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/Abstract: The term “privileged structure” refers to a single
molecular substructure or scaffold that can serve as a start-
ing point for high-affinity ligands for more than one receptor
type. In this report, a hitherto overlooked group of privi-
leged substructures is addressed, namely aromatic oligo-
amides, for which there are natural models in the form of
cystobactamids, albicidin, distamycin A, netropsin, and
others. The aromatic and heteroaromatic core, together with
a flexible selection of substituents, form conformationally

well-defined scaffolds capable of specifically binding to con-
formationally well-defined regions of biomacromolecules
such as helices in proteins or DNA often by acting as helices
mimics themselves. As such, these aromatic oligoamides
have already been employed to inhibit protein-protein and
nucleic acid-protein interactions. This article is the first to
bring together the scattered knowledge about aromatic oli-
goamides in connection with biomedical applications.

/

1. Introduction

Several thousand naturally occurring peptides are known,
which show a wide range of biological properties. These in-
clude hormones, neurotransmitters, growth factors, ion chan-
nel ligands, anti-infectives, anticancer agents, immunosuppres-
sants, and others." Whether they naturally are of ribosomal
origin® or are biosynthesized by the non-ribosomal peptide
synthase (NRPS),®! in both cases, they are usually based on a-
amino acids (Figure 1, top) and in selected cases also on (-, y-,
or w-amino acids.

Medicinal chemists have used the peptide motif to broaden
the scope of these architectures by utilizing other types of
aminocarboxylic acids, including arenes and hetarenes
(Figure 1, bottom). For example, p-aminobenzoic acid (PABA) is
a constituent of folic acid (1) and is biosynthesized through
the shikimate acid pathway.”) p-Aminobenzoic acid is also an
important building block frequently found as a structural ele-
ment in synthetic drugs. In 2002, it was analyzed that out of
12111 commercial drugs, 1.5% (184 drugs) contained the PABA
moiety (see 2 and pyridine analog 3) with broad therapeutic
potential including sun-screening, antibacterial, antineoplastic,
local anesthetic, anticonvulsant, antiarrhythmic, antiemetic,
gastrokinetic, antipsychotic, neuroleptic, and migraine prophy-
lactic properties.”

Likewise, five-membered heteroarenes were also developed
through structural insertions between an amino and a carboxyl
group, which function as monomers of oligoamides 4-7. Key
work on the design of such specific DNA topographies recog-
nizing hetarene-containing oligoamides has been published by
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the Dervan group over a period of several decades (see Sec-
tion 3).

The present report is intended to provide an overview on
oligoamides based on arenes and hetarenes covering the three
major topics—natural products, medicinal chemistry, and
supramolecular chemistry—commonly with a focus on drug
development and chemical biology. We would like to draw the
reader’s attention to the fact that such oligoamides, despite
the diversity of the fields in which they have been studied, are
privileged in terms of control of their conformation and their
ability to sequence specifically recognized biomacromolecules
including proteins and nucleic acids. They are even able to in-
tervene in protein—protein and protein-nucleic acid interac-
tions and inhibit such complexes.

Our report starts with naturally occurring aromatic oligo-
amides, moves on to medicinal chemistry programs, especially
in the recognition of double-stranded (ds) DNA, and will then
address structural aspects of these oligoamides as foldamers.
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Figure 1. Amide backbone of peptides and proteins composed of natural a-
amino acids (top), p-aminobenzoic acids (marked in gray) is part of tetrahy-
drofolic acid (1) and backbones of aromatic and heteroaromatic oligoamides
2-7 (bottom) (X=N, S).
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2. Natural Antibiotics Based on Oligo-p-Amino-
benzoic Acids

2.1. Cystobactamids

In 2014, Muller and co-workers reported on a new class of oli-
goamide natural products that are characterized by building
blocks derived from p-aminobenzoic acid. These were isolated
from myxobacteria of the genius Cystobacter sp. Cbv34 and
were later also found in strains of the genera Cystobacter, Myx-
ococcus, and Corallococcus.™ These new oligoamides were
called cystobactamids 919-1 (8) and 919-2 (9; Figure 2). Two
subclasses have been described, having either an iso-f3-me-
thoxyasparagine or a f-methoxyasparagine unit linking the oli-
goarylamides. Later, more derivatives such as the cystobacta-
mids 920-1 (10), 920-2 (11), and 861-2 (12) were disclosed,
which structurally differ in the E-ring and the aspartate hinge
region.”’

Cystobactamid 862-1 (12) was found to be the most active
natural member. It inhibits several clinically relevant Gram-posi-
tive and Gram-negative strains (Acinetobacter baumannii:
MIC=0.5 ngmL"', Citrobacter freundii: MIC=0.06 pgmL™", car-
bapenem-resistant E. coli WT-Ill marRA74bp: MIC=0.5 pgmL~",
fluoroquinolone-resistant P. aeruginosa CRE: MIC=1.0 ugmL™",
and Proteus vulgaris: MIC=0.25 ugmL™~")? by inhibiting bacte-
rial type lla topoisomerases. The broad-spectrum antibacterial
activity of the cystobactamids is associated with inhibition of
topoisomerases type IlA, namely DNA gyrase and topoisomer-
ase V.

Later, Kim and co-workers also isolated cystobactamid 919-2
(9) along with two other derivatives, named coralmycins A (13)
and B (B-epi-cystobactamid 920-2 epi-11). Here, cultures of Cor-
allococcus coralloides myxobacteria served as the source of
these natural oligoamides.® In contrast to the original stereo-

methoxyaspartate

I 2 methoxyaspartate
'hinge' region

'hinge' region

COH CO.H COH
cystobactamid X R cystobactamid X R' R? albicidin (14)
919-1 (8) NH, OiPr 919-2 (9) NH, OiPr H
920-1 (10) OH OjPr 920-2 (11) OH O/Pr H

861-2(12) NH, H H

coralmycin X R!' R2
A(13)  NH, OPr OH

Figure 2. Structures of selected natural cystobactamids 919-91 (8), 919-2 (9),
920-1 (10), 920-2 (11), and 861-2 (12) and coralmycin A (13) (rings are la-
beled A-E).
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chemical assignment, Kim proposed that the configuration of
the methoxyasparagine hinge region of 12 should be revised
to 25,3R, which was later confirmed by the total synthesis of
both diastereomers (25,3S and 2S,3R) of cystobactamid 920-2
(11).[9]

Several focused libraries were prepared by total synthesis to
obtain chemically more stable derivatives (the amide bond be-
tween the C and D rings is easily hydrolyzed under chemical
and enzymatic conditions), improved water solubility, and a
broader antibacterial spectrum of activity against Gram-nega-
tive and -positive bacteria. The structural changes included the
replacement of the amide group by urea or by the 1,2,3-tri-
azole heterocycle, the latter being able to serve as a substitute
for the amide group in cystobactamids."”
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2.2. Albicidin N
/»51' O h
0 I /32.
An even more remarkable story can be told about albicidin 14, )'\HJ; 0 /©/k,
which is structurally closely related to the cystobactamids N RO---- E)J\r}l H
(Figure 2). First isolated from the phytopathogenic bacterium . n H v

