the serine
residue to attack acylating agents [139]. The histidine residue is proposed to act as a
general base, facilitate deprotonation, and enhance nucleophilicity of the serine
hydroxyl group. The so-called charge relay system is terminated by neutralization
of the resulting charge on the imidazole by the aspartate residue (Fig. 26a) [139].
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Fig. 27 Nucleophilic enhancement of the alcohol on spiroligomers 148—154

X-ray analysis of the triad in proteases, such as subtilisin, has revealed that an
oxy-anion hole in the active site stabilizes the resulting negative charge formed on
the substrate ester carbonyl oxygen in the tetrahedral intermediate [140]. Quantum
mechanical calculations have suggested that the carboxylate—imidazole pair in the
triad may be replaced with a simpler pyridine to lower the activation barrier of the
acyl transfer reaction in the catalytic mechanism (Fig. 26b) [138].

In spiroligomers 148—154, enhancement of the nucleophilicity was explored by
placing an alcohol proximal to a pyridine group as a general base (Fig. 27).
Esterification of vinyl trifluoroacetate 155 was monitored in kinetic experiments
using '"’F NMR spectroscopy in the presence of spiroligomers 148-154. Large
differences in the activity of the alcohol were observed to be contingent on the
spiroligomer stereochemistry and the point of attachment of the pyridine moiety.
The orientation of the pyridine base to the alcohol nucleophile in 154 favored ten
times faster acylation compared to 150 with a k. value of 2,700 over the back-
ground reaction.

With spiroligomer 154 as a catalyst, transesterification of vinyl trifluoroacetate
was attempted in methanol, but only a slight rate enhancement was observed over
background suggesting that an “oxy-anion hole” was necessary to stabilize the
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transition state of the methanolysis reaction (Fig. 28a). Trifunctional spiroligomers
157 and 158 were thus synthesized using a third pro4 building block to display a
urea as a potential hydrogen bond donor (Fig. 28a).

Both catalysts 157 and 158 accelerated transesterification relative to the reaction
catalyzed by spiroligomer 154 and the background reaction (Fig. 28a). Calculation
of second-order rate constants revealed a 2200-fold rate enhancement for k; (acyl-
ation of spiroligomer) and 130-fold acceleration of k, (deacylation of trifluoroacyl—
spiroligomer complex) compared to the background reaction. The calculated
energy of each stationary point along the transesterification pathway demonstrated
that spiroligomers were able to position catalytic arrays for effective catalysis.
Pre-organization and reorganization of the conformation of the catalytic groups
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maintained optimal transition-state stabilization along the reaction pathway in a
way that mimicked the active sites of natural esterases (Fig. 28b).

5 Conclusion

2,5-Diketopiperazines have served effectively to rigidify peptide conformation and
orient hydrogen bonds in various scaffolds that mimic particular secondary struc-
tures: a-, -, and y-turns and B-hairpins. The non-covalent interactions of DKPs
have also been used to assemble well-ordered supramolecular structures. The
linkage of multiple DKP analogs has been applied to stabilize larger secondary
structures such as p-helices. Moreover, the integration of DKPs in spiroligomers
has provided effective means for arranging functional groups in specific orienta-
tions on shape-persistent and programmable backbones. Assembled like peptides
by iterative methods that have been adopted to solid-phase chemistry, the
spiroligomers represent a promising motif for the construction of larger protein-
like surfaces for versatile applications. For example, spiroligomer mimics of
a-helices that exhibit membrane permeability have demonstrated promising utility
for inhibiting protein—protein interactions in cells. Catalytic DKPs have demon-
strated utility for accelerating various reactions. Moreover, the introduction of
spiroligomers bearing multiple reactive groups has illustrated their promise for
enzyme active site mimicry. Considering advances in synthetic methodology for
their construction by both solution- and solid-phase methods, the future employ-
ment of DKPs in the mimicry of peptides and proteins, as well as in applications in
two-dimensional supramolecular structures, offers promise for novel innovations in
various fields including medicine, catalysis, and material science.
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Synthesis of Constrained Peptidomimetics via
the Pictet-Spengler Reaction

Rico G. Petersen, Vitaly V. Komnatnyy, and Thomas E. Nielsen

Abstract Peptidomimetics offers a solution to the poor pharmacokinetic proper-
ties displayed by natural peptides, by providing pharmaceutically useful chemical
structures with the ability to mimic the endogenous polyamide structure. This
chapter gives an overview of the past decade’s developments in the field of
Pictet-Spengler reactions for the synthesis of peptidomimetics, with an emphasis
on the applications of constrained heterocycles in mimicry of peptide geometry and
biology.
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1 Introduction

1.1 Peptidomimetics

Proteins and peptides exert a plethora of important functions in living organisms.
For example, protein scaffolds (e.g., histones) and catalysts (e.g., RNA polymerase)
are key components involved in the preservation, transcription, and translation of
genetic material [1-3]. The healing of damaged tissue involves complex interplay
of enzyme activation and protein-protein interactions toward the formation of fibrin
clots to stop bleeding [4]. The actions of dynamic proteins, such as G-protein-
coupled receptors [5] and ion channels [6], are responsible for cellular interactions
with the environment. The relatively smaller peptides function as agonists, antag-
onists, substrates, inhibitors, and hormones (e.g., somatostatin, substance P, and
angiotensin) and play many roles in numerous physiological processes (e.g., neu-
rotransmission and neuromodulation), including those tightly associated with
disease [7].

Peptide sequences embedded in larger proteins adopt typically ordered second-
ary structures, the most important being a-helices, B-sheets, and p-turns. Secondary
structures, such as -turns, are further categorized according to subtle differences in
their backbone ¢, v, and  dihedral angles [8]. Although the a-helix is the most
abundant secondary structure [9], f- and y-turns are particularly attractive targets
for peptide mimicry, because they appear frequently as recognition motifs in
biochemical processes [10].

Structurally diverse and physiologically safe peptides are routinely developed by
means of iterative rounds of solid-phase synthesis and biological testing to charac-
terize structure-activity relationships for modulating pharmacologically relevant
targets. Peptides are thus attractive molecular scaffolds in the hunt for new drugs.
Peptides display however properties, such as poor bioavailability and low metabolic
stability due to the nature of the polymeric amino acid structure [11]. Amphiphilic,
high-molecular-weight peptides are often poorly absorbed through the intestinal
mucosa and easily excreted through the liver and kidneys. Furthermore, peptide
bonds are targets for proteases in the gastrointestinal tract and in serum. These
factors render the biological half-life of peptides in the human body relatively short.
In addition, small peptides do not typically fold into rigid secondary structures but
remain more flexible. Small peptides may thus serve as ligands for multiple
receptors and enzymes, because they adopt numerous conformations. Their lack
of selectivity against a given target may translate into adverse side effects in a
therapeutic context. Synthetically tractable peptidomimetics that contain modified
amino acids or completely lack the polymeric amino acid structure may be superior
molecules for the development of therapeutic agents, because of their capacity to
retain the biological activity of the native peptide without the drawbacks of
metabolic instability and poor bioavailability [12-15].

Structural knowledge of the peptide or protein and its target is valuable in the
rational design of peptidomimetics and may be obtained from X-ray and NMR
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spectroscopic analysis. Alternatively, knowledge obtained from the amino acid
sequence of the endogenous peptide may be used to develop a mimic. For example,
investigation of the lead peptide may begin by performing an “alanine” scan in
which solid-phase peptide synthesis is systematically performed to replace discrete
amino acid residues sequentially with alanine [16]. The importance of side chains
for activity may then be ascertained by analysis of the bioactivity of the resulting
alanine analogs. Moreover, the relevance of side-chain functional groups and
orientation for bioactivity may be assessed by systematic substitutions of amino
acid residues with surrogates possessing alternative charge, hydrophobicity, stereo-
chemistry, and ability to form non-covalent interactions [17]. The minimal
sequence required for biological activity may similarly be accessed using analogs
from abridgment of the different ends of the peptide chain. With the active
sequence in hand, steps toward peptidomimetic design entail usually the determi-
nation of the active conformation employing amino acids that restrain the backbone
geometry, such as substituted prolines, aminolactams, azabicycloalkanone amino
acids, a,a-dialkylglycines, N-alkyl, and a,p-unsaturated amino acids [18, 19]. Exam-
ination of the orientation of the side chain with respect to the backbone has also
been accomplished using amino acids possessing p-substituents that restrict the
x-dihedral angle [20, 21]. Metabolically labile amides may be replaced with
isosteric groups, such as hydroxyethylene (CH(OH)CH,), E-alkene (CH=CH),
and reduced amide (CH,NH) moieties [22]. Alternatively, strategies involving
B-amino acid [23], N-alkylglycine (peptoid) [24], and retro-inverso analogs [25]
may be employed to confer increased resistance toward protease activity. In sum, a
variety of methods have been used to convert peptide leads into peptidomimetics.
Natural products represent an alternative source of molecules that exhibit
peptidomimetic activity. The drug morphine, which was isolated from the poppy
over two centuries ago, may be considered the grandfather of peptidomimetics,
because of its capacity to exhibit analgesic activity similar to the natural peptide
enkephalin by binding and exhibiting agonist potency (EDsy=3.0 nM) at the p
opioid receptor subtype [26, 27]. The antibiotic penicillin may likely mimic the p-
Ala-p-Ala dipeptide when inhibiting the cross-linking of peptidoglycan by
transpeptidase enzymes during bacterial cell wall synthesis [28, 29]. Furthermore,
the immunosuppressant Rapamycin mimics proline-containing peptide substrates
when inhibiting the peptidyl-prolyl cis-trans-isomerase, FKB12 protein [30, 31]. In
addition, natural products that mimic peptides may display improved pharmacoki-
netic properties, including enhanced oral bioavailability and metabolic stability.

1.2 The Pictet-Spengler Reaction

The synthesis of tetrahydroisoquinoline analogs by condensation of
2-phenylethylamine derivatives (e.g., 1) and dimethoxymethane on heating in
concentrated aqueous hydrochloric acid was first reported by Amé Pictet and
Theodor Spengler in 1911 (Scheme 1) [32].
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Scheme 1 Representative early examples of Pictet-Spengler reactions: (a) 2-phenylethylamine
derivatives with dimethoxymethane was reported by Pictet and Spengler [32]; (b) tryptamine with
paraldehyde by Tatsui [34]

The reaction is believed to proceed by a 6-endo-trig cyclization featuring
intramolecular electrophilic aromatic substitution of an iminium ion intermediate
[33]. In the original report, Pictet and Spengler employed three different substrates
(2-phenylethylamine, Phe, and Tyr) obtaining tetrahydroisoquinolines 2 with
higher yields for the amino acids. Subsequently in 1928, Goro Tatsui reacted
tryptamine (3) with paraldehyde (the trimer of acetaldehyde) in dilute aqueous
sulfuric acid to obtain tetrahydro-p-carboline 4 [34]. The mechanism of the Pictet-
Spengler reaction with tryptamine is commonly assumed to occur by way of attack
of the indole 3-position onto the iminium ion to provide a spirocyclic intermediate
that undergoes 1,2-rearrangement and ring expansion to the fused ring system
[35]. Electron-rich aromatic systems were soon found to give product under milder
conditions. For example, tryptophan condensed with formaldehyde under physio-
logical conditions to give after 4 days 1,2,3,4-tetrahydroisoquinoline-3-carboxylic
acid (Tic) [36, 37]. Moreover, the enzyme strictosidine synthase (STR) has been
characterized as the first Pictet-Spenglerase and shown to catalyze the Pictet-
Spengler reaction of tryptamine with secologanin to give 3a(S)-strictosidine, a
central intermediate in the biosynthesis of many indole alkaloids, such as vindoline
[38—42]. In contrast to STR, which is specific for tryptamine substrates [43, 44], the
Pictet-Spenglerase norcoclaurine synthase (NCS) requires the 3-hydroxy substitu-
ent on the aromatic ring of dopamine to catalyze condensations, such as that with
4-hydroxyphenylacetaldehyde to give (S)-norcoclaurine, a precursor for the bio-
synthesis of (§)-reticulin and morphine [45-51]. Complementing the plant-derived
enzymes, a fungal Pictet-Spenglerase (FPS) was found to catalyze the reaction of
1-methyl-Trp with flavipin [52].

Pictet-Spengler reactions with aldehydes other than formaldehyde afford a new
chiral center, which may be introduced stereoselectively with enzymes and other
chiral catalysts [53, 54]. In 2004, Taylor and Jacobsen described the first
enantioselective catalytic Pictet-Spengler reaction [55], employing N-acyliminium
ions to increase reactivity during thiourea catalysis (Scheme 2a). Tryptamines (e.g.,
5) were treated with aldehyde to form the corresponding imines, activated by
acylation with acetyl chloride, and reacted in the presence of thiourea catalyst 6 to
produce tetrahydro-f-carbolines 7 in good yields and 86-95% enantiomeric purity.

Subsequently, enantioselectivity (32-92% ee) without acyl iminium ion forma-
tion was achieved using aromatic aldehydes, which were first condensed with
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Scheme 2 Representative catalytic enantioselective Pictet—Spengler reactions: (a) chiral thiourea
catalyzed N-acyliminium reaction by Taylor and Jacobsen [55]; (b) chiral Brgnsted acid catalyzed
iminium reaction [56]. MS molecular sieves, Boc tert-butoxycarbonyl
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Scheme 3 Representative examples of Pictet—Spengler reactions using chiral auxiliaries: (a)
reaction of N,N-phthaloyl-protected amino acid derivatives [57, 58]; (b) reaction of N-sulfinylated
derivatives [59]

amine to form imine, and then reacted with Brgnsted acid catalyst 8 with trapping of
the fused piperidine product in situ with di-tert-butyl dicarbonate to afford
tetrahydro-f-carbolines 9 in 23-95% yields (Scheme 2b) [56].

Chiral auxiliaries have been employed in diastereoselective Pictet-Spengler
reactions. For example, preformed imines were activated with N,N-phthaloyl-
protected amino acid chlorides (e.g., 10) and catalytic titanium isopropoxide to
provide tetrahydro-p-carbolines 11 with >5:1 diastereoselectivity (Scheme 3a) [57,
58]. The valine-derived chiral auxiliary was later removed reductively on treatment
with lithium aluminum hydride. Sulfinylation with (1R,2S,5R)-menthyl-(S)-p-
toluenesulfinate installed the sulfinyl chiral auxiliary on dopamine 12, which
underwent Pictet-Spengler reactions with aldehydes in the presence of boron
trifluoride to provide tetrahydroisoquinolines 14 in 36-86% yields with >3:1
diastereoselectivity (Scheme 3b) [59]. The chiral auxiliary was removed by solvol-
ysis with acid. The sulfinyl auxiliary has also been employed in the diastereo-
selective conversion of tryptamine into tetrahydro-p-carbolines [60].

Diastereoselective Pictet-Spengler reactions of a-amino acid derivatives pro-
ceed with varying degrees of chiral induction. For example, tryptophan-derived
B-amino nitrile 15 reacted with different aldehydes to give tetrahydro-p-carbolines
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Scheme 4 Representative examples of diastereoselective Pictet—Spengler reactions: (a) reaction
of beta-amino nitrile tryptophan derivatives [61]; (b) reaction of N-benzyl tryptophan derivatives
[62, 63]. MS molecular sieves, TFA trifluoroacetic acid

16 with >20:1 diastereoselectivity in favor of the cis-diastereomer (Scheme 4a)
[61]. N-Benzyl tryptophan methyl ester reacted with aldehydes in Pictet-Spengler
reactions to exclusively give the trans-isomer of tetrahydro-f-carbolines 18 in
>T70% yields [62, 63]. The N-benzyl group was subsequently removed by catalytic
hydrogenation.

2 Synthesis of Peptidomimetics via the Pictet-Spengler
Reaction

2.1 Bi- and Tricyclic Peptidomimetics

The Pictet-Spengler reaction is well suited for the preparation of peptidomimetics,
because constrained aromatic amino acids can be readily synthesized from their
natural counterparts with stereocontrol: 1,2,3,4-tetrahydroisoquinoline-3-carbox-
ylic acid (Tic) from Phe [64]; 7-hydroxy-1,2,3,4-tetrahydroisoquinoline-3-carbox-
ylic acid (Htc) from Tyr [65]; 1,2,3,4-tetrahydro-p-carboline-3-carboxylic acid
(Tcc) from Trp [66]; and spinacine (Spi) from His [67]. These conformationally
rigid amino acids have been synthesized as discrete building blocks and incorpo-
rated into the peptide chains, as well as assembled directly on the peptide. They are
useful for the development of peptidomimetics, because of their potential to:
(1) improve metabolic stability by N-alkylation, (2) increase oral bioavailability
by increasing lipophilicity, and (3) constrain the peptide into the active conforma-
tion. For example, the constrained phenylalanine derivative 1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic acid (Tic, 19) and its enantiomer have successfully been
applied in the design of subtype (i, 8) selective opioid receptor antagonists (Fig. 1).
In particular, the p-selective (u/6 = 7,770) antagonist TCTP (21) was prepared from
the potent (ICsy = 3.7 nM) p-antagonist CTP (20) by replacement of the terminal p-
Phe with p-Tic [68, 69]. The &-selective (6/u = 1,410) antagonist TIPP (23) was
prepared from the p-selective (u/6=38) agonist Tyr-p-Phe-(Phe),-NH, (22) by
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Fig. 1 Representative examples of peptides possessing 1,2,3,4-tetrahydroisoquinoline-3-carbox-
ylic acid (Tic, 19) residues
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o AR
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Fig. 2 Opioid p-receptor selectivity (Ks/K,,) and affinity (K;) of EM2, p>hPhe/p*hPhe analog 24,
and constrained analogs 25, 26R, and 26S [71]

exchanging p-Phe and the terminal carboxamide with Tic and carboxylate,
respectively [70].

Pictet-Spengler reactions of formaldehyde with N-Cbz-*- and $*-homopheny-
lalanine methyl esters followed by hydrogenolytic cleavage of the carbamate
protection have provided respectively methyl 2-(1,2,3,4-tetrahydroisoquinolin-3-
yl)acetate (Tia) and methyl 2,3,4,5-tetrahydro-1H-benzo[c]azepine-4-carboxylate
(Tbac), which were introduced into constrained analogs of endomorphin-2 (EM-2,
Tyr-Pro-Phe-Phe-NH,, Fig. 2) [71]. The parent peptide EM-2 exhibits high affinity
and selectivity for the p-relative to the 8- and x-opioid receptor subtypes, but lacks
oral availability and a long duration of action.

Constrained EM-2 analogs were synthesized containing the tetrahydroiso-
quinoline (e.g., 25) and tetrahydrobenzo[c]azepine (e.g., 26S and 26R) heterocycles
and tested for affinity and selectivity toward opioid receptors expressed in Chinese
hamster ovary cells, respectively, against [3H]DPDPE (cyclo[D-Penz,D-PenS]-
enkephalin and [’H]DAMGO ([p-Ala’,N-MePhe*,Gly-ol°]-enkephalin) as p- and
O-subtype selective radio ligands. All three constrained analogs (25, 265, and 26R)
exhibited lower affinity and a loss of p/d selectivity relative to EM-2 and its
non-constrained p-Phe counterpart 24 [71].

The Pictet-Spengler reaction has also been used in the synthesis of analogs of
bioactive natural products that may be regarded as peptidomimetics, such as the
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Scheme 5 Utilization of Pictet-Spengler reaction in the solid-phase synthesis of fumitremorgin-
type diketopiperazines [65, 66]. AA amino acid, CIP 2-chloro-4,5-dihydro-1,3-dimethylimi-
dazolium hexafluorophosphate, NMP N-methyl-2-pyrrolidone

fumitremorgin-type diketopiperazines [72, 73]. Employing a solid-phase approach,
a 42-membered library of diastereomeric mixtures of fumitremorgin-type diketopi-
perazines was prepared from tryptophan resin 27. Six different aldehydes were
condensed with 27 to produce tetrahydro-f-carbolines (Scheme 5), each of which
was coupled to seven different amino acids to provide dipeptides 28. After Fmoc
removal, cyclization of 28 to diketopiperazines with concomitant cleavage gave
fumitremorgin analogs 29 in moderate to excellent overall yields and purity. After
screening the library, several members were identified as selective inhibitors of
breast cancer resistance protein that were devoid of the undesired effects exhibited
by fumitremorgin C [74].

Turn mimics have been prepared by Pictet-Spengler reactions between various
amino aldehydes and amino acids with aromatic side chains (e.g., Phe, Tyr, Trp,
and His). The resulting heterocyclic amino acids may mimic the central residues of
B-turn motifs in longer peptides to enhance biological activity and improve meta-
bolic stability. Furthermore, the tetrahydroisoquinoline bicyclic framework is a
common pharmacophore [75] and thus an intriguing motif for enhancing peptide
properties.

B-Turn mimics 34R,S and 37R,S with capability of stabilizing a ten-membered
hydrogen-bonded ring structure were, respectively, synthesized by Pictet-Spengler
reactions of the phenylalanine derivatives 31 and 35 with N-Cbz-alaninal and 5%
TFA in dichloromethane (Scheme 6) [76]. Conformational analysis of the individ-
ual diastereomers of 34 and 37 by computation, as well as NMR and IR spectros-
copy, indicated that all of the four isomers were capable of adopting preferred turn
conformations featuring ten-membered hydrogen bonds. Moreover, tetrahydroiso-
quinoline 378 with the 1- and 3-position ring substituents in the trans-configuration
was found to stabilize a second 14-membered hydrogen bond in a P-hairpin
conformation (Scheme 6).

Type II' B-turn mimics possessing pyrroloisoquinoline structures were synthe-
sized by a route featuring the Pictet-Spengler reaction of L-DOPA 38 with aspartate
B-aldehyde 39 using 5% TFA in dichloromethane (Scheme 7) [77]. Tetrahydroiso-
quinolines 40 were isolated as a 1:1 mixture of diastereomers, which on heating in
toluene at reflux provided lactams 41 that were separated by chromatography on
silica gel. After the exchange of the Cbz protection for an acetyl group, diastereo-
mers 425 and 42R were, respectively, isolated in 31% and 30% overall yield from
38.
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Scheme 7 Synthesis of pyrroloisoquinoline peptidomimetics 42R and 428 and hydrogen bonding
of 42R [77]. Cbz carboxybenzyl

Conformational analysis of pyrroloisoquinolines 42 using computation as well
as NMR and IR spectroscopy indicated the convex isomer 42R favored a type II'
B-turn. On the other hand, the convex isomer 425 was suggested to prefer an inverse
y-turn structure. The lowest energy conformer of 42R obtained by Monte-Carlo
calculations was shown to adopt torsion angles and a ten-membered hydrogen-
bonded ring characteristic of a type II' p-turn conformation [77]. Involvement of the
methylamide NH in an intramolecular hydrogen bonding was supported by the
limited influence of increasing temperature on its chemical shift during NMR
experiments, as well as observation of a lower-energy stretching vibration in the
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NH region of the IR spectra. Pyrroloisoquinolines may thus serve as turn inducers
for mimicry of Tyr-Ala motifs in the central core of - and y-turn secondary
structures [77].

Toward y-turn mimicry, pyrrolo[3,2-e][1,4]diazepin-2-ones have been prepared
by a route featuring Pictet-Spengler reaction and their conformation studied by
X-ray crystallographic analysis [78]. In the solid state, the amino acid component of
pyrrolo[3,2-¢e][1,4]diazepin-2-one 45 (R' =s-Bu, R’= Ph) exhibited dihedral
angles (w =72° and ¢ = —93) comparable to those of the central residue in an
ideal reverse y-turn (y = 60-70° and ¢ = —70° to —85°).

In a solution-phase approach, methyl ($)-4-oxo-1-(9-phenyl-9H-fluoren-9-yl)
prolinate (43) was treated with different amines in the presence of p-TsOH to
furnish 4-N-substituted-aminopyrrole-2-carboxylates that were coupled with dif-
ferent N-Fmoc-amino acids to give amides 44. Following Fmoc deprotection and
formation of the HCI salt, the resulting amino pyrroles underwent intramolecular
Pictet-Spengler-type reactions to provide pyrrolo[3,2-e][1,4]diazepin-2-ones 45,
predominantly as the cis-isomer (Scheme 8). The preference for the cis-isomer
was suggested to be due to the amino acid side chain adopting an equatorial
orientation in a transition state featuring endo-attack on the E-iminium ion. To
facilitate diversity-oriented synthesis of pyrrolodiazepinone libraries, alternative
strategies were later studied using Merrifield and Wang resins [79], as well as
tetraarylphosphonium (TAP) soluble support [80]. Compounds containing the
pyrrolo[3,2-¢e][1,4]diazepin-2-one scaffold (45), designed as mimetics of the Bip-
Lys-Tyr sequence of urocontrin, were found to differentially modulate urotensin
II-mediated vasoconstriction ex vivo [81].

The Pictet-Spengler reaction with [''C]formaldehyde has been used to success-
fully introduce a radiolabel into the integrin receptor ligand cyclo[Arg-Gly-Asp-p-
Tyr-Lys] [82]. After installation of a Trp residue on the e-amine of the Lys residue
in peptide 46, both manual and remote-controlled syntheses were used to perform
the Pictet-Spengler reactions and isolate the labeled Tcc analog 47 in 5.9 +1.9%
radiochemical yield (n =4), with a total synthesis time of about 35 min (Scheme 9).

Exploiting the bio-orthogonal reaction of aldehydes and alkoxyamines to form
oxyiminium ion intermediates, a Pictet-Spengler reaction between aldehyde-
functionalized proteins 48 and a modified (e.g., fluorescently labeled) indole 49 at
pH 4-6 was developed to label proteins, such as glyoxal-myoglobin and
FGly-a-HER?2 (a formylglycine variant of a therapeutic antibody) with hydrolyti-
cally stable oxacarbolines 51 (Scheme 10) [83]. Employing the hydrazine counter-
part, N-labeled 2-((1,2-dimethylhydrazinyl)methyl)indole 50 in the related Pictet-

’ 1) piperidine, DMF
o 1) BANH,, TsOH R Bn then HCI, THF o

o 85-86% N
2!
N” "COzMe  2) Fmoc-AA-OH HN N

PhF BTC, 2,4,6-collidi COzMe  2)RECHO, TFA
, 2,4,6-collidine 5
THE 75000 PhMe, 5-48% R

43 44 (overall yield) 45 (10 examples)
d.r. >99:1

Bn
i

Scheme 8 Synthesis of pyrrolo[3,2-e][1,4]diazepin-2-ones 45 [78]. BTC bis(trichloromethyl)
carbonate, PhF 9-phenylfluoren-9-yl
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Scheme 10 Biocompatible hydroxylamino-Pictet-Spengler ligation of aldehyde proteins 48
[83, 84]. POI protein of interest, AF488 Alexa Fluor 488 (fluorescent dye)

Spengler reaction, the corresponding azacarboline 52 conjugates were prepared and
shown to be stable in human plasma for over 5 days, a period during which the
related hydrazone and oxime analogs were usually hydrolytically labile [84].

2.2 Polycyclic Peptidomimetics

Heterocycles containing multiple rings have been synthesized using strategies
featuring the Pictet-Spengler reaction [85, 86]. Extra rings may increase conforma-
tional rigidity and lipophilic character with consequences of improved metabolic
stability and oral bioavailability.

Four novel tetrahydro-f-carboline peptidomimetic scaffolds were prepared
starting from the Pictet-Spengler reaction of Trp methyl ester (53) with different
a-amino aldehydes: Ala-H, Val-H, Leu-H, Phe-H, Ile-H, and Nle-H [87]. The
relative stereochemistry of tetrahydro-fB-carboline 54 was contingent on the con-
figuration of the starting materials, such that L-Trp reacted with p- and L-a-amino
aldehydes to provide stereoselectively the cis- and trans-ring systems, respectively
[88]. Subsequent cyclizations on the different diastereomers gave skeletally diverse
imidazolidin-2-one, imidazolidine, and piperazin-2-one peptidomimetic products
55-58 (Scheme 11). The conformation of the methylamide derivatives of esters 55,
57, and 58 were examined by computational and NMR spectroscopic methods,
which indicated a preference for extended backbone geometry. In contrast to f-turn
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Scheme 11 Synthesis of tetracyclic tetrahydro-f-carboline peptidomimetics from Trp [87]. CDI
N,N'-carbonyldiimidazole, HOBt hydroxybenzotriazole
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N N_o
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R HOO =HMBA-PEGAg, 62
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Scheme 12 Solid-phase N-acyliminium synthesis of 61, 63, and 64 [89]. SPPS solid-phase
peptide synthesis, HMBA 4-hydroxymethylbenzoic acid, DTT dithioerythritol, DBU
1,8-diazabicyclo[5.4.0]Jundec-7-ene

inducing scaffolds (e.g., 34) which display ' gauche-(—) conformation, the addi-
tional ring of analogs of 55, 57, and 58 creates allylic strain that forces the
carboxylate axial and changes the y' conformation to gauche-(+) orienting
extended structure [76].

Levulinamides derived from amino acids bearing electron-rich aromatic (e.g.,
3,4-dimethoxyphenyl) and heteroaromatic (e.g., furyl, thienyl, benzothienyl, and
indolyl) side chains (e.g., 60) were employed as precursors to N-acyliminium ion
intermediates in a diastereoselective solid-phase Pictet-Spengler reaction strategy
(Scheme 12) to synthesize various peptidomimetic heterocyclic systems (17 exam-
ples, e.g., 61) [89]. Elaboration of 5-azido-levulinamide 60 in the sequence gave
cis-tetrahydro-f-carboline 62, which was subsequently reacted with different acet-
ylenes using the Cu'-catalyzed azide-alkyne cycloaddition reaction to provide
triazoles 63. Alternatively, reduction of azide 62 and lactam formation gave bridged
ketopiperazine 64.

