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CONSPECTUS

ydrogen-bonded oligoamide foldamers represent a large
family of peptide mimics. Pioneered by Gellman and \©/002H HOzC\©/COzH )C[
Seebach (Appella, J. Am. Chem. Soc. 1996, 118, 13071
—13072; Seebach, Helv. Chim. Acta 1996, 79, 913—941), ali- HOZCI:(C%H HzND:COzH HZN(j
phatic amino acid-based mimic structures have been
extensively studied. Results of these studies have found many HOXC \©/002H HN OR HOC
jijCZOzH

useful applications in areas including chemical biology and
drug design. This Account describes our efforts in creating

arylamide-based foldamers whose compact conformations " bondl functional | P EpT—— ]
groups

are stabilized by hydrogen bonding. The aim of our study ;ﬁ%"%’éﬁfﬁ.iﬁﬁiﬁ?ﬂi
was to test whether this class of mimic structures is suffi-

ciently rigid to lead to new interesting functions. It was envi-
sioned that, if our approach was workable, it might be
developed into a new family of useful soft frameworks for [PEES Y ES EVED B |

studies toward molecular recognition, self-assembly, and

materials science. Three classes of mimic structures, that is,

folded or helical, zigzag, and straight oligomers, have been constructed by simply changing the positions of the substitu-
ents at the benzene rings in the backbones. Both amide and hydrazide units have been employed to construct the frame-
works. In most cases, O- - -H—N hydrogen bonding was chosen to stabilize the compact conformations. Notably, for the first
time the F---H—N hydrogen-bonding pattern has been used to tune the size of the cavity. To test their usefulness, these
frameworks have been extensively modified and functionalized. "H NMR, UV-vis, fluorescence, circular dichroism, and X-ray
diffraction techniques have all been employed to establish the compact structures and their interactions with guest molecules.

The properties or functions of the mimic structures have been studied in seven aspects. (1) Acyclic molecular receptors:
The amide foldamers can bind amine cations, while the hydrazide foldamers can complex saccharides. (2) Acceleration of
anisole hydrolysis: Several folded oligomers are able to bind alkali metal cations and consequently promote the hydrolysis
of the nitro-substituted anisole by alkali hydroxides. (3) Facilitation of macrocydlization: The straight and zigzag backbones
can be readily functionalized, from which two classes of macrocycles have been prepared. (4) Homoduplex assembly: Zig-
zag oligomers that are appended with amide units at one side can form stable homoduplexes through the cooperative self-
binding of the amide units. (5) Assembly of molecular tweezers: Discrete binding moieties are introduced at the ends of the
oligomers, which can bind structurally matched guests. (6) Assembly of nano networks: F---H—N hydrogen-bonded fol-
damers can stack with fullerenes; thus a mixture of fullerenes with a trifoldamer generates honeycomb-styled nanoarchi-
tectures. (7) Assembly of dynamic [2]catenanes: A preorganized porphyrin tweezer has been synthesized, from which dynamic
three-component [2]catenanes have been assembled in high yields.

Our results demonstrate that hydrogen-bonding-driven arylamide oligomers are a class of structurally unique mimic struc-
tures. The folded oligomers themselves can be used as synthetic receptors for binding different guest molecules, while incor-
poration of different segments into one system can produce many desired shapes. In addition, all of the rigid frameworks
can be readily functionalized at specific sites. We believe that our results have helped to open the door for some new chem-
istry in molecular recognition, self-assembly, and other related areas.
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Introduction

One primary goal in research on peptide mimics is to under-
stand the rules that dominate the structure—property relation-
ship of peptides and proteins. Because natural molecules are
mainly composed of a-amino acids, most efforts in this field
have been devoted to the creation of mimic structures with
various aliphatic -, y-, or 6-amino acid segments. The
progress achieved so far has been great, leading already to
wide applications of the mimicking systems in biomolecular
design and drug development. Oligomers consisting of aryla-
mide units represent another family of mimic structures that
have also aroused considerable interest in recent years. Since
stable folding conformations are prerequisite to the forma-
tion of the three-dimensional structures and functions of pep-
tides and proteins, mimic structures that have strong tendency
to adopt similar compact states have received particularly
great attention.'” Pioneered by Gellman and Seebach,®”
studies on such oligoamides have developed into a new field
of “foldamers’, as coined by Gellman.?

One promising class of foldamers are those composed of
arylamide segments and stabilized by intramolecular hydro-
gen bonding "' As a result of the directionality of the hydro-
gen bonding and the intrinsic rigidity and planarity of the
arylamide units, mimic structures of this class usually display
a relatively high conformational predictability. The first exam-
ple of arylamide-based foldamers was reported by Hamilton
etal. in 1996."2 Since then, Lehn, Gong, Huc, and others have
developed many elaborate frameworks starting from differ-
ent arylamide segments that are stabilized by discrete hydro-
gen-bonding patterns.’>™'® As more structurally elegant
frameworks are created, it becomes increasingly likely to
design systems that are capable of exhibiting tailored func-
tions. For example, several pyridine-derived foldamers have
been utilized to mimic the binding surfaces of protein heli-
ces.'? Our efforts in this field have been concentrated on the
investigation of the structure—property relationship by design-
ing new arylamide-based frameworks. We logically viewed
this strategy as a new approach to mimicking the secondary
structures and, more importantly, functions of natural pep-
tides. The strategy has been proven successful and allowed us
to create a variety of molecular receptors, synthetic method-
ologies, self-assembling patterns, and nanoscaled architec-
tures. These results are summarized in this Account.

Design Consideration

In 2002, we became motivated to search for new forms of
artificial secondary structures. In particular, we hoped to con-
struct frameworks that are capable of exhibiting interesting

functions such as recognition, self-assembly, or catalysis, that
are common for peptides and proteins. Studies on the recog-
nition behavior of linear molecules may be traced back to as
early as the 1970s, when Vogtle and Weber investigated the
complexing properties of oligo(ethylene glycol) derivatives
toward metal ions.*° In 2000, Lehn et al. reported a new lin-
ear oligo-isophthalamide strand that folded to bind a cyanu-
ric acid derivative.?’ However, from the standpoint of
molecular recognition, flexible receptors may not be the most
ideal because their conformations become confined upon
binding, producing important negative entropy. Also in 2000,
Moore et al. showed that hydrophobically driven oligo(m-phe-
nylene ethynylene) foldamers could bind guests of comple-
mentary size and shape.?? The depth of the cavity produced
by this family of foldamers can be regulated by changing the
length of the backbones,?? but the width of the cavity seems
quite difficult to modify. We have devoted our efforts to
hydrogen-bonded arylamide oligomers, which are relatively
easy to synthesize and modify. Another consideration was that
by simply changing the positions of functional groups in the
segments, we could create oligomers of other extended con-
formations, as shown in an earlier report by Hamilton et al."®

There are two main classes of monomeric building blocks
that can be used to construct arylamide oligomers. One class
is various aryl amino acids, which resemble natural o-amino
acids, giving rise to backbones of one-way sequence. Another
class consists of a combination of aryl diamines and diacids,
from which symmetric oligomers are constructed. Both classes
of oligomers can be readily prepared by successive amide
couplings, as for the synthesis of natural peptides. Neverthe-
less, compared with those of the one-way sequences, TH NMR
spectra of the symmetric oligomers are significantly simpli-
fied, which is advantageous for the structural characteriza-
tion of longer oligomers.

The design concept for our self-organized frameworks is
presented in Figure 1. The folded backbones are structurally
common, but they have been designed to generate well-de-
fined cavities with potential binding sites, such as MeO, F, or
C=O0 units, in the central area. The zigzag and straight back-
bones may be conceptually regarded as an extension of the
common “folded” foldamers. Benzene-derived monomers
were chosen for all the frameworks, because their intramo-
lecular five- and six-membered hydrogen-bonding motifs are
well-established.®® Further modifications of both backbones
and side chains can be readily performed at different posi-
tions, as indicated in Figure 1 by arrows.
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FIGURE 1. Self-organized arylamide frameworks (all with heptamer
as an example) for the structural and functional diversity test: (a)
one-way folded oligomers, consisting of the identical monomer
segments, and symmetric (b) folded, (c) zigzag, and (d) straight
oligomers, consisting of two different monomer segments. The balls
represent aryl units, and the arrows show the positions where
modifications may be performed.

Acyclic Molecular Receptors

In the past decades, crown ethers and cyclophanes have been
widely studied as synthetic receptors. Moore et al. have shown
that folded m-phenylene ethynylene oligomers complex some
neutral organic guests through hydrophobic interactions.** We
have developed several series of hydrogen-bonding-induced
foldamers that possess cavities of defined size, as exempli-
fied by compounds 1-4 (Chart 1).2472” The compact confor-
mations of these oligomers have been characterized by a
combination of X-ray analyses of model compounds and var-
ious (2D) '"H NMR experiments. For 2, 3b, and 4, intramolecu-
lar cross-ring nuclear Overhauser effect (NOE) connections
were observed, as shown in 2, which provide convincing evi-
dence for their helical conformations.

The six methoxyl groups of 1 are located at the central
region due to successive intramolecular hydrogen bonding.**
Fluorescent experiments showed that in chloroform 1 formed
a 1:1 complex with ammonium cation 5 or 6. Their associa-
tion constants (K,’s) have been estimated to be 200 and 150
M~', respectively. The binding has been attributed to inter-
molecular C=0---H—N hydrogen bonding and cation—zx
interactions. The stabilities of the complexes are moderate.
Obviously, the presence of centrally orientated methyl groups
is unfavorable for binding (Figure 2).

Peptide Mimics by Linear Arylamides Li et al.

FIGURE 2. Energy-minimized conformations of hydrogen-bonded
six-mer 1 (left) and seven-mer 2 (right). The appended groups are
removed for simplification.

If the methoxyl groups in foldamer 1 are replaced by
groups that are smaller but are still able to form intramolecu-
lar hydrogen bonds, the resulting structures may exhibit an
enhanced binding ability for ammonium ions. Fluorine
appeared to be the choice for this purpose. Somewhat surpris-
ingly, early studies have suggested that fluorine in organic
molecules has only a weak ability to serve as proton accep-
tor.?8 In order to test this hypothesis, the solid-state structures
of several model molecules have been obtained,?*>2° which
showed that both five- and six-membered F---H—N hydro-
gen bonds occur between their adjacent fluorines and amides.
Encouraged by this observation, we first chose to use 5-alky-
lated 2-fluoro-3-amino-benzoic acids to construct one-way oli-
gomers that are similar to 1. Unfortunately, the corresponding
amide intermediates were obtained in very low yields (usu-
ally <10%), presumably due to the low reactivity of the amino
groups. Symmetric oligomers, including 2, were therefore
designed and prepared.?> Dynamic modeling revealed that
this class of folded structures did possess an enlarged cavity
(Figure 2), although the fluorine-defined cycle was smaller
than its oxygen-defined counterpart in 1. Fluorescent experi-
ments indicated that in chloroform 2 exhibited a remarkably
high binding ability toward ammoniums 6 and 7. The K,'s of
their 1:1 complexes were evaluated to be 4.9 x 10° and 4.9
x 10° M~", respectively, which are considerably higher than
those of the complexes formed between dibenzo[24]crown-
8 and similar ammonium cations.>° Clearly, the preorganiza-
tion of the oligomers played a key role in strengthening the
intermolecular F---H—N hydrogen bonding.