Xanthomonas albilineans in the 1980s, it took more than 30
years before the structure could finally be elucidated."” The
natural product showed bactericidal properties by inhibiting
DNA replication.'” Albicidin 14 efficiently inhibits DNA super-
coiling catalyzed by E. coli DNA gyrase with an 1Cs, value of ap-
proximately 40 nm. Stabilization of the cleavage complex be-
tween gyrase and DNA, which is ATP-dependent, also makes
albicidin 14 an effective compound against Gram-positive and
Gram-negative bacterial strains."” It must be stressed that cys-
tobactamids are structurally related to albicidin 14 with similar
antibacterial properties."' The pentapeptide backbone con-
sists of four aromatic amino acids and the non-canonical f3-L-
cyano-alanine. At the N-terminus, there is 4-hydroxy-coumaric
acid with an additional methyl group in the a-position. Besides
two unsubstituted p-aminobenzoic acids flanking the chiral
amino acid, the molecule also consists of two C-terminal 4-
amino-3-hydroxy-2-methoxybenzoic acids (PMBA). A clear dis-
parity between albicidin 14 and the cystobactamids is the cen-
tral amino acid. It has been shown that substitution by natural
amino acids results in albicidin analogs with ICs, values compa-
rable to those of the natural product. However, some of these
derivatives failed in cell-based assays because they showed re-
duced MIC values. The replacement of the cyano group by a
1H-1,2,3-triazole provided access to an analog with improved
properties, with regard to susceptibility to hydrolysis."*< The
N-terminal functionality seems to have an important influence
on the activity. The modification is limited to the substitution
of the hydroxyl group (e.g., CF; or F)."*¥ The carbamoylation
of this group proved to be beneficial for the antibacterial acti-
vity."*  Other substitution patterns or different molecule
lengths led to weak inhibitors or even to the deletion of the
activity."*¥ It is noteworthy that other albicidins were later iso-
lated, showing structural features also known from cystobact-
amids. The albicidin analog with an L-$-OMe-Asn instead of
the B-L-cyanalanine shows only reduced antibacterial proper-
ties. Other structural combinations of both aromatic oligopep-
tide classes also only led to reduced activities. However, this
combinatorial approach confirmed the crucial role of the N-ter-
minal aromatic moiety with respect to the substitution pattern
and molecular length. Furthermore, the beneficial effect of
larger alkoxy groups (OEt or QiPr) at the C-terminal PABA units
was shown.™ |n addition, albicidin 14 and related com-
pounds are hydrolyzed by the enzyme AlbD." By introducing
peptide bioisosters between the chiral amino acid and the C-
terminus, the triazole unit proved to be suitable to avoid hy-
drolysis while maintaining activity, "7 as was also reported for
cystobactamids."”

Structurally, cystobactamids 8-13 and albicidin 14 are re-
markable because they contain aromatic elements that have
been independently studied in the field of supramolecular
chemistry and the design of oligoaromatic foldamers. These
can form helical structures by intramolecular hydrogen bond-
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Figure 3. Structures of different classes of oligoaromatic backbone mono-
mers I-VIl and their hydrogen-bonding patterns.
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ing. A number of aromatic elements I-VII of such helical oli-
goamides are summarized in Figure 3 and noteworthy rings E
and F in the cystobactamids reflect elements Il and IV. These
structural units reveal different scenarios of intramolecular hy-
drogen bonding in which the amide bond and aromatic sub-
stituents or heteroatoms (pyridine) with hydrogen-donor or
-acceptor properties are involved. Once such elements are part
of aromatic oligoamides, defined foldamers with specific bind-
ing properties for different biological receptors are generated
(a detailed discussion is found in Section 4).

Bacterial type lla topoisomerases are important targets for
antibiotics, of which aminocoumarins that bind to the ATPase
active site and the quinolones that bind to the enzyme are the
most well-known classes. In the case of the cystobactamids
and albicidin, the exact biological target on type Il bacterial
topoisomerases is not yet fully known, the structural knowl-
edge of such foldamers and the way they can intervene in pro-
tein—protein as well as protein—nucleic acid complexes will be
helpful to shed light on the exact mode of action of these nat-
ural PABA-containing oligoamides (see also Section 4).

3. Oligomers Based on Pyrrole Carboxamide
Units

3.1. Natural oligopyrrole amides

The link between foldamers and cystobactamids and albicidin
has not yet been established, but another class of natural
products served as a starting point for a medicinal chemistry
program that centrally considered concepts of hydrogen
bonds with the biological target structure DNA. These are
based on oligopyrrole carboxamides. Indeed, DNA is a pharma-
cological target for various drugs that are currently in clinical
application." One way for small aromatic ligand molecules to
interact with double-stranded (ds) DNA is by non-covalent
binding to its minor groove. The aromatic oligoamides dista-
mycin A (15) and netropsin (16) were the first known natural
products to interact with the minor groove of dsDNA, followed
by anthelvencin C (17) and kikumycin B (18) (Figure 4). These
oligoamide antibiotics share cationic charges, hydrogen-bond
donors, a crescent shape, and an oligopyrrole carboxamide
skeleton. Netropsin (16) was discovered in 1951 by Finlay et al.
as a fermentation product of Streptomyces netropsis."” Dista-
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Figure 4. Structures of natural pyrrole bearing oligoamides distamycin A (15), netropsin

(16), anthelvencin C (17), and kikumycin B (18).

mycin A (15) was isolated from Streptomyces distallicus in 1958
by F. Arcamone and collaborators."® Both oligoamides show
antibiotic (5 to 1000 pgmL~") and antiviral (50 to 100 um) ac-
tivities owing to their reversible binding to DNA.""'? For dista-
mycin A (15) and netropsin (16), it was shown that they inter-
act with high selectivity with certain sequences within the
minor groove of the double helical DNA (Figure 5).

In fact, four to five consecutive dAdT base pairs are affected

NH,

NH,

whereas the NH groups are involved in bifurcated hy-
drogen bonds to adenine N3 and thymine O2 atoms
of bases on both DNA strands. The second structural
type is a 2:1 peptide-DNA complex first reported by
Wemmer and Pelton. They used higher ligand/DNA
stoichiometries in which two distamycin molecules
bind antiparallel to the same DNA sequence.” The
minor groove width of the 2:1 complex is probably
twice as large as that of the 1:1 complex, and each
ligand only forms hydrogen bonds with bases on a
single strand.”®

Netropsin (16) and distamycin A (15) have binding
affinities ranging from K,=4.0x10° to 5.0x10°m~' to
poly(dA), poly(dT), and poly(dAdT) sequences.”” It is
noteworthy that promoter regions contain many of
these (dAdT)-rich sequences, which then interact
with distamycin (15) and netropsin (16), possibly in-
hibiting DNA-dependent DNA (cell replication) or
RNA (transcription) synthesis.””?® The reason why
distamycin and netropsin bind AT-rich sequences is
related to the hydrogen-donor character of their amide pro-
tons, which coordinate with the free electron pairs (hydrogen-
bond acceptors) of adenine N3 and thymine O2 in the DNA
nucleotide sequence (Figure 6).