The combination of multicomponent reactions with the Pictet-Spengler cycliza-
tion has proven an effective approach for assembling polycyclic peptidomimetics
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Scheme 13 An Ugi/Pictet-Spengler reaction sequence to f-turn mimic 70R [94]. TBTU N-[(1H-
benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium tetrafluoroborate  N-
oxide
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Scheme 14 One-pot  Ugi/Pictet-Spengler ~ reaction to  bridged ketopiperazine-
tetrahydro-p-carbolines 76 and tetrahydroisoquinolines 77 [95]

[90-93]. For example, the combination of Ugi and Pictet-Spengler reactions has
been used to assemble B-turn mimic 70 (Scheme 13) [94].

The Ugi reaction of tryptophan-derived isocyanide 65 with glycine-derived
amine 66 and aldehyde 67 and acetic acid in methanol gave a 1:1 mixture of
diastereomers 68 in 50% yield. After separation by chromatography, each diaste-
reomer of 68 was respectively exposed to formic acid at elevated temperature to
provide ketopiperazines 69R and 69S. Ester hydrolysis and amidation gave
methylamides 70R and 70S possessing, respectively, the amino methyl residue on
the same or opposite face of the bicycle as the carboxamide. Only the R-diastereo-
mer (70R) was observed to adopt a B-turn-like conformer based on computational
analysis and NMR experiments, in which the exchange of the amide NH protons
with deuterium and changes of amide NH chemical shifts with temperature and
solvent composition were studied [94].

Bridged ketopiperazine-tetrahydro-p-carbolines 76 and tetrahydroisoquinolines
77 were prepared by a similar Ugi/Pictet-Spengler approach using, respectively,
tryptophan, 5-hydroxytryptophan, O-methyl tyrosine, and O,0-dimethyl DOPA as
the carboxylate component (Scheme 14) [95]. Sets of ketones 71 and isocyanides 73
were reacted with aminoacetaldehyde dimethyl acetal (72) and the amino acid (74
or 75) in a one-pot Ugi reaction in methanol to give the corresponding amido amide
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Scheme 15 Synthesis of fused tetrahydro-f-carboline-diketopiperazine o-turn mimic [97]

products, which after evaporation of the volatiles were dissolved in formic acid to
affect the Pictet-Spengler reaction. After purification, the bridged ketopiperazines
76 and 77 were obtained as single diastereomers without detectable loss of the
amino acid configuration, in modest to good yield. Along similar lines, a one-pot
sequential Ugi/Pictet-Spengler/reductive methylation protocol was used to synthe-
size piperazinohydroisoquinolines related to alkaloid natural products [96].

Diketopiperazines are cyclic dipeptides that may exhibit hydrogen bonding and
non-covalent side-chain interactions but are relatively metabolically stable com-
pared to linear peptides, in part because they are not recognized by proteases.
Diketopiperazines have thus been employed as core units in the design of different
peptidomimetics for drug discovery.

For example, a-turn mimic 81 was prepared by a combination of the
tetrahydro-p-carboline and diketopiperazine skeletons (Scheme 15) [97]. Segments
of regular a-helical peptides featuring a hydrogen bond between the carbonyl oxygen
of the i and the amide NH of the i + 4 residues, a-turn peptide analogs have exhibited
bacteriolytic, antiviral, and anti-HIV activities. Tetrahydro-p-carboline 79 was syn-
thesized as a 2:1 mixture of cis-trans-diastereomers in 70% yield by the Pictet-
Spengler reaction of tryptophan methyl ester and N-Cbz-aminoacetaldehyde dimethyl
acetal using TFA in dichloromethane. Annulation of the diketopiperazine onto cis-
isomer 79 and conversion of the ethyl ester to its N-methylamide counterpart gave 81,
which was predicted to adopt the 13-membered hydrogen-bonded a-turn structure
using computer-aided conformational analysis. Subsequently, the oa-turn was
supported by NMR spectroscopic studies, in which the chemical shift of the amide
NH signal was relatively unaffected compared to the carbamate NH signal during
modifications of temperature and environment.

Two solid-phase approaches were developed to combine the tetrahydroiso-
quinoline and diketopiperazine skeletons in peptidomimetics 84 and 86-88
(Scheme 16) [98]. In the first, solid-phase peptide synthesis was used to prepare
linear peptide precursor 83 featuring serine and an electron-rich phenylalanine
derivative at the first and third residues in the sequence. Oxidative cleavage of
the serine residue with sodium periodate generated the N-terminal glyoxylic amide,
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Scheme 16 The stereoselective synthesis of fused tetrahydro-p-carboline and diketopiperazine
skeletons [98]

which underwent Pictet-Spengler reaction on treatment with acid and was cleaved
from the support by basic hydrolysis to give the fused trans-tetrahydroisoquinoline-
diketopiperazine ring systems 84. The cyclic N-acyliminium ion intermediate was
readily formed with a variety of amino acids at the second residue in the sequence,
including cyclic and linear amino acids with aromatic and aliphatic side chains, and
reacted with complete diastereoselectivity. In the second strategy, glyoxylic acid
was reacted with the N-terminal O,0-dimethyl DOPA residue of the resin-bound
peptide to provide a preference of the cis-tetrahydroisoquinoline diastereomer,
which was coupled to proline and cyclized to diketopiperazine 87. The utility of
the strategy was validated by the synthesis of hydroxamates (e.g., 88) that exhibited
inhibitory activity for class IIb histone deacetylases (HDACs) with selectivity for
the HDAC 6 over the HDAC 10 isoform.

2.3 Spirocyclic Peptidomimetics

Spirocyclic heterocycles are common components of natural products, such as
gelsemine and spirotryprostatins. In peptidomimetics, spirocycles have been
employed to restrict backbone geometry as well as to orient pharmacophores in
spatially defined scaffolds. A series of spirocyclic B-turn mimics have been pre-
pared employing sequences featuring Pictet-Spengler reactions on a-benzyl and
a-indolylmethyl a-amino y-lactams derived from 90 and 94 (Scheme 17) [99-
101]. The respective tetrahydroisoquinoline and tetrahydro-p-carboline spirocyclic
y-lactam derivatives (e.g., 92 and 96) have been demonstrated to adopt p-turn
conformations and have been employed to study biologically active peptides
(vide infra) [99, 100].
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Scheme 17 Synthesis of tetrahydroisoquinoline and tetrahydro-f-carboline spirocyclic y-lactams,
somatostatin mimics 97 and 98 [99, 100]. TBAF tetra-n-butylammonium fluoride
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Scheme 18 Synthesis of tetrahydroisoquinoline spirocyclic d-lactams [101]

Table 1 I,Dilhedral a;lé%h;SG for “Compound g +1) [wi+D) [p+2) [wi+2)

spirocyclic lactams 92, 96, S S O -

and 104 (solid state) and for 92 48'90 7133'70 —894 _ 10'80

an ideal p-turn [99-101] 96 510 —1340° | -105.0° 310
104 49.4° —1355° | -110.1°  |40.7°
Ideal p-turn 60° —120° —80° 0°

Tetrahydroisoquinoline spirocyclic 8-lactam 104 was synthesized from a-benzyl
vinylglycine 99 by a related approach featuring a Pictet-Spengler reaction followed
by ring-closing metathesis (Scheme 18). After aminolysis of ester 103, hydrogena-
tion of the double bond gave &-lactam 104.

The p-turn conformation of the spirocyclic mimics was predicted using molec-
ular mechanic calculations, which suggested the presence of a ten-membered
hydrogen bond. This observation was further supported by NMR and IR spectro-
scopic studies. Moreover, the X-ray crystal structure of 92, 96, and 104 demon-
strated that they adopted the hydrogen bond and dihedral angle values similar to
that of an ideal type II' B-turn (Table 1) [99-101].

In an attempt to illustrate their potential as peptidomimetics,
tetrahydro-f3-carboline spirocyclic y-lactams were introduced into analogs 97 and
98 to mimic the p-turn fragment of the biologically active peptide somatostatin
(Scheme 17), albeit without significant detectable receptor affinity [100].
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Scheme 21 Pictet-Spengler reactions with glyoxal and Trp derivatives to provide diastereomeric
heptacycles 112-114 [106]

The oxa-Pictet-Spengler reaction was used to synthesize cebranopadol 107
(Scheme 19) [102]. A novel analgesic, cebranopadol 107, has been found to
activate all four opioid receptor subtypes and to exhibit efficacy in a mouse
model of acute pain with potency comparable to fentanyl [103, 104].

Employing one equivalent of TFA in dichloromethane, octahydropyrrolo
[3/,2":3,4]pyrrolo[2,3-blindoles 109 were isolated as the major product in 35-63%
yields along with 20-30% of the expected tetrahydro-p-carbolines 110 from Pictet-
Spengler reactions of Trp methyl ester (§3) and a variety of enantiopure a-amino
aldehydes 108: Fmoc-Gyl-H, Fmoc-Ala-H, Fmoc-Phe-H, Boc-Phe-H, Fmoc-Asp
(tBu)-H, and Fmoc-Lys(Boc)-H (Scheme 20) [105]. Scaffold 109 arises from
trapping the spiro-iminium intermediate (vide supra) with the appended amino
functionality and offers promise for peptidomimetic development.

Ring systems related to octahydropyrrolo[3’,2':3,4]pyrrolo[2,3-b]indoles 109 were
prepared by employing glyoxal to react on two Trp derivatives 111 (Scheme 21)
[106]. Initially, Pictet-Spengler reaction of L-Trp derivative 1115, glyoxal, and
catalytic TFA provided a tetrahydro-p-carboline aldehyde intermediate that reacted
subsequently with a second L- or p-Trp derivative 1115 or 111R to provide diaste-
reomeric heptacycles 112-114. Although the combination of two L-Trp derivatives
111S gave a diastereomeric mixture of 112 and 113, the mixture of L- and p-Trp
derivatives 1115 and 111R with glyoxal produced a racemic mixture of 114.
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3 Perspectives

Peptides are attractive natural leads for drug discovery, and they can be elaborated
to modulate many pharmacological targets. Unfortunately, native peptides often
display unfavorable pharmacokinetic properties, including poor bioavailability,
low metabolic stability, and lack of receptor selectivity. Peptidomimetics ideally
combine the ability to bind targets with high affinity with improved pharmacoki-
netic properties. The Pictet-Spengler reaction has played a major role in the
development of such peptidomimetics, reflecting its unique synthetic potential for
the construction of structurally diverse molecular architectures. Applications of
enantioselective catalysis, diversity-oriented synthesis, and solid-phase combina-
torial chemistry have facilitated the assembly of peptidomimetics by the Pictet-
Spengler reaction for studies in peptide science and chemical biology. In particular,
the Pictet-Spengler reaction has proven effective for the construction of peptide
turn mimics and rigid molecular scaffolds for displaying pharmacophores with
defined orientations. Moreover, the Pictet-Spengler reaction has also proven valu-
able for labeling and tagging peptide and protein structures by way of metabolically
stable linkers. Considering the diverse range of applications and utility of the Pictet-
Spengler reaction, there is little doubt that this reaction will retain its popularity in
the hunt for bioactive molecules in the future.
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Abstract Iminium ion chemistry represents a versatile transformation capable of
introducing structurally diverse constraints into peptide backbones. The compati-
bility of iminium ion chemistry with traditional solid-phase peptide synthesis
methods enables the introduction of constraints without requiring solution-phase
synthesis. This chapter describes the introduction of constrained molecular scaf-
folds composed of single, fused, and bridged heterocycles into peptide backbones.
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1 Introduction

1.1 General Strategy

The synthesis of peptidomimetics containing fused and bridged chiral heterocycles
with a three-dimensional architecture requires robust and versatile synthetic
methods. Among the plethora of chemical transformations used to achieve various
peptide backbone constraints, the tandem N-acyliminium ion cyclization—nucleo-
philic addition reaction represents a particularly attractive option (Fig. 1). The
chemistry of N-acyliminium ions has been applied in the synthesis of diverse
heterocyclic compounds [1-5]. With respect to peptidomimetics, the most attrac-
tive features of the iminium-based synthetic strategy include (1) access to structur-
ally diverse constraints, (2) the modular independent synthesis of individual ring
precursors, and (3) compatibility with traditional Merrifield solid-phase peptide
synthesis. In the general concept, an acyclic precursor is assembled and exposed to
acid-mediated cyclic iminium ion formation and then a second ring closure by
nucleophilic addition (Fig. 1). Acyclic precursors have been designed for the
construction of two rings in scenarios yielding fused and bridged systems.

Fused ring system

New chiral cemer
0., N c Masked

¢ 5=C0- CIO

Amlne amide, sulfonamide

Bridged ring system

/ (0]
H-Nu | H
~Nu NU *
<—— =
|
H N
N R R

Fig. 1 General schemes of tandem N-acyliminium ion cyclization—nucleophilic addition reac-
tions to fused and bridged ring systems
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Fig. 2 Masked forms of aldehyde precursor for cyclic iminium ion formation
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Fig. 3 Potential products from the exposure of acyclic intermediate to acid

Among the various methods for iminium ion synthesis, the condensation of
secondary amides with aldehydes (and ketones) is regarded as one of the most
versatile [3, 6-8]. This route has been particularly effective using peptide backbone
amides for N-acyliminium ion formation. Typically, the acyclic precursor is pre-
pared with “masked” aldehyde functionality (Fig. 2). Synthetic routes to the
aldehyde precursor include acid-mediated acetal deprotection [9—-11], alcohol oxi-
dation, olefin oxidation by ozonolysis [12] and by OsO, catalysis [13], as well as
acid-catalyzed 1,3-oxazinane cleavage [14, 15].

After assembly of the acyclic precursor is completed, acid (e.g., TFA and formic
acid) is typically employed to form the cyclic iminium ion. Depending on the
precursor structure, the conversion of the unprotected aldehyde to the iminium ion
may proceed slowly providing mostly lineal aldehyde or stop at the cyclic geminal
amino alcohol intermediate (Fig. 3). Similarly, attack of the internal nucleophile to
the iminium ion may close the second ring forming the bicycle or may be impeded
by steric and electronic factors, including formation of cyclic enamine instead. The
spectrum of potential products depends largely on the structure of the intermediate
and is discussed case by case because of the lack of general rules dictating
cyclization.

1.2 Application to Peptides

As mentioned, compatibility with Merrifield solid-phase peptide synthesis is an
attractive feature of the iminium ion strategy. The prerequisite aldehyde may be
advantageously incorporated by attachment of a protected two-carbon unit to the
peptide backbone amide nitrogen. The N-(2-oxo-ethyl)peptide derivative can in
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principle form N-acyliminium species in two directions (Scheme 1) [16]. The cyclic
N-acyliminium ion can, respectively, react in the direction of the peptide N- or C-
terminal to give cyclic N-acyliminium ions 2 [9, 11, 17-19] and 4 [10]. Cyclization
in either direction is viable, and both modes of N-acyliminium ion cyclization have
been reported [9—11].

In the absence of nucleophile, intermediates 2 and 4 convert to
3,4-dihydropyrazin-2(1H)-ones 3 and §, respectively [20, 21]. Both scenarios
have been documented for model compounds that provided selectively each of
the two six-membered rings [22].

The masked aldehyde may also reside on the amino acid side chain, albeit this
synthetic scenario has been documented in only a few examples [23]. In this case,
the bridging element connects the C* carbon and amide nitrogen (Fig. 4).

Cyclic N-acyliminium ions have been transformed into more complex structures
by intramolecular nucleophilic addition to form fused bicyclic ring systems (e.g., 6—
9) [2-5, 24]. Peptide amide and amino acid side chains (O, S, N, C) have served as
the nucleophile (Scheme 2).

2 Single Heterocycles

Although N-acyliminium ion chemistry is predisposed for a subsequent nucleo-
philic addition reaction, in the absence of a nucleophile, the cyclic iminium ion can
undergo deprotonation in a neutral medium, forming dihydropirazinones which can
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be reduced to piperazinones. Piperazines and piperazinones are common
pharmacophore components in numerous drugs and have thus been targeted by a
variety of chemical routes (reviewed in [25]).

3,4-Dihydropyrazin-2(1H )-ones have been synthesized from linear 2-amino-N-
(2,2-dimethoxyethyl)acetamide precursors by iminium ion cyclizations (Scheme 3)
[20, 21]. For example, the bromide of bromoacetal resin 10 was displaced by
various amines, and the resulting amino acetal 11 was acylated by different N-
(Fmoc)amino acids [20]. After Fmoc group removal, amine acylation with various
acids, acid chlorides, and isocyanates (12), followed by resin cleavage and cycli-
zation, gave dihydropirazinones 13. Alternatively, the protected aldehyde was
introduced by bromoacetylation of the amine resin (14), followed by the nucleo-
philic displacement of bromine with the 2,2-dimethoxyethylamine providing 15
[21]. Piperazinones 18 have been prepared by reduction of the dihydropirazinones
17 by hydrogenation, typically using a palladium catalyst [26-28], and hydride
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addition using triethylsilane (TES) [21, 29] and NaCNBH; [26]. Cleavage from the
resin 16 carried out in the presence of TES provided direct access to piperazinones
18, along with minor amount of alcohol 19 [21].

3 Fused Heterocycles

Bicyclic systems with different ring sizes have been assembled from acyclic sub-
strates by intramolecular iminium ion formation and trapping with various internal
nucleophiles. Key to these strategies has been the introduction of protected alde-
hydes into the peptide by different routes, featuring suitable polymeric supports and
building blocks. Based on the ring size of the iminium ion intermediate, this section
is divided into three parts: (1) five- and six-membered, (2) seven-membered, and
(3) eight- and nine-membered iminium ion intermediates.

3.1 Fused Ring System Synthesis Using Five- and Six-
Membered Iminium Ions

3.1.1 Synthetic Strategies to Access Acyclic Precursors

Acetal protection has been effectively used to introduce the aldehyde component
for solid-phase iminium ion approaches to bi-, tri-, and tetracyclic heterocycles. For
example, 5,6-fused 1-acyl-3-oxopiperazines 21 were synthesized using dipeptide
amide 20 linked to the acetal attached to TentaGel OH resin. Treatment with TFA
induced resin cleavage, iminium ion formation, and attack of the N-terminal
carbamate to form conformationally rigid peptidomimetic bicycle 21 (Scheme 4a)
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Scheme 4 Tandem iminium ion cyclizations on solid supports using acetal-protected aldehydes
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[11]. 6,6-Fused bicycles 23 were prepared for use as f-turn mimics by employing
B-amino acids at the N-terminal of dipeptide amide 22 in a similar strategy
(Scheme 4b) [17-19]. Alternatively, by positioning of the acetal-protected alde-
hyde on a central amide of cysteine-containing polymer-supported peptides 24,
6,6-fused bicycles 25 were prepared by trapping the iminium ion with the thiol side
chain upon exposure of the acyclic precursor to TFA (Scheme 4c) [9].

N-Boc-1,3-Oxazinanes have served as masked aldehyde alternatives that are
cleaved under milder conditions than acetals. For example, coupling of N-Boc-1,3-
oxazinane-protected succinic semialdehyde to the amine of various phenylalanine
derivatives gave linear precursors 26, which on treatment with acid underwent
intramolecular N-acyliminium ion Pictet—Spengler cyclizations to provide
1,5,6,10b-tetrahydro-2H-pyrrolo[2,1-alisoquinoline-3-ones 27  (Scheme 5a)
[14, 15, 30]. Employment of tryptophan analogs as well as f-(2-thienyl)-,
B-(2-furyl)-, and 3-benzothienyl-alanines (28) in similar sequences provided a
diverse series of tri- and tetracyclic ring systems 29 [14]. Olefins have also served
as masked aldehydes that were revealed by oxidative cleavage using OsO4/NalO,/
DABCO in the presence of aromatic amino acid and O-trityl homoserine residues
(30, 32), prior to iminium ion cyclization and attack, respectively, from the aro-
matic ring and the alcohol to give multi-cyclic and tricyclic analogs 31 and 33
(Scheme 5b) [13]. Moreover, fert-butyldimethylsilyl ethers have been used as
masked aldehydes in linear peptides possessing 3,4-dimethoxyphenylalanine and
tryptophan residues 34 [13]. After alcohol liberation by silyl group cleavage with
tetra-n-butylammonium fluoride, and oxidation with Dess—Martin periodinane, the
aldehyde reacted in N-acyliminium ion Pictet—Spengler cyclizations to give,
respectively, tri- and tetracyclic analogs 35 (Scheme 5c). Analogously, conforma-
tional constraints have been incorporated into peptides possessing
5-phenyldimethysilylproline residues, which undergo electrochemical anodic oxi-
dation to provide N-acyliminium ions, followed by intramolecular nucleophilic
addition to furnish bicyclic amino acid derivatives [31-33].

Among various masked aldehyde equivalents offering utility for the introduction
of iminium ion precursors into linear peptides, acetals have often been used because
of their versatility and simplicity. As mentioned, 2,2-dimethoxyethylamine has
been used as a two-carbon building block that may be introduced into the peptide
backbone by displacement of the bromide of a bromoacetamide residue (Scheme 3)
[21]. In an alternative strategy, glycolaldehyde dimethyl acetal has been incorpo-
rated into supported N-sulfonyl amide peptides (36), providing N-alkyl-N-nitroben-
zenesulfonyl (Nos) amides (37) under Mitsunobu reaction conditions. Removal of
the Nos group enabled the extension of the peptidic chain (38) (Scheme 6) [24, 34].

3.1.2 Regioselectivity of the Iminium Ion Formation
Cyclizations have been performed in both directions with a preference for the N-

terminal amide, albeit iminium ion formation on the C-terminal amide has been
applied to make fused ring heterocycles usually in solution by reactions featuring
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solid support
amines, alcohols, thiols, and aromatic rings as internal nucleophiles [35-37]. The

preferences for cyclic iminium ion formation using acetals that may react in both
the C- and N-terminal directions have been studied using different internal



Peptidomimetics via Iminium Ion Chemistry on Solid Phase: Single, Fused, and. . . 113

R2Q R?0

0R2 ) mercaptoethanol OR?
mCH OR?) ( ) Fmoc-AA R" (fm
W)L <J\r( }D DIAD, PPh; | N M /O — Fmoc~€ )\n,}

L = linker; R! = side chain of different amino acids; RZ = methyl, ethyl; m = 1, 2

Scheme 6 Incorporation of an acetal-masked aldehyde by Mitsunobu alkylation of
nitrosulfonamide

Model A

N-terminal MeQ

Tos O F%O TFA N N H\)CJ)\NH
oAyt g “)U\m A ﬁrﬁjﬂrw o

Tos
Model B

MeO. R

N o]
a: R =Fmoc; j/ TFA ) /\N\)L
b: R = Tos; N —_— W H/\/
H |

¢: R =2-NO,-4-CF3-Ph

e O
41a-c, L=BAL 42a-c
OMe OLB
N TFA  Nos. o OH
R e
Nos\ E \/N\E)LN NH,
E : H o
44
Model C
C-terminal

Meo-g Ot-Bu
LN/ /O Nos\N o) o

45 46

Scheme 7 Evaluation of the regioselectivity of cyclic iminium ion formation on a peptide
backbone

nucleophiles: amides, sulfonamides, and anilines (Scheme 7) [38]. In all cases, the
piperazine ring was exclusively formed on reaction at the peptide N-terminal. For
example, treatment of solid-supported linear pentapeptide 39 with TFA gave only
dihydropirazinone 40 (Model A, Scheme 7). Similarly, treatment of linear models
41a—c and 43 led entirely to formation of heterocycles 42a—c and 44 by reaction on
the N-terminal amino group independent of the nucleophile, e.g., amide, urethane,
sulfonamide, and aryl groups (Model B, Scheme 7). In the absence of the N-
terminal amide (e.g., 45), cyclization occurred at the C-terminal (e.g., 46, Model C).
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3.1.3 Synthesis of 6,6- and 5,6-Fused Bicyclic Systems

Employing linear peptides 47 attached to the resin by acid-labile linkers, both 5,6-
and 6,6-bicycles 49 and 51 were prepared, respectively, from their a- and f-amino
acid counterparts using a set of internal nucleophiles (Scheme 8) [9, 38]. In the
presence of 50% TFA in DCM, the resin-bounded linear precursors 47 were
released from the polymer and converted to the cyclic iminium ion intermediate
48. Formation of bicycles 49 and 51 by nucleophilic attack competed however with
tautomerization of the iminium ion and proton loss to form the corresponding
enamides (50 and 52). Considering the relative ratio of monocycle to bicycle
product, the 6,6-fused ring systems were formed more efficiently than their
5,6-fused counterparts. In both cases, the nature of the R* group on the amine
nucleophile was critical for bicycle formation. Sulfonamides gave bicycles 49 and
51 in 49-78% yields; however, amides and amines failed as nucleophiles in the
annulation of the second heterocycle. For the N-alkyl precursors, amine protonation
may inhibit cyclization. In the case of the N-acyl derivatives, switching from amide
to carbamate gave partial cyclization to form 6,6-fused rings 49. Furthermore,
electron-rich aniline derivatives 47 formed bicycles 49 and 51. Bulky R’ side
chains (e.g., i-Pr and s-Bu), as well as p-configuration at the amino acid (e.g., p-
Ala, p-Val) bearing R?, both hindered cyclization and afforded predominantly
enamide (e.g., 52) [38].

In the cyclization of 47 possessing S-configuration at the amino acid a-carbon
bearing R?, the iminium ion intermediate was attacked stereoselectively to provide
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S,S-diastereomers 49 and 51 (Fig. 5). The S-configuration was assigned based on
nuclear Overhauser effect (NOE) observed in "H NOESY and ROESY spectra. The
NOE interactions between the protons at the ring fusion carbon (9a and 8a) and
methyl substituent (R? and R?) were, respectively, observed for bicycles 49 and 51
indicative of their proximity on the same face of the ring system. Nucleophilic
attack occurs diastereoselectively at the least hindered face of the cyclic
acyliminium ion intermediate opposite the R* substituent.

3.1.4 C-Terminal Cyclization with Amino Acid Side Chain
Nucleophiles

6,5-Fused bicycles 55 have been synthesized by employing N-(dimethoxyethyl)
peptides 53 possessing different C-terminal amino acids: L-Ser, L-Thr, and L-Cys
(Scheme 9) [39]. Treatment of the polymer-supported dipeptides 53 with acid
triggered resin release, removal of protecting groups from the aldehyde and internal
nucleophile, endocyclic iminium ion formation (54) on the central C-terminal
amide, and nucleophilic attack to provide bicycles 55. Bicycles 55 were obtained
in yields of up to 75% using alcohol and thiol nucleophiles; however, bulky N-
terminal amino acids (e.g., L-Val, R2:i-Pr) hindered the second cyclization and
provided product contaminated with enamide 56.
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6,5-Fused bicycles 55 were obtained as diastereomeric mixtures contingent on
the substitution pattern of dipeptide 53. The configuration of the new ring fusion
stereocenter was assigned using NOESY spectroscopy (Fig. 6). Specifically, the
NOE interactions were observed between protons on the substituents at C6 and the
ring fusion C8a carbon indicative of their location on the same face of the bicycle.
Employing N-(4-Nos)dipeptides (R® = 4-Nos), the influence of the stereochemistry
of the C-terminal residue (e.g., L-Ser, L-Thr, or L-Cys) dictated the preferential
formation of the S-configuration at the newly formed ring fusion carbon. Although
Gly and L-Ala at the N-terminal gave diastereomerically pure (5)-55 (Fig. 6a), L-
Val, an amino acid with bulkier side chain substituent (RZ: (8)-i-Pr), decreased
remarkably the stereoselectivity. With N-terminal amino acids possessing smaller
side chains, attack of the appended nucleophile occurred preferentially on the same
face as the R* group on the cyclic intermediate to avoid steric interactions between
the amide carbonyl of the N-acyliminium ion and the C-terminal carboxamide
(Fig. 6a). Bulkier R* groups may decrease selectivity by interfering with the
incoming nucleophile. On the other hand, p-amino acids at the N-terminal enhanced
stereoselectivity due to the synergic minimization of steric interactions between the
R' and R? substituents on route to the ring fusion carbon with S-configuration
(Fig. 6b).

3.1.5 Competition Between Nitrogen and Oxygen Nucleophiles

The introduction of serine as the N-terminal amino acid in supported dipeptides 57
was employed to study the competition between nitrogen and oxygen nucleophiles
in the attack of iminium ion 58 to form, respectively, 5,6- and 6,6-fused bicycles 59
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and 60 (Scheme 10) [39]. In cases using N-Fmoc and N-(Fmoc)amino acyl serine
residues, the alcohol was the favored nucleophile in the closure of the second
heterocycle (e.g., 60, 54-92% yields). On the other hand, N-(arylsulfonyl)serine
residues (R* = Tos and Nos) reacted by the sulfonamide serving as nucleophile to
give bicycles 59 (15-67% total yields). Selection of the R? substituent of linear
dipeptide 57 provided thus chemoselective control over the attacking nucleophile in
the tandem cyclization toward 5,6- and 6,6-fused bicycles 59 and 60.