Urea derivatives have been extensively used in hydrogen-
bonding-mediated self-assembly,?'>? while hydrazide units have
found applications in the construction of artificial s-sheets.??
These analogues of amides can be employed to build both sym-
metric and unsymmetric structures and are therefore potentially
useful for the construction of folded frameworks.'” Our early
investigation has revealed that hydrogen-bonded hydrazides
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CHART 1

Me N

O,,H

H7 N7 0 0 NTTTHY
3an=0 %Z x5
3c:n=4 =

possessed very rigid and planar structures in the solid state.>* We
therefore became interested in building new foldamers from
hydrazide segments because this type of framework not only is
symmetric but also should produce a larger cavity (ca. 1.0 nm).
Compounds 3a—c are examples of this series of foldamers.?
Half of their carbonyl units are located inwardly and therefore
can unite to bind saccharide derivatives 8—11 in chloroform.
Molecular modeling showed that the longest tridecamer 3¢ had
a tubular structure of two turns. Not surprisingly, its complex with
disaccharide 11 gave rise to the largest K, (6.9 x 10° M~ in
chloroform). Circular dichroism (CD) experiments revealed that
the strong complexation led to important supramolecular chiral-
ity. Induced CD spectra of mirror symmetry could be observed in

R= n-caHﬂl

H. _H,
Et(OCH,CH,),0" N N"',“O(CH,CH,0),Et

Et(QCH,CH,),0 O(CHZCHZO)ZEt
A

r}l ¢]
OxNH
0]
12a:n=2 (R, ) /[(
)X\N 12b:n=3 (R R,
t-Bu 12¢:n=3(S, S

the presence of enantiomeric 8 or 9. Reducing the size of the
cavity has helped to weaken the binding. For example, the C=0
oxygen-defined ring in 4 is smaller (ca. 0.86 nm) than that of
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3b.?” The K, of its complex with 11 in chloroform was evalu-
ated to be 7.2 x 103 M, which is lower than that of 3b (3.0
x 104 M™).

The backbones of the hydrazide-based foldamers have also
been incorporated with chiral proline units to afford 12a—c.3>
It was reasoned that the resulting derivatives would lead to
the formation of an energetically favorable chiral conforma-
tion,3® which should be able to form diastereomeric com-
plexes with enantiomeric saccharides. This was actually
proven to be the case. For example, the K,'s of such com-
plexes 12a-9 and 12a- 8 in chloroform were estimated to be
2.6 x 10° and 1.8 x 10® M, respectively, which corre-
sponds to a 144-fold difference. As expected, enantiomers
12b and 12c exhibited CD spectra of mirror shape (Figure 3,
left). When enantiomeric 8 or 9 was added, the shape of the
spectra changed significantly due to intermolecular interac-
tion. However, mirror symmetry was always observed for the
two pairs of complexes of identical mixture concentrations
(Figure 3, right), 12b-8 vs 12¢-9 and 12b-9 vs 12¢- 8. Con-
sequently, it can be substantiated that enantiomeric com-
plexes were formed.

Anisole Hydrolysis Acceleration

Due to their perfect preorganization, rigid spherand and many
of its derivatives can complex alkali metal ions.>” Foldamer 1
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FIGURE 3. The CD spectra of (a) 12b, (b) 12a, and (c) 12c (left) in chloroform (6.0 x 10> M) at 25 °C and of the 1:1 mixtures (right) of 12b

and 12¢ (5.1 x 10~° M) with 8 and 9 in chloroform at 25 °C.

resembles spherand in that all its hydrogen-bonded methoxyl
groups are regularly orientated in its central area. We envi-
sioned that such preorganized frameworks might have simi-
lar complexing capacity. For the mixtures of 13a—d with alkali
hydroxides,® it was expected that such a complexing inter-
action would increase the effective concentration of the OH™
anion around the cavity and simultaneously weaken both the
MeO—C(Ph) bond of the nitro-appended anisole and the ionic
bond of the alkali hydroxide. Consequently, the possible
hydrolytic reaction of the nitro-appended anisole might be
accelerated (Scheme 1). Kinetic study on the reactions of
13a—d with alkali hydroxides in hot water—dioxane (1:4, v/v)
revealed that the hydrolytic rates of longer and, naturally,
larger oligomers 13b—d were modestly higher (3- to 5-fold)
than those of 13a. Adding excessive potassium chloride to the
reaction solutions reduced the hydrolytic rates, and the val-
ues of the longer oligomers also became smaller than those
of 13a. These results lend support to the fact that the com-
plexation-accelerated hydrolytic mechanism did work for
longer preorganized oligomers, as shown in Scheme 1 (with
13d as an example).
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Zigzag and Straight Frameworks. Shape-
Persistent Macrocycles

Most of the arylamide-derived secondary structures reported
so far have a folded or helical conformation. However, by sim-
ply changing the position of the substituents on benzene rings,
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we should be able to create other types of extended struc-
tures. Actually such unfolded “foldamers” have been used by
Hamilton et al. to mimic o-helices.'® Our studies demonstrate
that they are also versatile frameworks for assembling new
well-defined architectures. Our efforts in this direction have
been concentrated on two series of oligomers, 15 and 16.394°

WN O

The ester units in series 15 may also be replaced by alkoxyl
groups.*' In principle, combining different building block
monomers into one system may produce many backbones of
desired conformations or shapes, while the side chains and
the benzene rings at the ends of both series and the 5-pos-
tions of the isophthalamides of series 16 can also be easily
functionalized. Through such kinds of variations or modifica-
tions, we have constructed a variety of molecular systems that
exhibit interesting structures and properties.*' >3

One application of the self-organized backbones is that
they can be utilized to facilitate the formation of metallocy-
clophanes. For example, giant square macrocycles 17a and
17b have been assembled in 70% and 40% yields from the
corresponding bispyridine and transition metal complex
precursors.*'#? By using the dynamic covalent approach,>* we
have also recently succeeded in preparing 18a and 18b in
88% and 95% vyields from the reactions of the correspond-
ing diamine and triamine precursors with oxalaldehyde in
DMF of high polarity.*® The fact that the dimacrocycle was
obtained in higher yield than the monomacrocycle in polar
medium suggests that more complicated multimacrocyclic
architectures may also be produced from longer preorganized
precursors.

Homoduplex Self-Assembly

Development of artificial duplexes is of fundamental impor-
tance to understand the principles of biomacromolecular self-
assembly and to construct functional multicomponent and
polymeric architectures. Rigid arylamide oligomers provide
ideal scaffolds for creating preorganized building block mono-
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mers. By iteratively introducing amide groups, the simplest
self-binding units, at the 5-positions of the benzamide and
isophthalamide moieties of frameworks 16, we have prepared
two series of monomers 19a,b and 20a—e.***> The long oli-
gomers were found to form highly stable homoduplexes in
chloroform.**

By using compounds that bear two self-binding sites as
models, we first evaluated the ability of discrete amide units,
including carbamyl, formamido, acetamido, and trifluoroac-
etamido, in driving the formation of simple homoduplexes in
CDCl; by the "H NMR dilution method.*> The carbamyl group
was found to be most efficient. Considering that this unit is
small but has two amide protons, the result is not surprising.
Actually the solid-state structure of 19a exhibited a dimeric
binding pattern that was stabilized by six intermolecular
hydrogen bonds.** The formamido group was also found to
be efficient, but the synthesis of the corresponding longer oli-
gomers were difficult due to their instability during the cou-
pling reactions. Therefore, we have prepared longer oligomers
19b, 20d, and 20e for the assembly of new homoduplexes.**

18a:n=20
18b: n =1

=n C8H17
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K,=3.0x10° M
19b+19b (n = 1)
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20a-20a (n = 0): Ry = R, = n-Bu, Ry = H), K, = 2.6 x 10° M"’

20b+20b (n = 0): Ry = R, = n-Bu, Ry = Me), K, =26 x 102 M

20¢+20c (n = 0): Ry = R, = n-Bu, Ry = CF3), K, = 80 M

20d-20d (n = 1): Ry = n-CyoHys, R = Ry = Me), K, > 2.3 x 10° M

20e+20e (n = 2): Ry = n-Cy5Has, Ry = Rg = Me), K, > 2.3 x 105 M~
(in chloroform)

Diluting their saturated solutions in CDCl; to 0.2 mM did not
cause significant shifting for the signals the amides (<0.07
ppm) in the "H NMR spectra. A conservative estimate of 90%
dimerization has led to a lower K, limit of 2.3 x 10> M~ for
their homoduplexes. The K,’s of these homoduplexes could
be evaluated with the "H NMR dilution method in more polar
CDCl5/CD5CN (9:1, v/v). For example, the values of 20b - 20b,
20d-20d, and 20e - 20e were approximately 80, 1.2 x 103,
and 1.4 x 10* M, respectively. The stability of the duplexes
is increased substantially with the elongation of the mono-
mers, indicating a high efficiency of the hydrogen-bonding-
driven preorganization of the monomers in directing the self-
assembly.

Hydrogen-Bonded Molecular Tweezers

Molecular tweezers are a class of acyclic artificial receptors
that consist of two binding units and a rigid linker.>> Tradi-
tionally the linkers have been constructed from rigid polycy-
clic skeletons and the binding units strictly positioned with a
fixed separation. In this way, an efficient binding of structur-
ally matched guests can be realized. However, their synthe-
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ses are usually quite challenging. With hydrogen-bonded
arylamide frameworks as linkers, we have developed a gen-
eral approach to construct a new generation of assembled
molecular tweezers.*¢~>"

22423

R = (CH,CH,0),Me

Compound 21 is our first assembled molecular tweezer, in
which two appended zinc porphyrin moieties are roughly par-
allel to each other due to the preorganization of the aryla-
mide backbone.*® Molecular modeling showed that the two
porphyrins had an approximately 1.2 nm of spatial separa-
tion, which is very suitable for sandwiching a Cg, or C,, mol-
ecule. On the basis of UV-vis titrations, we have determined
the K,'s of their 1:1 complexes (1.0 x 10° and 1.1 x 10°
M~ ', respectively) in toluene. The values are comparable to
those of a cydlic diporphyrin receptor reported by Aida et al.>®
If a chiral group was attached to the Cgy unit, the complex-
ation can lead to important supramolecular chirality, as evi-
denced by CD spectroscopy.