Furthermore, Beerman et al. showed that distamycin A (15)
modulates the activity of mammalian topoisomerase I. At 0.5

NH,

NH,

(Figure 6).2" This observation was generalized by Dervan et al.
who found that a ligand with n amide groups allows a binding H bonds ilicomplex
site size of n+ 1 base pairs. This conclusion was based on NMR A C\_zg) T
and X-ray crystallographic investigations of a netropsin-oligo- H
nucleotide complex.”?” Two possible types of these complexes Ny N e
have been described, the first being a 1:1 peptide-DNA com- ;{N‘?;E,\(N"'H'N T':
plex (Figure 6).** The position-specific binding of these cation- ,;3 £
ic ligands to DNA results from hydrogen bonds, electrostatic 02
attraction, and van der Waals interactions.? minor groove
In addition, the width of the minor groove of these A T-rich
sequences bound to the ligand is narrower than that of stan- N 16
dard B-DNA?¥ Two or three N-methylpyrrolecarboxamides 2:1 complex n I
twist in a spiral to give the DNA good complementarity, e ﬁHZ “®
15 M ////(NHZ
N
X
N .
Me\NE
N—H-----c___
o=

Figure 5. Simplified presentation of distamycin A 15 (blue) binding to the
minor groove of B-DNA (orange and green).?”’
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Figure 6. Hydrogen bonding of AT pairs and structural representations of
1:1 and 2:1 complexes of dsDNA with netropsin (16) and distamycin (15), re-
spectively.
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and 1.0 um, they observed that distamycin stimulates topoiso-
merase | relaxation of supercoiled DNA, whereas distamycin in-
hibits the enzyme at concentrations above 2.0 um.”” Unfortu-
nately, both natural products show only limited cytotoxicity,
which is why their clinical development was never pursued fur-
ther.

The anthelvencins (specifically anthelvencin C (17)) were iso-
lated in 1965 from cultures of Streptomyces venezuelae ATCC
14583 and 14585 and show moderate antibacterial, antifungal
(MIC range =1.56-50.0 pgmL™"), and anthelmintic activities.®”
Lee etal. showed that anthelvencin A binds in the minor
groove of DNA along the sequence 5'-A,A;T¢T,-3"" Finally, the
kikumycins (kikumycin B (18)) were isolated from the culture
filtrate of Streptomyces phaochromogenes R-719 and they show
antiviral properties in the 10 ugmL™~' range.®?

These structural and binding studies of naturally occurring
oligopyrrolamides set the stage for a remarkable academic me-
dicinal chemistry program that clearly showed an evolutionary
character since 1951 when netropsin (16) was first discovered.
It is briefly summarized in the following subsections.

3.2. Functionalized distamycin derivatives

The results of the natural products suggest that oligopyrrole-
amides are well suited to recognize and target AT-rich regions
of DNA. With this in mind, Dervan’s group prepared the bifunc-
tional distamycin-EDTA molecule (DE-Fe" 19) in the early 1980s
(Figure 7). It was known that iron(I)-EDTA complexes are capa-
ble of inducing DNA strand breakage in the presence of
oxygen. Therefore, the conjugation of EDTA-Fe' to a distamycin
analog provided a sequence-specific DNA cleavage agent.”® In
line with the DNA binding properties of the natural oligopyr-
roles described above, it was not unexpectedly observed that
the cleavage site was in the immediate vicinity of sequences
consisting of four to five base pairs dAdT.

Some of these derivatives have been further developed to
give them additional DNA-alkylating capabilities. The first
group to design such analogs was that of Arcamone. They

- NH L Me—N L
Me-N__ e | 5
NH
ey
g NH —> =
—_— N //
. I Fe |~ Me”
e~ il s NH
) O
— — =
ey \\\\ca
\\\\® 5 3 NHMe,
NHMe, N-bromoacetyldistamycin
DE-Fe(ll) 19 20

Figure 7. Structure of a bifunctional distamycin-EDTA molecule (DE-Fe" 19),
its cleavage sites indicated by arrows, and structure of N-bromoacetyldista-
mycin 20.
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combined small units known to have alkylating properties (ni-
trogen mustard, aziridine, oxirane, and haloacetyl) with dista-
mycin analogs and created cytotoxic and antitumor active con-
structs (Figure 8).2Y The cytotoxicity (in vitro cytotoxicity: 0.01
to 29.5 ngmL™") of such constructs increased with increasing
number of up to five pyrrole units, which also led to improved
in vivo potency and antileukemic activity (optimal non-toxic
dose: 0.20 to 0.78 mgkg™"). Subsequently, Dervan et al. con-
firmed the sequence-specific cleavage of DNA when using N-
bromoacetyldistamycin 20 as alkylating agent.®!

Since then, the literature has reported various other studies
on distamycin derivatives, but these did not lead to new enti-
ties that showed improved efficacy compared with classical an-
ticancer drugs such as doxorubicin or cisplatin. However, the
combination of the in vivo antileukemic activity of the nitro-
gen mustard component with the cytotoxic activity of the anti-
cancer drugs chlorambucil and melphalan produced a hybrid
of nitrogen mustard distamycin and a para-aminobenzoic acid
component known as tallimustine (21) (Figure 8). Tallimustine
(21) is one of the few distamycin analogs that made it through
phase | and Il clinical trials. Although the para-nitrogen-mus-
tard-benzoic acid moiety is a very mild alkylating agent, which
may not exert unwanted non-specific alkylations, the myelo-
toxicity of tallimustine (21) is too high compared with its anti-
tumor effect (in vitro 1C5,=24.4 ngmL").2¥ Another related
compound that has made it into phase Il clinical trials is bros-
tallicin (22), but this could not be pushed into phase Ill clinical

trials either.”
R . NH,
7\ N
N NH
1
Me o n
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Figure 8. Top: Concept of oligopyrrolamides attached with functional
groups able to alkylate DNA. Bottom: Structures of tallimustine 21 and bros-
tallicin 22. Alkylating substituents are marked in light blue.
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3.3. Chain-extended derivatives of distamycin and netropsin

As distamycin A (15), netropsin (16), and their analogs bind AT-
rich DNA sequences, the question arose as to how the binding
preference of DNA binding agents can be tailored to additional
base sequences with the aim of developing new drugs for
cancer therapies. Rational structural modifications of the natu-
ral products led to the development of lexitropsin 23, a
member of a larger group of oligoamides called lexitropsins
(Figure 9). As it was known how the oligopyrrole natural com-
pounds interact with the nucleobases, it was recognized that
the use of a suitable hydrogen-bond acceptor instead of a pyr-
role unit could lead to a change in the base site recognition
from T-A to G-C. Certain heterocyclic units (e.g., imidazole,
furan, pyrazole, thiazole, or triazole) incorporated into the ini-
tial oligopyrrole chain can accept hydrogen bonding from the
exocyclic amino group of guanine (Figure 9). With this ration-
ale, a large number of new derivatives could be generated and
biologically validated.®?® However, it was noted that lexitrop-
sins (exemplified by 23) often show a reduced DNA affinity
compared with the oligopyrroles.*

In addition, Dervan etal. also designed molecules derived
from distamycin, which bind sequences with both G,C and AT
base pairs (Figure 10).“” These oligoamides carry a pyridine
ring or alternatively an imidazole ring at the N-terminus. De-
pending on the sequence, both oligomers can bind either as a
1:1 or 2:1 oligoamide-DNA complex and, in contrast to dista-
mycin, 2-ImN binds the 5-TGACT-3’ sequence as a 2:1 complex
even at low ligand/DNA stoichiometries.*"