3.1.6 Benzoimidazopyrazinone Synthesis

Benzoimidazopyrazinones 62 and 64 have been synthesized by routes that employ
1-fluoro-2-nitrobenzene as a precursor to o-aminoanilines 61 and 63 by way of
nucleophilic substitution of fluorine and nitro group reduction (Scheme 11). Treat-
ment of o-aminoanilines 61 and 63 with TFA unmasked, respectively, the protected
aldehydes, which condensed in a stepwise fashion onto aniline nitrogen to provide
benzoimidazopyrazinones 62 and 64 [24, 40].

3.2 Fused Ring System Synthesis Using Seven-Membered
Iminium Ions

Incorporation of a three-carbon protected aldehyde unit onto the peptide backbone
has given access to bicycles bearing diazepanone ring systems (Scheme 12)
[41]. The supported linear substrates were synthesized analogously as described
in Scheme 6, employing alkylation of N-terminal 4-nitrobenzenesulfonamides
(4-Nos) with 3,3-diethoxy-1-propanol under Mitsunobu reaction conditions to
install the masked aldehyde [42]. In principle, this method may be used to convert
linear peptides 65 and 68 into seven-membered iminium ion intermediates 66,
which on intramolecular reaction with various nucleophiles would furnish 7,5-
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and 7,6-fused ring systems 67 and 69 (Scheme 12). For instance, the incorporation
of Ser(Ot-Bu) and Cys(OTrt) promoted the annulation of five-membered fused ring
with good overall yields (23-58%), while Ser(Ot-Bu) enabled the formation of
7,6-fused bicycles 69 with 20% total yield. L-Amino acids containing the internal
nucleophile directed the new stereocenter preferentially toward the (S)-configura-
tion (74-99 d.e.), while p-amino acids promoted the opposite (R)-
configuration [41].
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Employing N-acyliminium ion Pictet—Spengler reaction chemistry [43], linear
peptides 70 and 71 possessing, respectively, m-methoxyphenylalanine and trypto-
phan residues were treated with TFA to provide, respectively, fused seven-
membered tri- and tetracycles 72 and 73 in 25% and 15% yields with high regio-
and stereoselectivity (Scheme 13) [41].

Rink resin support-bound linear peptides N-(Nos)-p-alaninyl-alaninyl-N-
'-diethoxypropylamide 74 and N-(o-aminophenylsulfonyl)alaninyl-N-
'-diethoxypropylamide 76 were, respectively, cleaved from resin with TFA to
produce seven-membered iminium ions by condensation of masked aldehyde
onto the N-terminal amide [44]. Subsequent attack of the sulfonamide and aniline
nucleophiles provided, respectively, 6,7-fused heterocyclic ring systems 75 and 77
in up to 45% overall yields (Scheme 14).
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3.3 Fused Ring System Synthesis Using Eight- and Nine-
Membered Iminium Ions

The challenge of increasing the cyclic iminium ion ring size to make larger-ring
heterocycles was addressed by combining the three-carbon masked aldehyde unit
and longer-chain amino acids, such as - and y-amino acids (e.g., linear precursors
78 and 79, respectively, Scheme 15) [41]. The incorporation of these extended
amino acid units enabled the formation of eight- and nine-membered iminium ion
intermediates (80 and 81), which led to 8,5- and 9,5-fused ring systems 82 and 83
with acceptable overall yields (26—41% and 4-18%, respectively, depending on the
combination of building blocks). Moreover, the new stereocenter was generated
with high selectivity.

4 Bridged Heterocycles

The iminium ion cyclization—nucleophilic addition strategy was also applied to the
synthesis of bridged heterocycles on solid phase. The key difference in the synthesis
of bridged instead of fused ring systems entails the connection of the nucleophile
with respect to the iminium ion intermediate (Fig. 1). Bridged heterocycles may be
considered constrained amino acids with potential to mimic peptide secondary
structures, such as a-helices and fB-turns.

This section is divided into two parts based on the ring size of the cyclic iminium
ion: (1) six-membered and (2) seven-membered iminium ion intermediates. Both
carbon-heteroatom and carbon—carbon bonds have been made using such iminium
ions contingent on the nature of the nucleophile.
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Fig. 7 Bridged frameworks present in bioactive natural products that may be synthesized from
six-membered cyclic iminium ion intermediates

4.1 Bridged Ring System Synthesis Using Six-Membered
Iminium Ion Intermediates

Natural products have inspired interest to develop synthetic methods aimed at
making their complex frameworks. Synthetic analogs that mimic natural products
have been used to develop biologically active compounds for applications such as
medicine. Among natural products, those with bridged scaffolds, such as
diazabicycle[3.2.1]octanes and diazabicycle[3.3.1]non-6-en-2-ones, have attracted
interest, because of their interesting activity and challenging synthesis (Fig. 7).
Application of such bridged scaffolds as peptidomimetics is intriguing because of
their potential to orient side chains in ways that mimic natural peptide secondary
structures.

Bridged diazabicyclo[3.2.1]octane frameworks are found in many natural prod-
ucts, such as the tropane alkaloids, atropine, cocaine, and scopolamine (Fig. 7)
[45]. These bridged heterocycles exhibit intriguing pharmacological activities, in
part due to their potential to mimic peptide structures as constrained isosteres.

Tandem iminium ion cyclization—nucleophilic addition chemistry has been
developed using serine- and threonine-N'-dimethoxyethylamide moieties for the
stereoselective polymer-supported synthesis of (15,55)-6-oxa-3,8-diazabicyclo
[3.2.1]octanes (Scheme 16) [46]. A series of resin-bounded linear peptides 84
possessing three points of diversification (R', R% and R?) were prepared on
Wang and Rink resins. The Thr derivatives (RZ:CH3) were acid stable, whereas
the Ser derivatives (R?=H) exhibited only partial acid stability. The nature of the R’
substituent [sulfonamide versus amide] played an important role in the reactivity of
iminium ion intermediate 85 and the acid stability of ring system 86. The N-acyl
derivatives 86 were more prone to convert to enamide under stronger acid
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Scheme 16 Synthesis of (15,55)-6-oxa-3,8-diazabicyclo[3.2.1]octanes 86
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Scheme 17 Solid-phase synthesis of neurokinin antagonists and «-helix mimetics 89

conditions (TFA) used for resin cleavage and better prepared by saponification of
the Wang support with NaOH, followed by treatment with formic acid to induce
cyclization of the linear peptide 87 in solution. Depending on the combination of
building blocks, diazabicyclo[3.2.1]octanes 86 were prepared in >85% purity and
12-84% overall yields.

The syntheses of bridged heterocycles 89 from 2,3-diaminopropionic acid (Dap)
peptides 88 anchored to Wang resin by way of an acetal linker were claimed in a
patent (Scheme 17) [47]. The 2,7,9-triazabicyclo[3.3.1]nonan-6-one derivatives
were claimed to mimic o-helix secondary structures and serve as neurokinin
(tachykinin) antagonists.

Bridged 3,9-diazabicyclo[3.3.1]non-6-en-2-ones are present in saframycin,
safracin, renieramycin, ecteinascidin, and related natural products, which exhibit
properties such as antiproliferative and antitumoral activity (Scheme 18)
[48]. Libraries of 3,9-diaza[3.3.1]non-6-en-2-ones 91 and 93 have been constructed
from linear peptides 90 and 92 containing DOPA and Trp residues. Starting from a
bromoacetal support that was prepared from Wang resin as noted above, the
bridged heterocycle syntheses gave library members with average purity of 90%
in 35-75% yield.

3,9-Diaza[3.3.1]non-6-en-2-one scaffold 95 was synthesized from N-(Boc)-5-
hydroxytryptophan allyl ester [49], which was linked by way of a serine-based
carbamate linker from the phenol to an aminomethylated SynPhase™ Lantern
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Scheme 18 Synthesis of diazabicyclo[3.3.1]non-6-en-2-one libraries 91 and 93

BocHN

a) 20% TFA in DCM, 50°C, 16 h; (b) 1 M TBAF in THF, rt, 2 h or 2 N NaOH (aq.):H20:THF (2:8:10)

Scheme 19 Solid-phase synthesis of 3,9-diaza[3.3.1]non-6-en-2-one 95 from ketone precursor 94

(Scheme 19) [50]. The stability of the carbamate linker to TFA and organic bases
was key in the synthesis, which featured coupling to phenylalanine and a Dakin—
West reaction to convert the carboxylate to amino ketone 94. The relatively less
reactive ketone was converted to the bridged heterocycle using 20% TFA in DCM
at 50 °C for 16 h, prior to resin cleavage using either TBAF in THF or NaOH.
Scaffold 95 was obtained as a mixture of diastereomers in 85% purity and 35%
overall yield and modified further by acylation and alkylation of the bridgehead
nitrogen [49].
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Scheme 21 Bridged heterocycle incorporation into a peptide backbone

4.2 Bridged Ring System Synthesis Using Seven-Membered
Iminium Ions

Seven-membered N-acyliminium ions have served in the synthesis of bridged
heterocycles (Scheme 20) [42]. Employing N-(Nos)-N-diethoxypropyl-Ser, Thr,
homoserine, Cys, and Dap residues in linear peptide precursor 96, various bicyclo
[3.2.2] and [3.3.2]alkanes 98-100 were synthesized stereoselectively via seven-
membered cyclic iminium ion intermediate 97. Bridged heterocycles 98-100 may
offer potential to mimic related alkaloid natural products in which similar ring
systems are found.

In addition, Merrifield solid-phase peptide synthesis was used to introduce an N-
(diethoxypropyl)serine residue into peptide 101, which on treatment with 50% TFA
in DCM provided stereoselectively in 24% overall yield bicyclo[3.2.2]alkane 102
to study the influence of the bridged amino acid constraint on peptide conformation
(Scheme 21) [42].
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5 Summary

In this chapter, we have described the solid-phase synthesis of peptidomimetics via
iminium ion chemistry. This strategy has been applied for the synthesis of a broad
variety of fused and bridged heterocycles from linear peptide precursors. The
constrained systems offer potential to serve as peptidomimetics as well as natural
product mimics. Incorporation of masked aldehydes into peptide frameworks has
been key for the rapid construction of precursors that form iminium ion intermedi-
ates, which undergo intramolecular reactions with nucleophilic backbone and side
chain groups to provide diverse molecular scaffolds. In particular, the acetal groups
were employed in linkers, side chains, and backbone amide N-substituents in solid-
phase approaches to prepare a wide range of resin-bounded acyclic precursors.
Fused and bridged heterocycles were then assembled in one-pot processes featuring
exposure of the precursors to acid conditions to cleave the polymer support, remove
the acetal and side chain protecting groups, and induce formation and intramolec-
ular nucleophilic attack of the cyclic iminium ion in tandem cyclizations. Different
combinations of building blocks empowered formation of cyclic six-, seven-, eight-
, and nine-membered iminium ions, which participated in a second annulation with
various heteroatomic (e.g., alcohols, sulfonamides, thiols) and aromatic nucleo-
philes. Complex and diverse fused and bridged heterocycles were thus obtained
effectively with notable regio-, chemo-, and stereocontrol. In light of the rapid
construction of the linear precursors by solid-phase chemistry, the efficient tandem
cyclization by way of iminium ion intermediates, and the power of the multiple ring
products to mimic biologically active peptide conformations, this method may offer
significant promise for the construction of peptidomimetics for applications in
chemical biology and medicinal chemistry.
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Synthesis of Peptidomimetics Through
the Disrupted Ugi Reaction with Aziridine
Aldehyde Dimers

Serge Zaretsky and Andrei K. Yudin

Abstract Aziridine aldehydes and isocyanides participate in a multicomponent
reaction with amino acids or peptides. The reaction differs from a conventional Ugi
reaction by virtue of the pendent aziridine nucleophile, which intercepts the mixed
anhydride intermediate to deliver aziridine amide-containing piperazinones and
peptide macrocycles for the respective reactions with amino acids and peptides.
The diastereoselectivity of the process depends on the substitution of the amine
component, and opposite diastereoselectivity was observed with primary versus
secondary amino acids. The aziridine embedded within the piperazinone or cyclic
peptides has been used for further transformation and diversification of products
through nucleophilic ring opening with thiols, thioacids, and azides, as well as
hydrogenolysis. The ring-opened products possess distinct structural organization
elements, which have been used to develop rigid scaffolds with increased passive
cellular permeability.

Keywords Aziridine - Cyclic peptide - Macrocycle - Multicomponent reaction -
Peptidomimetic - Ugi reaction
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1 Multicomponent Reactions

In a multicomponent reaction (MCR) three or more starting materials are combined
to form the final product in a single step. The major advantage of MCRs versus
those of serial syntheses is the rapid increase in molecular complexity with each
step (Fig. 1) [1]. This enabling feature has led to the application of MCRs in
combinatorial [2, 3] and diversity-oriented syntheses [1].

Aldehydes and ketones form a crucial role in MCRs through condensation
reactions with amines. The iminium ion intermediate that is formed upon conden-
sation is a more reactive species which can participate in a subsequent reaction with
an additional nucleophile [4], thereby completing the three-component reaction
(Fig. 2). The Mannich reaction [5] and Strecker synthesis [6, 7] are two early
examples of MCRs that take advantage of iminium ion chemistry.

Serial synthesis

o
-0 -0 06 -0 06 ¢

Multicomponent reaction
—

Fig. 1 Comparison of serial and MCRs

HYH0 RN - R
(0] b NH  Nu

L + NHR} —/— U\ o R1/%Nu
R1 R2 +H20 R'] RZ R2

Fig. 2 General multicomponent reactivity through an iminium ion intermediate and a nucleophile
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1.1 Amphoteric Molecules in MCRs

A common approach to make multiple bonds in an MCR involves the use of an
amphoteric reagent. In chemistry, the term “amphoteric” is often ascribed to
molecules that can act as both bases and acids, which is a thermodynamic property
[8]. The simplest amphoteric molecule, water, conveniently illustrates this concept
(Fig. 3a). a-Amino acids are another type of amphoteric molecule. Possessing both
an amine and a carboxylic acid, they can either abstract or liberate protons from
their zwitterionic forms (Fig. 3b).

Amphoterism, as a concept, can be extended beyond the Brgnsted—Lowry
constraints to include nucleophilic and electrophilic reactivity [8]. In this case,
the molecules are considered kinetically amphoteric and are referred to by the
relative positions of the nucleophilic and electrophilic moieties (Fig. 4) [9]. For
example, an isocyanide would be a 1,1-amphoteric reagent.

Isocyanides form a privileged class of amphoteric molecules [10]. Historically,
the terminal carbon of the isocyanide functionality has been drawn as a carbene to
explain its electrophilic and nucleophilic nature (Fig. 5a). The zwitterionic depic-
tion of the isocyanide functional group was later adopted to more closely match the
physical properties of the functional group (Fig. 5Sb). More recent studies suggested
that these representations form a false dichotomy and that a more valid represent-
ation would take into account both the carbene-like and zwitterion character. A
computational study has provided a valence bond understanding of the isocyanide
moiety [11], in which the carbenic resonance form was a major contributor and only
partial triple bond character was present. A new depiction of an isocyanide was
proposed with the nitrogen atom donating a lone pair of electrons to the carbon

R

OH
A +H' , HO' B R *H' » H N/Hf
/ / ¢

H—=
H20 \ HZN/H(O 3N)ﬁf \
HON oM ° N N/Hf

Fig. 3 (a) An amphoteric molecule of water acting as both base and acid; (b) a-amino acids
behave as amphoteric molecules

Amphoteric molecule R

|

»~ Nucleophile *N

il €
isocyanide

Kr Electrophile 1,1 amphoteric

Fig. 4 Kinetically amphoteric molecules possess a combination of electrophilic and nucleophilic
reactivity
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Fig. 5 Isocyanide representations as carbene form (a), zwitterion (b), and a hybrid-valence
structure in which nitrogen lone pair donation stabilizes the carbene (c)

center, which takes into account the carbenic behavior and linear arrangement
(Fig. 5c). Albeit more instructive, this depiction has not yet become standard [12].

1.2 Ugi and Passerini MCRs

Two of the most important MCRs with isocyanides are the closely related Passerini
and Ugi reactions. In the Passerini reaction, three components are linked to produce
a-acyloxycarboxamides (Fig. 6) [13, 14]. Activation of the carbonyl component by
acid favors isocyanide attack, which, owing to its amphoteric nature, is in turn
attacked by the carboxylate. This forms a mixed anhydride intermediate, which can
undergo a 1,4-acyl shift to yield the final product. The mechanism of the Passerini
reaction has not been fully established, and debate remains as to whether the
addition of the isocyanide to the carbonyl component is a stepwise or concerted
process [15].

The Ugi reaction expands the Passerini reaction into a four-component MCR
through the addition of an amine to yield a-acylaminoamide products (Fig. 6)
[10, 16, 17]. After imine/iminium ion formation, the reaction proceeds similarly
to the Passerini reaction by way of a mixed anhydride intermediate. The Ugi
reaction has been widely employed in the field of MCRs for target-driven synthesis
[18-21], and diverse library synthesis [1, 22-26], with notable applications to
prepare B-lactams, 2,5-diketopiperazines, and other peptidomimetics [23].

Interesting variations of the Ugi reaction entail the use of components that may
intercept intermediates by intramolecular reactions leading to new scaffolds. For
example, ester 1 was isolated following solvolysis of the mixed anhydride inter-
mediate formed when proline was employed as both the source of the amine and
carboxylic acid components (Fig. 7a) [27]. Lactone 2 resulted from application of
L-homoserine as the amino acid component during an Ugi MCR, in which intra-
molecular attack of the hydroxyl side chain opened the mixed anhydride (Fig. 7b)
[28]. The route to 2 suggests that other pendent nucleophiles may intercept the
mixed anhydride intermediate to deliver novel, functionally rich scaffolds.
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Fig. 6 The Passerini three-component and Ugi four-component MCRs
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Fig.7 (a) Ugi MCR with L-proline leads to methyl ester 1 after solvolysis of the mixed anhydride
intermediate; (b) nucleophilic side-chain hydroxyl intercepts the mixed anhydride intermediate to
form 2

1.3 Aziridine Aldehydes

Unprotected amino aldehydes are desirable but seldom realized chemical entities,
due to reactivity leading to imine and iminium ion formation [29]. Strategies for
isolating unprotected amino aldehydes have centered on increasing chemical stabi-
lity by employing strong acid conditions [30, 31] and steric encumbrance [32-37].

In 2006, the synthesis of bench-stable amphoteric aziridine aldehydes was
reported [38]. Contrary to the expectation of having an amine and aldehyde in
one molecule, these reagents did not self-condense with loss of water [8]. This
behavior is both kinetically and thermodynamically controlled. The ring strain
required to form an aziridine iminium disfavors condensation (Fig. 8); instead,
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Scheme 1 Reductive amination with peptide 6 and aziridine aldehyde dimer 3

the aziridine aldehyde reagent exists as acetal dimer 3, which exhibits unfavorable
dissociation to afford the open dimeric aldehyde 4 or monomer 5 [39].

In addition to applications in indium-promoted aldehyde allylation [40],
rerouted aza-Michael reaction [41], intercepted Pictet—Spengler reaction [38], and
others [8], we were interested in exploiting the rich functional density of the
aziridine aldehyde in the synthesis of peptides and peptidomimetics. For example,
in spite of the tendency for aziridine aldehydes to form dimer 3, N-terminal
aziridine 1,2-diamine products (e.g., 8) containing only the monomeric skeleton
were isolated from reductive aminations without epimerization at the a-carbon
(Scheme 1) [38].

The presence of an electrophilic aziridine in 8 enabled further reactivity by
aziridine ring opening [42]. For example, exposure of 8 to thioacids (e.g., 9) caused
regioselective ring opening to yield thioester 10. Closely related to the inter-
mediates of native chemical ligation [43], thioester 10 could be induced to undergo
S — N-acyl transfer, through tetrahedral intermediate 11, to produce reduced amide
peptidomimetic 12 (Scheme 2). Desulfurization of sulfhydryl 12 would result in
formal ligation of an alanine-reduced amide [44].
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Scheme 2 Peptidomimetic ligation by aziridine ring opening with thioacids

2 Cyclic Peptide Synthesis

2.1 Conventional Cyclization

Peptides are valuable tools for evaluating biological pathways [45—49]. Their utility
lies in their facile synthesis and ability to engage in native interaction with proteins.
Peptides may, however, possess pharmacokinetic issues such as degradation by
proteases and poor cellular permeability [50]. Cyclic peptides have offered a logical
alternative to linear peptides [51], because they cannot effectively bind to endo-
peptidases that prefer extended conformations, nor do they possess amine and
carboxylate ends for binding to exopeptidases [52]. Through modification by
amide methylation and placement of hydrophobic groups, cyclic peptides have
also been made cell permeable [53, 54]. Cyclic peptides occupy fertile chemical
space for developing probes and therapeutics [55, 56].

Chemical synthesis remains a barrier to applying cyclic peptides in the study of
biological pathways. Relative to the construction of linear peptides for which a
wide variety of effective synthetic methods exist, successful approaches for
stitching the two ends of a linear peptide to make its cyclic counterpart are typically
sequence dependent [57]. Slow cyclization kinetics may necessitate the use of high
dilution to avoid competitive oligomerization [55]. Moreover, carboxylic acid
activation may disrupt the natural ion pair interaction between the termini of a
linear peptide (Fig. 9) [58]. In the presence of an activating agent (HATU, PyBOP,
etc.) under basic conditions, the equilibrium between unproductive conformers
(e.g., 14) and those well oriented for cyclization (e.g., 15) becomes heavily depen-
dent on sequence. Conformer 14 may ultimately react intermolecularly leading to
reduced yield.

The sequence dependence for cyclization of a linear pentapeptide is instructively
summarized in Fig. 10 [59]. Choice of linear substrate and amide bond-forming
conditions on route to the cyclic peptide may dictate success or failure, lead to
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diastereomeric mixtures due to epimerization, as well as result in cyclic dimers and
oligomers [57, 58].

2.2 Peptide Cyclization Through MCRs

Amide bond formation is a pivotal step in Ugi chemistry; however, few studies have
employed such MCRs for the synthesis of macrocyclic lactams, such as cyclic
peptides [10, 60, 61]. A notable use of the Ugi reaction for peptide cyclization of
was reported by Gotz and coworkers, albeit with low yield likely due to the choice
of linear sequence [22, 62]. The Ugi reaction of the tripeptide (glycine)s, isobutyr-
aldehyde, and cyclohexyl isocyanide failed to give cyclic peptide 17; instead, after
multiple days of reaction, the product from integration of two equivalents of each
reagent, cyclic dimer 18, was isolated as a mixture of diastereomers in 12% yield
(Scheme 3). Employing (glycine)s under similar Ugi conditions, the desired cyclic
monomer 19 was isolated in 19% yield.

The Ugi reaction has been employed in the macrocyclization of poly-N-
substituted glycines, so-called peptoids [63]. In contrast to peptides, peptoids may
be substantially more flexible, due to cis-/trans-isomerization about their tertiary
amide bonds [64, 65]. In the synthesis of depsipeptoid analogues of sansalvamide A
(e.g., 20) and a pentapeptoid analog of the RGD sequence [66], pseudo-high
dilution was essential for ensuring selective formation of macrocyclic product,
albeit in 33-49% yield in the case of the former (Fig. 11).
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Fig. 11 Depsipeptoid analogues of sansalvamide A synthesized by Ugi macrocyclization
(R="Pr, '‘Bu, ‘Bu)

Ugi macrocyclization failed to provide ansacyclic cyclopeptide alkaloid 21, due
likely to the rigidity of isocyanide acid 21; instead cyclodimer 23 was isolated
(Scheme 4) [61].

Multiple Ugi reactions have been performed using diamine and diacid building
blocks joined by rigid linkers [67], such as steroids [68], biarylethers [69-71], and
other scaffolds [72-74], to form skeletally diverse macrocycles (Scheme 5)
[61, 75].
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Scheme 4 Failed Ugi macrocyclization gives cyclic dimer
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Scheme 5 Macrocyclization via multiple Ugi reactions

3 The Disrupted Ugi Reaction with Aziridine Aldehyde
Dimers and Amino Acids

3.1 Four-Component Five-Center Ugi Reaction

Using aziridine aldehyde dimers as aldehydes in four-component Ugi reactions
with secondary amines, carboxylic acids, and isocyanides gave novel aziridine
amides (e.g., 25) in 59-94% yields with up to 4:1 diastereoselectivity
[76]. Aziridine amides 25 were rearranged to form lactones 26 during column
chromatography on silica gel, or in the presence of p-toluenesulfonic acid, by a
mechanism involving aziridine ring opening by intramolecular nucleophilic attack
of the oxygen of the pendent amide (Scheme 6).

Replacement of secondary by primary amine components in the Ugi reaction
with aziridine aldehyde 24 gave alternative products. For example, isopropylamine
and benzylamine gave, respectively, a complex mixture and conventional Ugi
product 29 (Scheme 7). Two possible pathways for the formation of 29 were
hypothesized in which the benzylamine or aziridine nitrogen participated
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Scheme 7 Possible mechanistic pathways for Ugi reaction of aziridine aldehyde dimer and
benzylamine

respectively in the trans-acylation reaction to render 29 directly or by way of 28,
which undergoes acyl migration from the aziridine to benzylamine nitrogen
(Schemes 6 and 7).

3.2 Piperazinone Chemistry

The Ugi reaction of aziridine aldehyde dimer, isocyanide, and a-amino acid
provided 6-membered piperazinone rings (e.g., 31) possessing trans-relative stereo-
chemistry (Scheme 8) [77]. In the proposed mechanism to 31, the conventional
Ugi-mixed anhydride intermediate 33 is intercepted by the pendent aziridine
nucleophile to generate the lactam and liberate the side-chain carboxamide. This
disrupted Ugi reaction afforded piperazinone rings 31 with stereocontrol from three
readily available components in a single-step, thereby simplifying access and
adding molecular complexity to these valuable heterocycles [78—81].
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Scheme 8 Disrupted Ugi reaction with aziridine aldehyde, amino acid, and terz-butyl isocyanide

Table 1 Substrate scope of piperazinone formation by the disrupted Ugi reaction

NH
R{VL TFE (0.2 M)

0
;
o R t R%N R
BuNC "
o*& +H2N/H(0Hu—, @LVVH
N N

u & 350 t, >20:1 dr " N0 .
Bu
Entry R Amino acid Yield (%)
1 CH,OTBDMS L-Phenylalanine 92
2 CH,OTBDMS D-Phenylalanine 90
3 CH,OTBDMS L-Alanine 82
4 CH,OTBDMS L-Proline 98
5 CH,'Pr Dp-Arginine 83
6" CH,'Pr L-Lysine HCI® 76
7 CH,OTBDMS L-Glycine 80
8° CH,'Pr L-Aspartic acid 76
9° CH,OTBDMS L-Cysteine 82
10¢ CH,0TBDMS L-Histidine 88
11 CH,OTBDMS L-Serine 77

“HFIP/H,O (20:1) was used as solvent
bCyclization occurred at the a-carboxylate
“Degassed TFE was used

YHFIP was used as solvent

°e-Amine protonated

A range of substrates was reported that encapsulated primary and secondary
amino acids and two substituted aziridine aldehyde dimers (Table 1). The initial



Synthesis of Peptidomimetics Through the Disrupted Ugi Reaction with. .. 139

trans-relative stereochemistry was assigned based on an X-ray analysis of
piperazinone 36 (R = CH,OTBDMS, R'=Bn) formed from L-phenylalanine. The
favored reaction solvents were TFE and HFIP, both of which had been featured in
prior work with aziridine aldehyde dimers [8].

On further investigation of the diastereoselectivity of the disrupted Ugi reaction,
primary and secondary amino acids were found to give frans- and cis-relative
stereochemistry, respectively (Scheme 9) [82]. For example, L-phenylalanine and
L-leucine gave product with trans-selectivity (approx. 3:1 trans/cis). Conversely,
L-proline reacted with excellent selectivity for the cis-isomer (>9:1 cis/trans).
Diastereoselectivity with less bulky isocyanides (e.g., n-pentyl and benzyl
isocyanides) was lower than with tert-butyl isocyanide.

The pairing of enantiomers with opposite configuration, such as (25)-aziridine
aldehyde from 41 with primary and secondary (2R)-amino acid substrates gave,
respectively, products trans-42 and cis-43 with improved and diminished
diastereoselectivity over similar reactions using substrates with similar configur-
ation (Scheme 10).

Similar to the lactone formation that was detected in the Ugi four-component
five-center reaction with aziridine aldehydes (Scheme 6), on stirring in TFE in the
absence of external nucleophile, cis-piperazinone cis-44 underwent aziridine ring
opening from intramolecular attack of the neighboring amide oxygen to furnish
bicyclic imidate 45 (Scheme 11). In contrast, the frans-diastereomer was unreactive
under similar conditions.

The kinetics of the diastereoselective Ugi reaction to piperazinones 44 was
further studied using HPLC/MS and '>C NMR spectroscopy, which identified the

2
0 OH /F'<\ o)
2 2
R%N e R'HN” COOH R’ =Ar R%N
trans 1= 1 38 cis
i R=n R oraky_ NG
: R' -C=N-Bu
f 37 [
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H H
39, 3:1 (trans/cis) 40, >9:1 (cis/trans)

Scheme 9 Ugi reaction of aziridine aldehyde gives respectively trans- and cis-relative stereo-
chemistry from primary and secondary amino acids
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42, 93:7 (trans/cis) 43, 53:47 (cisltrans)

Scheme 10 Ugi reactions between primary and secondary (2R)-amino acids and (2S)-aziridine
aldehyde dimer having unmatched configurations give respectively improved and lower
diastereoselectivity
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Scheme 12 Proposed mechanism for the disrupted Ugi reaction

rate-determining step of the reaction to be the formation of the open dimeric species
of the aziridine aldehyde (Scheme 12). The mechanism from the open dimer to
piperazinone was subsequently investigated by computational methods [83], using
the MPWPWO91/6-31G(d) [84, 85] level of theory. In the formation of proline
adduct 48, the attack of isocyanide onto the re- or si-face of the trans- or cis-
iminium ion 46 proved pivotal. Among the four cases modeled, the addition to the
cis-iminium ion leading to the cis-diastereomer was the most favorable, due to a
major energetic contribution from the concomitant attacks of isocyanide onto the
iminium ion and the carboxylate onto the isocyanide. In addition, the model
suggesting this favorable concerted behavior predicted increased diastereo-
selectivity when substrates of opposite configuration were paired in the reaction
with primary amines [82].