The fact that the arylamide backbones accelerated the
hydrolysis of oligomers 13b—d in hot aqueous medium
implied that intramolecular RO - - -H—N hydrogen bonding did
exist in highly polar solvents.>® X-ray analyses of two model
molecules also showed that crystals grown from less polar
organic and aqueous media exhibited an identical stacking
pattern with very similar structural parameters.*” Based on
these observations, we have further designed a series of ionic
bisporphyrin derivatives such as 22 (with PFg™ as the counte-
rion).*” Being different from their neutral counterparts, these
compounds are soluble in highly polar solvents such as water
and DMSO. UV-vis and fluorescent experiments indicated that
22 was able to bind ionic Cgo 23 (with Na* as the counte-
rion) in polar solvents. The K, of 22-23 in water is as high as
1.1 x 10° M. In contrast, for neutral Cg, derivatives, a sim-
ilar interaction was not observed. Therefore, an electrostati-
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cally driven binding pattern has been proposed, which
enabled the porphyrins to further stack with the Cgo moiety of
the guest.

Other types of binding units have also been attached to the
arylamide backbones.*®~>° For example, by introducing a Cgq
unit and a nitrogen ligand, such as a pyridine or an imida-
zole, to the one-way arylamide backbones,®>” we have cre-
ated several unsymmetric molecular tweezers, as exemplified
by 24a and 24b.*® Both compounds could complex zinc por-

7, ]@[w fj
N 25a: Ar = Ph

N

Ar  25h: Ar = 3,5-(di-t-butyl)phenyl
RQ N— Zn—

RO

24a (n=0)
24b (n=1)

R = n-CgHyy |

phyrin guests 25a and 25b through Zn—N coordination and
porphyrin—Cg, stacking interactions. Quantitative UV-vis
investigations in chloroform revealed that the binding stabil-
ities of these “two-point”-bound complexes were notably
higher (7-9 times) than those of the corresponding complexes
of the Cgo-free pyridine references. However, the cooperative
effect of the additional porphyrin—Cg, stacking interaction was
not very high, possibly because the binding also led to inter-
molecular spatial repulsion.

The interacting sites of the above hydrogen-bonded molec-
ular tweezers have well-defined spatial separations. With a
more convergent arylamide backbone as linker, we have also
constructed an elastic receptor 26.>' Dynamic modeling

MeO t-Bu
O
NH
Ph Ph
Ph Ph

28

showed that due to the continuous intramolecular hydrogen
bonding and the inherent planarity of the arylamide unit, its
two electron-rich porphyrin units were forced to approach and

H2 H3 H4

o __JVW
1 t 1 ] L} | I
1 | 1 1 ] ) s
1 P v
: P Vi

(b) 0026} -0.007 ' 0. 006‘ 0.050 ppm
1
[}
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FIGURE 4. Partial "H NMR spectra of (a) 29 (8.0 mM) and (b) 29 +
Ceo (1:1, 8.0 mM) in CDCI;—CS, (4:1 v/v) at 25 °C.

therefore stack with each other. In the presence of a planar
electron-deficient guest, such as dialkylated naphthalene, ben-
zene diimide, or paraquat, intermolecular donor—acceptor
interaction drove the guest molecule to insert between the
stacking porphyrin units, leading to the formation of sandwich-
styled complexes. Although the insertion of the guest weak-
ened the intramolecular hydrogen bonding of 26 by causing
the latter to partially defold, the stability of the 1:1 complexes
was still higher than that of the corresponding complexes of
reference molecule 28. For example, the K, of 26-27 in chlo-
roform was estimated to be 850 M~', which was modestly
higher than that of 27 -28 (ca. 90 M~ "). These results sug-
gest that hydrogen-bonding-driven rigid arylamide frame-
works were able to elastically adjust their conformations to
address an external stimulus, as exhibited by life systems.

Foldamer—Fullerene Stacking Interaction
and Nanonetworks

Large conjugated systems such as porphyrins and phthalo-
cyanins have a great tendency for self-stacking or stacking
with other aromatic structures. Because of the small size of flu-
orine, F---H—N hydrogen-bonding-induced foldamers have an
extended planarity and may also interact with other conju-
gated systems. To test this hypothesis, we have prepared fol-
damer 29 and trifoldamer 30.°2 UV-vis and fluorescent
experiments revealed that strong stacking occurred between
these folded structures and Cg, or C,o. Adding Cg, to the solu-
tion of 29 in CDCl; caused notable shifting of several signals
of the latter in the "H NMR spectrum (Figure 4), indicating that
the interaction was within intimate distance. Job’s plot sug-
gested a 1:1 stoichiometry for the complexes formed between
29 and the folded moieties of 30 and the fullerenes. The
(apparent) K,'s of complexes between 29 and 30 and Cg in
CHCI;—CS, (19:1, v/v) were evaluated to be 1.8 x 10% and
2.3 x 10* M, respectively. The values are close, suggest-
ing that no cooperative interaction existed for the three folded
moieties of 30 in its stacking with fullerenes. Similar stack-
ing interaction was also observed between 1 and Cg, (K, =
2.8 x 10°> M) but was not as strong as that between 29 and
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Cso, presumably due to the large size of its centrally posi-
tioned methyl groups. AFM studies revealed that, on the sur-
face, the mixture of 30 and Cgz, formed a honeycomb-style
nanonetwork. A column-shaped cooperative stacking pattern
has been proposed to explain the formation of such a
nanostructure.

Dynamic [2]Catenanes

Currently, quite a number of monomeric building blocks have
been created based on discrete hydrogen-bonded arylamide
segments. In principle, suitable arrangement of these mono-
meric segments may produce many frameworks of desired
shapes. Actually we have recently constructed another bispor-
phyrin receptor, that is, 31, by utilizing a V-shaped arylamide
pentamer as linker.>3 This extended molecular tweezer has
been found to strongly complex bispyridine—ammonium
adduct 32 in CDCl;—CD5CN (4:1, v/v, K, = 5.7 x 10° M),
Since the linear ammonium can be driven by intermolecular
N—H---O interactions to thread through the cavity of
24-crown-8 33, three-component dynamic [2]catenane

Peptide Mimics by Linear Arylamides Li et al.

31
(Ar = 3,5-(t-butyl)phenyl)

31-32-33 has been created via a combination of three dif-
ferent noncovalent forces.

The conformational preorganization of 31 played a key
role in the formation of the dynamic [2]catenane. It increased
the stability of complex 31-32 and also the capacity of 32 to
thread through 33, because 32 coordinated to 31 was
expected to adopt a linear conformation, facilitating the
threading process. The rigidity of the linker should also reduce
the possible spatial repulsion between itself and the threaded
crown ether. "H NMR experiments revealed that in the 1:1:1
mixture solution (3.0 mM), the [2]catenane was generated in
559% yield at room temperature. When another equivalent of
33 was added and the temperature reduced to —13 °C, the
[2]catenane could be formed quantitatively.

Conclusions and Prospects

The studies described above have established that our
approach for creating hydrogen-bonding-driven arylamide-
based peptide mimics is workable. Discrete folded and
extended secondary structures can be constructed, and the
rigid frameworks can be readily modified and functionalized.
The new molecular architectures have exhibited quite a range
of interesting functions, which to some extent are parallel to
those exhibited by natural peptides and proteins.

Despite the progress made so far, the research field is still
at its early stage, but also being expanded quickly. We herein
suggest several issues that we think are worthy to receive
more attention or to be addressed in the future: (1)
aryl—aliphatic hybrid sequences, (2) tertiary structures, (3)
methodologies for creating chiral monomers and mimic struc-
tures, (4) catalytic and transport systems, (5) long polymeric
backbones with one-dimensional or tubular structures, and (6)
(water-soluble) structural motifs for targeting biomolecules. We
hope that this Account will stimulate further researches on this
family of structurally interesting mimic protocols. We have
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demonstrated that our straight and zigzag structures are well
suited for iterative functionalization. Therefore, one of our
present endeavors is to concentrate on the creation of one-
dimensional oligo- or polyions for protein or DNA binding. The
efficient formation of macrocyclic structures by the dynamic
covalent approach also bodes well for the construction of
porous structures from extended frameworks, which is also
being investigated in our laboratory.
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CONSPECTUS

n biology, S-barrels, cylindrically rolled-up forms of

[-sheets, are ubiquitous structural motifs within various
binding proteins, pores, and enzymes. This biological multi- °>_O
functionality suggested that synthetic artificial S-barrels
would provide access to many different functions beyond the :’2»0-
limitations of peptide chemistry. Unlike the relative ease of OH
formation of synthetic (de novo) a-helix bundles, the syn-
thesis of artificial S-barrels remains a challenge. To bypass
the folding problems involved, we have employed “unfold-
able” rigid-rod scaffolds as privileged staves (staves are the
wood strips that form the sides of macroscopic barrels); the
resulting barrel-stave supramolecules exhibit their expected
multifunctionality. Several “rigid rod” S-barrels that act as
receptors, ion channels, pores, catalysts, and sensors have
been prepared and studied. The most recent topic of inter-
est concerns the use of artificial S-barrels as multicompo-
nent sensors (“artificial tongues”) in complex analyte matrices.
For multicomponent sensing, we have designed artificial
[-barrels to form pores that can open and close in response
to chemical stimulation within lipid bilayers. With use of fluorogenic vesicles, changes in pore activity are readily detect-
able with either the naked eye or multiwell screening formats. The varying responsiveness to substrates and products makes
synthetic pores versatile detectors of chemical reactions, of the activity of the enzymes that catalyze these reactions, and of
their inhibitors. In sensing applications, the “perfect” selectivity of enzymes is exploited to generate analyte-specific sig-
nals. Reactive signal amplifiers are then covalently linked to the products of enzymatic signal generation to enhance their
pore blockage potency. With the help of signal generators and amplifiers, we have employed artificial 5-barrel pores to
sense sweet (sucrose, lactose), sour (acetate, lactate, citrate), and umami (“deliciousness”, glutamate) components in vari-
ous food samples. This breakthrough naturally led us to design and synthesize refined pores for advanced sensing appli-
cations. We have developed methods to build guest-binding sites not only at internal and external barrel surfaces but also
near the core or near the periphery of the pore. Further refinements include the introduction of asymmetric staves for volt-
age gating and anchoring of the pore at the membrane—water interface.
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introduction of rigid-rod molecules as privileged
scaffolds in multifunctional nanoarchitectures was

Introduction
Rigid-rod molecules are exceptionally simple, lin-

ear, unbendable, and uncompressible com-
pounds.'™3 Much appreciated in the materials
sciences,'? these sturdy rods do not exist in biol-
ogy. This situation seems regrettable because,
after all, rigid-rod molecules can be considered as
the ultimate answer to all folding problems. They
simply do not fold. No wonder, then, that the
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particularly fruitful when applied to one of the
more persistent folding problems in peptide and
protein chemistry, that is, the synthesis of artifi-
cial g-barrels from scratch.?3

p-Barrels are one of the two pure protein ter-
tiary structures. They are ubiquitous in biology,
acting as binding proteins, enzymes, and pores in
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FIGURE 1. The crystal structure of the translocator domain of the
bacterial autotransporter NalP from Neisseria meningitidis shows a
12-stranded f-barrel pore that is filled with an a-helix blocker.
Reprinted by permission from Macmillan Publishers Ltd.: EMBO J.
(ref 4), Copyright 2004.