A further step to improve sequence specificity was the
design of a molecule that is able to bind DNA in a 2:1 ratio, re-
sulting in specific contacts with each strand of the double
helix. As a result, bis-netropsin and distamycin derivatives were
developed with flexible polymethylene tethers of different

H bonds H bonds
A ( e/ )T G C\ H _O c
oo @ e L)
H\
rN N—H"'O\ Me 9“‘H N
\
W 7 AN---H-N T N ~2/G N=H---N c\>
,N‘( N (N
. g ; N-H---
N4 fr)_
(@)
2/ \S -~ Hbond || O r' )55
',“ ‘5; IIIIII van der
Me Waals --- H-bond
Me
i 0 Me
= H\)OL JIN/ HN— N
HNs N N = _o
NH, HN
®
2
> L
H,N

Figure 9. Rationale for the development of lexitropsins (imidazole ring
marked in light blue).
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ONHMe,

Figure 10. The 1:1 complex of 2-PyN with 5'-GAAA-3" and 2:1 complex of 2-
ImN with 5-TGTCA-3" (DNA symbolism see Figure 9; pyridine and imidazole
rings marked in light blue).

lengths, which are connected at the central pyrrole rings.?

Despite the conformational freedom, these dimers (e.g., 24)
can also only bind to five base pair long sequences. But they
are able to establish specific contacts with each strand of the
sequence 5'-TGTCA-3', whereas 2-PyN and 2-ImN could only
address this sequence as a 1:1 complex with binding affinities
around 10°m~".#?**) The binding affinity of the tethered mole-
cule 24 shown in Figure 11 is increased to K,=1.1x10°m™"
Lown et al. also used methylene linkers of different lengths
and different numbers of N-methylpyrrole units similar to bis-

CH,

NHMe,

&)

oligoamide 24

Figure 11. Complex formed between the covalent heterodimer 24 and the
nucleotide sequence 5-TGTTA-3’ (DNA symbolism see Figure 9; linker ele-
ment marked in green, imidazole ring marked in light blue).
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Figure 12. Structures of bis-netropsin analogs 25-27 (linker elements
marked in green).

netropsin analog 24, which were positioned between the cen-
tral N-methylpyrrole units (Figure 12). In their studies, they fo-
cused on the biological activity of netropsin and those bis-ne-
tropsin analogs that show interference with the activity of
DNA topoisomerases | and Il. The compounds actually inhibit-
ed the catalytic activity of the isolated topoisomerase Il and in-
terfered with the stabilization of the cleavable complexes of
topoisomerase | and Il in the cell nucleus. A noteworthy posi-
tive aspect is that the dimers with linkers consisting of 1-4
and 6-9 methylene groups and no methylene group (see
structures 26 and 27) have a far greater inhibitory effect
against the isolated enzyme (ICy,=7-150 um) as well as in the
nuclear system than netropsin (16; 1C5,=200 pum). Increasing
the number of individual N-methylpyrrole units to a total of up
to six (see structure 25) also enhanced the inhibitory proper-
ties up to 5 pm. This study unraveled that the length of the
linker and the number of pyrrole units determines the biologi-
cal activity of the aromatic oligoamides that bind to the minor
groove of the double helical DNA.*¥ There may be a correla-
tion between the sequence binding site of the aromatic ligand
and the topoisomerase recognition site. For example, matrix-
associated regions (MAR) often contain several topoisomerase
binding sites containing AT-rich elements or are located in
their vicinity.*

3.4. Hairpin motifs

Knowing that 2:1 ligand/DNA complexes carry antiparallel
side-by-side dimers, Dervan et al. established a structural motif
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4-aminobutyric acid

NHMe,

oligoamide 28

Figure 13. Complex formed between oligoamide 28 and oligonucleotide 5™~
TGTTA-3' (DNA symbolism see Figure 9; linker element marked in green,
imidazole ring marked in light blue).

in which these dimers are linked head-to-tail (Figure 13). These
aromatic oligoamides were supposed to show increased se-
quence specificity and binding affinity to DNA. Different amino
acid linkers were chosen and it was shown that 4-aminobutyric
acid is the optimal turn unit for hairpin binding of the six-ring
hairpin oligoamide 28. The binding affinity of the generated
construct to the sequence 5-TGTTA-3' was determined to be

K,=7.6x10"m~"

As part of the evolutionary improvement, eight-ring hairpin
polyamides were synthesized that bind to DNA sequences
along six base pairs with equilibrium association constants be-
tween 10% and 10"°m™, similar to the affinity of natural DNA-
binding transcription factors that typically bind four to six base
pairs of DNA."*"" However, for therapeutic reasons, it is not yet
possible to target a unique sequence in the human genome
because a sequence of four to six base pairs is too short for
this purpose. The ligand must reach at least 15-17 base pairs,
a number that would occur only once in about 3x10° base
pairs on the human genome.”® [sohelical analyses showed,
however, that pyrrole carboxamides are about 20% longer
than required for a perfect adaptation to the base pair increase
along the minor groove.*” As an approach to circumvent this
phase problem when binding four contiguous base pairs, [3-
alanine/f-alanine pairs were introduced instead of pyrrole/pyr-
role pairs. This design allows a corresponding extension of the
chain (polyamide 29, Figure 14).°” Furthermore, B-alanine/
imidazole and imidazole/B3-alanine pairs could be used to
target C-G and G-C base pairs.”" Several research groups also
have installed flexible (3-alanine fragments to reduce the mo-
lecular rigidity of polyamides.

With the realization that an imidazole/pyrrole or an imid-
azole/f-alanine pair allows differentiation between the gua-
nine/cytosine base pair from the cytosine/guanine couple, the
challenge of differentiating between the adenine/thymine
from thymine/adenine nucleobase pairs was pursued. It was
found that the pyrrole/hydroxypyrrole pair provides a solution
here."? The additional hydroxy functionality added to the pyr-
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dsDNA

Me. H/\/Nm/‘/ Me

polyamide 29

Figure 14. Complex of polyamide 29 with 5-TGTTAACA-3’ (DNA symbolism

see Figure 9; linker element marked in green, imidazole rings marked in
light blue, and B-alanine fragments marked in yellow).
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Figure 15. Complex of oligoamide 30 with 5-TGTCCA-3’ (see Figure 9 for
DNA symbolism; linker element highlighted in green, imidazole ring high-
lighted in light blue, hydroxypyrrole ring highlighted in bright brown) and
rationale for the preferential interaction of hydroxypyrrole with thymine.
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role ring is able to form an additional hydrogen bond to thy-
mine 02 and its two free electron pairs can interact with the
hydroxypyrrole-containing oligoamide 30 (Figure 15). In con-
trast, adenine N3 with only one free electron pair is not able to
form that additional hydrogen bond with the hydroxy
group.®?