Synthesis of Peptidomimetics Through the Disrupted Ugi Reaction with. .. 141

4 Peptide Macrocycles from Disrupted Ugi Reaction
with Aziridine Aldehyde Dimers

4.1 Proposed Mechanism

Substitution of a linear peptide for the amino acid component in the disrupted Ugi
reaction provided access to cyclic peptides (Scheme 13) [77]. A similar mechanism
was proposed for this reaction, in which aziridine aldehyde dimer, isocyanide, and
peptide bearing an N-terminal proline were combined. Condensation of the
N-terminal proline and aziridine aldehyde generated an iminium ion intermediate
that was attacked by the isocyanide with concomitant attack by the carboxylate to
yield mixed anhydride 51. Transacylation from the mixed anhydride onto the
pendent aziridine nucleophile provided aziridine amide-bearing macrocycle 52.
This strategy provided access to a number of challenging cyclic peptides, as well
as potential for downstream functionalization by aziridine-ring opening reactions.
For example, aziridine opening with a thiocoumarin nucleophile provided a fluo-
rescent probe [77, 86].

Ion pairing interactions have been implicated in the macrocyclization mecha-
nism and supported by a computational study, which indicated a stable ion pair
between the isonitrilium cation and carboxylate anion of intermediate 53 (Fig. 12)
[87]. The application of ion pair interactions in macrocyclization chemistry has led
to novel macrocyclization methodologies [88]. Subsequent studies on the

R1 3
49
(0]
‘Bu.
U VL
N
o
N
11 examples O
73-88% yield R4

Scheme 13 Initially proposed mechanism for the formation of cyclic peptides from the disrupted
Ugi reaction of aziridine aldehyde dimer and linear peptides
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Fig. 12 Ion pair of carboxylate and nitrilium ions favors cyclization in the disrupted Ugi reaction

macrocyclization mechanism have uncovered the formation of amidine side prod-
ucts and the possible involvement of an imidoanhydride intermediate in the reaction
pathway [89].

4.2 Increasing Molecular Complexity Using Functionalized
Isocyanides

A uniquely enabling feature of macrocyclization through an MCR is the ability to
add functionality during the stitching of the peptide ends. For example, cyclic
peptides bearing fluorescent probes were prepared by employing disrupted Ugi
reactions with aziridine aldehyde dimers and isocyanide 55, which was synthesized
by a route from anhydride 54 featuring formamide dehydration (Scheme 14).

Fluorescent piperazinones (67-93% yield) and cyclic peptides (e.g., 57, 47-94%
yield) were made by using isocyanide 55 in the aziridine aldehyde-mediated
macrocyclization (Scheme 15) [90]. Macrocycles 57 of mitochondria-penetrating
peptide sequences displayed higher mitochondrial fluorescence and cellular uptake
than linear controls [90] and could be used for organelle-selective solvatochromic
detection [91, 92].

A variety of thioester isocyanides 58 were made by amino acid N-formylation,
coupling to ethanethiol, and dehydration with phosphoryl chloride [93]. Application
of the thioester isocyanides in disrupted Ugi reactions provided cyclic peptides
bearing handles for attachment onto N-terminal cysteine peptides (e.g., 62,
Scheme 16) using native chemical ligation [43, 44, 94].
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4.3 Downstream Functionalization by Aziridine Ring
Opening

Aziridines embedded within cyclic peptides enable late-stage modification by
nucleophilic ring opening (Scheme 17), such that a parent precursor (63) may be
diversified with different functionalities without affecting the remaining portion of
the peptide [86, 95].

Aziridine 67 was ring opened effectively with excess sodium azide in anhydrous
solvents (e.g., MeCN and DMF, Scheme 18) [96] to provide macrocycle 68, which
proved relatively more stable than the parent acyl aziridine during purification by
reversed-phase chromatography, as well as when stirred in aqueous conditions at
elevated temperatures. Arziridine ring opening proceeded typically in a
regioselective manner at the methylene carbon.

The azide functionality served as an innocuous handle compatible with thiol
functionalities during preparation of disulfide-bridged bicycle 70 from PCLFC (69,
Scheme 19) [97].

In parallel to azide, thiols were studied as complementary nucleophiles with
relatively soft nucleophilic character. Aliphatic and aromatic thiols participated in
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Scheme 17 Aziridine ring opening with a variety of nucleophiles
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Scheme 19 Formation of bicycle derived from PCLFC by azide ring opening and disulfide
formation

aziridine ring opening [86] and were used in a two-step protocol to append
fluorescent functionalities to cyclic peptides (Scheme 20) [77, 95], such as
isoform-specific integrin receptor ligands [95]. For example, aziridine 73 was
ring opened with cysteamine to yield macrocycle 74 bearing an exocyclic amine
that was subsequently coupled to a fluorescein N-hydroxysuccinimide ester to yield
76. Ring size was found to be a dominant feature for ensuring a proper fit to the o, 53
integrin receptor. The 18-membered ring cyclic peptide 76 that was derived from
the protected linear precursor PRGDA exhibited pM affinity (ICsg) in a cell
adhesion assay (Scheme 20).

Thioacids opened the aziridine ring regioselectivity at the methylene carbon and
were used to prepare free thiols (e.g., 78) by deacylation under basic conditions
with K,COj in the presence of DTT (dithiothreitol) as reducing agent to prevent
oxidation and disulfide bond formation (Scheme 21) [96]. Poorer conversions were
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respectively obtained on employment of ethanolamine and TCEP (tris
(2-carboxyethyl)phosphine) instead of K,CO3 and DTT, indicating that the latter
may contribute to rate acceleration by frans-acylation to facilitate conversion.

Functionalization of cyclic peptides by ring opening of the aziridine with thiol
and azide enabled further modifications respectively by conjugation and copper-
catalyzed azide alkyne cyclization chemistry. Moreover desulfurization by reduc-
tive hydrogenolysis with Raney Ni was used to replace to the thioester (e.g., 79)
with hydrogen (Scheme 22) [98].

The reductive hydrogenolysis could be incorporated as the last step in a tele-
scopic sequence of cyclization, opening of aziridine with thioacid, and desulfur-
ization without solvent changes (Scheme 23). Employing this telescopic method,
macrocycle 85 was obtained in 15% overall yield, after side-chain deprotection
with a cocktail of TFA (trifluoroacetic acid), water (2.5% v/v), and TIPS (triisopropyl-
silane, 2.5% v/v), followed by HPLC purification [99]. Macrocycle 85 and another
18-membered ring analog were subsequently employed as the basis of a study of ab
initio predictions of cyclic peptide NMR chemical shifts values [99].

Attempts to reduce directly the aziridine by hydrogenolysis were pursued using
three different transition metal-catalyzed conditions, among which Raney Ni
proved most effective as judged by the appearance of a “+2 amu” peak by
LC/MS analysis (Scheme 24) [100-102].

In contrast to desulfurization (Scheme 23), Raney Ni-catalyzed reduction of the
C-N bond of aziridine macrocycle 67 required positive hydrogen pressure through-
out the reaction. After HPLC purification, macrocycle 87 was isolated in 14% yield.
The regioselectivity of the hydrogenolysis reaction was analyzed by 2D NMR,
which demonstrated the Cg—IN bond of the aziridine was cleaved in identical fashion
to the selectivity observed in ring opening with thioacid and azide [98].

An aziridine amide is more flexible than a simple secondary amide
[103, 104]. Variable temperature NMR experiments of macrocycles containing
aziridines lacked shielded amide NH signals. Moreover, cyclic peptides containing
aziridines sometimes decomposed at elevated temperatures [98]. Conversely, after
opening of the aziridine ring, the macrocycle derivatives were more rigid, thermally
stable, and exhibited distinct amide NH signals, some of which were solvent
shielded (Fig. 13).
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Scheme 23 Telescopic synthesis towards cyclic peptides

In the X-ray and NMR-derived structures of macrocycle 87, the exocyclic amide
was found to be a major contributor to the hydrogen bonding network [98]. The
solid- and solution-phase structures of macrocycle 87 differed considerably how-
ever, and a different hydrogen bonding pattern was observed in the solution-phase
structure. To increase rigidity, bicycle 89 was synthesized by a route featuring the
use of fert-butyl isocyanoacetate in the Ugi cyclization to prepare macrocycle 88
possessing lysine amine and exocyclic glycine carboxylate for a second cyclization
by conventional lactam formation (Scheme 25) [98]. The solution-phase structure
of bicycle 89 was more similar to the solid- than the solution-phase structure of
monocycle 87. In spite of increased polarity, bicycle 89 exhibited greater perme-
ability than monocycle 87 in a Caco-2 cell assay, suggesting that rigidity due to the
hydrogen bonding of the exocyclic amide in the macrocycle may be important for
this class of compounds to cross membrane environments.
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5 Solid-Phase Synthesis Using the Disrupted Ugi Reaction

5.1 Piperazinone Synthesis

Solid-phase synthesis enables successive chemical reactions to be performed with-
out product isolation [105], because reagents and solvents may be washed away by
filtration. Reactions may also be pushed to completion by employing excess
reagents [106]. Moreover, the solid support facilitates the creation of diverse
libraries of molecules, such as natural products, by split and mix techniques
[107, 108]. In addition, MCRs have been performed using components linked to
the solid phase [109].

Aziridine aldehyde dimers have been used in the disrupted Ugi reaction on solid
phase to synthesize piperazinones [110]. The amino acid component was initially
linked onto FMP (4-(4-formyl-3-methoxyphenoxy)ethyl) resin through a reductive
amination of the corresponding amino ester to provide resin 90. After carboxylate
deprotection, the disrupted Ugi reaction was performed on resin to furnish aziridine
91, which was opened with a set of nucleophiles: thiols, thioacids, and azide.
Cleavage of the resin with TFA gave piperazinones 92 in 9-38% overall yields
(Scheme 26).

Consistent with the solution-phase reaction of secondary amino acids [82],
N-linked amino acids gave piperazinones 91 with cis-selectivity (Scheme 27).
This method served thus to produce the alternative diastereomer to that provided
by the solution-phase trans-selective reaction.
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5.2 On-Resin Peptide Cyclization

Cyclic peptides have been synthesized on solid support by the disrupted Ugi
reaction, employing a side-chain linking strategy [111]. Glutamine, glutamic
acid, lysine, serine, and threonine were, respectively, anchored to the support by
way of their side chains and employed as the C-terminal amino acid for peptide
chain elongation. After attaching proline to the N-terminus [77], the C-terminal
ester was removed, and the peptides were cyclized by the disrupted Ugi reaction
with aziridine aldehydes (Scheme 28). Resin cleavage with concomitant protecting
group removal provided cyclic peptides having 9- to 18-membered ring sizes that
were isolated by HPLC purification in 7-32% overall yields. This solid-phase
method has paved the way for parallel synthesis of topologically diverse cyclic
peptides.
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Scheme 28 Solid-phase cyclic peptide synthesis by disrupted Ugi cyclization with aziridine
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6 Summary

The use of aziridine aldehydes in the Ugi reaction with amino acids and peptides
has enabled the synthesis of functionally rich peptidomimetics. A variety of linear
peptide, piperazinone, and macrocyclic peptide structures have been made by virtue
of the interception of the pivotal Ugi-mixed anhydride intermediate through nucle-
ophilic attack of the pendent aziridine group. Further modification by opening the
resulting N-acyl aziridine with nitrogen and sulfur nucleophiles as well as
hydrogenolysis has given access to diverse sets of novel piperazinones and cyclic
peptide products. The potential for the cyclic peptides to exhibit specific hydrogen
bonding patterns as well as to serve as fluorescent probes offers promise for the use
of such scaffolds in future biological applications. Moreover, the disrupted Ugi
reaction with aziridine aldehyde dimers has been effectively performed using resin-
supported components, enabling solid-phase synthesis of diverse piperazinone and
cyclic peptide libraries for biological screening. Remarkable precursors for the
synthesis of heterocyclic peptidomimetics, aziridine aldehydes offer promise for
the development of a range of tools for studying medicinal chemistry, peptide
science, and chemical biology.
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Abstract Gramicidin S, the most notable example of cationic antimicrobial pep-
tides (CAPs), has remained in the forefront of worldwide research for development
of new antibiotics for over seven decades now. Hundreds of papers have been
published over the years on this molecule and its numerous analogs, delineating
their structures and biological activities with an aim to achieve selective antimi-
crobial activities with reduced cytotoxicity for potential therapeutic applications.
The present review attempts to capture the essence of some of the recent studies
with the aims to chronicle the journey traversed by this fascinating molecule so far
and to decipher what is needed for future success.
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1 Introduction

1.1 General

The increasing emergence of resistant strains of many pathogenic bacteria warrants
serious attention toward the development of new therapeutic agents with novel
mechanisms of action targeting receptors different from those of the conventional
drugs [1, 2]. Cationic antimicrobial peptides (CAPs), known as part of the biolog-
ical defense system of wide-ranging microorganisms, have been pursued for some-
time as potential sources of new antibiotics, in part because resistance against
antimicrobial peptides by pathogens has been found to be rare to date [3-5]. In
general, bacteria develop resistance by genetic alteration to render inactive those
antibiotics, which interact with specific enzymes, receptors, and metabolic pro-
cesses. Typically, the genetically altered target no longer recognizes the antibiotic.
By targeting the cellular lipid bilayer, instead of a particular component, certain
CAPs offer potential to combat microbes without incurring resistance, because
modification of the cellular envelope may be fatally detrimental to microbial fitness
[6, 7].

In spite of their potential as antimicrobial agents with novel mechanism of
actions, very few CAPs have been approved for clinical use. Notably,
polymyxin E, which is obtained from gram-positive bacterium Bacillus polymyxa,
is currently used as a drug of last resort to treat multidrug-resistant Pseudomonas
aeruginosa infections [8, 9]. Many CAPs have failed at different stages of clinical
trials, due to their inability to demonstrate increased efficacy over existing treat-
ments. Moreover, many natural antibiotics possess hemolytic activity and kill
human blood cells, which restrict their usage as therapeutic agent [10].

Gramicidin S (GS, 1) is one of the most studied membrane-disrupting CAPs
[11]. Produced non-ribosomally by Bacillus brevis, GS is active against both gram-
positive and gram-negative bacteria, as well as fungi. GS perturbs lipid packing,
induces pore formation, and causes extrusion of intracellular content by localizing
in the glycerol backbone region of the lipid bilayer below the polar head groups and
above the hydrocarbon chains [12—14]. GS interacts, however, with both mamma-
lian and microbial cell membranes causing changes and destruction of membrane
integrity, leading to cell lysis and death [15, 16]. For over 70 years, efforts have
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been made to develop modified versions of GS with enhanced potency, decreased
mammalian cytotoxicity, and improved therapeutic index. Some of the recent
research mainly published since 2000 are discussed here to understand the
structure-activity relationships toward the ultimate aim to develop GS-based anti-
microbial therapies.

1.2 Structure and Conformation

The structure and conformation of GS have been studied in detail by many
researchers worldwide [17]. The C, symmetric structure of this cyclic decapeptide,
cyclo-(D-Phe-Pro-Val-Orn-Leu),, adopts a f-pleated sheet structure in which the
Val, Orn, and Leu residues are positioned along the two antiparallel pB-strands. In
the gas phase, sodiated and protonated GS adopt, respectively, -sheet ($-hairpin)
and collapsed random coil type conformations [18] (Fig. 1).

The p-Phe-Pro sequences adopt type II' f-turns, which position the two p-strands
in antiparallel orientation in GS. In the cold gas-phase electronic spectra of doubly
protonated GS, the aromatic Phe chromophores were weakly coupled to one
another but interacted strongly with the charged Orn side chains [19]. Conformer-
specific highly resolved IR spectra of the amide I and II regions supported the
symmetrical structure, because the CO double-bond stretches were observed as
unresolved doublets [19]. Recently, low-temperature IR spectra of doubly proton-
ated GS with computational study and density functional calculations (DFT) have
yielded three lower energy conformations in the gas phase in which the lowest one
had C, symmetry [20].

1.3 Mechanism of Action

The amphiphilic nature of GS is important for activity and results from the opposite
orientations of the hydrophobic (Val and Leu) and hydrophilic (ornithine) residues.
Although the mechanism of GS action is not completely understood, the destruction
of bacterial cells arises likely through destabilization of the cellular membrane by
displacement of lipid molecules in a way that creates an outflow of intracellular
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Fig. 2 Interaction of GS in the cell surface of the gram-negative bacteria [8]

components [15] (Fig. 2). Molecular dynamics simulations of the hydrated
dimyristoylphosphatidylcholine (DMPC) bilayer have shown that GS exhibited
minor influences on membrane dipole potential and water permeability. Indirect
and direct interaction of GS with lipids promoted, respectively, ordered and disor-
dered states, the latter being more fluid [21].

Densitometry and sound velocimetry studies on large multi- and unilamellar
vesicles composed of DMPC have also suggested that GS disordered the lipid
bilayer both in liquid crystal and gel states [12]. According to Krivanek
et al. [12], GS decreases progressively phase transition temperature and
co-operativity of the main phase transition at relatively higher concentrations
creating a strong disordering of the membrane at the phase transition region.
Through X-ray studies of GS interacting with lipid bilayers of Acholeplasma
laidlawii B (A. laidlawii B) and Escherichia coli (E. coli), Lohner et al. found
that GS promoted the formation of bicontinuous inverted cubic phases in these two
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model lipid membranes [22]. Through scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), GS was shown to disrupt and penetrate
into the outer membrane of the lipid bilayer by replacing bivalent cations, through a
probable mechanism of action featuring insertion inside the inner membrane to
cause lateral expansion and folding of the membrane near the polar part of the cell
[15]. In the presence of GS, the cell membrane becomes leaky and loses regulatory
control over turgor pressure.

1.4 Effect of Cholesterol

Cholesterol has been observed by spectroscopic studies to diminish the interaction
of GS with phosphatidylcholine and phosphatidylethanolamine model membrane
systems. Although introduction of cholesterol did not change the basic conforma-
tion of GS, the ability of the peptide to induce lipid bilayer membrane permeabi-
lization was reduced according to calcein leakage experiments [23]. Calorimetric
[24] and FTIR spectroscopic [25] studies have indicated that the strength of GS
interactions with various phospholipid bilayers increased with their degree of
negative charge and fluidity in model membranes. Moreover, studies using >'P-
NMR spectroscopy [26], X-ray diffraction, and differential scanning calorimetry
(DSC) have suggested that GS destabilized lipid bilayers by increasing their
negative (monolayer) curvature stress through interaction with inverted
non-lamellar phase-forming phospholipids and glycolipids [22]. The exact mecha-
nism by which cholesterol influences GS activity remains unknown.

1.5 Activity

GS is active against both gram-positive and gram-negative bacteria with a mini-
mum inhibitory concentration (MIC) value of 3—11 uM; however, the hemolytic
activity of GS has restricted its application as medicine to topical use only
[27, 28]. A detailed study was made by Overhand et al. to find the morphological
changes of RBCs caused by GS using giant unilamellar vesicles as models [29] and
concluded that the increase in the surface tension caused probably the rupture of the
membrane. The task to prepare GS analogs that retain antimicrobial power without
hemolytic activity is particularly challenging due to similarities between bacteria
and mammalian cell membranes as well as insufficient knowledge of the mecha-
nisms of GS action. In a recent study [30], GS was found to be active also against
platelets causing shape changes, swelling, and disaggregation of aggregates. Gen-
erally, GS did not destroy platelets depending on concentration; however, disag-
gregation of platelet aggregates might cause excessive bleeding. To respectively
induce hemolysis and disaggregation of platelet aggregates, the binding of 35 x 10°
GS molecules per red blood cell and 22 x 10’ GS molecules per platelet cell were
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required. The relatively larger surface area and increased cholesterol level in the
lipid bilayer of red blood cells versus platelets may account for the greater number
of GS molecules needed for hemolysis. Such issues must be addressed to develop
safe antimicrobial drugs based on the structure of GS.

In addition to stopping bacterial infection by altering membrane permeability,
GS inhibits the cytochrome bd-type quinol oxidase of E. coli [31], NADH oxida-
tion, quinone reduction, and the type II NADH-quinone oxidoreductases (NDH-2)
of Mycobacterium Tuberculosis (M. Tuberculosis) [ICso=2 puM, better than
trifluoroperazine (ICso = 12 pM)] and of Mycobacterium smegmatis (M. smegmatis)
[32], as well as P-type ATPases, such as the plasma membrane Mg**/K*-ATPase
from tobacco leaves (ICsy = 24 pM) [33], rat heart plasma membrane Ca’*-ATPase
(IC59=3 pM), sarcoplasmic reticulum Ca?*-ATPase (IC50=6 puM) [34], and
human red blood cell membrane Ca’*-ATPase [35]. In addition, GS inhibits
in vitro amyloid B-peptide aggregation, which is a characteristic of Alzheimer’s
disease [36]. These examples demonstrate that GS targets more than the cellular
membrane and binds to peripheral and intrinsic membrane proteins after absorption
into the membrane [8].

Instead of targeting genetic material, such as DNA and RNA, or any particular
protein within the bacterial cell, GS interacts primarily with the bacterial cell
membrane, and hence bacteria have difficulties to develop resistance to GS
[37]. Proof that GS interacts specifically with the bacterial cell membrane instead
of intracellular components comes from experimentation with the retro-enantiomer
of GS, which exhibited activity on par with its natural counterpart [38]. Resistance
against membrane-disrupting antibiotics would likely necessitate a mechanism by
which the antibiotic is destroyed or specifically blocked from accumulating in the
lipid bilayer. Considering that such a path to resistance may be difficult to develop
through genetic modification, GS continues to attract attention from researchers
around the globe.

2 Modifications and Consequences

Efforts to modify the strand and turn regions of GS have been pursued to increase its
therapeutic index by maintaining antimicrobial activity while decreasing cytotox-
icity. Structure-activity relationships identified from these studies have furnished
understanding of characteristics of GS which are necessary for activity, e.g.,
hydrophobicity, amphiphilicity, ring size, B-sheet structure, and B-turn geometry.
In addition to modifying the turn and strand regions, the size of the cycle has been
expanded by adding additional amino acid residues to the sequence. Although some
analogs have exhibited a better therapeutic index, none has demonstrated sufficient
improvement for use beyond topical applications.

The search for new active non-cytotoxic GS analogs has generally employed the
following methods: (a) design and synthesis of novel GS analogs, (b) the secondary
structure analysis of these compounds in aqueous solution, and (c) the activity study
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on both bacterial strains and erythrocytes. In the current review, we have discussed
some of the recent examples of GS modifications reported by different groups
during the last decade.

2.1 Ring Size

The ring size of GS has been expanded to 14 amino acids in so-called GS14 analogs
2a possessing variations at the stereocenters of the lysine residues (Fig. 3)
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[39]. Circular dichroism (CD) spectroscopy was used to analyze the analogs and
revealed that the GS14 analog 2b having the sequence cyclo-(Val-Lys-Leu-Lys-
Val-p-Tyr-Pro-Leu-Lys-Val-Lys-Leu-p-Tyr-Pro) exhibited molar ellipticity that
was considerably greater than that of the other derivatives and a curve shape
indicative of a predominant antiparallel B-sheet orientation with type II' p-turn
structures. In addition, GS14 analog 2b showed the maximum permeabilization of
phospholipid  vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC). All the other analogs showed lower activity, which
diminished with the number and position of the enantiomeric inversions. Against
fungal growth and A. laidlawii B, GS14 2b exhibited the best activity followed by
analogs possessing single and multiple enantiomeric inversions; however, the
therapeutic indices decreased in the order single stereocenter inversion of Lys
analogs > multiple inversion analogs > GS14 2b.

To study the effect of cholesterol on membrane binding, isothermal titration
calorimetry (ITC) studies were performed with GS and [p-Lys*]-GS14 (2¢) using
large unilamellar vesicles composed of various zwitterionic (POPC) and anionic
phospholipids { 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(glycerol)] [POPG]
and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phosphoserine] [POPS]} in the presence
and absence of cholesterol [40, 41]. The interactions of [D-Lys4]-GSI4 (2¢) with
lipid micelles and bilayer membranes was also studied using FTIR spectroscopy
[42]. Relative to that of GS, [D-Lys4]-G814 (2¢) exhibited a slightly distorted
[B-sheet conformation, almost identical antimicrobial potency, but was 15-20-fold
less hemolytic. The orientation of the p-Lys* side chain toward the hydrophobic
part of [D-Lys*]-GS14 (2¢) was suggested to increase its hydrophilic and decrease
its amphiphilic properties diminishing the tendency to aggregate in hydrophilic
environments and augmenting interactions with hydrophobic moieties relative to
GS14 (2b) [43].

The capability of [p-Lys*]-GS14 (2¢) to bind, disrupt phospholipid model
membranes, and permeabilize large unilamellar vesicles was also studied using a
fluorescent dye leakage assay [44]. Binding affinity varied distinctively with the
charge and to some extent with the polar head-group structure of the phospholipid,
as well as with the cholesterol content of the model membrane. Peptide 2¢ bound
much more tightly to anionic than to zwitterionic phospholipids and much less
tightly to cholesterol-containing than to cholesterol-free model membranes. The
binding affinity of peptide 2¢ correlated more strongly with its antimicrobial and
hemolytic activities than its influence on the rate and extent of dye leakage in model
membrane systems.

In permeabilization studies of lipid bilayers composed of mixtures of zwitter-
ionic diphytanoylphosphatidylcholine and anionic diphytanoylphosphatidyl-
glycerol, as well as single zwitterionic unsaturated phosphatidylcholines of
various hydrocarbon chain lengths, in the presence and absence of cholesterol,
GS did not form discrete, well-defined, channel-like structures in the phospholipid
bilayers but instead brought about a wide variety of transient, differently sized
defects which served to compromise the bilayer barrier properties toward small
electrolytes [45].
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The preparation and CD analysis of a GS analog (GS10, 3a) in which the Orn
and p-Phe residues were, respectively, replaced by Lys and p-Tyr demonstrated that
the pB-sheet conformation was retained but was less structured compared to GS in
aqueous and membrane mimetic solvent [46]. Less associative in water than GS,
GS10 was more polar and exhibited weaker antibacterial activity against
A. laidlawii B. Fourteen diastereomers of GS14 were also synthesized; each
contained a different single enantiomeric substitution within the framework of
GS14. The p-sheet structure of all GS14 diastereomers was disrupted as determined
by CD and NMR spectroscopy under aqueous conditions. It was observed that
compounds with high amphipathicity resulted in high hemolytic activity and low
antimicrobial activity. The best diastereomer exhibited 130-fold less hemolytic
activity compared with GS14 with increased antimicrobial activities for a number
of microorganisms. The therapeutic indices of this peptide were significantly higher
than GS with greater specificity for gram-negative microorganisms [47, 48].

Ten- to sixteen-meric analogs of GS were prepared by, respectively, substituting
the Orn and Phe residues with Lys and Tyr: cyclo-(VKLAYP’VKLAYP'?) (GS10, 3a),
cyclo-(VKLKdYPPKVKLAYP'?) (GS12, 3b), cyclo-(VKLKdYP®**VKLJYP'!)
(GS12-K7, 3c¢), cyclo-(VKL*dYP’KVKLAYP'") (GS12-K4, 3d), cyclo-(VK*KdYP®
KVKLAYP'") (GS12-L3, 3e), cyclo-(VKLKVAYP'LKVKLAYP') (GS14, 3f), cyclo-
(VKLK*dYP’LKVKLJYP"?) (GS14-V5, 3g), cyclo-(VKL*VAYP’LKVKLAJYP'?)
(GS14-K4, 3h), cyclo-(VK*KVAYPLKVKLAYP') (GS14-L3, 3i), cyclo-(VKL
KVKJYP!)KLKVKLAYP'®) (GS16, 3j), cyclo-(VKLKV*dYP’KLKVKLJYP'")
(GS16-K6, 3K), cyclo-(VKLK*KdYP'’KLKVKLAJYP'?) (GS16-V5, 31), and cyclo-
(VKL*VKdY P’KLKVKLJY PIS) (GS16-K4, 3m) (Fig. 4, note, * indicates a deleted
amino acid compared to the parent peptide) [49]. Among the CD spectra of 3a—m,
that of GS10 (3a) exhibited two negative maxima at 205 and 222 nm characteristic
of a p-sheet — pB-turn structure. In contrast, the higher homologues were found to
have CD spectra indicative of disrupted -sheet structure. Although almost all of the
expanded GS analogs were potent against gram-positive bacteria, they possessed
hemolytic activity. Relative to GS, GS14-L3 (3i) and GS16 (3j) exhibited better
(up to sixfold) therapeutic indices with 3i exhibiting the best efficacy against
Streptococcus aureus (S. aureus), Streptococcus mitis (S. mitis), and Streptococcus
pneumoniae (S. pneumoniae) and 3j combating best Staphylococcus epidermis
(S. epidermis). In a similar way, GS16-K4 (3m) exhibited high therapeutic indices
for Enterococcus faecalis (E. faecalis), Streptococcus pyogenes (S. pyogenes), and
Corynebacterium jeikeium (C. jeikeium). Lower MIC values were obtained for
gram-negative compared to gram-positive bacteria with GS16 (3j) exhibiting the
best therapeutic index values against Enterobacter cloacae (E. cloacae), E. coli,
Klebsiella pneumoniae (K. pneumoniae), and Pseudomonas aeruginosa
(P. aeruginosa). Similarly, against Acinetobacter calcoaceticus (A. calcoaceticus)
and Stenotrophomonas maltophilia (S. maltophilia), GS16-V5 (31) and GS16-K4
(3m) exhibited, respectively, the highest therapeutic index values. Against fungi
such as Candida albicans (C. albicans) and Cryptococcus neoformans
(C. neoformans), GS14-L3 (3i) had the highest therapeutic index. The expanded
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Fig. 4 (continued)

GS analogs with CD spectra indicating a disrupted pB-sheet conformation tended to
exhibit lower hemolytic activity.