many variations. Examples include streptavidin; -crustacya-
nin and other lipocalins; the green fluorescent protein (GFP)
from jellyfish; superoxide dismutase (SOD), phospholipases,
the triose phosphate isomerase (TIM) barrel, enolases, aldola-
ses, and many other enzymes; the porins, o-hemolysin, and
autotransporters (Figure 1).* This intrinsic and unique func-
tional plasticity of the g-barrel scaffold suggests that synthetic
access to artificial g-barrels could lead to new functions
beyond the limitations of peptide chemistry. The synthesis of
the complementary o-helix bundles is easily achieved,” and
important progress has been made with the synthesis of
B-sheets.®~® However, synthetic access to artificial -barrels
remains a challenge. The main problem is the ease with which
p-structures misfold into insoluble supramolecular polymers,
rather than to assemble into soluble, well-defined supramo-
lecular oligomers such as -barrels.? Best known as a cause of
neurodegenerative diseases such as Alzheimer’s, the forma-
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tion of heterogeneous mixtures of supramolecular polymers
such as g-fibrils, ribbons, tubes, and so on is by now accepted
as the universal expression of misfolding. Variations of this
theme include numerous tubular polymer fibrils from mod-
ules as small as dipeptides,'®~'2 cyclic peptides,'>™'>
goureas.'®

To promote the cylindrical self-assembly of facially
amphiphilic g-sheets into supramolecular oligomers of homo-
geneous molecular weight and shape and exactly defined
length, that is, artificial -barrels, we considered nonplanar rig-
id-rod scaffolds as shape-persistent turns (Figure 2).> This
enforced deviation from the g-sheet plane could at the same
time help to suppress the competing linear self-assembly into
intractable, amyloid-like supramolecular polymers. Rigid p-oli-
gophenyl rods were selected for this purpose. The biphenyl
torsions along the rigid-rod scaffold introduce the desired non-
planarity. Moreover, the phenyl repeat distance of the scaf-
fold perfectly matches the p-sheet repeat distance of ~5 A.
The dynamic axial chirality as well as intense blue fluores-
cence makes p-oligophenyls additionally valuable as intrin-
sic probes for structural studies by circular dichroism and
fluorescence spectroscopy, respectively.

To synthesize g-barrels of the general structure 1, short
peptide strands were attached to each phenyl ring of the p-oli-
gophenyl stave. The synthesized monomers had the general
structure 2. Self-assembly of these monomers was expected
to occur by interdigitation of peptides from adjacent staves.
This process should afford antiparallel -sheets. Assisted by
facial amphiphilicity of the g-sheets, the rigid-rod turns then
should roll the planar -sheets into the cylindrical -barrels. In
the final barrel, the side chains of N- and C-terminal amino
acid residues should be located at the outer barrel surface to
avoid internal overcrowding next to the rigid-rod turns. The
opposing orientations of adjacent amino acid residues in
p-sheets should then place the following amino acid side
chains at the inner surface, the next one outside, etc., exactly
as in biological g-barrels. This binary g-sheet repeat offered a
very simple approach to precisely choose, control, and vary
the chemical and physical properties at both inner and outer
barrel surfaces. The same f-sheet topology translated into
three dimensions contributes to the functional adaptability of
biological g-barrels. All peptide sequences that have been
attached to date to various rigid p-oligophenyl scaffolds to cre-
ate rigid-rod p-barrels for various purposes are listed in
Table 1.

and oli-
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PEPTIDE 2

self-assembly

B
O —

babababe

1

FIGURE 2. Self-assembly of artificial 5-barrels 1 from p-octiphenyl rods 2. Peptide backbones in eight-stranded S-sheets of tetrameric rigid-
rod p-barrels 1 shown in axial (top) and side view (bottom) are given as arrows (N—C) or as solid lines, hydrogen bonds are given as dotted
lines, external amino acid residues are dark on white, and internal ones are white on dark. For specific sequences, see Table 1.

TABLE 1. The Peptide Sequences of Rigid-Rod j-Barrels

entry sequence barrel” refs

1 L

2 KLK 3-7 16,17

3 KWK

4 KHK

5 ELE 3-7 16,17

6 LKL 23 36

7 LHL 20 34

8 LRL

9 LEL

10 LHLHL 35

11 LKLHL 9 20,21, 26, 27,33

12 LRLHL 22 22,23,30

13 LRWHV 25

14 Lz,LKL 16 27,33

15 LHRHL 18

16 LRLHL Il LNLNL 21 22

17 LRLHL O KKKK 24 30

18 LDLDL 25
9 Single-letter abbreviations; z, = artificial amino acid with =z-acidic
naphthalenediimide as zz-acceptor, see Figures 7 and 8; || = different peptide

strands in same p-sheet, see Figure 9, 00 = peptide strands not included in the
p-sheet, see Figure 9. All C-termini are modified into primary amides, see
Figure 2. © See Figures 3-9, note that in several cases, the p-oligophenyl
differs slightly from the one shown in Figure 2.

Structural Plasticity

The scope and limitations of the rigid-rod g-barrel motif with
regard to structural plasticity were explored early on.'® Rigid-
rod g-barrels with short biphenyl and p-quaterphenyl staves
did not form at all. p-Sexiphenyls 3 and longer rods gave bar-
rels of rapidly increasing stability. An intriguing question con-
cerned the programmed assembly of batrrels from rods of
different length. For example, long p-octiphenyls carrying cat-
ionic tripeptides along their scaffolds (KLK) and shorter p-sex-
iphenyls containing anionic tripeptides (ELE) mixed together

FIGURE 3. Selective assembly of rigid-rod -barrel 6. Mixing of
anionic p-sexiphenyls (green, sequence ELE, Table 1, entry 5) with
cationic p-octiphenyls (red, sequence KLK, Table 1, entry 2) affords
quantitatively octamer 6 as one out of at least five possible
architectures 3—7.

could give at least five higher-order structures. Namely, they
could stay apart from each other and form pure anionic p-sex-
iphenyl g-barrels 3 and pure cationic p-octiphenyl g-barrels 4.
Alternatively, they could combine as tetramer 5 with a few
missing peptide strands and mismatched staves, as octamer 6
with matched staves but mismatched charges, or as 14-mer 7
with matched staves and charges (Figure 3).
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The result of the mixing experiment was remarkable: only
one product was formed quantitatively, the octamer 6."° This
amazingly strong preference for matched rod length over
matched charges revealed topological matching as an impor-
tant driving force in nanoarchitectures with interdigitating rigid-
rod scaffolds of different lengths. This finding turned out to be
exceptionally useful for the creation of advanced nanoarchi-
tectures with high precision in lipid bilayer membranes®2 and,
more recently, also on conducting surfaces.

Other structural aspects explored so far include the expan-
sion of the preferred tetramers 1 into hexamers by internal
crowding and charge repulsion (Table 1, entries 3 and 4). The
complementary contraction of hexamers into tetramers was
achieved by internal templation.'” However, the introduction
of rigid-rod p-barrels was particularly important because it
allowed us to support the ongoing shift of attention from struc-
ture to function, that is, to expand the marvelous functional
plasticity of the -barrel scaffold beyond the limitations of bio-
logical amino acids. Highlights from functional studies with
artificial s-barrels will be briefly recalled in the following.

Focus on Function

In rigid-rod p-barrels, the side chain of the N-terminal amino
acid residue i is expected to locate at the outer barrel surface
to avoid internal overcrowding near the rigid-rod turns (Fig-
ure 2). The simple dyad repeat of 5-sheets should impose the
same structural constraint for i + 2 and i + 4 residues. With
pentapeptide strands, the amino acid residues i + 1 and i +
3 are expected to define the physical and chemical proper-
ties at the inner barrel surface. The introduction of hydrophilic
amino acid residues at the outer surface and hydrophobic res-
idues at the inner surface afforded artificial 5-barrels that are
soluble in water and have a hydrophobic interior (Table 1,
entries 2—5). A hydrophobic exterior and a hydrophilic inte-
rior produced g-barrels that are soluble in organic solvents and
form pores in lipid bilayer membranes (Table 1, entries 1 and
6—18).

Molecular recognition by artificial g-barrels has been
explored in many variations. Artificial g-barrels that can host
carotenoids in water can be considered as lipocalin mimics.'”
Astaxanthin was a particularly attractive guest because its
decomplexation from the biological -barrel host g-crustacya-
nin caused by thermal denaturation is responsible for the color
change during the cooking of lobsters and shrimps.

Molecular recognition by artificial g-barrels that form pores
in lipid bilayers has been studied intensely, and it is the basis
of all practical applications of artificial g-barrel pores. Exter-
nal and internal barrel design was introduced to create pores

Artificial f-Barrels Sakai et al.

that open (ligand gating) and close (blockage) in response to
chemical stimulation.'® Internal pore design, that is, the intro-
duction of guest binding sites at the inner -barrel surface, was
particularly attractive to couple molecular recognition within
the pore with molecular translocation through the pore and
across the membrane. Realized examples reach from magne-
sium cations or phosphate anions to molecules such as
nucleotides, carbohydrates, inositol phosphates, pyrenes, calix-
arenes, or fullerenes and to macromolecules such as oligosac-
charides, RNA, DNA, peptides, or synthetic polymers.?> a-Helix
recognition within artificial g-barrel pores was of interest to
study the importance of topological matching in molecular
recognition.>'®'° Rigid-rod a-helix mimics were introduced to
determine the role of a-helix folding in a-helix recognition.?°
Later on, the envisioned supramolecular structure, that is, an
o-helix bound inside of the g-barrel pore was found to occur
also in a biological system (Figure 1).*'8 Our attempt to gain
structural insight on a-helix recognition within artificial 5-bar-
rel pores by atomic force microscopy (AFM) failed because
polyglutamate o-helices produced large spherical particles on
mica.>' More shape-persistent polymers 8 were thus needed
to observe, according to statistical analysis of the AFM images,
polymer blockers bound in the artificial s-barrel pores 9 (Fig-
ure 4).2" In the resulting polymer—pore complex 10, a giant
pseudorotaxane, the polymer exhibited an interesting tem-
plate effect on the barrel. Namely, AFM images and molecu-
lar dynamics simulations revealed that the artificial g-barrel
contracts forming a diamond-shaped conformation in order to
fully bite into the polymer thread.