However, the hairpin polyamides that have been best inves-
tigated to date like 31 or 32 consist of eight five-membered
heterocycles with a chiral 2,4- or 3,4-diaminobutyric acid
linker® and an isophthalic acid residue at the C-terminus,
which allows favorable uptake into the cell nucleus
(Figure 16).>> These oligomers have been investigated in more
detail in various biological and pharmaceutical applications.*”
It was found that these molecules block the elongation reac-

tion catalyzed by RNA polymerase Il (31: K;=50 nm)*® and in-
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Figure 16. Structures of hairpin polyamides 31-36 (linker element marked in
green, imidazole rings marked in light blue, thiazole or imidazole rings
marked in light violet, benzimidazole rings marked in light green, and imid-
azopyridine rings marked in light orange).
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hibit topoisomerase binding to DNA.®” For example, by bind-

ing a DNA sequence near a TATA element (promoter region),
the polyamides showed that they inhibit the DNA binding ac-
tivity of TATA box binding proteins and transcription by RNA
polymerase I1.°¥ In cell culture experiments, these oligomers
also revealed interference with protein-DNA complexes, which
disrupt the transcription factor-DNA interfaces, thus inhibiting
oncogenic signal transduction in various disease models (pros-
tate and breast cancer, inflammatory disorders, solid
tumors).”?

Crystal structures of cyclic pyrrole-imidazole polyamides like
33 (Figure 16), bound to duplex DNA oligonucleotides, showed
a minor groove expansion of up to 4-5 A, which led to com-
pression of the major groove. The minor groove widening
could be sufficient to alter the surface of the major groove in
such a way that the binding of the transcription factor in the
major groove is disturbed.” In this way, the expression of cer-
tain genes could be inhibited by altering the local DNA surface
in certain DNA areas.”” For this reason, this class of oligoa-
mides could become potential therapeutic agents against
cancer, which are triggered by excessive activity of transcrip-
tion factors.®

Recently, Welte, Burley, and co-workers disclosed a detailed
structural and quantitative biophysical study of the DNA bind-
ing affinity, kinetics, and sequence selectivity of hairpin poly-
amide analogs that differ in the N-terminal heterocycle (com-
pounds 34-35).%* This position influences DNA structural per-
turbations. It was shown that an increase of the steric bulk of
an isopropyl group at the terminal imidazole unit does not
impact dsDNA binding affinity but seems to have an impact
on DNA major groove compression. Such hairpin polyamides
also exhibit high affinity up to low nanomolar-picomolar
values for their target dsDNA sequence.

Along this line, other hairpin oligomers such as 36 have
been developed, which contain benzimidazole and imidazopyr-
idine rings as monomeric units. These elements are regarded
as mimicking amide groups. Some of these novel oligomers
were found to target the guanine-rich DNA sequence 5'-
WGGGGW-3' (36: K,=1.1-1.6x10°m™"), a core sequence in the
DNA-binding site of NF-«xB, a prolific transcription factor with
high affinity.[®*

3.5. Activation of gene expression

In contrast to the inhibition of cell function in cancer cells, pyr-
role-imidazole polyamides can also serve as activators of gene
expression when fused with a peptide sequence. These bifunc-
tional oligoamides act as DNA-protein dimerizers because they
consist of a DNA-binding substructure and a second substruc-
ture that can bind to a natural transcription factor. In 2003, the
Dervan group published such a protein DNA dimerizer 37,
which binds both to the natural transcription factor Exd and
sequence specifically in the minor groove of the target DNA
via the oligoamide substructure (Figure 17).15*’

Chem. Eur. J. 2021, 27, 7321-7339 www.chemeurj.org
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Figure 17. A protein-DNA dimerizer 37 (top) based on a sequence-specific
polyamide and a short peptide (brown) that specifically binds to the tran-
scription factor Exd and the minor groove of the DNA (bottom).

3.6. Binding to quadruplex DNA

Distamycin A (15) was found to bind not only to duplex DNA
but also to G-quadruplex DNA. Various distamycin derivatives
were competitively tested for their binding affinity between
duplex and G-quadruplex DNA. The trimer 38 (Figure 18)
proved to be the only oligoamide that revealed selectivity
toward quadruplex DNA in this regard. However, these deriva-
tives are structurally very similar to the minor groove binder
distamycin A (15) and whereas distamycin A (15) is able to in-
hibit telomerase, trimer 38 shows no effect on telomerase ac-
tivity.®
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Figure 18. Structures of G-quadruplex DNA binding oligoamides (imidazole
ring marked in light blue, furan ring marked in light orange, benzene ring
marked in light green).
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The distamycin derivative MEN 10716 39 (Figure 18) was
able to inhibit telomerase in a cellular extract with an ICy, of
24 um, and furthermore, cancer cells consistently showed
>85% reduced telomerase activity in the presence of 39.1%¢

Given the competition between groove binding of duplex
DNA and quadruplex DNA binding, a new class of aromatic oli-
goamides based on the distamycin structure was developed.
By introducing a furan-containing biaryl system, compound 40
(Figure 18) is bent such that the curvature forms a U-shape
that is in alignment with a terminal G-quartet. Binding to a
duplex DNA groove is thus unfavorably affected. The biaryloli-
goamides show cell growth inhibition against various cancer
cell lines.””

Quinoline-based oligoamides have also been discussed to
selectively bind to quadruplex DNA versus duplex DNA.® Fi-
nally, a series of polyamides composed of pyrrole and imida-
zole motifs are reported that have been assigned potential as
gene regulators and for cancer therapy.”

4. Synthetic PABA-Based Oligoamide
Foldamers

As shown above, several p-aminobenzoic acid derivatives are
present in the antibacterial natural products cystobactamids
8-13 and albicidin 14. Ether substituents or exchange of the
benzene ring by pyridine can lead to conformational restric-
tions through intramolecular hydrogen bonding (Figure 3; sub-
structures I-VII and Figure 19 A and B). Once incorporated with
oligoamides, defined foldamers are generated that adopt a
helical topography. These foldamers have emerged as architec-
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Figure 19. A) Structures of different classes I-IV of oligoaromatic backbone
monomers with key intramolecular hydrogen bonding interaction. B) Possi-
ble syn-/anti-conformers discussed in ref. [74b] and C) aromatic oligoamides
as potential inhibitors for a-helix mediated protein-protein or protein-nu-

cleic acid interactions (R can be flexibly varied for fine-tuning properties of
molecular recognition with the biological target. The color code of the side
chain is not linked to a specific functional group).
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tures to mimic secondary structures of proteins or nucleic
acids. Depending on additional substituents on the aromatic
ring, foldamers based on benzamides are commonly stabilized
by intramolecular hydrogen bonding. Such oligoamides display
folding modes very different from peptidic foldamers. Several
hydrogen-bonding patterns have been designed and these
can be based on either four-membered, five-membered, or six-
membered rings, some of which are depicted in Figure 19A. In
particular, the groups of Hamilton and Wilson have developed
foldamers based on such linear aromatic oligobenzamides.”
Several designs of oligoaromatic foldamers bear scaffold prop-
erties that match a helical topography. These can contain side
chains, which are positioned in a way that mimics the spatial
orientation of key recognition residues.”"’? As already men-
tioned above, such foldamers are stabilized mainly by intramo-
lecular hydrogen bonding, which create folding modes very
different from peptides and peptidic foldamers I-IV. In part,
these were confirmed by X-ray analyses.”>’ Supramolecular
and biological properties of such foldamers have extensively
been studied and are covered in the following chapter.