Extended reverse GS derivatives 4a—j were synthesized and studied by NMR
spectroscopy [50]. The proline residue chemical shift perturbation values
(A0=0.8-0.9 ppm) were indicative of its presence in a f-hairpin with similar
amount of P-sheet content among analogs 4a—j (Fig. 5). The presence of the
B-sheet — B-hairpin conformation for 4a—j — was supported by their CD spectra
which displayed characteristic negative maximum at 210 and 220 nm. Extended
reverse GS derivatives 4a and 4j showed the lowest antibacterial activity, and 4c,
4e, and 4g were more potent than GS (1). Analog 4a was the least hemolytic in the
series, and 4b and 4¢ were comparatively less hemolytic than GS (1). Other analogs
were more hemolytic than GS. Comparison of hemolytic activity with HPLC
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retention time revealed that the most and least hydrophobic analogs 4j and 4a

exhibited, respectively, the highest and lowest hemolytic activity in the series.

Ring-extended GS analogs S5 with four basic amino acid residues, as well as
sugar amino acids (SAA) serving as dipeptide surrogates, were synthesized and
studied by NMR spectroscopy (Fig. 6) [51]. The 7-9 Hz 3JNH_C(,H coupling con-
stants and chemical shift perturbation values (A C,H > 0.1) for the Val, Leu, and
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Orn residues of Sc suggested their presence in an extended f-strand conformation.
The 2—4 Hz coupling constants for the p-Phe residues and Ad of C,H < O for the Pro
and p-Phe residues implied their presence in a turn motif. Incorporation of a SAA
residue for one of the p-Phe-Pro dipeptides was inferred to disrupt the B-hairpin
structure, because Se—g exhibited, respectively, lower coupling constants and
smaller chemical shift perturbations than Sc.
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The CD spectrum of Sc had two negative maximum around 205 and 222 nm;
however, the spectra of Se—g had a weaker negative maximum around 220 nm.
Relative to Sa, Sc had better antibacterial activity against both gram-positive and
gram-negative bacteria, as well as lower hemolytic activity. The SAA-GS analogs
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Se—g possessed similar bactericidal activity as 5S¢ with lower hemolytic activity.
The improved therapeutic profiles for Se—g may be due to distortion of the $-hairpin
structure and reduced hydrophobicity at the SAA turn.

Diastereomeric analogs 5d and Sh—j, in which the configuration of one of the
Orn residues was inverted (Fig. 7), showed well-resolved NMR spectra indicating
the presence of a single stable p-hairpin—p-sheet secondary structure in solution:
3JNH_C(,H coupling constants of 7-9 Hz for the Val, Leu, and Orn residues and of
4 Hz for the p-Phe residues; C,H chemical shift perturbation values of Ao > 0.1 for
the Val, Leu, Orn residues; and Ad < 0 for b-Phe and Pro residues.

Relatively lower values for the amide coupling constants and chemical shift
perturbations of the Val, Leu, Orn residues of Se—g and Sh—j compared to those of
their parent counterparts 5S¢ and 5d indicated that introduction of SAA moiety
disrupted the hairpin secondary structure. Inversion of the stereochemistry of one
Orn residue did not apparently alter the peptide secondary structure in CD;OH,
albeit CD spectra in TFE/H,0 indicated that Se—g adopted a more ordered second-
ary structure compared to diastereomers Sh—j. Like GS, analogs 5¢ and 5d
exhibited negative ellipticity at 220 and 205 nm. Analogs Se—g had spectra most
indicative of the stable p-hairpin—3-sheet secondary structure and proved the most
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5j

Fig. 7 Structures of 5b, 5d, Sh—j

potent against both gram-positive and gram-negative bacteria but maintained sig-
nificant hemolytic activity. In terms of therapeutic index, analog Sh gave the best
results because of its relatively high antibacterial potency and significantly reduced
hemolytic activity. Based on HPLC retention times, pD-Orn analogs Sb, 5d, and Sh—j
were, respectively, less hydrophobic than their L-Orn diastereomers Sa, Sc, and Se—
g, with the promising p-Orn analog Sh in the middle of the hydrophobic range of the
series [52].

Undecapeptide GS analogs of the structure cyclo-(Val'-Ormn?*-Leu®-Xaa*-p-Phe”-
Pro®-Val’-Orn®-Leu’-p-Phe'°-Pro'") (6a—e, Fig. 8) were synthesized and studied by
NMR spectroscopy [53]: Xaa was Leu, Ala, Orn, Lys, and Arg. Analogs 6 were
monomeric over a wide concentration range. The absolute values of the tempera-
ture coefficients (AS/AT) of the amide NHs for the Val'” and Leu™ residues were
relatively low, and those for the Ornz’g, Leu4, and D-Phes’m, residues were high
indicative of solvent shielded and exposed protons; the former involved in intra-
molecular hydrogen bonds. The relatively larger *Jxiicqn coupling constant values
for the Val', Om?, Leu®, Val’, Orns, and Leu’ residues were consistent with their 0}
dihedral values around —120°, as found in a B-sheet conformation. The ROE cross
peaks observed between p-Phe’CaH and Pro6C(xH, as well as the p-Phe'°CaH and
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Pro''8CH, protons, indicated, respectively, prolyl amide cis- and trans-conforma-
tions, the latter in a type II' -turn. All analogs 6 showed similar conformations,
which was supported by similar CD spectra. Relative to GS, analogs 6 had compa-
rable activity against gram-positive but weaker effects on gram-negative bacteria.
Leucine and alanine analogs 6a and 6b exhibited, respectively, similar and lower
toxicity against sheep red blood cells as GS. Analogs 6¢c—e with cationic residues
showed much lower toxicity indicating selectivity for bacteria versus mammalian
membranes.

B-Amino acid containing analogs of GS [cyclo-(ap’ap’a), 7a-b, cyclo-
(ocﬁzocﬁ3(x)2 7c—e, in addition to GS diastereomer 7f (Fig. 9)] was synthesized and
studied by NMR spectroscopy. Although analog 7¢ containing two (S)-p*
homovaline and two (R)-p>-homoleucine was modestly active, analogs containing
two (R)-p>-homovaline and two (R)-p*-homoleucine residues were largely
inactive [54].

Inactive analogs 7a and 7b, as well as the analog 7¢ with the best antibacterial
activity, all were found to adopt f-hairpin structures using a combination of NMR
spectroscopy and X-ray analysis. Placing the hydrophobic side chains of the
B-homoLeu and p-homoVal residues closer to the Orn residue might have
influenced the charge density in 7c¢ to favor an improved activity. The authors
speculated that inclusion of proper anti-p**-amino acids [55] would lead to the
rigid conformations effective in terms of activity.

2.2 Effect of N-Methylation

Intramolecular hydrogen bonds between Val and Leu residues play an important
role in maintaining the antiparallel B-sheet arrangement of GS. The roles of other
nitrogen protons, including those of the free amine of the Orn residues in the
antiparallel sheet structure, were evaluated by X-ray crystallographic analysis of
bis-Boc-tetra-N-methyl-GS (8, Fig. 10) [56].

Although the expected arrangement of hydrogen bonds was observed for meth-
ylated GS analog 8, the antiparallel p-sheet exhibited a slight twist, and an extra
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hydrogen bond was observed between the carbonyl groups of the p-Phe residues
and the urethane NHs of the protected ornithine side chains. The sense of the twist
was opposite to that reported for bis-N°-(trichloroacetyl) and bis-N°-(m-
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bromobenzoyl) derivatives of GS. The importance of amide protons in GS was
further investigated by the synthesis and analysis in which one, two or three
residues were, respectively, replaced with N-methylamino acid residues (N-Me-
Ala, N-Me-Phe, and N-Me-Leu, 9a-1, Fig. 11) [57].

Four analogs were studied by NMR spectroscopy in DMSO-dg: [Me-Leu’]-GS
(9e), [Me-Leu’, Me-Ala’]-GS (9h), [Me-Ala®, Me-Ala’]-GS (9j), and [Me-Ala?,
Me-Leu’, Me—Ala7]—GS (9k). The larger 3JNH_CO(H coupling constants and lower
temperature coefficients (AJ/AT) for the Val, Orn, and Leu amide NHs in the
proton NMR spectra of 9j compared to GS suggest a distortion from the
B-sheet—P-turn structure indicating that replacement of the proline residues by N-
(methyl)alanine decreased structural rigidity. The structures of 9e and 9k both
possess a N-(methyl)leucine residue at the S5-position and exhibited coupling
constant values indicating their similar backbone conformations. Relative to their
respective parent counterpart GS, 9j, 9e, and 9k exhibited similar 3JNH_CaH cou-
pling constants except for the p-Phe residue which was significantly higher indi-
cating a conformational change about the p-turn region. In an observation of a
significant increase in the AS/AT temperature coefficient for the amide NH of the
Val® residue of 9k compared to that in GS, 9e and 9j indicated strengthening of the
intramolecular bond with the carbonyl of the N-(methyl)leucine’ residue. As in the
case of 9e and 9k, [Me-Leu’, Me-Ala’]-GS (9h) exhibited a change in the coupling
constant for the p-Phe' residue indicating perturbation of the turn region. In
addition, the temperature coefficient of the amide NH of Val® of 9h increased
significantly indicating involvement in an internal hydrogen bond. The CD spectra
of [Me-Ala’]-GS (9d) and [Me-Ala®, Me-Ala’]-GS (9j) were measured in water,
and their curve shapes were found to be similar to that of GS with a negative
maximum at 207 nm and a shoulder at 217 nm indicating that replacement of Pro
with Me-Ala had limited effect on the overall type II' p-sheet—B-turn conformation.
On the other hand, all of the other methylated GS analogs showed curve shapes
indicative of major deviation from GS conformation: e.g., [Me—Ala4]—GS (9b)
showed broad negative maximum at 207-213 nm, and [Me-Ala3]—GS (9¢) exhibited
a shifted negative maximum at 202 nm. Relative to GS, the ICy values increased
15-20-fold for analogs 9a and 9c¢ against gram-positive bacteria. Moreover, analogs
9d and 9j were similarly as active as GS against gram-positive bacteria indicating
that replacement of Pro with N-Me-Ala did not affect the activity. Retained
antibacterial activity for [Me—Ala4]—GS (9b) and [Me-D—Phe6]—GS (9f) suggested
that methylation of the externally exposed amides did not affect the activity and that
only one positively charged Orn residue was sufficient for retained activity. Up to a
fivefold decrease in hemolytic activity relative to GS was observed on N-methyl-
ation of the internal amide hydrogen bonding NH of the Leu® residue (e.g., 9a, 9e,
9¢g, 9h, and 9k). N-Methylation of the amide NH of specific f-turn and p-strand
residues was thus shown useful for dissociating antimicrobial and hemolytic
activity.
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2.3 Exchange of Amino Acid

Solid-phase peptide synthesis using Fmoc protocol and on-resin macrolacta-
mization without side-chain protection afforded cyclic GS analogs 10 in high
yield and high purity. The pre-organized conformation of the linear precursors
was cited for the high specificity of the cyclization reactions. Head-to-tail cycliza-
tion of a linear thioester precursor was used to close the ring at p-Phe'-Leu'® amide
bond (shown in red, Fig. 12). To demonstrate the general applicability of the
method, an alanine-scan series of GS analogs 10a—j was synthesized in which
each residue was systematically replaced by alanine (Fig. 12) [58]. The biological
activities of the analogs were not reported. This method was compared with an
earlier reported chemoenzymatic approach in which the isolated thioesterase
domain of gramicidin synthase was used for enzymatic cyclization of GS precursors
containing up to three consecutive modifications of the amino acid residues in the
sequence without significant affect on the cyclization rate [59].

The size and orientation of the p-Phe residues have been studied by the synthesis
and analysis of GS analogs possessing aromatic amino acids 11a—f N-terminal to
the prolyl residues (Fig. 13) [60]. In all cases, the major isomer observed by NMR
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spectroscopy possessed amide frans-isomers N-terminal to the two Pro residues and
an overall conformation that was similar to GS as indicated by similar lH, 13C, and
5N chemical shifts. In certain cases (e.g., 11e and 11f), the chemical displacements
of some protons were shifted due to ring current effects from the aromatic residues.
In addition, Nuclear Overhauser Effects (NOE) from the transfer of magnetization
between the Orn-CaH and the Val and the Leu amide NHs supported the presence
of the sheet structure for 11a—c.

For GS and analogs 11 (except 11b, which had low solubility), NOEs were
observed between the side-chain protons of the Val and Leu residues suggesting a
B-sheet structure. Relative to the temperature coefficients of GS, the AS/AT values
were similar for the solvent-exposed Orn and p-Phe amide NH protons, except for
11e, and for the solvent-shielded NH of the Leu residues. The temperature coeffi-
cients for the Val residue NHs were higher in 11 than in GS indicating a relatively
weaker participation in an intramolecular hydrogen bond, except for 11f in which
the AS/AT value was low. Except for the p-Tic analog 11f, all of the aromatic amino
acid analogs 11a—e were potent against bacterial strains; however, they exhibited
hemolytic activity equal to or greater than GS.

Another series of GS analogs modified at the turn region were prepared by
replacing the p-Phe-Pro sequence with p-Pro-Phe and employing a series of
constrained amino acids 12a-1 to replace the phenylalanine moiety (Fig. 14)
[61]. In all cases, the Leu-pD-Pro amide bond was observed to be in a trans-
arrangement in the major conformer, which existed in some cases in equilibrium
with amide cis-isomer as well as conformers not related to prolyl amide cis—trans-
isomerism. In contrast to GS and analogs 11, the Val residues in 12 exhibited
coupling constants and temperature coefficients indicative of a stronger intramo-
lecular hydrogen bond. With the exception of 12a, which possessed a 3JNH_C(,H
value of 5.7 Hz for the Orn residue, analogs 12 exhibited large (8.0-9.8 Hz) 3JNH_
cqu coupling constants for the Val, Orn, and Leu residues indicative of a p-strand
conformation. With the exception of 12k, analogs 12 exhibited solvent-shielded
temperature coefficients (AS/AT > —5.1 pbb/K) for the Val and Leu residue amide
NH protons, as well as solvent-exposed values (AS/AT < —7.0 pbb/K) for the Orn
and Dp-Phe residue amide NH protons, a pattern indicating a f-sheet—f3-turn
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Fig. 15 Structures of 13a—f

conformation. Similarly, with the exceptions of 12a and 12k, analogs 12 exhibited
three cross-strand NOEs characteristic of a symmetrical GS structure, between
(i) the CaH protons of the Orn residues, (ii) the CaH proton of the Orn residues,
and the amide NH of the Leu residues, as well as (iii) the amide NH protons of the
Val and Leu residues. In the case of 12a and 12k, NOE between the Val and Leu
side chains suggested their proximity on an amphiphilic structure that differed from
the canonical B-sheet structure of GS. The parent reversed analog exhibited lower
antibacterial and hemolytic activity compared to GS; however, certain analogs
(e.g., 12a, 12b and 12d) had comparable or better activity than GS but retained
hemolytic activity like GS.

The starting amino acid proved critical for good overall yield in the synthesis of
GS and analogs 13 bearing '’F-labeled p-fluoro- and p-trifluoromethylphe-
nylglycine as well as '°N-labeled Leu and Val residues (Fig. 15) [62]. The latter
analogs were synthesized for use in solid-state NMR structure analysis of GS in
biologically relevant membranes [63, 64].

Replacement of one of the p-Phe residues with N-substituted and unsubstituted
D-triazolyl alanines, as well as p-histidine, gave analogs 14 (Fig. 16) [65], which
maintained characteristics of the parent type II' B-sheet—f-turn structure: i.e., the
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NH, NH, ‘
14a 14bR=H, 14c R = Bn, 14d =

3Jnicon values were relatively small (2.5-3.5 Hz) for the p-His, p-triazolyl
alanine, and p-Phe residues and high (>8 Hz) for the strand residues. X-ray
structures of histidine and N-benzyl triazolyl alanine analogs 14a and 14c were
also in accordance with the NMR data and confirmed the predicted secondary
structure. Relative to the parent triazolyl alanine analog 14b, 14c—e showed higher
antimicrobial activity indicating the importance of the aromatic substituent. Bulky
pyrene analog 14f was, however, less potent compared to 14c—e indicating the
limits of aromatic ring size for activity. Analogs 14d—f exhibited higher hemolytic
activity than GS. Although analogs 14b and 14c were less hemolytic than GS,
histidine analog 14a was the most promising lead, having the best antibacterial
activity with least cytotoxicity, likely due to the relatively higher basicity of the
imidazole moiety.

The importance of the basic ornithine residues was demonstrated by replacement
with glutamine in a series of analogs 15 bearing different p-Phe, Val, and Leu
residue surrogates (Fig. 17) [66].

Although antibacterial activity was abolished against a panel of organisms [e.g.,
Streptococcus agalactiae (S. agalactiae) methicillin-resistant S. aureus (MRSA),
E. coli, and P. aeruginosal, except S. pyogenes, against which a few analogs
exhibited marginal activity, analogs 15 retained significant hemolytic activity.

Exploring the affinity that GS shows toward carbohydrates, a series of analogs
16 was prepared in which the hydrophobic Val residue of GS was replaced by Asn,
Asp, and Gln, and the Leu residue was substituted with Trp (Fig. 18). Analogs 16
demonstrated selective affinity for neutral carbohydrates, such as glucose,
lactulose, galactose, and fructose [67].

Removal of the p-Phe-Pro sequence to produce smaller ring size GS analogs,
cyclo-[8-Orn(-Val-Pro-p-Phe-H)-Leu], 17a and cyclo-(5-Orn-Leu), 17b, abolished
activity against both gram-positive and gram-negative bacteria in the case of the

Fig. 16 Structures of 14a—f
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Fig. 17 Structures of 15a—q

latter, and the former retained 1/2 to 1/8 the activity of GS against gram-positive
bacteria [68].

Modification of the p-Phe-Pro turn was examined by the synthesis of GS analogs
18 [69], in which the p-Phe residues were substituted by p-Tyr and O-benzyl p-Tyr,
and the Pro residues were replaced with (25,4R)- and (25,4S)-azidoproline (R- and
S-Azp, 18c¢ and 18d), (25,4R)- and (25,4S5)-aminoproline (18e and 18f), as well as
their carbamate (18g and 18h) and succinamide (18i and 18j) counterparts (Fig. 19).
Similar to GS, analogs 18, all showed the respective large and small vicinal spin—
spin *Jxi.can coupling constants for the extended p-strand and turn conformations.
Relative to GS, only the hydrophobic O-benzyl-p-Tyr and Azp peptides (18b, 18¢
and 18d) possessed comparable antibacterial activity.

On the other hand, single replacement of p-Phe with p-N-benzylamino and p-N,
N-dibenzylamino-p-Phe gave analogs 19k and 191, which failed to show
antibacterial potency, further illustrating that introduction of a relatively basic
amine into the turn region was detrimental to activity (Fig. 20) [70].

Extensive NMR studies in solution and X-ray analysis established that analogs
19 maintained the cyclic B-hairpin secondary structure of GS. Analogs 19 illus-
trated general trends in which potent antimicrobial analogs exhibited high hemo-
lytic activity, and optimal size and hydrophobicity was important for potency.
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The importance of the amphiphilic sequence was demonstrated by replacement
of the hydrophobic Val and Leu residues with hydrophilic amino acids (e.g., His,
Lys, Orn, Dab, and Dap) and the hydrophilic Orn residues with Leu as a hydro-
phobic amino acid (Fig. 21), which produced the series of analogs 20 that had lower
antibacterial and hemolytic activity than GS [71]. Replacement of one proline
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residue with (2S,4S5)-aminoproline, as well as its N-octanoyl and octanoyl-(lysyl),,
counterparts (n = 1-3), gave analogs 21, which maintained CD spectra character-
istic of the p-sheet structure of GS with a negative maximum at ~207 nm and small
negative band at ~220 nm (Fig. 22) [72]. Analogs 21 exhibited antibacterial
activities similar to GS, with hemolytic activity comparable (21b, 21¢, and 21g)
and lower (21a, 21d—f, and 21h) than that of GS.

A major conformer similar to GS and a few minor conformations were exhibited
by cyclo-(L-Leu-L-Lys-L-Leu-p-Leu-L-Leu), (22), in which Leu replaced the Val, p-
Phe, and Pro residues, and Lys was substituted for the Orn residue (Fig. 23) [73],
albeit 22 had 1/8 to 1/4 antimicrobial activity of GS.
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To examine the importance of the hydrophobic residues, GS analogs 23 were
synthesized possessing (§)-tert-butylglycine, (S)-cyclohexylglycine, and (S)-
adamantylglycine as hydrophobic valine replacements and (S)-terz-butylalanine,
(S)-cyclohexylalanine, and (S)-adamantylalanine as the corresponding leucine
replacements (Fig. 24) [74].

In agreement with the GS spectrum, the 3 Int.con Values of the adamantylglycyl,
adamantylalanyl, Orn, Val, and Leu residues, all were between 8 and 12 Hz and those
for the p-Phe residue were between 2 and 4 Hz indicating their respective presence in
the strand and turn portions of the B-hairpin structure for analogs 23a—e. Moreover, the
NOEs, as well as the X-ray structures of 23b and 23f confirmed the presence of the
B-hairpin secondary structure. Except analogs 23d and 23e, all the hydrophobic GS
analogs were potent against various gram-positive, gram-negative strains (with 23f
against MRSA strains also); however, all were found to be significantly hemolytic.

Similarly, peptides 24 composed of four Orn residues sandwiching central
hydrophobic amino acids, with unaltered turn regions, exhibited potent activity
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against gram-negative and gram-positive bacteria, as well as human erythrocytes
(Fig. 25) [75].

To study the inhibition of aggregation of amyloid AP(1-40) peptides, GS
analogs 25 were synthesized and examined using thioflavine T fluorescence assays
and scanning probe microscopy (Fig. 26) [36]. Analogs 25 and GS with hydropho-
bicity on the P-strand, as well as suitable aromatic components at the p-Phe

HoN NH, 24a R, = R, = CHMe,
24b R4 = R, = adamantyl
o o Ph 24c R, = CHMe,, R, = CMe;
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position, were shown to inhibit fibrillization and to dissolve preformed amyloid
fibrils by a mechanism that was ascertained through in silico docking to involve
interaction at a channel of the A fibril composed of hydrophobic and hydrophilic
residues [36].

The p-Phe-Pro region of GS has been replaced with different turn surrogates. For
example, replacement of p-Phe-Pro with a trisubstituted E-alkene dipeptide isostere
(TEADI) gave analog 26a (Fig. 27), which exhibited the characteristic antiparallel
[-sheet structure and a MIC value of 20 pg/mL against Bacillus subtilis (15 pg/mL
for GS) [76]. Replacement of the Leu-p-Phe residue with TEADI analogs with
methyl and trifluoromethyl substituents gave 26b and 26¢ with MIC activities of 5—
15 pg/mL against Bacillus subtilis, the latter showing better p-pleated sheet
structure [77].

The replacement of the p-Phe residues with p-2,3-diaminopropionic acid added
two additional cationic residues in 27a which retained activity against gram-
negative bacteria but was less effective against gram-positive bacteria than
GS. On the other hand, replacement of the p-Phe residues with a,p-dehydroalanine
gave analog 27b which showed antibacterial activity comparable to GS
(Fig. 28) [78].
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A related series of GS analogs 28 was synthesized in which the p-Phe residue
was, respectively, substituted by (Z)-(B-3-pyridyl)-a,p-dehydroalanine (A%3Pal),
(B-3-pyridyl)-p-alanine (p-3Pal), and (Z)-a,p-dehydrophenylalanine (AZPhe)
(Fig. 29). In the spectra of the A“3Pal-containing analogs, variable-temperature
experiments indicated intramolecular hydrogen bonds between the Val and Leu
residues and *Jnp.cen values (8.6-9.5 Hz) for the Val, Om, and Leu residues
indicative of a f-sheet conformation. In contrast, the temperature coefficient (Ad/
AT) and the */xi1.can value of the p-3Pal containing analogs differed slightly from
those of GS suggesting a slight distortion from the -sheet conformer [79].

The CD spectra indicated similarly antiparallel B-sheet conformations for ana-
logs 28, except D-3Pal analog 28f, which exhibited a negative maximum of much
weaker intensity. The A“3Pal and A“Phe analogs 28a—c and p-Tyr analog 28e all
had antibacterial activity comparable to GS against gram-positive S. aureus. Higher
hemolytic activity than GS was exhibited by A“Phe analog 28a relative to GS, but
the other analogs showed reduced toxicity to red blood cells. The p-3Pal analog 28f
lost both antimicrobial and hemolytic activity, perhaps due to a loss of hydrophobic
to hydrophilic residue balance as suggested by HPLC on which it was more polar
than the other analogs. Replacement of one and both Orn residues by Ala gave
A“3Pal analogs 28g and 28h, which exhibited reduced and no antibacterial activity,
albeit they were much less hemolytic than GS and 28e (Fig. 30) [80].

Net positive charge and amphiphilicity were suggested to control membrane
selectivity for analogs 28, with the hydrophilic pyridyl group in the B-turn region
reducing interactions with red blood cells. The mechanism of antibacterial action
was suggested to implicate membrane disruption with K* ion efflux [81, 82].
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Fig. 31 Structures of 29a-h

2.4 SAA-Based Analogs

The p-Phe-Pro sequence has also been replaced with sugar amino acids (SAAs) in
GS analogs 29, which were observed by NMR spectroscopy to maintain antiparallel
B-sheet structure (Fig. 31) [83]. Lower antibacterial activity compared to GS was
exhibited by SAA analogs 29, with 29¢ exhibiting the highest relative activity in the
series, and disubstituted SAA analogs completely losing activity. Singly substituted
SAA-GS analogs 29 exhibited hemolytic activity at around 500 pM, and disubsti-
tuted SAA analogs 29 were without toxicity against human red blood cells.
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Fig. 32 Structure of 30

Furanoid SAA analog 30 was reported to adopt an unusual reverse turn structure
with three hydrogen bonds between opposing Leu and Val residues (Fig. 32)
[84]. Several short-range NOEs were observed between strands of 30: between
the amide NHs of Val®> and Leu® and between Val’ and Leu4; amide NH and
a-protons between Val’ and D-Phe and between Leu’ and Orn’; and
a-proton—a-proton NOEs between the Orn® and Orn® residues. Moreover, a strong
NOE that was observed between the amide NHs of the SAA and Val® residues
indicated a distortion from normal turn conformation. Crystallographic analysis of
30 indicated a p-pleated sheet structure with two hydrogen bonds shared between
the Leu® and Val’ residues and one between the amide NH of Leu” and carbonyl
oxygen of Val® similar to those inside GS, but with a larger right-handed twist
[85]. An unusual reverse turn structure positioned the SAA amide NH in close
proximity to its C3 hydroxyl group. Chakraborty et al. had previously observed
similar hydrogen bonds between amide NH and hydroxyl groups in furanoid SAA
peptides in solution [86, 87]. The furanoid C;-endo conformation was accounted for
the close proximity of the hydroxyl function in the turn region [88]. In the crystal
structure, molecular packing of six crystallographically equivalent molecules of 30
were observed with the hydrophilic Orn side-chain residues projected into the core
and the hydrophobic Val, Leu, and p-Phe residues at periphery attributing to
supramolecular amphiphilic character. The resulting hexameric -barrel complex
was stabilized by intermolecular hydrogen bonds between the SAA carbonyl and
Orn® amide NH, as well as the Pro carbonyl and Orn® amide NH, respectively,
corresponded to a twelve-stranded f-barrel of approximately 13 A in length. Many
pore-forming proteins, including cytolytic bacterial toxins such as perfringolysin O
and a-hemolysin, adopt pB-barrels to achieve their mode of action [89].

The p-Phe-Pro sequence of GS has also been replaced by furanoid SAAs having
O-arylmethyl C4-OH substituents in analogs 31 (Fig. 33) [90]. Consistent with the
[-sheet structure exhibited by 30, similar vicinal coupling constant CJnp.con) and
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CoH chemical shift perturbations were observed for the corresponding arylmethyl
ethers 31 [91]. In the case of benzyl ether 31a, the preservation of NOEs between
the amide NH protons of Val” and Leu4, Val? and Leu9, as well as SAA' and Leu’
supported the -sheet structure. Moreover, a characteristic NOE between the amide
NH of the SAA" and Val? residues was discerned in support of a similar structure as
30. Similar spectroscopic data was observed for the biphenylmethyl and
naphthylmethyl analogs. X-ray analysis of naphthylmethyl ether 31¢ confirmed
B-sheet structure and found a pore-like assembly of 12 individual cyclic peptides in
the molecular packing of the unit cell. Both the antibacterial and hemolytic activity
of analogs 31 were comparable to GS.