Circular dichroism spectroscopy of the same pore—polymer
complex in lipid bilayers readily revealed the opposite tem-
plate effect, that is, the induction of polymer chirality by the
barrel, and supported the existence of the structure found in
AFM images. The change from pseudorotaxanes to inclusion
complexes when moving from polymer to small molecule
blockers will be discussed later on.>>

Attractive applications of molecular recognition by artifi-
cial p-barrels include catalysis and sensing. The conversion of
substrates while passing through a pore across a lipid bilayer
remains an amusing, challenging, and essentially unexplored
topic of interest.?® The prospect of detecting single reactive
intermediates is particularly appealing.>* The other main appli-
cation of molecular recognition by artificial S-barrels is
sensing,>> 27 a topic that is attracting increasing attention. The
emerging, very general sensor systems promise practical use-
fulness in applications reaching from enzyme assays to drug
discovery and diagnostics. In the current system, artificial
p-barrel pores serve as general optical transducers of reac-
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10
FIGURE 4. AFM snapshots and molecular dynamics simulations of
a single poly(ethyl(4-ethynylphenyl)phosphonate) blocker 8 (red)
moving through a single artificial g-barrel pore 9 (yellow). The
molecular model of the pseudorotaxane 10 seen in the AFM
images (bottom left) is shown in axial view (top right) and in side
view (bottom right). Adapted from ref 21, Copyright 2005 Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

tions (Figure 5). This method is based on the fluorometric
detection of changes in pore activity in response to chemical
stimulation. In practice, this is quite easy. Vesicles are loaded
with 5(6)-carboxyfluorescein (CF) or other fluorescence probes
at concentrations high enough for self-quenching to occur. CF
efflux through an added pore turns on CF emission due to
local dilution, which reduces self-quenching.

To detect the closing (or opening) of artificial 5-barrel pores
in response to chemical stimulation, the change in pore activ-
ity is measured as a function of blocker (or ligand) concentra-
tion. A reaction is detectable if the IC5, (the concentration
needed to cause 50% pore blockage) of substrate and prod-
uct differ by more than 3-fold (a discrimination factor D > 3).
To follow a reaction, aliquots are taken at intervals in a sim-
ilar manner to chromatographic methods such as TLC or HPLC,
and the changing ability of the reaction mixture to block the
pore is recorded as changes in CF emission.

substrate product

product-
amplifier w

general optical
specific signal
8 general
reaction signal signal transducer
a - i
generator amplifier (synthetic color

muitifunctional
pore)

(enzyme)

FIGURE 5. Attificial -barrel pores as sensors. The sensing system
reports the consumption of analyte during a reaction as a change
in color or fluorescence. Enzymes are used to generate selectively
the signal for a specific substrate analyte in complex matrices. If
needed, signal amplifiers are then covalently linked to the product
to enhance its pore-blocking efficiency. Synthetic pores, finally, are
used as signal transducers that respond with high sensitivity to the
binding of the analyte—amplifier conjugates (see Figures 6—8 for
examples). Enzymes detected with artificial g-barrel pores include
acetate kinase, aldolase (RAMA), apyrase, citrate lyase, DNA
exonuclease, DNA polymerase, elastase, esterase, ficin,
galactosyltransferase, galactosidase, heparinase, hexokinase,
hyaluronidase, invertase, lactate oxidase, papain, phosphatase,
phosphofructokinase, pronase, RNase, subtilisin, transaminase, and
triose phosphate isomerase (TIM).2>~27

With sensitivity toward changes in charge or size, optical
transduction with synthetic pores is compatible with a broad
range of reactions. To detect otherwise elusive reactions due
to poor blockage ability (sensitivity) or discrimination between
substrate and product blockers (selectivity), we recently intro-
duced the concept of reactive signal amplification (Figure 5).>”
Reactive signal amplifiers are defined as pore blockers that
react spontaneously and selectively with the functional group
produced or consumed during an otherwise undetectable
reaction. If the product—amplifier conjugate blocks the pore
better than the amplifier itself, the reaction is detectable as
pore closing. Optical transduction with artificial 5-barrel pores
with or without reactive signal amplification was particularly
attractive in combination with enzymes as specific signal gen-
erators. The broad adaptability achieved with reactive signal
amplification assured detectability of many different enzymatic
reactions with the same pore transducer. Pertinent realized
examples are listed in Figure 5.

The sensor system composed of enzymes as signal gener-
ators, reactive blockers as signal amplifiers, and synthetic
pores as signal transducers is applicable to a wide variety of
topics. Highlights include examples for drug discovery (inhib-
itor screening assays for otherwise problematic enzymes of
medicinal interest)?® and diagnostics (multicomponent sens-
ing in complex matrices).2®%”

To provide experimental evidence for multicomponent
sensing in complex matrices with artificial g-barrel pores, the
creation of artificial tongues was an irresistible topic because
on our own tongues the sensation of taste is mediated by

1358 = ACCOUNTS OF CHEMICAL RESEARCH = 1354-1365 = October 2008 = Vol. 41, No. 10





Artificial f-Barrels Sakai et al.

sucrose lactose acetate lactate glutamate
Red Bull 346 mM
Milk 122 mM
Rice Vinegar 757 mM
Sour Milk 54 mM
Soy Sauce n.d.
invertase B-galacto- acetate actate trans-
sidase kinase oxidase aminase A:

fructose galactose

glucose

hexo-
kinase

ADP
(224 pM)

acetate
phosphate

hexose 6-phosphates

amplifier

(23 uM)

CB pyruvate

(2.6 ,/P\./ )

\ a-ketoglutarate
(8.3 mM)

pyruvate

LTJ

(38 mM)

DAN
amplifier
(>100 pM)

pyruvate
(14 uM)

DAN a-ketoglutarate

i (2.7 uM)

synthetic pore
FIGURE 6. An artificial tongue, made to demonstrate multicomponent sensing in complex matrices with synthetic pores and reactive
signal amplifiers. The representative samples from the supermarket were first separated from intractable material and then incubated
with enzymes and cosubstrates to selectively produce or consume detectable pore blockers (e.g., ATP). The pore blockage efficiency of
poorly recognized analytes was amplified after enzymatic signal generation with reactive CB or DAN amplifiers for detection as
amplifier—analyte conjugates (compare Figure 7). Concentrations in parenthesis indicate IC5, values for blockage of pore 9 or 16 (DAN

data only).

transmembrane pores that open and close in response to
chemical stimulation. To begin with sweet sensations, the
sensing of sugar in soft drinks such as Coca Cola or Red Bull
was possible without reactive signal amplification (Figure 6).
This opportunity occurred because the conversion of cosub-
strate ATP into ADP during signal generation with invertase
and hexokinase was detectable with pore 9 with high sensi-
tivity and selectivity.?® Essentially the same strategy with dif-
ferent enzymatic signal generators was applicable to lactose
sensing in milk and acetate sensing in vinegar (Figure 6).2” In
clear contrast, lactate sensing in sour milk with artificial g-bar-
rel pores was not possible without reactive signal amplifica-
tion. Lactate oxidase was available as a signal generator.
However, synthetic pores that respond sensitively to either lac-
tate or pyruvate are not available. This sensitivity problem
with lactate sensing was readily solved by covalent capture of
the pyruvate product with CB (Cascade Blue) hydrazide 11
(Figure 7). The resulting CB hydrazone 12 blocked the artifi-

cial p-barrel pore 9 with high sensitivity and without interfer-
ence from the smaller and less anionic amplifier 11. Reactive
signal amplification increased the sensitivity of the lactate sen-
sor by more than 4 orders of magnitude.

Replacement of the selective signal generator from lactate
oxidase to citrate lyase readily transformed the artificial 5-bar-
rel pore 9 from a lactate sensor into a citrate sensor (Figures
6 and 7).?” In a typical procedure, orange juice was incubated
first with a hydrazine-rich resin. The removal of all aldehydes
and ketones as hydrazones was important to minimize inter-
ference. The orange juice was then exposed to citrate lyase to
convert citrate into oxaloacetate. This specific signal genera-
tion was followed by signal amplification with hydrazide 11
and signal transduction with pore 9. The question whether or
not oxaloacetate spontaneously decarboxylates to pyruvate
before or during signal amplification is irrelevant for citrate
sensing with amplifier 11 and pore 9.
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FIGURE 7. Adaptability of synthetic pore sensors illustrated with signal generation for citrate, lactate, and alanine (green), followed by
amplification of the product pyruvate with CB hydrazide 11 and DAN hydrazide 14 (red) for recognition by multipoint ion pairing within
pore 9 and adhesive z-clamping within pore 16 (Figure 8), respectively. IC5, values for pore blockage are given in parentheses.

Moving on from sweet and sour components in milk, vin-
egar, orange juice, or coke, umami sensing was envisioned to
further refine the artificial tongue.27 Umami, a Japanese word
meaning “savory” or “deliciousness”, is one of the five basic
tastes. Glutamate, present in meat, cheese, tomato, etc., or
added as taste enhancer MSG (monosodium glutamate), is
chiefly responsible for the umami sensation, although other
contributors are known. Glutamate sensing with aminotrans-
ferases as signal generators was particularly attractive from an
academic point of view. The challenge was how to make the
product a-ketoglutarate send a signal selectively in the pres-
ence of the cosubstrate pyruvate. Signal amplification with CB
hydrazide 11, for example, was not sufficiently selective for
this purpose. Artificial g-barrel pore 9, perfectly capable of dis-
criminating between ATP and ADP, failed to discriminate
between hydrazones 12 and 13. A quite extensive screening
identified dialkoxynaphthalene (DAN) hydrazide 14 as ideal
amplifier. Covalently captured o-ketoglutarate, that is, DAN
hydrazone 15, blocked pore 16 with high sensitivity and with-

out interference from DAN pyruvate 17. Selective signal ampli-
fication was not applied to soy sauce because glutamate
sensing with glutamate oxidase and conventional signal
amplification is obviously more straightforward in practice.

Advanced Architectures

Internal Barrel Design. The introduction of active sites at the
inner surface of artificial 5-barrel pores has been explored in
many variations (Table 1, entries 6—18). Multipoint ion pair-
ing between pore and blocker was particularly effective. The
three anions of the planar 1,3,6-pyrenetrisulfonate scaffold, for
example, are precisely positioned to block artificial -barrel
pores. Namely, ion pairing with three charged residues in
three corners of the 5 A x 7 A rectangle on one face of a
p-sheet provides complex 18 within pores such as 9 (Figure 7).
This simple recognition motif has been exploited extensively
to create artificial S-barrel pores with catalytic activity.?* Gen-
eral applicability of the recognition motif has been demon-
strated recently with macrocyclic peptide catalysts.>® However,

1360 = ACCOUNTS OF CHEMICAL RESEARCH = 1354-1365 = October 2008 = Vol. 41, No. 10





Artificial f-Barrels Sakai et al.

FIGURE 8. Molecular dynamics simulations of synthetic s-barrel pore 16 (right) in the process of catching one (middle) and two (right) o-
ketoglutarate-amplifier conjugates similar to 15 (green) with internal z-acidic NDI clamps (purple) to form the complex 19, see Figure 7.
Adapted from ref 33, reproduced by permission of The Royal Society of Chemistry.

FIGURE 9. Advanced architectures realized for artificial s-barrel
pores with refined function includes push—pull staves for voltage-
gated formation of pore 23 (donor D = methoxy, acceptor A =
methylsulfone), active-site contraction toward the middle of pore 21
for voltage-sensitive molecular recognition, and “hydrophilic
anchoring” of pore 24 for hypersensitive sensors. For peptide
sequences, please see Table 1.

so far there is no structural evidence available for host—guest
complexes of pyrene-3,6,8-trisulfonates and cationic g-sheet
as depicted in 18.