4.1. Protein-protein interaction inhibitors

Sequence specifically designed synthetic aromatic oligoamides
were shown to inhibit a-helix mediated”>” protein-protein
interactions (Figure 19C)."37? These oligoamides serve as small
molecule scaffolds occasionally termed “proteomimetics”™®® to
orient functionality in a manner that reproduces the spatial
and angular positioning of key side chains presented by the
helix donor.”®

4.1.1. Inhibitors of hDM2-p53 interaction

A first-generation foldamer of type 41a acted as an a-helix
mimetic capable of inhibiting the p53-hDM2 protein-protein
interaction. For enhancing the solubility of such aromatic oli-
goamides, the architecture was complemented with an oligo-
ethyleneglycol tag, which had little impact on the binding af-
finity (Figure 20)."

gﬁjtﬁilﬁkgﬁg’
°§W ?* ?* ?*

CO,H C H H H
41aR= H 42 43 44

41bR= %—\_0/—\0 Me

Figure 20. Aromatic oligoamides as inhibitors for a-helix mediated protein-
protein interactions between hDM2 and p53. (the color code of the side
chain: green =aliphatic and blue =aromatic).
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The design of such foldamers was later extended
to chiral oligoaromatic amide foldamers 42-44 that
recognize their target protein hDM2, thereby inhibit-
ing protein—protein interaction with the tumor sup-
pressor protein p53, and hence repressing p53 tran-
scriptional activity.®” The absolute configuration of
the helix mimetic was critical dependent for the se-
lectivity for p53/hDM2 inhibition versus Mcl-1/NOXA-
B inhibition. For example, hDM2 displays a twofold
preference for the L-tryptophane hybrid 43 over 42.

In addition, it was found that hybrid architectures
closely related to 42-44 replace a segment of the
protein structure (the S-peptide from RNase S) with a

CAgEN
©/OVCOZH ©/OVCOZH Q' Y ©/ Y

A
SE* o

COZMe COZMe COZH CO,H
48
CV 86% CV 94% IC50—92+08 ICs50=2.0£0.1

foldamer that itself mimics this a-helix. Interestingly,
such a non-covalent complex with the S protein led
to the restoration of catalytic function, thus showing

oligo-benzamide/pyridylamide
amphiphilic
a-helix mimetic

sidechain interactions
hydrophobic effects
steric effects

backbone H-bonding
curvature

rigidity

that the foldamers can act as a component of a func-
tional quaternary structure that performs RNA hy-
drolysis.®

In addition to the O-alkylated foldamers discussed
in detail here, there is one work on corresponding
trimeric N-alkylated oligoamides that effectively bind
hDM2 by mimicking key residues of p53. In addition, these
proteomimetics have also been shown to bind Mcl-1/NOXA-B
in both biophysical assays and in a cellular context.®”

4.1.2. Islet amyloid polypeptide (IAPP) antagonists

Islet amyloid polypeptide (IAPP, also called amylin) is a 37-resi-
due hormone peptide and associated with type 2 diabetes
mellitus (DM2). This neuropancreatic peptide is co-secreted
with insulin from B-cells and has a random coiled structure, as
an o-helix bound to the membrane or also as a -sheet struc-
ture. Each of these three conformations is associated with dif-
ferent functions. The aggregation/fibrillation of IAPP leads to
oligomers that are assumed to exert cytotoxicity against their
host (-cells by interacting with the cell membrane. The aggre-
gation of membrane-bound a-helices is critical for IAPPs dys-
function. Therefore, the stabilization of those helices is one ap-
proach to inhibit IAPP-induced cytotoxicity. Helix-helix aggre-
gation arises from interaction of certain sidechains on the helix
surface with defined distances of i, i+ 3/i+4, i+7 (hydrogen
bond between NH of amino acidl and carbonylamide of
amino acid Il after a helix turn leads to a spatial alignment of
the side chains on the helix surface; the number refers to the
position of the amino acid in the peptide backbone away from
starting point I). Aromatic oligoamides were found to be suit-
able antagonists as they appear as foldamers with complemen-
tary binding surfaces. Optimization of the sidechain functional-
ities led to anionic foldamers that correspond with the cationic
surface of IAPP a-helices (Figure 21 A). However, the exclusive
use of anionic sidechains is not sufficient. The aliphatic interac-
tions at certain surface positions also affects the activity and
the curvature. The latter can be tuned by backbone hydrogen
bonding. Benzamide 45 and pyridylamide 46 both show activi-
ty against IAPP fibrillation. Still, hydrogen bonding in 46 results
Chem. Eur. J. 2021, 27, 7321
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Figure 21. A) Structures of trimeric benzamide 45 and pyridylamide 46 with hydrogen-
bonding abilities and cell viability (CV) on IAPP-mediated toxicity in INS cells at 20 pm.

B) Structures of trimeric pyridylamide 47 and benzamide 48 with hydrogen-bonding abil-
ities and 1Cs, against cell proliferation of Bcl-x, overexpressing cancer cell line DLD-1 (the
color code of the side chain: green =aliphatic and dark gray = carboxylate).

in a helical conformation superior to 45 and consequently to
an improved antagonist activity.®”

Sidechain optimization by the Hamilton and Miranker
groups provided the next generation of oligoamides with two
different backbones, which bear similar sidechain architectures,
although only the carboxylate groups and not the aliphatic
residues appear at the same position when overlaying both
structures. However, tripyridylamide ADM-3 49 and tetraquino-
line amide ADM-116 50 both inhibit IAPP fibrillation and are
able to rescue INS-1 cells from IAPP-induced toxicity
(Figure 22, top).t®

N-Substituted oligopyrrolamides display an alternative folda-
mer backbone (see Section 3 and the natural products dista-
mycin A (15) and netropsin (16)). These oligomers form secon-
dary structures in which the N-substituents are in close prox-
imity with the sidechains in the oligopyridylamides. Modula-
tion of the IAPP conformation was achieved by exposure to
ADH-101 51, a pyrrole-based oligoamide (Figure 22, top). This
foldamer inhibits IAPP aggregation and hence amyloidogenesis
without observable cytotoxicity.®”!

4.1.3. Bcl-x, inhibitors

Fletcher and his collaborators conducted a study of the struc-
ture—-activity relationship of the backbone of a number of oli-
goamide-foldamer-based a-helix mimetics. They were expect-
ed to resemble the Bak-BH3 helix, which is able to interrupt
the Bak-Bcl-x, interaction. They positioned three hydrophobic
isopropoxy residues on the surface of the oligoamide.

By varying the benzene-to-pyridine ratio in the aromatic
backbone, the most flexible and hydrophobic inhibitor 48 ap-
peared to be superior to the more rigid pyridylamide 49 (Fig-
ure 21B).®¥ Interestingly, this trend is reversed as with the IAPP
inhibitors 45 and 46.%°
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Figure 22. Structures of IAPP inhibitors 49-51 with different oligoaryl back-
bone units (ICs, values at 13 um IAPP, K; at 20 nm IAPPy), Ap inhibitors 52—
54 (ICs, at 5 um AB), PRC2 inhibitor 55 (ICs, values at 7.5 nm PRC2), and HIV-
1 TAR RNA inhibitor 56 (ICs, values at 0.2 um TAR-RNA; side chain color
code: green =aliphatic, dark gray = carboxylate, blue =aromatic, and or-
ange =amine). For further details on hydrogen bonds in quinoline-bearing
oligoamide backbones (as in 50 and 54) see Section 4.2.2 and Figure 23.