Employing an alternative furanoid SAA and linear aminoethoxy acetic acid as
dipeptide isosteres, GS analogs 32 were synthesized to explore further the relation-
ship between the carbohydrate moiety and activity (Fig. 34) [92].

Both hydroxyl groups were deemed less important for conformational constraint
of 3,4-dihydroxy SAA peptide 30, because the NMR spectra of counterpart 32a
exhibited similar features including a low Clamcan <4 Hz) coupling constant for
the pD-Phe residue, negative chemical shift perturbations of the p-Phe and Pro
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residues, as well as characteristic NOEs between amide NH protons of neighboring
SAA, Val, and Leu residues indicative of an unusual reverse turn structure. On the
other hand, conformational restriction by the SAA residue was deemed important,
because more flexible analogs 32b and 32¢ lacked characteristic NOEs. Analogs 32
were generally inactive against gram-negative bacteria, such as E. coli and
P. aeruginosa, but retained potency against gram-positive bacteria relative to
GS. Analogs 32a and 32b had significant hemolytic activity, but S-aminoethoxy
acetic acid analog 32¢ exhibited 90% hemolysis at 500 pM concentration.

Morpholine amino acids (MAA) have also been substituted for the p-Phe-Pro
sequence in analogs 33 (Fig. 35). Except for analog 33d which appeared to exist in
equilibrium between multiple conformations, the relatively large coupling constant
3 Jni.con Values (8=12 Hz) for the Orn, Val, and Leu residues and small values (2—
4 Hz) for the p-Phe residue indicated the B-hairpin structure. Relative to GS,
analogs 33 had comparable activity against both gram-positive and gram-negative
bacteria and weaker hemolytic activity [93].

Variations in ring size were examined in four-, five-, and six-membered SAA
homologues 34 (Fig. 36), which all displayed p-hairpin structure with a similar pattern
of high (7-9 Hz) and low (4 Hz) 3 Jnmcan values and chemical shift perturbations as
GS. Relative to GS, pyranoid 34c showed comparable antibacterial activity that was
better than the other analogs, and all had moderate hemolytic activity [94].

Chakraborty et al. had previously reported SAA-based C, symmetric
24-membered cyclic CAPs that were found to match the dumbbell shaped of the
loloatin cyclopeptides better than the typical f-sheet structures of GS and
tachyplesins [95]. Their promising biological activities inspired design and synthe-
sis of new SAA peptides 35 (Fig. 37) in search of CAP-based drugs.

The order of antibacterial activity (lethal concentration against gram-positive
and gram-negative bacteria) and corresponding hemolytic activity of analogs
35b >35¢ >35f>35e >>35a>35d indicated that distance between the
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backbone and amine and a trans-relative stereochemistry for the furanoid rings
enhanced activity.

Replacement of the p-Phe-Pro sequence with 4-amino(methyl)-1,3-thiazole-5-
carboxylic acids as reverse turn mimics gave analog 36, which had slightly lower
antibacterial activity compared to GS, but sixfold decreased hemolytic activity
(Fig. 38) [96].

Conformational analysis of 36 indicated the Val, Orn, and Leu residues aligned in
a p-strand with relatively high */xp.con coupling constants, and temperature coeffi-
cients for the amide protons of the Orn and y-amino acid residues are comparatively
higher than those of the Val and Leu residues, indicating their solvent-exposed and
solvent-shielded natures. Furthermore, NOE between the Val and Leu residues and
the CyH of the y-amino acid and Val amide proton supported a distorted antiparallel
[-sheet structure with the y-amino acid acting as a reverse turn mimic.

Employing analogs of spirocyclic glucose-proline hybrids Glc3'(S)-5'(R)
(CH,OH)HypH and Glc3/(S)-5'(S)(CH,OH)HypH inside tetrapeptide models 37
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Fig. 39 Structures of 37a-d

(Ac-Leu-D-Phe-Pro-Val-NMe,) derived from GS, the 55 and 5R stereochemistries
were shown to dictate turn conformation, which adopted, respectively, type II' and
type VI pB-turn geometry (Fig. 39) [97].

Employing tetrahydrofuran amino acids (TAA) as surrogates of the p-Phe-Pro
unit in GS analogs 38, the Chakraborty laboratory explored their potential to
differentiate antibacterial and hemolytic activity (Fig. 40) [98].

Examination of their '"H NMR spectra in CDCl; (38a—d) and in DMSO-d, (38e—
h) indicated preferred conformations similar to that of GS with NOEs between the
Val amide NH and TAA C°H and between the TAA C°H and Leu amide
NH. Amide proton temperature coefficients for the Val and Leu residues were
lower than the Orn and TAA residues suggesting the former participated in the
hydrogen bonds. Structural variation was observed at the turn region. Analogs 38e—
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Fig. 40 Structures of 38a-h

g were tested against two gram-positive (S. aureus and B. subtilis) and two gram-
negative (E. coli and P. aeruginosa) bacteria. The most active analog 38e exhibited
comparable activity to GS but nearly fivefold lower hemolytic activity. The other
analogs were less active but nontoxic. Analogs 38g and 38h were active against
M. tuberculosis (MICs = 6.25 pM) with lower hemolytic activity than GS. Their
potency against M. tuberculosis, without hemolytic activity and toxicity against
Vero cells, make analogs 38¢g and 38h promising candidates for future study.

3 GS Dimers and Polymers

A series of GS-dimers 39 were synthesized by, respectively, substituting the p-Phe
and Pro residues with p-Glu and 4-aminoproline and linking the two macrocycle
peptides by a succinamide cross-link and by side chain to side-chain amide bonds to
join the inserted residues (Fig. 41).

GS-dimers were generally without antibacterial activity, except dimer 39e,
which had limited activity against gram-positive bacteria, such as S. epidermidis.
The dimers displayed, however, significant increase in hemolytic activity relative to
GS. In conductance-increasing studies, succinyl-tethered 39a and amide 39f
exhibited membrane-disruptive properties but were not observed to form discrete
channels [99].

Polymerization of methacrylate GS 40 occurred in a controlled manner without
loss of B-sheet character (Fig. 42) [100]. The biological activity of this polymeric
substrate was not reported.
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4 GS as Catalyst

Bisphosphine-functionalized GS analogs 41 and 42 were designed and used to
coordinate transition metals (Figs. 43 and 44) [101].

Poor solubility of 41a necessitated elevated temperatures to obtain the NMR
spectra, which indicated a close arrangement of the CH,P(S)Ph, groups in a
characteristic f-hairpin structures. X-ray crystallographic analyses found, respec-
tively, less and more twisted conformation for 41b and 41c¢ than GS.

Phosphine GS analogs 42 (Fig. 44) were employed as ligands in Rh-catalyzed
asymmetric hydrogenation and Pd-catalyzed allylic substitution giving, respec-
tively, products with up to 52 % and 15 % enantiomeric excess (ee) [102]. Metal
coordination was confirmed by *'P NMR spectroscopy and MALDI-TOF mass
spectrometry. Structure-activity relationships of various GS analogs [103]
suggested that the amphiphilic p-sheet and p-turn structure was required for cata-
lytic activity of GS analogs.
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5 Spynergistic Effect

Employment of GS with AgNO; as well as silver nanoparticles identified syner-
gistic effects against bacteria with reduced hemolytic activity [104]. Cyclic cationic
SAA peptides 43 (Fig. 45) and their gold nanoparticle complexes exhibited similar
antimicrobial activities with lower hemolytic activity for the latter [105].

The cis-SAA analog 43b was more effective than the trans-counterparts. The
thiol was necessary for coordination to gold (43d did not attach to gold), gave
broader spectrum antimicrobial activity, and reduced hemolytic activity, which was
in some cases abolished at the observed MICs. Initial studies of the mechanism of
action of 43 with transmission electron microscopy suggested that bacterial death
may be due to cell membrane perforation.

6 Conclusions

Owing to its wide-ranging activities against both gram-positive and gram-negative
bacteria, gramicidin S has been an attractive lead compound for antibiotic devel-
opment for several decades. In spite of potent bactericidal properties, a similar
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molecular mode of action against erythrocytes has limited application of
GS. Efforts to understand the mechanism by which GS disrupts the integrity of
cell membrane lipid bilayers to cause cell lysis have been pursued using various
analytical techniques as well as the synthesis and structure-activity analysis of a
wide spectrum of analogs with the ultimate goal of developing GS antibiotics that
selectively target bacteria. With greater understanding of the interactions of these
molecules, light is beginning to be shed on how to differentiate activity against
bacterial and human cell membranes. Further study is, however, still needed to
rationally design selective molecules that would kill only bacteria without hemo-
lytic activity.
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Abstract The amyloid fibril is a highly ordered proteinous aggregate, originally
discovered in the context of the self-assembly of soluble proteins into insoluble
extracellular plaques. The molecular structure of amyloidosis, an energetically
stable conformation with a thermodynamic local minimum, is of particular interest
because of its possible pathogenicity. Amyloidogenic diseases (amyloidoses) are
often fatal, widely heterogenic, and caused by sporadic, genetic, or infectious
pathogens. Consequently, major effort has been directed in the past few decades
to identify and develop agents that decrease the concentration of the pathogenic
aggregates either by interfering with the self-assembly of the proteins or by
modulating their physiological concentration. Heterocyclic peptides of natural
and synthetic origin have gained special attention because of their demonstrated
ability to interact with various amyloids. In addition to interfering with the amyloid
aggregation process, many of the discovered peptides also inhibit the formation of
fibrils, disassemble preformed fibrils, and prevent the pathogenic seeding effect.
Others are instrumental candidates for passive vaccination against amyloid
deposits. The promising preliminary results described here, together with the
broad chemical diversity of heterocyclic peptides and their amenability to large-
scale production, make these compounds promising for anti-amyloidogenic
research and for pharmacological therapy of amyloidoses.
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1 Introduction

The term ‘“amyloid” was first used in 1854 by the German physician Rudolph
Virchow, who considered initially the amyloidogenic material to be starch
(“amylum,” in Latin), based on crude iodine-staining techniques. Later, the pres-
ence of protein and the absence of carbohydrate in the aggregates shifted the
scientific view toward considering amyloids to be a class of protein (reviewed in
(L, 2]).

Amyloids were traditionally defined as formerly soluble proteins that had accu-
mulated in the extracellular space of various tissues as insoluble deposits comprised
of 10 nm-wide fibrils that were rich in P-sheet structures and that possessed
characteristic dye-binding properties [3]. However, the modern biophysical defini-
tion is broader and includes any polypeptide that self-assembles to form a cross-f§
X-ray fiber diffraction pattern, in vivo or in vitro, in which the p-strands are spaced
4.8 A apart and run parallel to the ~10 A-thick fibril axis (reviewed in [4]).

This definition is supported by the observation that even “ordinary” globular
proteins, such as muscle myoglobin [5] and others [6], are capable of forming
amyloidogenic deposits under native conditions (reviewed in [7]) and that protein
accumulation can also occur intracellularly, as happens in Parkinson’s disease
(PD).

Eisenberg et al. were the first to reveal the atomic structure of the molecular
organization of the cross-f spine shared by all amyloids [8]. They selected the
prion-like infective yeast protein Sup35 and isolated its seven-residue fragment,
GNNQQNY, which displays all the common characteristics of amyloid fibrils.
Using X-ray micro-crystallography, the researchers confirmed the cross-f spine
characteristics established by other methods. Importantly, they coined the term
“steric zipper” to describe the result of the hydrogen bonding that occurs between
the self-complementing side chains protruding from each of the paired P sheets
(Fig. 1). This steric zipper, together with backbone—backbone hydrogen-bonding
interactions, binds every segment within each f sheet to its two neighboring
segments and thereby holds the sheets together. In contrast to the dry internal
interface of the steric zipper, the external interface of the paired sheets was found
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Fig. 1 The “steric zipper.” The cross-f spine structure of the fibril-forming peptide GNNQQNY,
showing the backbone of each B-strand as an arrow, with ball and stick side chains protruding. The
interfaces between sheets are dry, whereas the external interfaces are hydrated. Carbon atoms are
colored in purple or gray. The hydrogen bonds lie parallel to amyloid fibril axis b. Adapted from
[8]

to be highly hydrated [8]. This and other studies presented the amyloidogenic fibril
as a generic structure that is determined by nonspecific hydrogen, hydrophobic, and
aromatic bonds, rather than by specific interactions between residue constituents
[9, 10].

Although the ability to form amyloid fibrils seems to be a generic feature of
polypeptide chains regardless of their sequence, and not necessarily associated with
any disease, amyloids are still best known for their biochemical and biophysical
correlations with a large number of heterogeneous disorders [11, 12], collectively
called “protein deposition diseases.” Only correctly folded proteins are able to
maintain stability in the crowded cellular environment and to selectively interact
with their natural ligands. Not surprising, failure to fold correctly can lead to
complex pathological outcomes.

More than 40 different human pathologies involve the accumulation of a specific
peptide or protein as a misfolded, thermodynamically highly stable fibrillar plaque.
Among the different molecular pathways that may lead to this final outcome are
various aging processes, high protein concentration in serum or tissue, mutations in
the original protein sequence, and faulty remodeling of precursor proteins
[13]. Despite their wide range of epidemiology and clinical symptoms, the amy-
loidosis can be divided among three types, based on their organ distribution
(reviewed in [13] and [14]):

e Non-neuropathic systemic amyloidosis is generally characterized by large
amounts of amyloid deposits in the extracellular spaces of multiple organs,
including the spleen, kidneys, and liver. The systemic amyloidosis usually
breaks out upon the worsening of other pathological conditions that elevate the
concentration of an aggregation-prone protein, as happens for serum amyloid A
(SAA) protein that accumulates as an amyloid during the acute-phase response
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to inflammatory disorders, such as rheumatoid arthritis. Another reason for some
systemic amyloidosis is the failure to clear an amyloid-prone protein (such as 3,-
microglobulin in hemodialysis-related amyloidosis), which increases its
concentration.

» Organ-limited localized amyloidosis is characterized by a fibrillogenic accumu-
lation of a protein adjacent to its site of cellular production, mostly in the
extracellular space in one organ. In type II diabetes mellitus, for example,
amylin hormone deposits are formed in the spleen, while cataract-induced vision
loss is derived from a pathological process of protein aggregation and formation
of amyloid assemblies on the lens [15].

e Neurodegenerative disorders are usually classified separately, because the
aggregates are formed in small quantities in the central nervous systems in
most of these conditions. These disorders include Alzheimer’s, Parkinson’s,
and prion diseases that are associated with the deposition of tau and amyloid
beta (Ap), alpha-synuclein (a-syn), and the prion protein (PrP), respectively.

The combined process of protein self-assembly and amyloid formation exhibits a
typical nucleation-elongation profile (Fig. 2A). Nucleation occurs during a lag
phase via the initial assembly of monomers into soluble oligomers and their
subsequent growth into high molecular weight prefibrillar aggregates (Fig. 2B).
When a critical nucleus is formed, the oligomers further elongate into fibrils at an
exponential rate through monomer addition. Upon reaching an equilibrium that is
dramatically shifted toward fibril formation, the process slows down and reaches a
plateau [19] (Fig. 2). Although all the initial interactions occurring during amyloid
self-assembly are non-covalent and hence reversible, the process is strongly shifted
toward the thermodynamically most favored and stable fibril structure [13].

The amyloid cascade hypothesis, proposed in 1991 by John Hardy and David
Allsop, suggests that the mature fibrillar deposits produced during the final stage of
AP oligomerization underlie the pathologies of Alzheimer’s disease
(AD) [20, 21]. Nevertheless, increasing evidence has led to a new consensus that
the toxic species are the early oligomeric assemblies formed during the lag or fast
logarithmic polymerization phases, which precede considerably the formation of
the mature fibril state [13, 22-25]. Despite the yet unknown structure of these
soluble oligomers, their toxicity is believed to arise from their interaction with
lipids and cellular membrane receptors and the consequent disruption of cell
homeostasis [13, 26, 27]. Lately, a causative connection was established between
the structure of the oligomers of an amyloid model protein, namely, the N-terminal
domain of the prokaryotic hydrogenase maturation factor (HypF-N), and its toxicity
[28]. In this study, the authors suggested that the primary determinants of the ability
of oligomeric species to cause cell toxicity were their structural flexibility and
relatively few hydrophobic inter-protein interactions, the latter of which correlated
with an improved ability of the oligomeric assemblies to penetrate the cell mem-
brane [28]. This finding supports the proposition that hydrophobic misfolded pro-
teins induce the most significant membrane damage by forming ion channels
(reviewed in [29]). Other factors promoting toxicity and tissue damage include
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physical damage to tissue architecture due to large quantities of amyloid deposits,
the inflammatory response promoted by the soluble toxic aggregates, oxidative
stress, and activation of apoptotic pathways [13].

Despite the consensus that deposited amyloidogenic fibrils are nontoxic by
themselves, a new approach focuses on their contribution to the pool of toxic
oligomers. In their study, Cohen et al. [30] suggested that deposited fibrils of
AP42 may promote the nucleation of toxic protofibrils from their monomers
[30]. Dissociation of the deposited fibrils into fragments may also promote a local
increase in the concentration of toxic intermediates which alter neuronal
metabolism [31].

In light of the observed similarities between different amyloidogenic patholo-
gies, the associated conditions have been considered as conformational diseases,
raising the possibility that they might even be transmissible in the same manner as
prion disease [32-36]. Unfortunately, due to the complexity of these disorders and
the lack of robust available biomarkers, the diagnosis of different amyloidogenic
diseases relies on clinical symptoms, which are believed to appear long after the
initial molecular events. All of these factors, together with a lack of efficient
therapies, make amyloidosis a major cause of morbidity and mortality.

Contemporary therapy addresses only the symptoms of amyloidogenic diseases.
Intensive research is however focused on developing new diagnostic and pharma-
cologic interventions. Promising strategies for the therapy of amyloidogenic dis-
eases include promoting amyloid resorption or otherwise reducing the
concentration of the precursor proteins to reduce the amyloidogenic protein level
below a critical threshold concentration, reducing the expression of the
corresponding genes, and stabilizing the native protein structure with specific
structure-based ligands. Other encouraging approaches include inhibiting the for-
mation and remodeling nuclei and seeds into incompetent structures, removing
metal ions that are vital for amyloid formation using chelating agents, antioxidative
and free radical suppressive approaches, and immunization against amyloidogenic
proteins [13, 37].

This chapter focuses mainly on heterocyclic peptides as potential anti-
amyloidogenic agents. These compounds represent the most promising leads in
each of the general anti-amyloidogenic approaches listed above.

Fig. 2 (continued) mature fibrils (Images are from [17]). (¢) Optical microscopy of Lewy body
plaques. (d) EM of early aggregates (Image is from [18])
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2 Anti-amyloidogenic Heterocyclic Peptides

The search for amyloid inhibitors originally began from organic compounds, such
as cinnamon, curcumin, porphyrins, and polyphenols, which were demonstrated to
possess a degree of activity against different amyloidogenic peptides and proteins
in vitro and in vivo [38-45]. Research expanded to the development of peptide
inhibitors, which are now of considerable interest because of their low toxicity and
the relative ease with which they can be designed, synthesized, and screened
through the use of combinatorial library technology. Despite these benefits, pep-
tides are generally susceptible to fast proteolysis and have usually short half-lives
and low bioavailability. However, advances in the field of modern peptide chem-
istry enable chemical modifications to the backbone and side chains of the peptides,
in order to stabilize strategically against enzymatic degradation and to enhance
potency.

Cyclization is a widely used chemical approach to increase peptide potency and
stability [46]. The constrained structure created by cyclization has been demon-
strated to enhance the binding affinity of cyclic peptides [47], to increase intestinal
permeability, and to improve resistance to cellular proteases and bioavailability.
Cyclization reduces the conformational flexibility of natural and synthetic peptides
by inducing a structural constraint, which often makes cyclic peptides and their
different chemical derivatives potent bioactive compounds. Moreover, their intrin-
sic characteristics and ability to bind to large surfaces enable various cyclic and
bicyclic peptides to be utilized to modulate protein—protein interactions (reviewed
in [48]).

Currently, there are more than 68 approved macrocyclic drugs (predominantly of
natural origin and ranging in size from 12 atoms up to 30 amino acids) on the
market, and at least 35 more are in various phases of clinical development
[49]. Most of these drugs are approved to treat infections and various types of
cancers. From a chemical viewpoint, they are equally distributed between hetero-
cyclic peptides and macrolides. With one exception, all of the heterocyclic peptides
that are in clinical use are administered by parenteral dosage because of insufficient
oral bioavailability; however, certain candidates under investigation in ongoing
clinical trials exhibit increased drug-like membrane permeability and are being
considered for oral administration (reviewed in [49]).

There are many methods to create libraries of cyclic peptides (reviewed in [50]),
some of which have been implemented in the search for anti-amyloidogenic agents.
As mentioned before, heterocyclic peptides have been studied in many anti-
amyloidogenic therapeutic approaches. This chapter will concentrate on the latest
developments concerning heterocyclic peptide agents as direct inhibitors of various
amyloidogenic proteins.
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2.1 Conformational Mimics

Peptide supramolecular assemblies are complex structures formed by a “bottom-
up” process from small and simple building blocks [51]. This description charac-
terizes the building up process of both amyloid fibrils and other self-assembled
systems, such as cyclic p,L-a-peptide nanotubes. In these supramolecular structures,
the monomeric building blocks associate through specific non-covalent interactions
to form well-ordered three-dimensional nanostructures. As implied by the name of
this category, the cyclic peptide inhibitors gain their mechanism of action from their
structural and biochemical similarities to amyloid fibrils.

2.1.1 Cyclic p,L-x-Peptides

Cyclic p,L-a-peptides are composed of an even number of alternating p- and
L-a-amino acids, which force the cyclic peptide ring to adopt a low-energy flat
conformation. In such a conformation, all backbone amide functionalities lie
perpendicular to the plane of the peptide ring (Fig. 3) [2, 52]. Under conditions
that favor hydrogen-bond formation, the cyclic peptide subunits stack on top of
each other through backbone—backbone intermolecular hydrogen bonds to produce
a contiguous P-sheet nanotube structure.

The first suggestion that cyclic peptides can self-assemble was made in 1974
based on theoretical studies [53]. In 1993, Ghadiri et al. were the first to report on
the design, synthesis, and characterization of the cyclo[-(p-Ala-Glu-p-Ala-Gln),-]
nanostructure [52]. Electron microscopy (EM) and X-ray diffraction studies
revealed that, upon protonation, the peptide self-assembles into highly ordered
tubular structures of length 10-30 pm and width 100-500 nm. The nanotube has
an internal diameter of 7-8 A and an axial spacing of 4.73 A (Fig. 3) [52].

The cyclic pb,L-a-peptide self-assembly process results in a predictable structural
dynamic network. Unlike proteins in which the sequence of the polypeptide chain

Fig. 3 Schematic diagram of nanotube assembly from cyclic p,L-a-peptide CP-2. For clarity,
most of the peptide side chains have been omitted
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encodes their structure and function, in cyclic b,L-a-peptide nanotubes, the alter-
nating D- and L-a-amino acid configuration is the primary determinant of self-
assembly and function, whereas the peptide’s primary structure dictates only the
conditions under which self-assembly occurs. Thus, the most important factors that
need to be considered in the design of cyclic b,L-a-peptide nanotubes are those that
directly affect the self-assembly process, rather than the individual characteristics
of the residues. Factors that directly affect self-assembly include the ring size,
backbone—backbone hydrogen-bond interactions (which dictate the ring stacking
arrangements), and the relative sheet register and sequence selection in terms of the
influence of the side chains on the three-dimensional nanotube structure [54]. Con-
sequently, the external dimensions and surface of cyclic p,L-a-peptide nanotubes
are relatively easy to control through a rational choice of amino acid side chains and
size prior to the synthesis of the cyclic peptide ring. An approach based on chemical
synthesis opens the door for the design of a wide range of cyclic pb,L-a-peptides to
produce tubular structures with specific characteristics and various possible appli-
cations [2, 55-60].

Recently, theoretical studies using molecular dynamics and umbrella sampling
have suggested that the polarity of the solvent plays an important role in the
dissociation mechanism of the cyclic p,L-a-peptide nanotubes. Cylindrical struc-
tures were less dynamic and therefore more stable in nonpolar rather than polar
solvent [61]. More efficient hydrogen bond-induced self-assembly is thus favored
in a nonpolar milieu, such as that provided by cellular membranes and by the
hydrophobic core of the amyloids.

Based on the rationale that cyclic p,L-a-peptides with appropriate hydrophobic
side chains may partition into lipid bilayers and increase membrane permeability
upon their self-assembly, the first cyclic peptide-based transmembrane ion channel
was reported [55]. Channel-mediated membrane modulation was subsequently
applied to designing cyclic p,L-a-peptides with potent antimicrobial [56, 62] and
antiviral [57, 63] activity.

Cyclic p,L-a-peptides with various modifications were also studied for other
applications, such as biosensors and photo-responsive materials [64, 65]. Lately, we
have shown that His-rich self-assembled cyclic p,L-a-peptides stimulate non-
insulin-dependent glucose uptake in skeletal muscle cells by increasing the trans-
location of GLUT1 and GLUT4 receptors. The cell-permeable His-rich cyclic
peptides catalytically decompose large amounts of H,O, in vitro and so protect
muscle cells against oxidative stress damage induced under hyperglycemic condi-
tions. These His-rich cyclic peptides are candidates for the treatment of diabetes
mellitus [59].

Moreover, we have recently demonstrated that self-assembled cyclic b,
L-a-peptides and amyloids exhibit several common structural and functional char-
acteristics (Fig. 4). (a) The intermolecular cross-p-sheet structure of both amyloids
and cyclic p,L-a-peptides is generated by hydrogen bonds that run parallel to the
fibril axis and perpendicular to the plane of the peptide chains. (b) Similar to the 3D
structure of amyloids, the structure of self-assembled cyclic p,L-a-peptides is
dictated mainly by backbone hydrogen bonding and not by the amino acid
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Fig. 4 Self-assembled cyclic p,L-a-peptides and amyloids exhibit common structural character-
istics. Structural similarities between the self-assembly process of (a) a-syn protein and (b) cyclic
D,L-a-hexapeptides. For clarity, all the side chains have been omitted. The amyloid structure is
adapted from [66], while the structure of the cyclic hexapeptide is based on the known core
structure of cyclic p,L-a-peptide octamer [52]

sequence. (c) Each cyclic peptide in the nanotube assembly is separated from its
neighbors by ~4.8 A, which resembles closely the distance between p-strands in the
amyloids. (d) The mechanisms of action of bioactive cyclic p,L-a-peptides and
amyloids both involve membrane interactions and perturbation through the forma-
tion of nonspecific ion channels or pores that disrupt integrity resulting in cytotox-
icity [2, 26, 27, 56, 67].

The similarities between self-assembled cyclic p,L-a-peptides and amyloids
manifest in their similar interactions with polyclonal antibodies (All) raised
against prefibrillar assemblies of AP peptide [25] and are responsible for amyloid
cross-interactions. For example, Ap interacts specifically and modulates the aggre-
gation of various amyloidogenic proteins, including tau [68], a-synuclein (x-syn)
[69], transthyretin [70], and IAPP [71].

Based on the close structural and functional similarities between amyloids and
cyclic p,L-a-peptides, we designed and synthesized a library of cyclic peptide
hexamers and screened it for peptides that interact with Af and its aggregates
[58]. The “one-bead-one-compound” combinatorial approach was employed to
identify analogs exhibiting anti-amyloidogenic activity and probe their topological
requirements in general. Thus, representative amino acids with different functional
side chains, such as Lys, Glu, Ser, Leu, Trp, and His, were introduced at five
positions on cyclic p,L-a-peptide hexamers, in which position one was fixed with
Lys that was linked to the support by way of the side-chain amine to allow “on-
resin” cyclization.
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Fig. 5 Chemical structures of four cyclic p,L-a-peptides discovered in our studies. Upper and
lower case letters represent L- and D-a-amino acids, respectively. Square brackets indicate a cyclic
structure. J, CH, and Z denote norleucine, cyclohexylalanine, and 2-aminooctanoic acid, respec-
tively [58, 72]

Five hundred members of the library were screened for anti-amyloidogenic
activity against AP40 as a model amyloidogenic protein. Figure 5 illustrates some
of the structures of the identified amyloid-binding cyclic b,L-a-peptides. Thioflavin
T (ThT), which produces a strong fluorescent signal on binding to amyloid fibrils,
was used as indicator of the aggregation process. Through this approach, two potent
cyclic peptides were discovered and their sequences were optimized to yield the
cyclic p,L-a-peptide [IJwHsK] (CP-2; upper and lower case letters represent L- and
D-a-amino acids, respectively; square brackets indicate a cyclic structure; J denotes
norleucine).