The same multipoint ion pairing with pyrenetrisulfonates
has been used to introduce the concept of reactive signal
amplification for multicomponent sensing in complex matti-

ces with artificial B-barrel pores (Figures 7 and 8).2” For selec-
tive signal amplification, however, this versatile motif in CB
amplifiers 11 was too potent. Stoichiometric binding obscured
all selectivity.3® To accomplish selective signal amplification,
for example, for glutamate sensing with transaminases as sig-
nal generators for o-ketoglutarate without interference from
pyruvate, advanced internal pore design for refined amplifier
recognition was unavoidable. In artificial g-barrel pore 16, the
artificial amino acid , with a naphthalenediimide (NDI) side
chain was placed together with lysine residues at the inner
pore surface (Figures 7 and 8; Table 1, entry 14). With a pos-
itive quadrupole moment much larger than that of hexafluo-
robenzene, NDIs are extremely sr-acidic. For this reason, they
are capable of conducting electrons and of binding anions.
Moreover, the introduction of z-donating core substituents
produces attractive push—pull fluorophores with easily var-
ied frontier orbital energy levels.®' Their -acidity and planar-
ity further facilitates face-to-face n-stacking. Face-to-face
m-stacking with z-basic aromatics such as DANs produces
charge-transfer complexes.?' 32 Placed diagonally on one face
of a -sheet, two NDIs were thus thought to act like sticky
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sr-clamps or tweezers that can catch z-basic aromatics by aro-
matic electron donor—acceptor (AEDA)3? interactions. As with
WW-clamps in nucleotide binding proteins and artificial
B-sheets,” lysines were added to complete the 5 A x 7 A rect-
angle on one face of a -sheet to assist z-clamping with ion
pairing.

Introduced within artificial g-barrel pores, w-acidic NDI
mr-clamps thus expanded molecular recognition from multi-
point ion pairing to orthogonal AEDA interactions.>* Formal
double mutant cycles confirmed that AEDA interactions
account for the excellent recognition of the DAN amplifier 14
within NDI pore 16, that is, the occurrence of adhesive
m-clamping in inclusion complexes such as 19 (Figure 7).23
Molecular dynamics simulations of this complex synthetic
functional system were in agreement with the experimental
results (Figure 8).

Core Engineering and the Depth of Molecular
Recognition. Giant pseudorotaxanes are formed when poly-
mers enter and move through artificial -barrels (Figure 4).%"
With small molecules instead of polymers as blockers within
artificial g-barrels, we obtain inclusion complexes instead of
pseudorotaxanes as a central suprastructural motif (Figure 8).
A general key question with inclusion complexes concerns the
depth of inclusion and its possible importance for molecular
recognition.>* Although quite difficult to assess in solution, the
depth of molecular recognition is readily measured within pores
because it directly relates to function. Namely, the voltage sen-
sitivity of pore blockage increases with the distance that a blocker
travels from the pore entrance to the binding site.

Early on it became clear that molecular recognition by arti-
ficial -barrel pores 20 composed of tripeptide S-sheets is very
weak and insensitive (Table 1, entry 7).>* The disappointing
lack of responsiveness of these tetrameric pores has been
attributed to an interior that is too small for guest inclusion.
Physical barrel expansion by replacing the tripeptide -sheets
with pentapeptide S-sheets improved the molecular recogni-
tion by the corresponding pores by more than 3 orders of
magnitude (Table 1, entries 10—13).3> The increase in recog-
nition can be considered as demonstration of the power of
guest inclusion, although contributions from other parame-
ters may be important as well. The voltage sensitivity of
molecular recognition did, however, not increase correspond-
ingly. This poor voltage sensitivity was in good agreement
with rate-limiting guest binding to the first available active
sites near the barrel entrance. To achieve voltage-sensitive
molecular recognition by “in-depth” inclusion, the synthesis of
artificial {242}-p-barrel 21 appeared unavoidable (Figure 9).

This refined artificial g-barrel contains central and peripheral
domains of different composition and dimension.

The synthetic challenge of this approach was to attach pep-
tides with different sequences to the same rigid-rod scaffold. For
this purpose, p-octiphenyls with orthogonally protected acids
along the rigid-rod scaffold were synthesized. Reductive cleav-
age of benzyl esters without affecting tert-butyl esters liberated
the peripheral group of carboxylic acids for coupling with the
N-termini of the first pentapeptide; subsequent acidic hydrolysis
of the central -butyl esters produced the second group of car-
boxylic acids for coupling with the second pentapeptide.

In {242}--barrel 21, the four central 5-sheets were selected
to have RH dyads positioned at the inner barrel surface to
bind anionic guest such as nucleotides by multipoint ion pair-
ing (Figure 9 and Table 1, entry 16). The two peripheral
p-sheets were designed to contribute “inactive” NN dyads to
the inner barrel surface. Hence, this refined architecture is
denoted with the {242} prefix. Compared with classical artifi-
cial p-barrels 22 (Table 1, entry 12), this formal active-site con-
traction toward the middle of artificial 5-barrel pore 21 still
caused a 2-fold increase in molecular recognition. This out-
come validated previous suspicions that it is the location of the
active site rather than the number of charges, that is, the
depth of guest inclusion, that determines molecular recogni-
tion by artificial 5-barrel pores. In-depth molecular recogni-
tion by the {242}-3-barrel 21 was as voltage sensitive as
expected for an active-site contraction by 1 nm toward the
middle of the pore.

Rigid-Rod Push—Pull g-Barrels. Whereas “in depth” volt-
age-sensitive molecular recognition by synthetic pores has
been realized only recently with pore 21,%? the already chal-
lenging voltage-gated formation of synthetic pores had been
explored early on with pore 23 (Figure 9).3¢ Biological -bar-
rel pores have poor voltage sensitivity because S-sheets have
no macrodipole. Closing rather than opening can occur with
biological -barrel pores at high voltage. This effect has been
attributed to -sheet destruction by enforced alighment of the
peptide carbonyls. Voltage-gated ion channel opening is much
easier with parallel o-helix bundles because of their strong,
amplified macrodipole. Attempts to introduce macrodipoles in
p-structures with g-peptides have so far not been verified
experimentally.'?

Considering this situation in biology and chemistry, the cre-
ation of an artificial g-barrel pore that opens at high voltage
was an attractive objective.® In rigid-rod push—pull S-barrel
pore 23, the rigid-rod scaffold was used to create the mac-
rodipole needed for voltage gating. A w-donor D such as a
methoxy group was attached at one terminus and a w-accep-
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tor A such as a methylsulfone at the other. The resulting mac-
rodipole along the rigid-rod scaffold has several advantages
compared with the a-helical dipole. For instance, it cannot dis-
appear with conformational changes. It can, however, be
turned off permanently without global structural changes. The
reduction of a sulfone acceptor to a sulfide donor, which is the
formal removal of two oxygens, is, in principle, already pos-
sible in situ. Furthermore, the fluorescence of rigid push—pull
rods can serve as intrinsic probe for structural studies on
dipole—potential interactions.

In solution, dipole—dipole attraction was expected to direct
the antiparallel self-assembly into rigid-rod g-barrels without
macrodipole. In polarized lipid bilayer membranes, however,
dipole—potential interactions were likely to overcompensate
dipole—dipole repulsion and enforce the parallel self-assem-
bly into push—pull g-barrels with an amplified macrodipole.
The found Hill coefficient n = 4 and gating charge z, = 1
demonstrated the voltage-gated formation of a tetrameric ion
channel 23. Indications for biphasic self-assembly were
secured, with the formation of single §-sheets being possibly
detectable in single-channel current experiments. Once formed
at high voltage, parallel push—pull g-barrels 23 remained ori-
ented in depolarized membranes and were neatly destroyed
by inversion of the applied voltage.

Interface Engineering with Artificial -Barrel Pores.
End-group engineering as in push—pull barrel 23 was recently
expanded to address the possible interactions of transmem-
brane synthetic g-barrel pores at the membrane—water inter-
face.3° In the advanced artificial g-barrel 24, the classical
artificial g-barrel pore 22 is elongated with tetralysine pep-
tides (Figure 9, Table 1, entry 17 vs entry 12). Rather than par-
ticipating in the antiparallel s-sheets formed by interdigitating
LRLHL pentapeptides, these tetralysines were designed to
extend from the transmembrane S-barrel into the membrane—
water interface.

This “hydrophilic anchoring” of artificial s-barrel pore 24
was encouraged by increasing evidence that the apparent
activities found in lipid bilayer membranes are often deter-
mined by solubility in water. Indeed, hydrophilic domains
attached to one end of functional transmembrane architec-
tures may be beneficial for many reasons. For instance, it may
ensure delivery to the vesicle as well as intervesicular trans-
fer by preventing competing precipitation from water. More-
over, hydrophilic anchors were expected to enforce vectorial
partitioning, prevent disappearance in the hydrophobic mem-
brane core, and promote transmembrane orientation and par-
allel self-assembly of the pore.

Artificial f-Barrels Sakai et al.

High expectations for hydrophilic anchoring were sup-
ported by many examples from biological pores and promis-
ing breakthroughs with pioneering synthetic approaches. With
regard to the activity of artificial -barrel pore 24, the key
impact of hydrophilic anchoring was a dramatic increase in
cooperativity. This change confirmed successful suppression of
the competing self-assembly and precipitation of prepores
from the aqueous phase. The resulting, excellent characteris-
tics reduced the effective concentration of pore 24. This
increase of pore activity was the key to maximize sensitivity
and selectivity in sensing applications. Current efforts with
interface engineering focus on topics such as targeted pore
formation and immunosensing.