4.1.4. Af antagonists

Amyloid B peptide (AP) is formed by cleavage of the trans-
membrane protein 3- and d-secretases. Isoforms of these spe-
cies are prone to amyloidogenesis. The resulting oligomers
(which then can form [-sheet rich fibers) are associated with
neurotoxicity and further to Alzheimer’s disease (AD). Oligopyr-
idylamides were shown to be suitable o-helix mimetics to in-
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hibit AP oligomerization, fibrillation, and cytotoxicity by bear-
ing corresponding binding functionalities on their surface.

The inhibitory ability was proven in cellular milieu. Although
mouse neurobastoma cells (N2a) treated with AP suffered from
reduced viability, the latter could be almost completely main-
tained by applying ADH-41 52 (Figure 22, middle).

Structure-activity relationship studies revealed that a de-
creasing hydrophobicity as well as the spatial composition of
the sidechains led to diminished antagonist activity towards
AP, Protein selectivity was proven by performing the experi-
ments with IAPP instead of AP, enzymes that share approxi-
mately 50% sequence similarity, without any inhibitory effect.
A second oligopyridylamide ADH-31 53 was shown to also in-
hibit AP oligomerization (Figure 22, middle). In contrast, this o-
helix mimetic is anionic, resulting in less selectivity as it per-
mits IAPP inhibition. More detailed studies showed ADH-41 52
to be a more potent antagonist in the initial nucleation, where-
as ADH-31 53 is the superior antagonist in oligomerization.
Consequently, both molecules bind to different subdomains of
the protein. A combinatorial treatment with ADH-31 53 and
ADH-41 52 is not beneficial.®

Oligoquinolines were also tested for their antagonistic activi-
ty against oligomerization of AP. Suppression of Af} aggrega-
tion was achieved at an equimolar ratio with compound 54 by
inducing an a-helical conformation and stabilization of the
helices (Figure 22, middle). Variation of the sidechain function-
alities led to dramatically decreased inhibition indicating the
specific activity of compound 54. N2a cell viability remained
by 89% after treatment with A and compound 54 at an equi-
molar ratio, whereas no cytotoxic effects were observed when
treating the cells with oligoquinoline 54 alone. Moreover, it
was shown that 54 also disrupts already formed oligomers. Its
comparable ability to inhibit Af} oligomerization suggests its
binding site to be the same as for ADH-31 52.%

4.1.5. PRC2 inhibitors

Polycomb Repression Complex 2 (PRC2) catalyzes the methyla-
tion of histone H3-lysine 27 (H3K27) to H3K27me2/3, which is
associated with repressive chromatin. It is therefore a regulator
of transcriptional activities within a cell and its dysregulation
can cause disease or cancer. PRC2 has three subunits: EZH1/2,
EED, and SUZ12, and it has been found that interference of the
interaction between SRM and the SET-I domain of EZH2 inhib-
its allosteric activation of PRC2. Owing to the design of the oli-
gopyridylamide ADH-61 55, which carries complementary side
chains, the SRM/SET-| interaction mediated by the a-helix was
effectively disrupted (Figure 22, bottom).””

4.2. Protein—-nucleic acid interaction inhibitors

Such aromatic oligoamides with defined three-dimensional
conformation, achieved by the formation of internal hydrogen
bonds, are not only capable of intervening in pharmaceutically
relevant protein—protein interactions, but have also been
shown to serve as substitutes in protein—-nucleic acid interac-
tions, similar to the oligopyrrolamides described above. Thus,
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both types of oligoamides are not only structurally related and
significantly different from peptides based on a-amino acids,
but can also interact with complexes based on the same com-
binations of biomacromolecules. Two examples are briefly dis-
cussed below.

4.2.1. HIV-1 TAR RNA inhibitor

The transactivation response (TAR) element, a 59-nucleotide-
stem-loop-ncRNA at the 5-untranslated region (UTR) of the
viral genome, was found to be a structurally and functionally
important element of the HIV virus. This is because the tran-
scription of the HIV virus is increased by complexing the TAR
RNA with the TAT protein, a viral protein responsible for the re-
cruitment of host transcriptional proteins. The TAR-RNA also
functions as micro-RNA, which reduces viral apoptosis. There-
fore, TAR-RNA is a therapeutic target in HIV treatment. Oligo-
pyridylamide foldamers have been found to target these pro-
tein-RNA interactions, and drug screening revealed that ADH-
19 56 is a promising antagonist (Figure 22, bottom). Its func-
tional side chains are located in close proximity to the key resi-
dues of the TAT protein. ADH-19 56 has been shown to selec-
tively bind TAR-RNA and therefore inhibit the TAR-RNA-TAT
complex by mimicking the cationic protein surface. It was even
reported that ADH-19 56 is able to save TZM-bl cells with an
in vivo efficacy of 1C;o=25 um. Another structurally similar oli-
goamide, ADH-41 52 (Figure 22, middle), is also capable of in-
hibiting TAR-RNA in vitro, but with reduced effectiveness.””

4.2.2. DNA mimetics

Huc and his team developed a series of aromatic oligoamides,
the architecture of which is based on quinoline monomers. His
group was able to show that these de novo engineered com-
pounds are able to mimic the DNA surface by forming a-heli-
ces. The anionic side chains on the outside of these single-
stranded foldamers resemble those on the surface of B-DNA.

For example, the phosphonate-modified oligoamide 57 effi-
ciently inhibits human topoisomerase 1 (Top1) and human im-
munodeficiency virus 1 integrase (HIV-1 IN) by recognizing
their peripheral anionic character. However, it was found that
these interactions are not sequence-specific. Structure-activity
relationship studies demonstrated the importance of the nega-
tively charged functional group in conjunction with the target
enzyme (Figure 23).

Although Top1 is best inhibited by oligoamide 57, HIV-1 IN
inhibition increases by two orders of magnitude when phos-
phonate and carboxylate side chains are combined as found in
foldamer 58. Other parameters such as side chain length and
location on the quinoline backbone also proved to be crucial
for activity. Shifting the anionic residue from position 4 in oli-
goamide 59 to position 5 as in oligoamide 60 by modifying
the groove sizes restored activity against HIV-1 IN, whereas
Top1 is not inhibited.”
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Figure 23. Structures of selected quinoline-based oligoamide DNA mimetics
with binding capabilities to Top1 and HIV-1 IN (ICs, values are given) and de-
pendence on the anionic functional groups and the location of the side
chains on the quinoline backbone (the color code of the side chain: dark
gray = carboxylate and phosphonate; dotted lines refer to hydrogen bonds).