We found that CP-2 caused a dose-dependent reduction in A aggregation with
superior activity to that of the anti-amyloidogenic Ac-KLVFF-NH, peptide [73]
that was used as a positive control. Transmission electron microscopy (TEM)
analysis suggested that co-incubation of CP-2 with soluble Ap drastically reduced
fibril formation. Moreover, we showed that CP-2 decreased dose-dependently the
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aggregation kinetics of Ap40 and arrested completely the aggregation of Ap42 at as
high as a 1:1 AP:CP-2 concentration ratio, suggesting that CP-2 has a somewhat
stronger inhibitory effect on the more neurotoxic AP42 peptide [58]. Most impor-
tantly, we demonstrated that CP-2 was recognized by the All conformational
antibody, suggesting that it could be used as a structural mimic to cross-interact
and interfere with the aggregation and toxicity of different amyloids [58, 72, 74].

The importance of n—r stacking interactions in the molecular recognition and
self-assembly process of amyloid formation is well documented [75-78]. By
conducting an Ala scan study and using the ThT assay to determine the contribution
of each amino acid of the lead cyclic peptide, we showed that substitution of the
aromatic p-Trp with p-Ala completely abolished anti-amyloidogenic activity. On
the other hand, replacement of Nle (J) in position 5 with the aromatic residue Phe
(to generate J5F [IFwHsK], Fig. 5) increased significantly this activity and con-
firmed the importance of aromatic interactions for anti-amyloidogenic activity [72].

The cyclic nature of CP-2 and the intermolecular hydrogen bonds formed during
its self-assembly were deemed vital for activity. Reports have previously empha-
sized the importance of intermolecular hydrogen bonds and the cyclic nature of the
macrocyclic subunit for self-assembly as well as antiviral and antibacterial activity
of cyclic peptides [56, 63]. The combined results of ThT, critical micelle concen-
tration, and NMR analyses of CP-2 confirmed that self-assembly was essential for
anti-amyloidogenic activity and that the bioactive form of CP-2 was probably self-
assembled [58].

To investigate the mechanism of action of CP-2, we tested its effect on the
kinetics of amyloid aggregation under seeding conditions. Amyloid fibrils are
seeding-competent structures that can efficiently convert soluble and monomeric
proteins to their aggregated state [79]. We found that co-incubation of CP-2 with
monomeric AB40 in the presence of 5% AP40 seeds inhibited completely formation
of AP amyloids, suggesting that CP-2 interacted with the monomers of A, or
bound and remodeled the seeds to incompetent structures. Using dot blotting and
ELISA assays and employing the amyloid oligomer-specific polyclonal antibody
Al1 and the AP oligomer-specific monoclonal antibody (OMAB), we showed that
CP-2 reduced dramatically the amount of Af toxic soluble oligomers. In addition,
the dot-blot immunoassay confirmed that the inhibitory effect of CP-2 was stronger
toward the more toxic AP42. These findings collectively suggested that CP-2
interacted and altered the aggregation of AP to an “off-pathway” mechanism
[38, 58].

Our ThT, TEM, and immunochemical analyses indicated that at a near-
stoichiometric ratio, CP-2 disassembled effectively preformed fibrils without gen-
erating a new pool of toxic oligomers. Moreover, the results of photo-induced
cross-linking of unmodified proteins (PICUP) suggested that CP-2 generated rela-
tively stable co-aggregates with monomeric or small 1-3-mers of Af and shifted the
aggregation equilibrium toward these early-assembled species [58].

From the clinical perspective, the aggregation of AP has been associated with
AD [21]. Hence, we probed whether CP-2 could reduce Af-induced toxicity in a
neuronal-like model of rat pheochromocytoma PC12 cells. These viability assays
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showed that CP-2 significantly decreased Ap-induced toxicity, with the maximal
increase in cell viability occurring when AP was incubated with a five- to tenfold
excess of the cyclic peptide [58].

As mentioned in the introduction, the strong structural and functional similarities
between the different deposited amyloidogenic proteins may be related to their
cross-reactivity. The generic nature of amyloid aggregates has also been strongly
supported by the finding that antibodies can cross-interact with early aggregates of
different proteins and inhibit their toxicity [25]. This phenomenon was further
supported by the finding that fibrillar aggregated species of globular proteins
possessed cell toxicity, implying a common mechanism for different amyloidoses
[5, 6].

In order to show that the anti-amyloidogenic activity of CP-2 stems from its
structural and functional similarities to pathogenic amyloids, we tested its effect on
the aggregation and toxicity of PD-associated o-syn. Using kinetic ThT assays,
TEM, dot-blot immunoassays, and circular dichroism (CD) spectroscopy, we
demonstrated that CP-2 inhibited effectively the aggregation of a-syn and
disassembled preformed fibrils, again by an “off-pathway” mechanism. Moreover,
CP-2 reduced significantly the toxicity of a-syn to PC12 and neuronal cells [74].

Overall, we have shown that a simple self-assembled system of cyclic b,
L-a-peptides may be used to modulate the aggregation and toxicity of pathogenic
amyloids because of their close structural and functional similarities. Our results
support previous studies that proposed that amyloids may have common structural
and functional properties [25], by which they may cross-react and modulate each
other’s aggregation and toxicity. Our cyclic D,L-a-peptide system represents a new
methodological platform for designing amyloidogenic and neurodegenerative
inhibitors.

2.2 Sequence Mimics

Most of the cyclic peptides described as sequence mimics were generated by
rational design. These include cyclic peptides, possessing sequences homologous
to those of the central amyloidogenic sequence of different amyloid proteins and
peptides. The rationale of this approach is based on employing the sequence
homology between such synthetic cyclic peptides and the amyloids to favor specific
binding that interferes with aggregation of the amyloid parent protein. This strategy
is usually accompanied by insertion of a f-breaking residue or motif into the
synthetic inhibitor. The p-breaker property introduces a folding constraint or a
steric hindrance into a cross-f-sheet structure, which may arrest the growth of the
fibril.
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2.2.1 Cyclic Modular -Sheets

The supramolecular interactions of B-sheets play an important role in their ability to
bind to other P-sheet-containing proteins by complementary hydrogen-bonding
interactions. In an elegant series of publications, Nowick’s group introduced a
model of a macrocyclic protein -sheet [80] and demonstrated its use to study
and inhibit the aggregation of several amyloidogenic proteins [8§1-83]. These cyclic
modular p-sheets were initially developed as water-soluble templates for p-strand
mimics [80]. The macrocyclic rings [84] (Fig. 6a) contain a pentapeptide in the
“upper” strand, two natural a-amino acids in the “lower” strand, two &-linked
ornithine amino acids as f-hairpin turn mimics, and the synthetic tripeptide Hao
[85], which is a rigid p-sheet mimic that serves as a template for the folding of the
upper strand and blocks the self-aggregation of the lower strand [86].

Structural studies using NMR spectroscopy demonstrated that well-folded
B-sheet conformations with cross-strand aromatic—aromatic interactions were
adopted by certain 42-membered macrocycles, which contained the hydrophobic
sequences KLVFF and LVFFA that were derived from AP0 and APi7-1,
respectively [80]. This approach was also used to study the antiparallel-layered
parallel p-sheets formed by amyloids. In particular, a short peptide, Ac-VQIVYK-
NH, (Ac-PHF6), derived from AD-associated tau protein, was chosen as a model
for amyloid aggregation. A macrocyclic peptide that delayed the onset of Ac-PHF6
aggregation in a thioflavin S (ThS) assay was prepared by incorporating, respec-
tively, the Ac-PHF6-derived VQIVY sequence and the Hao motif into the upper
and lower strands of the macrocycle (Fig. 6b) [81]. A related macrocycle containing
the more hydrophilic sequence, Ac-PHF6-derived QIVYK, showed no significant
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Fig. 6 Cyclic modular § sheets. (a) General template for the cyclic modular p sheets [80]. (b)
Cyclic modular p sheets containing a tau-derived sequence (PHF6, VQIVY pentapeptide) incor-
porated in its upper strand. (¢) a-Linked ornithine macrocycle, a mutant of cyclic modular  sheet
(b) [81]. (d) Ap-sheet mimic (ABSM), a 54-membered ring, comprising a heptapeptidef-strand
(black, the upper strand), one Hao unit (red) flanked by two dipeptides (black, the lower strand)
and two d-linked ornithine (blue, 50;‘}1) turns [83]. In (b) and (c), amino acid side chains are
signified by the respective one letter code of the amino acid
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effect on Ac-PHFG6 aggregation. The p-sheets were suggested to grow mainly in one
favorable direction, because only one of the two macrocycles, which were targeted
to bind different hydrogen-bonding surfaces of Ac-PHF®6, exhibited an inhibitory
effect on aggregation [81]; a similar selectivity was demonstrated in the case of Ap
[87]. By preparing linear and a-linked ornithine mutants of the original cyclic
modular p sheet (Fig. 6¢), the lower strand of the macrocycle was demonstrated
to be active in blocking B-sheet interactions, and preorganization of the macrocycle
B-sheet structure was shown to be crucial for activity [81]. Systematic studies of
different analogs revealed that anti-amyloidogenic macrocycles interacted with the
antiparallel-layered amyloid parallel p-sheet and bound the edges of the p-sheet
layers to inhibit their growth [81]. Facial hydrophobicity was shown to play an
important role in the recognition of the layered parallel f-sheets of amyloids by the
anti-amyloidogenic macrocycles [81].

In a separate work, a detailed SAR study sought to characterize the effect exerted
by each component of the macrocyclic B-sheet peptide (peptide 1) on its inhibitory
activity against the tau protein-derived peptide Ac-VQIVYK-NH, (Ac-PHF6). The
study supported the important role of the hydrophobic surface displayed by the
macrocycle for interaction with the pB-sheet layers of the amyloid and inhibition of
aggregation [82]. Moreover, the nonlinear effect of macrocycle concentration on
the lag time of Ac-PHF6 aggregation indicated that inhibition was a cooperative
process in which at least two macrocycles were bound to the growing fibril
[81]. Based on X-ray crystallographic and solution state NMR spectroscopic studies
of the lead macrocycles, as well as the crystal structure of the more hydrophilic
QIVYK peptide, models for Ac-PHF6 amyloidogenic growth and inhibition were
proposed. Growth of the amyloid of Ac-PHF6 was hypothesized to involve addition
of peptide strands alternately to each layer of the layered B-sheets, and inhibition of
B-sheet growth entailed cooperative binding of the macrocycles to two layers [81].

To further study the inhibitory effect of macrocycles on amyloid aggregation, a
new family of 54-membered macrocycles was designed and named amyloid—fsheet
mimics (ABSMs, Fig. 6d) [83]. Different heptapeptide sequences of several amy-
loids were incorporated into the upper strand of the ABSMs. In the lower p-strand,
two additional amino acid residues were added to the N-terminal of the Hao mimic
unit, and the &-ornithine turn motifs were kept constant. The ABSMs were incu-
bated with their parent amyloid proteins and tested for anti-amyloidogenic activity
using ThT, EM, and cell viability assays. The different ABSMs inhibited the
aggregation of their parent amyloidogenic proteins [e.g., Ap40, Ap42, human (2-
microglobulin (hf;M), and truncated human a-synl-100] and rescued cells from
parent amyloid-induced toxicity, probably through p-sheet interactions. Moreover,
structurally homologous ABSMs cross-interacted with different amyloids and
inhibited their toxicity [83].

To exploit the possibility that linking two macrocyclic f-sheet structures [80]
may produce a multivalency effect [88], several divalent macrocyclic -sheets were
designed and tested for anti-amyloidogenic activity. ThT fluorescent assay results
suggested that these inhibitors exhibited enhanced activity against AP aggregation
compared with their monovalent components [89]. Based on these results showing
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improved anti-Af aggregation activity for the divalent relative to the monovalent
ABSMs [83], and in light of the hypothesis that amyloid deposition is a nucleation-
dependent polymerization process, the authors presented a model for the inhibition
of AP aggregation in which the macrocycles bind early f-structured oligomers to
create new aggregation pathways that blocked the AP oligomer-to-nucleus transi-
tion [83]. Further investigation of this model enabled characterization of the
structure of the oligomers formed by the AP peptide using X-ray crystallography
of a macrocycle that incorporated Ap residues 15-23 [90].

It is evident from these studies that cyclic modular -sheets represent an instru-
mental tool for amyloid research. In light of Cheng’s proposed model for
amyloidogenic aggregation [91],the inhibitory effects of the cyclic modular
B-sheets offer deeper insights into the supramolecular chemistry of p-sheets that
may enable the design of therapeutic agents to treat amyloid-related pathologies
[92, 93]. Although these macromolecules may have limited oral bioavailability,
they may be administered by parenteral dosage.

2.2.2 Cyclic KLVFF Derivatives

The linear peptide fragment KLVFF from A4_» binds to the full-length peptide at
a self-recognition region and inhibits aggregation [73]. Moreover, a related
5-residue linear synthetic peptide iAfS (LPFFD), derived from the KLVFF
sequence, but containing Pro as a f-sheet breaker inhibited the formation of
amyloids and disassembled amyloid fibrils in vitro and in vivo [94]. Modifications
to iAfS5, through cyclization via a disulfide bond between two Cys residues
sandwiching the LPFFD sequence was pursued to enhance resistance to proteolysis
[95]; however, the resulting cyclic peptide analog was devoid of anti-
amyloidogenic activity in the ThT assay [95]. Alternatively, head-to-tail cyclization
of the KLVFF sequence gave cyclo-[KLVFF] (Fig. 7a), which along with its p-
amino acid enantiomer, at a threefold excess, inhibited the aggregation of full-
length AP, as demonstrated in the ThT assay [99]. Structure—activity relationship
(SAR) studies demonstrated that the side chains of LVFF rather than the backbone
amide moieties were responsible for the inhibitory activity of cyclo-[KLVFF] and
guided the synthesis of non-peptidic AP aggregation inhibitors [99]. Extensive SAR
studies on cyclo-p-[KLVFF] led to incorporation of an additional phenyl group at
the p-position of the Phe? residue to afford cyclo-p-[KLVF(S-Ph)F], which dem-
onstrated superior anti-Af activity compared to the parent peptide [100]. Various
biochemical and biophysical analyses suggested that the inhibitory mechanism of
cyclo-p-[KLVF(f-Ph)F] involved interaction with AP to produce off-pathway Af
oligomers, which possessed lower -sheet content, lower seeding ability, and lower
toxicity than oligomers derived from full-length AB42. A chemical modification of
cyclo-KLVF(p-Ph)F with a diazirine moiety altered strongly the extent of the
cross-f-sheet structure, as well as the characteristics of amyloid aggregation and
the toxicity of Ap42 [100]. Different cyclic derivatives of the potent aggregation
inhibitor KLVFF, derived from the AP sequence, were demonstrated to exhibit
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Fig. 7 Structures of several sequence mimics. (a) Chemical structure of cyclic KLVFF derived
from AB16-20 (cyclo-[KLVFF]) [96]. (b) Schematic presentation of cyclol7’21-[Lysl7, AspZI]Aﬁ
(1-28), a cyclic derivative of a full-length AP [97]. (¢) Ribbon and CPK representation of the Janus
cyclic peptide cyc/60-70] showing the persistent intramolecular backbone hydrogen bonds in blue
[98]

enhanced potency relative to linear analogs; however, a threefold excess of inhib-
itor was typically necessary to obtain significant inhibition.

2.2.3 Conformational Restrictors

Inspired by the B-sheet-breaking strategy [94], the amyloidogenic sequence of A28
was transformed into a non-amyloidogenic peptide by restraining its conformation
through cyclization by an intramolecular lactam bridge [97]. Applying an i to i+4
side-chain to side-chain cyclization approach, a Lys’ and Asp™* pair was installed
within the AP sequence to create the lactam cyclol 721 —[Lysj 7,Asp21 JAP(1-28)
(Fig. 7b). Based on the hypothesis that the region of residues 13—20 adopts a helical
conformation that unfolds during the aggregation process in which the hydrophobic
Val'® and Phe'* residues directly contribute to self-recognition and aggregation of
AP, the lactam was placed within this portion of the sequence to inhibit unfolding
[101]. Atomic force microscopy (AFM), CD spectroscopy, and EM showed that no
amyloid fibrils were formed upon aging of cyclo’”?!-[Lys'” Asp®' JAp(1-28). In
addition, aged cyclo’”*'-[Lys'” Asp®’ JAp(1-28) did not bind Congo red (a typical
amyloid stain), in contrast to aged AB28 and linear [Lys'’,Asp*'JAp(1-28) controls.
The CD curve shape, a pull-down assay in combination with NuPAGE gel electro-
phoresis, and Western blotting studies all suggested that cyclo’”?!-[Lys'” Asp*' JAp
(1-28) contained higher amounts of a-helical structures than AB28 and that the two
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peptides interacted to prevent the generation of AP amyloid. Moreover, a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction
assay suggested that cyclo’”?!-[Lys'” Asp®' JAp(1-28) protected human glioblas-
toma/astrocytoma cells from AP28-induced toxicity. Exclusion chromatography
results further suggested that the interaction between the two peptides created
aggregation-resistant heterodimers of AP28 and the cyclic analog disassembled
dimeric and multimeric AB28 assemblies back to monomers [97].

Collectively, these results demonstrated that conformational restriction of an
amyloid core, by means of intramolecular cyclization, inhibited amyloidogenic
potential and reduced cytotoxicity of the native sequence [97]. This approach
may be further implemented to develop therapeutic and diagnostic candidates for
use in studies of amyloid aggregation, because the cyclic constraint does not affect
amyloidogenic recognition and interactions.

2.2.4 Janus Cyclic Peptide

As implied by its name, the fibril formation inhibitor cyclic peptide, cyc[60-70]
(Fig. 7c), has two contrasting faces, one hydrophobic and the other hydrophilic
[98, 102]. Cyc[60-70] was derived from the amyloidogenic sequence of human
apolipoprotein C-II (apoC-II), which self-assembles readily into fibrils upon
removal of the lipid component. ApoC-II has been identified in amyloid plaques
[103] and, together with AB40, was demonstrated to induce macrophage inflam-
matory response and initiate early events in heart disease [104]. In a preliminary
study conducted using molecular dynamics simulations, apoC-II[60-70] and apoC-
II[56-76], peptides derived from the core of apoC-II amyloid, were shown to
preferentially form p-hairpin-like structure in solution [105]. Cyc[60-70] possesses
a disulfide cross-link formed between cysteine residues linked to both ends of the
apoC-II[60-70] peptide and was designed to investigate the potential of the
constrained hairpin-like structure to disrupt the fibrillogenesis of apoC-II[60-70]
and apoC-II[56-76] [102].

Using ThT fluorescence and EM, sub-stoichiometric concentrations of cyc/60—
70] were demonstrated to completely inhibit apoC-1I[60—70] and apoC-II[56-76]
fibril formation, in contrast to reduced and scrambled cyc/60—70] derivatives which
exhibited decreased inhibitory activity[102]. Cyc[60-70] possessed anti-
amyloidogenic activity against full-length apoC-II, albeit at much higher molar
ratios, but exhibited no effect on AB40 aggregation. Moreover, ThT assay results
showed that cyc/60-70] did not disassemble preformed apoC-II[60-70] and apoC-
[I[56-76] fibrils, and sedimentation equilibrium analytical centrifugation experi-
ments suggested that cyc/60-70] did not bind strongly to either peptide.

The molecular mechanism utilized by cyc/60-70] was examined by NMR
spectroscopy which revealed an elongated conformation with hairpin-like turns
and the Janus characteristics of distinct hydrophobic and hydrophilic faces
[102]. Molecular dynamics simulations and quantum calculations were used to
determine the structures formed and the dynamics of the interactions between
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apoC-11(60-70) and cyc[60-70]. The results suggested a mechanism in which cyc
[60-70] induces increased flexibility in apoC-II(60-70) and prevents its f-hairpin-
like fibril-favoring conformation from being adopted [98]. Hydrophobic interac-
tions between the two molecules were suggested to inhibit formation of fibrils by
altering the dynamic equilibrium [102]. The hydrophobic surface of the Janus
cyclic peptide may protect the fibril-forming face of the amyloidogenic protein
while the exposed hydrophilic surface inhibits fibril growth [98, 102]. In agreement
with other studies [81, 106], targeting of hydrophobic interactions was shown to be
an important aim for anti-amyloidogenic research.

2.3 Cyclic Peptide Inhibitors that Interfere
with Amyloidogenic Signal Transduction

Synthetic heterocyclic peptides that were reported to exhibit anti-amyloidogenic
activity without interacting directly with amyloids include several cyclic peptide
inhibitors that interfere with amyloidogenic pathways with partially understood
mechanisms. For example, some of the heterocyclic peptides were designed to
target protease enzymes. Others act on various receptors and cellular pathways that
have yet to be associated directly with amyloid pathology.

2.3.1 Cyclic Peptides Selected by In Vivo Screening

Although the mechanism of action of these cyclic peptides is not yet understood, the
method for their selection has important value in anti-amyloidogenic research.
Libraries of head-to-tail cyclic peptides were generated in vivo to enable chemical
genetic selection [107]. Using an in vivo yeast model for Parkinson’s disease
(PD) and other synucleinopathies, rapid phenotypic selection identified peptides
that reduced specifically a-syn toxicity [108]. From an original pool of 5 million
cyclic octapeptides, two cyclic peptides (CPWCSTRYV and CALCDPWW, Fig. 8a,
b) were isolated and their activity was validated in additional filtering assays.
Studies of SAR by point mutagenesis revealed that the biological activity of both
cyclic peptides requires the presence of Cys in the first position of a common
CX®X motif, in which X is any residue and @ is a hydrophobic amino acid. The
two selected cyclic peptides reduced significantly dopaminergic neuron loss in a
nematode synucleinopathy PD model. Immuno-electron and EM results demon-
strated that both cyclic peptides permitted the growth and division of the dopami-
nergic neurons despite the presence of hindered pools of a-syn vesicles that killed
control cells. The cyclic peptides were hypothesized to target cell pathways down-
stream of a-syn-mediated vesicle trafficking defects and to alter likely cellular
functions distinct from those linked to a-syn toxicity [108]. In addition to discov-
ering new lead compounds, this study accomplished development of a novel
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Fig. 8 Structures of some cyclic peptides that interfere with amyloidogenic signal transduction:
(a) CPIR7K, (b) CP2W7K cyclic peptides discovered by screening chemical genetic drug
candidates in vivo [108], (¢) B-secretase inhibitor NB-544, and (d) macrocycleNB-216 [109, 110]

technology for screening chemical genetic drug candidates in vivo. The method has
been utilized in various disease models, including those difficult to address in vitro,
and may prove a lower-cost, higher throughput alternative to traditional small
molecule screening.

2.3.2 Transmembrane Neurotrophin p75 Receptor (p75~ ')

Antagonist

The neurotoxicity of extracellular Af oligomers may be mediated by signaling
through various receptors. For example, Af oligomers may induce nerve growth
factor (NGF) receptor-mediated neuronal death by binding to the transmembrane
neurotrophin p75 receptor (p75™ %) [111] and activation of apoptotic signaling
[112, 113].

A cyclic peptide antagonist was designed based on the structure of the mutated
NGF and AP ligands of the p75™"™ receptor. The sequence CATDIKGAEC is
homologous to the B-hairpin loop of mutated NGF(28-36) and contains the KGA
tripeptide fragment shared with AP(28-30). A cyclic peptide was prepared by
attachment of two cysteines to the termini of the linear sequence followed by
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disulfide bond formation [114]. Using immunoprecipitation, Northern blotting, and
cell viability assays, the cyclic peptide was shown to displace Ap40 from the p75

NTR receptor, to inhibit the Ap40-mediated signaling process, and to prevent Ap40-
mediated neuronal death in vitro [114]. Moreover, administration of the cyclic
peptide antagonist in vivo reduced AP42-induced inflammation in mice
[115]. Together, these results indicate that blockage of the binding of Af to the p75
NTR receptor may reduce AD-associated neuroinflammation and neuronal loss.
Caution must however be used in the generation of disulfide bonds for the synthesis
of cyclic anti-amyloidogenic agents [114],because the amyloidogenic properties of
natural peptides, such as 4 kDa ABri peptide, which comprises the amyloid of rare
familial British dementia, have been shown to be contingent on disulfide bond
formation [116, 117].

2.3.3 Protease Inhibitors

A general anti-amyloidogenic approach involves inhibition of the proteases respon-
sible for the generation of amyloidogenic fragments. Especially relevant to AD
research, inhibitors of - and y-secretases have been developed to prevent cleavage
of amyloid precursor protein (APP) to generate Ap pathogenic peptide [118, 119].

Peptide isosteres have proven useful for probing the active site of y-secretase and
characterizing the catalytic subunit, albeit without inhibiting activity (reviewed in
[120]). Several studies have reported macroheterocyclic peptidomimetic inhibitors
of p-secretases (Fig. 8c, d) that fit into the relatively large-size active site of the
aspartic peptidase [109, 121-124]. Macrocyclic ethers and lactones have been used
to pre-organize and stabilize bioactive conformations with improved activity and
physicochemical properties relative to the linear counterparts (reviewed in [125]).
For example, macrocyclic f-secretase inhibitors (Fig. 8d) have reduced AB40 levels
in mice brains after oral administration [110]. Although small molecule secretase
inhibitors have been more commonly pursued toward clinical trials because of
improved bioavailability (reviewed in [125]), issues concerning their selectivity
and toxicity remain unresolved [13, 126, 127].

2.4 Natural Inhibitors

Naturally occurring linear and heterocyclic amyloid-binding peptides have been
isolated and shown to modulate amyloid formation. For example, gramicidin S has
exhibited potent anti-amyloidogenic activity [106].
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2.4.1 Gramicidin S and Derivatives

Gramicidin S (GS, Fig. 9a) is a natural cyclic decapeptide antibiotic (cyclo-
(Val-Orn-Leu-p-Phe-Pro),) effective against both Gram-positive and Gram-
negative bacteria as well as some fungi. Produced by the Gram-positive bacterium
Bacillus brevis [128], GS possesses a secondary structure comprised of an extended
B-sheet conformation created by two antiparallel f-strands (Val-Orn-Leu)
connected by two B-turns (D-Phe-Pro). The structure of GS is amphiphilic with
hydrophobic and polar side chains facing opposite sides of the f-sheet. The
relatively stable cyclic p-hairpin conformation of GS has been studied using 'H and
13C NMR spectroscopy [129].

Based on previous studies of modular f-sheets and conformational synthetic
[-sheet mimics [58, 72, 81-83, 89], and using the ThT fluorescence assay and AFM,
natural GS and analogs were shown to inhibit fibril formation by Ap40 and Ap42
[106]; however, GS was suggested not to interact with monomeric Af based on
NMR spectroscopy. Instead, molecular docking methods using the AP(18-42)
hairpin-stacked structure as amyloid model identified a possible site in which GS
binds the AP fibril [130]. The structure of GS identified by crystallography [129]
was shown to dock into the p-hairpin-like structure of AB(18-42) with its hydro-
phobic and hydrophilic residues interacting, respectively, with the apolar hydro-
phobic and polar hydrophilic interfaces within the amyloidogenic fibrillar tubes
[106]. A family of mixed (afapa), cyclopeptides was designed based on GS and
shown to form f-hairpin-like structures [131] that fit the channel interface of Af
better than GS, probably because of the increased flexibility [106]. Further ThT
assays and docking simulations performed on the GS derivatives illustrated the
importance of hydrophilic and aromatic residues for interactions with the fibrils. In
particular, the amyloidogenic residues clustered about Phe19 and Phe20 of Ap were

Fig. 9 Natural amyloid inhibitors:(a) gramicidin S, (b) beauveriolide I, (¢) beauveriolide III a
fungal metabolite, (d) destruxin E, and (e) cyclosporin A
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suggested to recognize and bind to the aromatic side chains in the p-turns of the
GS-derived cyclopeptides by n-stacking interactions [58, 72, 75, 106]. Although GS
and analogs dissolved preformed amyloid fibrils [106], their ability to reduce
amyloid-induced cell toxicity awaits to be studied.

2.4.2 Cyclodepsipeptides

Cyclodepsipeptides are a wide variety of structurally diverse class of cyclic pep-
tides of natural origin that possess at least one ester linkage and a wide range of
biological activities and molecular architectures [132]. The biological effects of
cyclodepsipeptides include immunosuppressant, antibiotic, antifungal, anti-
inflammatory, and antitumor activities (reviewed in [132]). Certain cyclodepsi-
peptides are being evaluated in clinical trials (reviewed in [133]); others are useful
tools in research of biological processes involved in cellular regulation.

A few cyclodepsipeptides have been reported to exhibit anti-amyloidogenic
activity without clear mechanisms of action. Some may interfere with cell signaling
[134, 135], and others may exhibit p-sheet-breaking anti-amyloidogenic
activity [136].

Beauveriolides I and III (Fig. 9b, c) are fungal metabolites that were originally
isolated during screening for anti-atherosclerotic agents [137] and demonstrated to
reduce atherogenic lesions in mouse models by inhibiting acyl-CoA cholesterol
acyltransferase (ACAT) [138, 139], an enzyme which catalyzes the production of
cholesteryl esters (CEs). Cellular levels of CEs correlate with AP secretion and
ACAT may play a regulatory role in AP processing [140]. By inhibiting ACAT,
Beauveriolides I and III may alter Ap metabolism [134]. The depsipeptides were
shown to dose-dependently decrease cholesterol esterification in cells expressing
amyloid precursor protein [141]. Furthermore, in a quantitative ELISA assay, they
decreased the secretion levels of AB40 and AP42, with beauveriolide III exhibiting
greater potency. Immunolabeling and microscopy studies revealed that
beauveriolide III did not alter the known endosomal localization of Af [141] but
may decrease the biogenesis of AP from amyloid precursor protein by modifying
cellular CE levels [134].