Conclusion

With the introduction of rigid-rod molecules as shape-persis-
tent staves, the difficulties in synthesizing artificial s-barrels
were overcome.** Over the years, a rich collection of rigid-
rod S-barrels have been made and studied. The early eluci-
dation of fundamental aspects such as the variation of the
length of both rigid-rod staves and p-sheet hoops revealed
p-octiphenyls and pentapeptides as the best combination, par-
ticularly when embedded in a lipid bilayer membrane. The
synthesis of more refined p-octiphenyl staves provided access
to more sophisticated g-barrel architectures. They include rig-
id-rod p-barrels with more than one peptide sequence to cre-
ate domains of different dimension, location, and function
or to expand structural plasticity beyond the pg-barrel
scaffold.**3° Rigid-rod push—pull g-barrels with permanent
axial macrodipoles are of interest in the context of voltage-
gated ion channels and natural antibiotics.2® The found pref-
erence for equal rod length identifies the programmed
assembly of rods of different length as a simple approach for
the creation of sophisticated architectures with high preci-
sion.'®

Variation of the peptide sequence is of interest to vary and
fine-tune the function of artificial g-barrels without global
structural changes. The realized functional plasticity reaches
from lipocalin models that can bind carotenoids in water to
multifunctional pores that open or close in response to phys-
ical and chemical stimulation. This includes changes in pH,
ionic strength, voltage, molecular recognition, and catalysis.
Recent breakthroughs include the creation of artificial g-bar-
rel pores that can act as multicomponent sensors in complex
matrices.* In this application, the g-barrel pores function as
general optical transducers together with reactive amplifiers
for the covalent capture of elusive analytes after enzymatic
signal generation. The use of artificial amino acids to install
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sticky z-clamps within artificial 5-barrel pore sensors has been
particularly fruitful in this context.?3

The success of advanced architectures to make artificial
tongues provides strong support for future efforts toward the
creation of more complex rigid-rod $-barrels, also from a prac-
tical point of view. However, plans to further expand the bar-
rel-stave motif beyond p-oligophenyls as staves and -sheets
as hoops are also enormously appealing. Recent efforts in this
direction introduce rigid oligonaphthalenediimide® and oli-
goperylenediimide rods as photoactive anion—x slides.
Alternatively, the replacement of s-sheet hoops with naph-
thalenediimide s-stacks provides access to advanced photo-
active architectures for applications in photosynthesis and pho-
tovoltaics.>' Another appealing perspective of research on
artificial g-barrels is to apply the lessons learned to topics of
current concern in chemical biology. Recent highlights con-
cerning the functional relevance of dipole—potential interac-
tions for natural antibiotics or the dominant role of
counteranions for the function of cell-penetrating peptides®’
and voltage-gated biological potassium channels also justify
the highest expectations in this direction.

We warmly thank all our past and present co-workers and col-
laborators for their contributions to this research. We also thank
Professor Piet Gros for the permission to reproduce Figure 1.
This work was supported by the University of Geneva and the
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CONSPECTUS

he folded 3D structures of peptides and proteins provide excellent starting

points for the design of synthetic molecules that mimic key epitopes (or sur-
face patches) involved in protein—protein and protein—nudleic acid interactions. 4 / LY
Protein epitope mimetics (PEMs) may recapitulate not only the structural and con- L P
formational properties of the target epitope but also their biological activities. By 4 3
transferring the epitope from a recombinant to a synthetic scaffold that can be 1 o :
produced by parallel combinatorial methods, it is possible to optimize proper-
ties through iterative cycles of library synthesis and screening, and even to evolve >
new biological activities. One very interesting scaffold is found in S-hairpin motifs, ‘
which are used by many proteins to mediate molecular recognition events. This 7
motif is readily amenable to PEM design, for example, by transplanting hairpin
loop sequences from folded proteins onto hairpin-stabilizing templates, such as
the dipeptide p-Pro-L-Pro. In addition, S-hairpin peptidomimetics can also be
exploited to mimic other types of epitopes, such as those based on a-helical sec-
ondary structures. The size and shape of S-hairpin PEMs appear well suited for
the design of inhibitors of both protein—protein and protein—nucleic acid inter-
actions, endeavors that have so far proven difficult using small “drug-like” molecules. In recent work, it was shown that
p-hairpin PEMs can be designed that mimic the canonical conformations of antibody hypervariable loops, suggesting that
novel small-molecule antibody mimics may be feasible. Using naturally occurring peptides as starting points, 5-hairpin mimet-
ics have been discovered that possess antimicrobial activity, while others are potent inhibitors of the chemokine receptor
CXCR4. -Hairpin PEMs have also been designed and optimized that mimic an a-helical epitope in p53 and so block its
interaction with HDM2. A crystal structure of one HDM2—mimetic complex revealed how the surface of the protein had
adapted to the shape of the hairpin, thereby enhancing inhibitor affinity. Small folded RNA motifs also make interesting
targets for inhibitor design. For example, 5-hairpin mimetics have been designed and optimized that bind with high affin-
ity and good selectivity to the TAR and RRE RNA motifs from HIV-1. Solution structures of the mimetics both free and bound
to the RNA target provided some surprises, as well as an improved understanding of the mechanisms of binding. These
mimetics represent still a relatively new family of RNA-binding molecules, but clearly one with potential for development
into novel antiviral agents.

Introduction

This Account describes some recent efforts to
design small synthetic molecules that mimic bio-
logically important epitopes on folded peptides
and proteins. Epitope mimetic design starts from
3D structural and mutagenesis data, which map
the energetically important residues on the pro-
tein surface. The challenge is to recapitulate the
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structural and conformational properties of the
chosen target epitope, in a relatively small scaf-
fold that can be produced efficiently by synthetic
methods. One motivation for this work is to dis-
cover new biologically active molecules. Epitope
mimetics have huge therapeutic potential in the
design of interaction inhibitors targeting hot-spots
at protein—protein and protein—nucleic acid inter-
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faces," as well as in synthetic vaccine design.? Interest in these
areas has exploded in recent years, with the arrival of func-
tional genomics and proteomics, as well as advances in struc-
tural biology and immunology. Such is the enormous
complexity of biomolecular interactions, however, that both
will remain fertile areas for chemical research in the decades
to come.

The most important regular secondary structures found in
protein epitopes in Nature are the g-hairpin and the a-helix.
The peptide backbones of -hairpins and a-helices constitute
scaffolds upon which energetically important amino acid side
chains can be preorganized for binding, as well as themselves
providing numerous sites for hydrogen bonding to a target
protein or nucleic acid. The f-hairpin is an especially interest-
ing scaffold, since it used by many proteins for biomolecular
recognition (e.g., antibodies, T cell receptors), and it is readily
amenable to mimetic design.

Although a p-hairpin is composed of two consecutive
hydrogen-bonded antiparallel s-strands connected by a turn
or loop sequence, this description only poorly conveys the
great diversity of conformations that S-hairpins can adopt in
folded peptides and proteins. A systematic classification of
p-hairpin structures has been introduced,® which takes into
account polypeptide chain length and hydrogen bonding pat-
tern between two antiparallel g-strands. Analyses of g-hair-
pin conformations in proteins of known 3D structure have
revealed*> that (1) p-hairpins can vary widely in the hydro-
gen-bonding pattern between the g-strands and in the con-
necting loop length, although the majority of loops have <5
residues and (2) in two residue loops, type-I' and type-II'
p-turns are strongly favored over type-lI and type-Il g-turns,
which represents a dramatic reversal of the preponderance of
the turn-types typically found in proteins.® In three residue
loops, type-l g-turns are predominant, with residues-1 and -2
most frequently adopting the g-1 turn and residue-3 lying in
the left-handed o-helical region (og-0z-0y).* Four residue loops
also occur frequently, and often contain overlapping type-l/
type-lll g-turns corresponding to a single turn of a 3,4-/a-he-
lical segment. A greater propensity for the occurrence of cis
peptide bonds is observed in four and five residue loops,
involving Xaa-Pro pepide bonds in type-VI -turns. (3) 5-Bulges
may also occur within the g-strands. A g-bulge occurs when
two residues on one strand lie opposite a single residue on
the other strand. s-Bulges affect not only the directionality of
the backbone but also and more dramatically the orientation
of side chains with respect to the g-hairpin plane. Note also
that paired residues on opposite g-strands can exist at hydro-

P-Hairpin Peptidomimetics Robinson

- 4
I

=2—R‘2
e

2 N
L-Pro| Template | D-Pro

13-mer loop

Templates:

QUL
o=
§O
C,

Me" M
0 o .
H -
N 0 ’
N\_[sNHCOPh
o
& H/E HN“)._;NH

o:H
FIGURE 1. A prototypical template-bound 12-mer $-hairpin loop,
and some of the templates studied to date.

gen-bonding (HB) and non-hydrogen-bonding (NHB) positions,
and their side chains point to different sides of the hairpin (Fig-
ure 1).

The most straightforward approach to hairpin mimetic
design involves transplanting a hairpin loop from a protein of
known structure onto a semirigid hairpin stabilizing template,
to afford macrocyclic, conformationally defined, template-
bound g-hairpin protein epitope mimetics (PEMs) (Figure 1). As
we will see, however, -hairpin PEMs are versatile scaffolds
that can also be used to mimic other epitopes, such as those
based on natural a-helical secondary structures.

The template assumes an important role in macrocyclic
p-hairpin mimetic design. The overall effects of backbone
cyclization, the conformational bias imposed by the con-
strained template, and the influence of the hairpin loop length
and sequence should act cooperatively to stabilize f-hairpin
structures. For example, the relative position and orientation
of the bond vectors at the N- and C-terminal attachment sites
in the template must be carefully chosen to favor stable g-hair-
pin loop geometries. As templates, a variety of cyclic systems
have already been investigated,® but certainly the most con-
venient to use is the dipeptide p-Pro-L-Pro (Figure 1). This
dipeptide is known to adopt a stable type-IlI' 5-turn,” and so is
ideal to nucleate $-hairpin conformations possessing the pre-
ferred right-handed twist typically observed between adja-
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SCHEME 1. Synthesis of a Typical Template Bound g-Hairpin
Mimetic
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cent antiparallel g-strands in proteins. Indeed, Kopple and
co-workers had shown earlier that b-Pro-L-Pro can be used to
fix B-turn positions in cyclic hexapeptides,® and Marshall and
co-workers used conformational search methods to show that
a type-Il' g-turn is strongly favored by p-Pro-L-Pro.°

When transplanting a hairpin loop from a protein of known
structure onto p-Pro-L-Pro, this template must be inserted at a
NHB position. The N- and C-terminal loop residues will then
be forced into a HB position and the ensuing hydrogen-bond-
ing pattern should be maintained along the hairpin (Figure 1).
Lengthening a given loop, by inserting one residue at the
C-terminus, causes all the residues in HB positions along this
strand to move into NHB positions, and vice versa, and so the
distribution of side chains on the two sides of the hairpin is
completely altered. The template, therefore, exerts an impor-
tant influence over the preferred hairpin conformation and
geometry.

An attractive feature of such g-hairpin mimetics is the mod-
ular approach that can be taken for their synthesis. Typically,
a linear precursor can be assembled on a solid phase using
peptide chemistry, and then macrocyclized and deprotected in
solution (Scheme 1). This assembly process is amenable to
parallel combinatorial methods.'® Proteinogenic and nonpro-
teinogenic amino acids, as well as an array of related build-
ing blocks (e.g., peptoids), are available for mimetic design. In
terms of size (1—2 kDa), the peptidomimetics populate a rel-
atively underexplored area of molecular space that lies
between traditional small drug-like molecules (<500 Da) and
the world of biopharmaceuticals (e.g., monoclonal antibod-
ies, among others).