5. Miscellaneous

In contrast to oligobenzamides with PABA-derived monomers,
which have already been discussed here, the two broadly ef-
fective antiviral agents benzavir-1 and -2 61 and 62 consist of
ortho-substituted aromatic rings similar to substructure I in Fig-
ures 3 and 18 (Figure 24). Their conformation has not yet been
investigated in detail. Benzavir-2 62 effectively inhibits DNA vi-
ruses, including both human adenovirus (HAdV) and herpes
simplex virus type 1 and 2 (HSV-1, HSV-2)."¥ In addition, its ac-
tivity against the RNA virus Rift Valley Fever Virus (RVFV) has
been reported.” Recently, benzavir-2 62 has also been shown
to inhibit the in vitro infection of various flaviviruses.”® Howev-
er, the cellular target of benzavir-2 62 is not known. Lately, a
few antimicrobial investigational drugs have been developed
of which bricalidin 63 is a non-peptide chemical mimic bearing
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Figure 24. Structures of antiviral ortho-connected oligoamides benzavir-1 61,
benzavir-2 62, and of brilacidin 63.

an arylamide foldameric backbone designed to replicate am-
phiphilic properties of antimicrobial peptides.””

Another side aspect of such aromatic polyamides are macro-
cyclic architectures. The combination of meta-substituted di-
aminobenzenes with isophthalic acid derivatives can be used
to produce macrocyclic oligomers. When phenols or ether sub-
stituents are positioned in the ortho-positions, favorable three-
center intramolecular hydrogen bonds are formed, conforma-
tionally constraining the macrocyclic backbone structures.
Such macrocycles create organic pore-like structures 64, which
aggregate and experience strong tubular m-stacking via the ar-
omatic systems (Figure 25). It has been found that the inner
cavities can be adjusted to between 5 and 30 A diameter.*®
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Figure 25. Structures of macrocyclic oligomers 64 based on substituted m-
diaminobenzenes and isophthalic acid and graphical presentation of -
stacking of individual macrocycles.
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Studies on these architectures have focused on their supra-
molecular and ion-binding properties, whereas studies on their
biological potential and pharmaceutical properties are still
missing.

Related to these macrocyclic architectures are foldamers,
which can form spiral hyperstructures (Figure 26). Huc and co-
workers developed a series of linear aromatic oligoamides that
fold into capsules via metal bonding (e.g., with copper) and
these can recognize carbohydrate guests in solution.”” The au-
thors created a “quasi alphabet” of monomers 65-73, which,
when coupled by amide bonds, lead to oligomers that allow
fine tuning of folding and carbohydrate recognition.

An example is the sequence 74, which, after binding of
metals, yields a double helix and as a consequence acquires
the ability to absorb pentoses. For oligoamide 74, it was re-
ported that it is able to sequester a heteromeric pair of pento-
ses, namely a-b-xylopyranose and one molecule of 3-p-arabi-
nopyranose, which become part of a double helix composed
of two molecules of 74.°% Remarkably, this supramolecular
structure forms without the need of metals.

N
I |
JY\N/(N:LN/LL) fYﬁj\”/
H H (e]

R
N
NN
0
67

R
| XN
J{N NN 0
H v
here R= O/Bu
R R

@) @<

55 v

)
tBu)“ H,,

' Ty

' I

i [
T

H:-4

i S © strand 1 74
AR S ;
' [ II '
P ol It O3
i i
. O i |
: v : strand 2 74

'
[ '
- 2 41 r=='1 .
' it

0 H - A - ! Bu
2 (e8) (65 o8] (o2) (72} (o2 (o) s (o=} 4

Figure 26. Heteroaromatic building blocks 65-73 developed for the design
of oligoamides that form capsules in the presence of metals with R com-
monly OiBu. Model of double helix of oligoamide 74 with the capture of a-
p-xylopyranose, 3-p-arabinopyranose, and water. Hydrogen bonds in dotted
lines as suggested in ref. [99a] (dotted lines end between two numbers: NH
of the amide bond serves as the hydrogen-bonding partner; dotted lines
end at the frame of the number: Ns of the heterocycles serve as the hydro-
gen-bonding partner and in the case of 68 both N atoms are involved).
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In principal, these aromatic oligoamides act as molecular re-
ceptors for the recognition of complex target guests. These
studies do not yet refer to biomedical or pharmaceutical appli-
cations. However, the relationship of these host molecules to
the DNA mimetics discussed in Section 4.2.2 can be empha-
sized as their backbones are based in part on similar heteroar-
omatic monomers.

6. Conclusion

The term “privileged structure”, a single molecular substructure
or backbone that can serve as a starting point for high-affinity
ligands for more than one receptor type,"® was introduced as
early as 1988."°7 As such, these motifs are often found in a va-
riety of bioactive natural products. These privileged substruc-
tures function as evolutionary pre-validated platforms and
starting points for the design of medicinal chemistry programs.
Natural products discussed in this context are terpenoids, poly-
ketides, phenylpropanoids, and alkaloids."*”

In this report, we dealt with a hitherto overlooked group of
privileged substructures of aromatic oligoamides, for which
there are natural models in the form of cystobactamids, albici-
din, distamycin A, netropsin, and others. The aromatic and het-
eroaromatic core together with a flexible selection of substitu-
ents provide conformationally well-defined scaffolds capable of
binding to regions of biomacromolecules, especially pro-
teins!" and DNA, with well-defined conformations such as o-
helices. As such, these aromatic oligoamides have already
been used to inhibit DNA-protein, RNA-protein and protein-
protein interactions as summarized in Figure 27.

Figure 27. Common aromatic substructures in oligoamides and foldamers
and their ability to affect protein-protein, protein-RNA, and protein-DNA
complexes as discussed in this report.
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The natural products distamycin A 15 and netropsin 16
served as the starting point for the development of heteroaro-
matic oligoamides that recognize sequence-specifically double-
stranded DNA with binding to the minor groove. This enabled
the blocking of protein binding, especially transcription factors.
In the case of PABA and picolinic acid-based oligoamides, the
story can be told in reverse (Figure 28). Structural and confor-
mational considerations served as a starting point for the de-
velopment of (helical) foldamers, a concept which proved to
be successful. Owing to their design, these foldamers are able
to intervene in protein—protein and RNA-protein interactions
that are based on defined, specifically helical secondary struc-
tures. Only later were cystobactamids and albicidin isolated
from natural sources and structurally elucidated. Here, substitu-
ents and substitution patterns that reveal a strong relationship
with oligobenzamides such as 44 are contained. It can there-
fore be assumed that similar hydrogen-bonding patterns in
the C-E rings are present in these natural oligoamides such as
cystobactamid 919-2 (9), which produce foldamer-like sub-
structures.

Structural data on the exact binding site of cystobactamids
or albicidin, respectively, to gyrase or to DNA or to the gyrase-
DNA complex during passage of the DNA strand through the
N-gate are not yet available."® Initial investigations suggest
that the oligobenzamidic part of the cystobactamids (rings C-
E) could bind to the minor groove of the dsDNA.'"* Therefore,
the mode of action of these antibiotics could not yet be eluci-
dated in full detail. But the knowledge gathered for the oligo-
benzamide foldamers with defined conformations could be
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Figure 28. A summary: From natural products to privileged structures and
vice versa (two possible hydrogen-bond binding patterns in cystobactamid
9, as they could be derived from PABA-foldamers like 48—these reveal sig-
nificantly different conformations).
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helpful in deciphering the molecular basis for the antibacterial
activity of these natural products.

We hope that this review will spark a broader and eventually
deeper interest in these privileged aromatic oligoamides in the
fields of medicinal chemistry and chemical biology.
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