Destruxin E (Fig. 9d) is a cyclic hexadepsipeptide that inhibited A generation in
cell culture [135]. Secreted by entomopathogenic fungi [142], destruxin E contains
one a-hydroxy acid and was shown using biochemical, immunohistochemical, and
cellular assays to inhibit cleavage of amyloid precursor protein to generate Af
without affecting B- and y-secretases [135]. The mechanism of AP regulation by
destruxin E remains to be elucidated.

Aplidine is a member of the proline-rich didemnin cyclodepsipeptide family
isolated from marine invertebrates [143]. Under evaluation in clinical trials for
anticancer activity [144], aplidine was observed by EM to inhibit aggregation of
peptide from the prion amyloidogenic region PrPgg_14; in vitro at equimolecular
concentrations [136]. The inhibitory effect of aplidine was suggested to not be due
to a nonspecific binding, because aggregation of PrPgg_14; Was not affected at high
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concentrations using Pro-rich peptide controls. Aplidine dissolved preformed
PrP;gg_141 fibrils. At a fourfold mass excess, examination of a shift in the amide
II region of the FTIR spectrum indicated that aplidine caused a drastic change of the
PrPigg_141 P-sheet structure to a set of unstructured conformers; however, no
inhibitory effect of aplidine was observed on the Af,s_35 fragment [136].

The collective anti-amyloidogenic activities of the beauveriolides I and IIT and
destruxin E warrant further in vivo testing, especially in light of the oral bioavail-
ability of beauveriolide IIT [138]. The specificity of aplidine should be further
examined, because of its potential as anti-prion therapy. In general, cyclodepsi-
peptides merit further examination for potential to regulate signaling and regulatory
mechanisms of Af and other amyloids.

2.4.3 Cyclosporin

Cyclosporin (Fig. 9¢) is a cyclic nonribosomal peptide of 11 amino acids that
contains a single p-amino acid [145]. Originally isolated from the fungus
Tolypocladium inflatum ganus found in a soil sample, cyclosporin is a potent orally
bioavailable immunomodulator that affects immune function by multiple pathways
which are not fully understood. Although its usage may be accompanied by side
effects, cyclosporin was approved by the FDA for the prevention and treatment of
graft-versus-host diseases following various transplantations, rheumatoid arthritis,
and psoriasis. In addition to these indications, cyclosporin was used to treat severe
atopic dermatitis accompanied by Lichen amyloidosis. This chronic skin disorder
features formation of degenerated keratin amyloid depositions across large areas of
the skin [146]. Two case studies reported that oral treatment with cyclosporin
completely flattened disease-associated papules and kept patients asymptomatic
[147, 148]. Although the mechanism of action of cyclosporin in this disorder was
not studied, the authors suggested modulation of various inflammatory cellular
proteins [148]. In a mouse model of systemic amyloidosis, therapeutic doses of
cyclosporin reduced substantially the rate of disease progression, probably by
intervening in immune mechanisms [149]. One of the effects of cyclosporin in
cells is inhibition of the mitochondrial permeability transition pore, which results in
inhibition of cytochrome c release and apoptosis [150]. In this context, cyclosporine
was reported to protect primary cholinergic neurons against Ap42-induced cyto-
toxicity [151]. Determination of cell morphology and cell viability together with
expression levels of anti-apoptotic proteins revealed that cyclosporin exerts signif-
icant protective effects on the viability of cultured rat primary basal forebrain
cholinergic neurons by ameliorating the decrease in Bcl-2 anti-apoptotic protein
and the increase in apoptotic cytochrome ¢ and caspase-3 activity induced by
AP42 [151].

Additionally, cyclosporin was proposed to possess neuroprotective activity
following traumatic brain injury, probably through downregulation of APP expres-
sion, which is elevated after this event. Using reverse-transcription polymerase
chain reaction and immunocytochemistry, cyclosporin was demonstrated to reduce
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the mRNA expression of APP following traumatic brain injury [152]. Although the
exact mechanism associated with neuroprotection by cyclosporin is unknown, Ap
causes toxic mitochondrial permeability transition pore opening. The
neuroprotective action of cyclosporin may thus arise from the inhibition of APP
expression, promoting mitochondrial protection and mitochondrial permeability
transition pore inhibition [152].

Together, these results suggest that the inhibition of mitochondrial pathways
may play a role in AB-induced cytotoxicity and neuronal damage. The established
oral bioavailability of cyclosporin and its approved usage in humans make it a
preferred candidate for anti-amyloidogenic treatment.

2.5 Cyclic Peptides as Anti-amyloidogenic Pharmacological
Tools

In some cases, heterocyclic peptides do not associate with the amyloid themselves
but act as scaffolds that induce or enhance an anti-amyloidogenic response.

2.5.1 Multivalent Scaffolds

Cyclic peptide scaffolds have been utilized to enhance the multivalency of anti-
amyloidogenic chemical agents, such as quinacrine. For example, multimeric
conjugation of quinacrine to a cyclic decapeptide scaffold resulted in more efficient
anti-amyloidogenic activity than that which was demonstrated by a quinacrine
monomer [153]. A peptide scaffold has served as an advantageous biodegradable
and nontoxic transport system for improving quinacrine active [153].

2.5.2 Antibody-Derived Vaccination/Passive Inmunotherapy

Anti-Ap antibodies were previously demonstrated to dissolve AP fibrils and plaques
and to prevent neurotoxic effects [154, 155]. An initial clinical trial of anti-amyloid
vaccination was however halted when active immunization of fibrillar Ap42 caused
severe brain inflammation [156]. Research in vivo has also reported side effects
associated with passive immunization [157]. Recently, the first successful attempt
in this field was published [158, 159], opening the door for other methods.

In the search for safer anti-Ap immunization methods, the cyclic peptide C44
exhibited neuroprotective effects against AB42 in neurons [158, 160]. The
15-amino-acid sequence of C44 (CASVRGWYVRSVFDPAC) was based on the
complementarity-determining region of the variable heavy (Vy) domain of a potent
recombinant Ig antibody fragment, as displayed on a phage clone. Additional
cysteine residues were added to the sequence to form the disulfide loop mimic,
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which exhibited binding to AP in an ELISA assay, and neuroprotective effects
against AB-mediated toxicity in vitro [160].

Molecular mechanics and dynamics simulations were used to model the inter-
action between C44 and Af42 [161] and found the hydrophobic face of the
macrocycle was recognized by two regions of Af42, including the
amyloidogenic-prone central V'® and F'® residues. Considering the C44 sequence
was derived from a recombinant anti-Af antibody fragment (Vy), the potency of the
latter was suggested to be also due to binding to the central region of Af42
[160, 161]. In the study of anti-amyloid immunization, synthetic cyclic peptides
based on lead antibody complementarity-determining regions offer potential for
passive immunization against AP and other amyloids.

3  Summary

Amyloid fibrils are products of complex self-assembly reactions, mediated by
thermodynamic forces that drive multiple intermediate states to proteinous deposits
associated with aging and disease. Although mature fibrils have been extensively
studied, the structures of the toxic soluble aggregates are just starting to be
elucidated.

Treatments for different amyloidoses are major unmet medical needs. In partic-
ular, effective disease-halting therapy is urgently required to combat the pandemic
of neurodegenerative brain diseases, including AD and PD. In the search for
amyloid inhibitors, the oligomeric states that are responsible for toxicity have
become important pharmacological targets. Fueled by a growing body of structural
information on amyloids, including their toxic oligomers, as well as evidence that
the formation of amyloids entails equilibrium processes, the last few decades have
seen major efforts directed toward designing and developing inhibitors that target
such equilibria. Heterocyclic peptides are attractive for this purpose, because they
can be effectively synthesized and diversified by chemical methods (reviewed in
[162]).

The abilities of cyclic and heterocyclic peptides to mimic the strands and turns of
natural proteins and to engage in protein—protein interactions (reviewed in [163])
have made them important tools in basic research on fibril assembly. For example,
cyclic p,L-a-peptides hold great potential as anti-amyloidogenic agents and tools for
studying structural similarities between different amyloids that lead to their cross-
interactions. Nanotubes derived from bp,L-a-peptides are particularly relevant con-
formational mimics for studying the properties of toxic amyloids to inhibit specific
pathogenic structures. Macrocyclic -sheets have been valuable tools for elucidat-
ing the toxic structures of AP oligomers. Balancing amyloid-sequence homology
with potential to break and inhibit the folding of p-sheets, sequence-derived cyclic
peptides have served to study the physical and chemical forces driving amyloid
formation. Natural heterocyclic peptides have inhibited fibril formation with
increased binding specificity to specific amyloids, as well as severed to identify
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new pathways for therapeutic intervention by attacking amyloid-associated signal
transduction and metabolism in native and pathogenic cellular environment.
Finally, heterocyclic peptides offer use as pharmacological tools for multivalent
drug transport and anti-amyloidogenic immunization.

A critical requirement for targeting neurodegenerative diseases using anti-
amyloidogenic agents is penetration of the blood-brain barrier. In this light, anti-
amyloidogenic macrocycles may be more attractive for treating systemic or organ-
limited amyloidosis. Potential to develop peptide macrocycle analogs that penetrate
the blood-brain barrier, enter cell membranes, and exhibit enhanced bioavailability
all may arrive from synthetic modifications such as N-methylation of amide groups
on the peptide backbone, which has increased oral bioavailability in the case of
cyclosporin.

Another possible application of anti-amyloidogenic heterocyclic peptides could
be related to the detection of amyloid deposits in vitro and in histological segments.
The low-molecular mass and ability for conformational mimicry of heterocyclic
peptides may enhance their consideration for the detection and imaging of toxic
oligomers in vivo, because they are expected to bind early oligomers.

Macrocycles, such as cyclic peptides, have already proven valuable as pharma-
ceutical agents [49]. Ongoing development of cyclic heteropeptide drugs for oncol-
ogy and infectious disease may open the door further for their application as
diagnostics and therapeutic agents in amyloidogenic diseases. Considering their
potential for high affinity, specificity, and metabolic stability, as well as their
effective preparation by chemical and biotechnological synthetic methods, hetero-
cyclic peptides offer significant potential for the development of anti-
amyloidogenic therapies.
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Abstract Lipoic acid is a heterocyclic sulfur-containing derivative of octanoic
acid that is characterized by a 1,2-dithiolane ring. Found in nature as an essential
protein cofactor, lipoic acid is implicated in cellular metabolic reactions. In partic-
ular, lipoylation is an essential posttranslational modification involved in cellular
energetic metabolism performed by mitochondria. In this chapter, we highlight the
different pathways to obtain lipoylated peptides and proteins and the antioxidant
properties of lipoic acid analogs, including their therapeutic potential in fields such
as autoimmunity.
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1 Lipoic Acid

Lipoic acid was described in the literature as thioctic acid, 6,8-thioctic acid,
6,8-dithioctane acid, 1,2-dithiol-3-valeric acid, lipoate acid, and a-lipoic acid. A
sulfur-containing heterocycle derived from octanoic acid, lipoic acid possesses a
terminal carboxylic acid and a chiral 1,2-dithiolane ring (Fig. 1). The C-6 carbon of
lipoic acid can exist in both (R)-(+)- and (§)-(-)-enantiomers, as well as a racemic
mixture. The 1,2-dithiolane sulfur atoms at C-6 and C-8 exist in vivo in the oxidized
disulfide bond, which may be reduced to form the respective dithiol, dihydrolipoic
acid (DHLA, Fig. 2).

Lipoic acid was first isolated and characterized by Reed et al. in 1951 [1]. After a
300,000-fold purification, approximately 10 tons of insoluble “liver residue”
yielded about 30 mg of the pure lipoic acid [2]. The correct structure of
6,8-dithiooctanoic acid was assigned through chemical synthesis as a by-product
from the synthesis of its 5,8-dithiooctanoic acid regioisomer by Bullock et al. in
1953 [3]. An optimized synthesis of lipoic acid was later conceived and is
represented in Scheme 1. The synthetic process starts with acylation of ethylene
with ethyl adipoyl chloride in the presence of aluminum chloride to yield the
a,pB-unsaturated ketone 1. Conjugate addition of thioacetic acid, followed by
sodium borohydride reduction and saponification, gave racemic 8-thiol-6-
hydroxyoctanoic acid (2). 6,8-Dithioloctanoic acid (3) was assembled from alcohol
2 by treatment with thiourea and hydriodic acid followed by hydrolysis of the
intermediate thiouronium salt. Finally, oxidation of dithiol acid 3 to the disulfide
was achieved using gaseous oxygen and catalytic ferric iron to give racemic lipoic
acid (4).

Enantiomerically pure lipoic acid was subsequently prepared by resolution of
the racemate by formation of diastereomeric salts using respectively (R)- and
(§)-a-methylbenzylamine [4].
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Scheme 1 Synthesis of racemic lipoic acid by Bullock et al.

2 Lipoylation: In Vivo Pathways and Naturally Occurring
Lipoylated Proteins

Attachment of lipoic acid to a molecule is called lipoylation. In vivo, lipoylation
occurs on the side chain of a lysine residue in the form of the amino acid itself to
give so-called lipoyl-Lys or in a protein to provide the “lipoylated protein” (Fig. 3).
Lipoylation is a posttranslational modification with a strong structural requirement
for lysine [5]; however, various amino acids are tolerated at the neighboring
residues [6], in contrast to N-glycosylation, which requires typically a clear con-
sensus sequence [7].

Although lipoic acid was extensively studied in the past 50 years [8], the
mechanism by which it is biosynthesized and attached to protein was only recently
elucidated [9]. In vivo, lipoic acid exists in very small proportion as free acid,;
instead, lipoic acid resides primarily as a cofactor bound to the e-amino group of a
specific Lys on a lipoyl-accepting protein domain. Many studies on lipoic acid
biosynthesis have been performed using Escherichia coli (E. coli), which has
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Booker [12])

enabled identification of two different pathways, depending on different substrate
sources. The first pathway is characterized by the use of exogenous lipoic acid, which
is activated via ATP to form lipoyl-adenosine monophosphate by lipoate-protein
ligase (LplA) [10], which, subsequently, transfers the lipoate-phosphate anhydride
to the side chain of a Lys residue on the protein with release of AMP (Scheme 2)
[11]. LplA is also able to use octanoic acid as substrate, but with reduced efficiency.

The second pathway involves endogenous lipoic acid synthesized from fatty
acids. In this case, a lipoyl (octanoyl)-transferase called LipB transfers to lipoyl-
accepting domains both lipoyl or octanoyl groups conjugated to an acyl carrier
protein (ACP) [13]. Octanoyl-ACP is used as a lipoyl precursor. After transfer of
the octanoyl group to the Lys residue of the target protein, the sulfur atoms are
introduced with catalysis by a second enzyme, N-octanoyltransferase LipA, to
obtain the lipoylated protein [14, 15] (Scheme 3).

The three pathways that employ respectively LipA, LipB, and LplA can be
summarized as pictured in Scheme 4.

Among naturally occurring lipoylated proteins, lipoic acid is found as an essen-
tial cofactor of several key enzymes involved in oxidative metabolism: i.e.,
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Scheme 4 Summary of PDC-E2 lipoylation pathways in vivo (for detailed molecular structures,
refer to Schemes 2 and 3)

2-oxoacid dehydrogenase complex (2-OADC), pyruvate dehydrogenase complex
(PDC), 2-oxoglutarate dehydrogenase (2-OGDH), and the glycine cleavage system
[16-19]. The lipoyl moiety is covalently bound to these proteins and serves as a
carrier of various reaction intermediates between the different enzyme active sites.
Perham described these lipoyl-Lys residues as “swinging arms” [20] because of
their high flexibility. Specifically, lipoylation is important for the cellular energetic
cycle in mitochondria, because lipoic acid residues are essential cofactors of key
enzymes involved in oxidative metabolism.
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One of the most relevant lipoylated protein structures is the PDC enzymatic
complex, essential for cell activity and energy production. Providing the link
between the citric acid cycle and glycolysis, PDC is involved in pyruvate decar-
boxylation and reductive acetylation of coenzyme A (CoA) to form acetyl-CoA.
PDC is composed of three subunits that work in concert (Scheme 5): E1 (thiamine
diphosphate-dependent decarboxylase), E2 (dihydrolipoyl acetyltransferase), and
E3 (dihydrolipoyl dehydrogenase). The E1 subunit catalyzes both oxidative decar-
boxylation of pyruvate and reductive acetylation of the lipoyl moiety. The E2
subunit transfers the acetyl group to coenzyme A. The E3 subunit regenerates the
lipoyl moiety. Comparable mechanisms are found in the 2-OGDH and 2-OADC
systems.

PDC is involved in primary biliary cirrhosis (PBC), an immune-mediated
chronic inflammatory liver disease with slow progression, characterized by destruc-
tion of small interlobular bile ducts, gradual cholestasis, and portal inflammation.
The serological hallmark of the pathology is characterized by high disease-specific
anti-mitochondrial antibodies (AMA), which target primarily the E2 subunit of the
PDC (PDC-E2). As the main immunogenic region of PDC-E2 was identified to
contain the inner lipoyl domain of the protein, the involvement of lipoic acid as part
of the epitope recognized by AMA has been investigated, albeit no final consensus
has been attained.

Another example of lipoylated enzymes found in vivo is the glycine cleavage
system, which is responsible for glycine decarboxylation. The glycine cleavage
system comprises four proteins sharing similarities to the components of 2-OADC
and catalyzing a coordinated set of reactions (Scheme 6): a pyridoxal phosphate-
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Scheme 6 The glycine cleavage system, including H, P (pyridoxal phosphate-dependent decar-
boxylase), T (aminomethyltransferase), and L (dihydrolipoyl dehydrogenase) proteins

dependent decarboxylase (P protein), a protein with a lipoyl-Lys residue that
becomes reductively aminomethylated (H protein), an aminomethyltransferase T
protein (requiring tetrahydrofolate as cofactor), and a dihydrolipoyl dehydrogenase
(L protein), responsible for the reoxidation of the dihydrolipoyl group.

3 In Vitro Lipoylation: Synthetic Strategies to Obtain
Lipoylated Peptides

Strategies for the synthesis of lipoylated peptides have involved both the attach-
ment of lipoic acid to the lysine side chain of the target peptide and construction of
an N°-lipoyl lysine suitable for introduction into the sequence through peptide
synthesis. Both chemical and enzymatic methods were used for peptide lipoylation
[21], the latter being accomplished by harnessing enzymes from the LpLA and
LipB pathways.

Orthogonal protecting groups were critical for peptide lipoylation by chemical
synthesis. For example, Tuaillon et al. [22] synthesized the N-terminal acetylated
fragment (167—184) of PDC-E2 peptide. Lipoylation of position 173 was achieved
by on-resin selective cleavage of Fmoc protection from the Lys side chain during
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Scheme 8 On-resin Fmoc/tBu strategy featuring selective deprotection of a Lys(Dde) residue,
followed by on-resin lipoylation using lipoyl NHS ester

Boc/Bzl solid-phase synthesis and acylation using the N-hydroxybenzotriazole
ester of racemic lipoic acid (lipoyl HOBt ester, Scheme 7).

Similarly, using a Fmoc/tBu strategy, Long et al. [23] removed selectively the
side-chain protection of Lys(Dde) with 2% hydrazine in DMF for 5 min and
employed lipoyl N-hydroxysuccinimide ester (lipoyl NHS ester) for the acylation
of the Lys side chain (Scheme 8). They synthesized several lipoylated peptides of
various lengths (7-, 9-, 10-, and 12-mer) encompassing the inner lipoylated domain
of the PDC-E2 protein.

Amano et al. applied a similar lipoyl NHS ester strategy to selectively lipoylate
short unprotected peptides of the PDC-E2 sequence (15 amino acids) coupled to an
agarose gel [24]. A specific peptide-spacer-linker combination was assembled by
attachment of N*-Fmoc-(N"-Boc-amino-oxyacetyl)-L-diaminopropionic ~ acid
(Fmoc-Dpr(Boc-Aoa)) onto Rink amide resin, Fmoc removal, and coupling of
N-Fmoc-2,2'-(ethylenedioxy)bis(ethylamine) monosuccinimide as a hydrophilic
spacer, onto which the peptide sequence was elongated and capped by acetylation.
The assembled peptide-spacer-linker unit was cleaved from the resin and coupled to
a modified methyl-ketone agarose gel via an oxime bond. Lipoylation was
performed at the last step using the lipoyl NHS ester (Scheme 9).

This convenient approach has become a popularly used method [25-28]. Draw-
backs to peptide acylation include however incomplete lipoylation, which is typi-
cally monitored using the Kaiser test [29-31].
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N-Terminal lipoylation of Glu-Ala dipeptide has also been performed without
side chain or C-terminal carboxylate protection using lipoic acid activated with N,
N-disuccinimidyl carbonate on >100 g scale [32] (Scheme 10).
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The elucidation of in vivo lipoylation mechanisms led to discovery and partial
purification of two enzymes from E. coli (LplA and LplB) that were subsequently
employed in vitro for direct lipoylation of proteins [33]. For example, the inner
lipoyl domain of human PDC-E2 was successfully obtained by using an in vitro
lipoylation approach [34]. The ligases have been purified by heparin-agarose
chromatography [35]. Employing expressed and purified lipoyl synthase (LipA)
from Sulfolobus solfataricus, the octanoyl-Lys derivative of the tetrapeptide
Thr-Glu-Lys-Ile was converted to the lipoyl-Lys containing peptide
(Scheme 11) [36].

Various strategies were used to prepare suitably protected N°-lipoyl lysine [Lys
(N®-lipoyl)] for subsequent peptide synthesis. For example, a lysine-copper com-
plex was acylated with racemic lipoyl isobutyl carbonic anhydride [37-39], albeit
in low yield due to polymerization of lipoic acid by a ring-opening mechanism
featuring formation of intermolecular disulfide linkages to produce an insoluble
polymer [40]. Matsugo et al. [41] coupled racemic lipoic acid to the side chain of
N®-Boc-Lys to obtain N°-lipoyl N®-(Boc)Lys as a mixture of diastereomers
(Scheme 12). Lipoic acid has also been coupled to alkylamines using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDCI) [42].

Recently, novel lipoylated derivatives were described in which the amide bond
has been replaced by bioisosteric groups, such as 1,2,4- and 1,3,4-oxadiazoles,
1,2,3-triazoles, thiazoles, or tetrazoles (Scheme 13) [43, 44]. Such methods offer
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Scheme 11 Synthesis of a lipoyl derivative of an octanoylated tetrapeptide (adapted from Bryant
et al.)
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Scheme 12 Synthesis of an N°-lipoyl N*-(Boc)Lys by Matsugo et al.
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interesting potential for making lipoyl derivatives of peptides and proteins with
increased protease stability.

Guillonneau et al. reported the synthesis of lipoylated N-alkyl morpholines, i.e.,
carbamate, thioamide, and thiocarbamate derivatives (Scheme 14) [45].

To facilitate the introduction of lipoyl moieties into peptide sequences, our
laboratory has focused on the synthesis of enantiomerically pure lipoylated Lys
derivatives for application as building blocks in the Fmoc/tBu strategy for solid-
phase peptide synthesis [46]. Employing commercially available (S)-(-)- and (R)-
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(+)-a-lipoic acids as enantiomerically pure, albeit expensive starting materials, the
corresponding lipoyl pentafluorophenyl esters were synthesized from
pentafluorophenol and N,N-dicyclohexylcarbodiimide [47]. The lipoyl
pentafluorophenyl esters were coupled to the side chain of N“-(Fmoc)Lys to yield
building blocks for subsequent peptide synthesis (Scheme 15). Optimal activation
conditions for the synthesis of N°-lipoyl N*-(Fmoc)Lys were later developed by
employing HATU (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]
pyridinium 3-oxid hexafluorophosphate) and Hunig’s base (N,N-diisopropy-
lethylamine, DIPEA) for the coupling of lipoic acid to N*-(Fmoc)Lys in DMF at
room temperature for 3 h in 53% yield (Scheme 16).

4 Preparation of Dihydrolipoylated Peptides and Proteins

As mentioned, in vivo modification of lipoic acid derivatives to their dihydrolipoyl
counterparts occurs during reductive acylation and aminomethylation of the
1,2-dithiolane ring. The mechanism for reductive acylation by PDC has been well
studied [48, 49]. Application of the enzyme complex for the synthesis of dihydroli-
poylated peptides and proteins is however not practical, because of the selectivity of
PDC-E1 toward the lipoylated domain of the E2 component [50].

The first reduction of lipoic acid to dihydrolipoate in vitro was performed using
sodium tetraborohydride [51]. This method has since proven useful in materials
chemistry [52, 53], but may not be compatible with biomolecules, because the
relatively strong reducing conditions could damage other functional groups of
peptides and proteins. Moreover, the purification steps to remove the byproducts
of reduction may be troublesome. More selective agents for reducing disulfide
bridges were subsequently employed to make dihydrolipoyl residues, such as
dithiothreitol (DTT) [54] and tris(2-carboxyethyl)phosphine (TCEP) [55, 56]. For
example, our research group has developed an effective method for selective
reduction of the 1,2-dithiolane ring of lipoylated peptides using DTT [64], which
leaves other residues untouched (Scheme 17) [72]. Complete reduction is
performed after one night of reaction, yielding the corresponding dihydrolipoamide
peptide. Subsequent washes with diethyl ether, in which peptide is not soluble,
enable removal of excess of DTT, as well as cyclic by-product resulting from
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DTT oxidation. This convenient method has been used to effectively obtain
dihydrolipoamide-containing peptides without chromatographic purification.

Photo-induced reduction of lipoic acid derivatives to their dihydrolipoic acid
counterparts was used to coat metallic surfaces [57]. In solution, photo-induced
reduction should be performed with caution to avoid polymerization [58], which
has been avoided by careful solvent selection. Using TLC monitoring during photo-
induced reduction of lipoic acid, protic solvents were found to decrease polymer-
ization, with best results employing propan-2-ol [59]. The —320 mV reduction
potential of the lipoic acid-dihydrolipoic acid couple makes handling of the reduced
dithiol challenging due to reoxidation back to the dithiolane necessitating inert
conditions and in situ reduction [1].

5 Uses of Lipoic Acid and Lipoylated Molecules

Lipoic acid and dihydrolipoic acid moieties can chelate metals by way of the two
sulfur atoms. Metals and their ions were coordinated by lipoic acid in vitro and
in vivo. For example, lipoic acid-metal complexes were made with gold [60],
mercury [61], copper [62], iron [63], as well as with ions such as Mn?*, Pb*",
Zn** [64, 65], and Cd** [66]. Dihydrolipoic acid was shown to form complexes with
heavy metals such as As, Sb, and Bi [67]. Formation of metal complexes by lipoyl
residues reduces oxidative damage, by diminishing reactive oxygen species (ROS)
with potential to damage biological molecules, such as DNA, proteins, or lipids.
Both lipoic acid and dihydrolipoic acid can scavenge physiologically relevant ROS
in vitro [68]. The action of lipoic acid in vivo is less clear, because of its lower
concentration in tissues relative to other intracellular antioxidants such as glutathi-
one or vitamin C, albeit lipoic acid may have an important role as an indirect
antioxidant regenerating other antioxidant species and chelating metals [69]. A
recent study of the relative antioxidant properties of racemic and enantiomerically
pure lipoic acid concluded that the natural (R)-enantiomer was more efficient [70].

The therapeutic utility of lipoic acid was examined to treat different diseases:
e.g., diabetes mellitus, multiple sclerosis, and Alzheimer disease. In diabetes
mellitus, lipoic acid administered intravenously was shown to improve impaired
endothelial vasodilatation in neuropathy and vascular complications [71]. Multiple
year treatment of diabetic neuropathy by intravenous administration of lipoic acid
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proved to be efficient for reducing significantly symptoms in diabetic patients
[72]. Toward a treatment of multiple sclerosis (MS), lipoic acid was shown to be
effective in prevention of experimental autoimmune encephalomyelitis (EAE), an
animal model of MS [73]. The use of oral supplements of lipoic acid by patients
suffering from MS has shown promise in clinical trials [74]. The use of lipoic acid
has also shown promise for the treatment of Alzheimer disease [75, 76]. In partic-
ular, the antioxidant properties and metal chelation properties of lipoic acid may be
beneficial to Alzheimer patients, who exhibited increased acetylcholine production.

The chemical properties of the 1,2-dithiolane ring were used to anchor lipoylated
peptides and proteins to surfaces. In particular, self-assembled monolayers (SAM)
were generated by the introduction of a lipoyl residue at the N-terminus or side
chains of peptides and proteins to enable interactions with metals and adsorption to
create thin layers on metallic surfaces such as gold [77-81] and silver [82]. Cou-
pling of biomolecules to metallic surfaces is also possible using this technique, as
reported for flavin adenine dinucleotide (FAD, Scheme 18) [83].

6 Summary

The in vivo and in vitro synthesis of the lipoic acid derivatives have been reviewed
with focus on the implication of the heterocyclic 1,2-dithiolane ring in various
fields: e.g., medicine as therapeutic agent, materials science as metal surface
coating, and nutrition as antioxidant supplement. Moreover, lipoylated molecules
offer potential as primary biliary cirrhosis synthetic antigens for studying autoim-
mune mechanisms. Lipoylation of peptides and proteins was performed by different
pathways in vivo featuring coordinated enzymatic reactions, as well as in vitro by
chemical and enzymatic methods. Considering novel methods for effective
lipoylation of peptide and protein structures, as well as the relevance and utility
of lipoic acid in biology and materials science, a wealth of future applications of
this heterocyclic acid may be anticipated.
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