There are many potential applications of peptidomimet-
ics, not least for the very challenging goals of designing
protein—protein and protein—nucleic acid interaction (PPI, PNI)
inhibitors. Thus, high throughput screening of small drug-like
molecule libraries usually fails to identify hits on these tar-
gets. Protein—protein interfaces tend to be relatively large
(approximately 650—2000 A?), and generally do not possess
the relatively deep ligand binding pockets typical of enzymes.
However, binding hotspots do occur in many protein—protein
interfaces. Thus, in the barnase—barstar and growth
hormone—growth hormone receptor interactions it was first
shown that most of the binding energy is contributed by only
a subset of the many residues (the energetically most impor-
tant or “hot” ones) buried at each interface."'~'3 Protein—protein
binding interfaces often have a modular architecture, in which
energetically important interactions can be grouped into inde-
pendent clusters, and the networks of interactions within a clus-
ter contribute cooperatively to the stability of the complex. The
contributions of distinct independent hot clusters may then be
additive.' Conformational flexibility and adaptivity also play
important roles in protein—protein interactions, by optimizing the
complementarity of protein binding surfaces. For example, in
some cases, protein—protein binding reactions are associated
with a transition from a largely unfolded state (free) to a folded
state (bound) in at least one protein partner (e.g.,, p53-HDM2 and
Tat-TAR).

| consider below first some examples of S-hairpin mimetic
design, starting from peptides and proteins of known 3D struc-
ture, containing S-hairpins that are important for biologically
activity. I then go on to illustrate two examples of how g-hait-
pin PEMs can be used to mimic epitopes based on a-helical
structures. It should become apparent that great scope exists
for further applications of this approach in drug and vaccine
design.

p-Hairpin Mimetics Based on Antibody and

Cytokine Receptor Loops

Template-bound g-hairpin mimetics have been designed to
structurally mimic canonical conformations found in antibody
hypervariable loops. Of the six complementarity-determining
regions (CDRs) in 1gG antibodies, four adopt S-hairpin struc-
tures. Although considerable sequence diversity can be
accommodated in the six loops, analysis of crystal structures
has shown that this is achieved within a restricted set of
“allowed” or canonical backbone conformations.'> Mimetics of
selected canonical conformations were made by transplant-
ing loops from the immunoglobulin framework onto a p-Pro-
L-Pro template.'® The mimetic 1, for example, contains 8
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FIGURE 2. Hairpin mimetics (1 and 2) based on antibody CDR loops. The antibody domains are shown left with the CDR loops purple, and
the solution structures of the mimetic (1 and 2) shown in gray/blue/red (blue = N atoms, red = O atoms) superimposed upon the

corresponding CDR loops from the crystal structures (1GIG, 1TET) in red.

residues from the light chain L3 loop of antibody HC19, which
binds to influenza hemagglutinin (Figure 2). NMR studies
showed that this mimetic adopts a backbone 2:2 hairpin con-
formation and cross-strand side-chain aromatic stacking inter-
actions between tryptophan side chains that are essentially
identical to those seen in the antibody crystal structure. It is
now known that such stacking interactions help to stabilize
B-hairpin conformations also in linear peptides.'”

In another example, a six-residue H2 loop was transplanted
from the anticholera toxin antibody TE33 to the same tem-
plate, to give mimetic 2 (Figure 2). NMR again showed that the
average solution structures of 2 were very similar to that seen
in the crystal structure of the antibody fragment. These stud-
ies showed that accurate structural mimetics of these L3 and
H2 canonical conformations were indeed possible. More gen-
erally, the approach may have practical value in the design of
small molecule antibody mimetics, although in the cases men-
tioned above, corresponding tests for antigen-binding activ-
ity were not carried out.

Similar approaches have also been reported to prepare a
hairpin mimic of a 12-residue loop present in the extracellu-

lar interferon y receptor,'® as well as one based on a protrud-
ing hairpin loop in platelet-derived growth factor-B (PDGF-B)."°

B-Hairpin Mimetics of Antimicrobial and
Antiviral Peptides

The large family of naturally occurring cationic antimicrobial
peptides represent interesting targets for peptidomimetic
research. In vertebrates, these peptides are part of the innate
immune system, providing a first line of defense against bac-
terial and viral infection.'® One group of cationic antimicro-
bial peptides possesses p-hairpin structures stabilized by
disulfide bridges, including the protegrins, polyphemusins, and
tachyplesin, among others (Figure 3). These peptides show
broad-spectrum antimicrobial activity against Gram-positive
and Gram-negative bacteria. The main mechanism of action
involves lysis of the bacterial cell membrane.?° These cationic
peptides are attracted electrostatically to the outer bacterial
cell surface, due to the presence of excess negatively charged
phospholipids and glycolipids. They then invade and disrupt
the membrane bilayer, causing cell lysis.?° However, the pep-
tides also lyse (at a higher concentration) typical mammalian
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FIGURE 3. p-Hairpin cationic antimicrobial peptides, selected mimetics, and other microbial natural products.

cell membranes (e.g., red blood cells), so toxicity is a serious
problem that has so far prevented clinical applications.

It is interesting to note that Nature has also evolved cyclic
p-hairpin peptides with potent antimicrobial activity. Exam-
ples include gramicidin S and tyrocidine (Figure 3). Tyroci-
dine and gramicidin are constituents of tyrothricin which was
first isolated in 1939. Both gramicidin S and tyrocidine are
highly toxic to erythrocytes, liver and kidney, and have only
found use as mixtures in topical applications.

The p-hairpin mimetic approach was taken to discover
potential new antimicrobials related to protegrin I. Peptide
loops with sequences related to protegrin | were mounted on
the p-Pro-L-Pro template, and the disulfide bridges were elim-
inated by replacing the cysteines with a variety of other resi-
dues. In this way, a family of template-bound protegrin
mimetics was discovered, exemplified by the mimetic 3 (Fig-
ure 3), which possess potent broad spectrum antimicrobial
activity.>! By screening small libraries of mimetics it was pos-

1282 = ACCOUNTS OF CHEMICAL RESEARCH

sible to identify analogues with considerably reduced
hemolytic activity on red blood cells.*? However, the princi-
pal mechanism of antibacterial action still involves lysis of the
bacterial cell membrane. A stable hairpin structure was
observed by NMR only when the mimetic was dissolved in a
micelle (membrane-like) environment.2! Nevertheless, efforts
have been made to understand the observed antimicrobial
and hemolytic structure—activity relationships in terms of a
QSAR model.?* The best model suggested that the antimicro-
bial potency correlates with the peptide charge and amphi-
pathicity, while the hemolytic effects correlate with the
lipophilicity of residues forming the nonpolar face of the
p-hairpin.

Some f-hairpin mimetics have also been made with a
mixed peptide-peptoid backbone (4 and 5, Figure 3),%* while
others contain templates based on a xanthene?' or a biaryl
derivative.?* It is noteworthy that the mixed peptide—peptoid
derivative (4) now showed stable S-hairpin structures by NMR
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even in free aqueous solution, perhaps due to the enhanced
stability of a type-II' turn at the hairpin tip.2* All these deriv-
atives retained a significant broad spectrum antimicrobial
activity.

More recently, a new structure—activity trail has been fol-
lowed starting from 3, which ultimately provided access to
new derivatives with a much higher high potency against
Pseudomonas aeruginosa. These new derivatives do not cause
cell lysis, and only one enantiomer retains significant potency,
suggesting a different mechanism of action (to be published).

A different cationic antimicrobial peptide called polyphe-
musin Il (Figure 3), isolated from the American horseshoe crab,
has also been a source of inspiration in S-hairpin mimetic
design. Polyphemusin and related synthetic derivatives, such
as T22, TC14011,2° have been shown to possess potent
inhibitory activity against the chemokine receptor CXCR4,
where they block binding of the natural ligand stromal-de-
rived factor (SDF)-Ta. (or CXCL12). Interest in CXCR4, a G-pro-
tein coupled receptor, has blossomed in recent years with the
realization that the SDF-10/CXCR4 interaction guides traffick-
ing and homing of many different cell types in the human
body.?” The SDF-1/CXCR4 axis is also important in several
pathophysiological processes, including cancer cell prolifera-
tion, migration and angiogensis, as well as artherosclerosis,
and HIV infection. To date, only a few small-molecule CXCR4
antagonists are known, including AMD3100%® and KRH-1636.2°

Recently, new -hairpin mimetics of polyphemusin Il were
designed and tested as CXCR4 antagonists.® Through suc-
cessive rounds of parallel synthesis, both the CXCR4 inhibi-
tory activity and drug-like properties were optimized. These
studies resulted in highly potent CXCR4 inhibitors, such as
POL3026 (Figure 3), with excellent plasma stability, high selec-
tivity for CXCR4, and favorable pharmacokinetic properties in
animal models. These compounds may be useful as HIV-1
entry inhibitors, for treatment of cancer and inflammation, and
for hematopoietic stem cell transplant therapy.

p-Hairpin Mimetic Protease Inhibitors

The Bowman—Birk (BB) family of serine protease inhibitors
represents another interesting starting point for g-hairpin
mimetic design. One of the smallest members of the BB fam-
ily is a cyclic peptide isolated from sunflower seeds. A crystal
structure of this peptide bound to the active site of trypsin was
taken as a starting point for mimetic design.?' -Hairpin
mimetics were designed by transplanting either 11 or 7 res-
idues from the BB reactive loop onto a p-Pro-L-Pro template.>?
NMR studies on the resulting mimetics 6 and 7 (Figure 4)
revealed well-defined $-hairpin conformations in aqueous
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FIGURE 4. Solution structures of trypsin inhibitor mimetics based
on the reactive Bowman—Birk loop.

solution. The conformation of the hairpin in both mimetics
was essentially identical to that seen in the reactive loops of
BB protease inhibitors. The turn region contains a character-
istic 5-residue loop, including a cis-lle-Pro peptide bond in a
type-VI g-turn. Enzymic assays showed that both mimetics
inhibit bovine trypsin with mid to low nanomolar K; values,
and an alanine scan confirmed the energetically important
role of a Lys side chain at the P1 position.

p-Hairpin Mimetics Targeting
Protein—Protein Interactions

Many PPIs are mediated by a-helices, so small molecule mim-
ics of o-helical epitopes are of great interest. One example is
the interaction of p53 with the human version of mouse dou-
ble minute 2 protein (HDM2). One domain of HDM2 acts as
an inhibitor of the tumor suppressor protein p53, which is acti-
vated in response to oncogenic stress to prevent the emer-
gence of cancer cells. p53 is a transcription factor that
modulates the expression of numerous target genes.®® Recent
studies have shown that HDM2 acts both as an antagonist of
p53, and also downstream of p53, helping to adjust the bio-
logical outcome (growth arrest when the oncogenic stress is
mild, or apoptosis when the stress is severe) to the nature of
the triggering signal.>* HDM2 can block activation by p53
both by binding to it and by targeting p53 for degradation by
ubiquitinylation. However, in tumors HDM2 can become over-
expressed, and levels of free p53 are then no longer suffi-
cient for tumor suppression. Hence, inhibitors of the p53-
HDM2 interaction are of interest as potential anticancer
agents.

A crystal structure showed that a p53-derived peptide in
complex with the inhibitory domain of HDM2 adopts an
amphipathic a-helical backbone conformation (Figure 5).3°
When free in solution, however, the N-terminal region of p53
is unfolded.® In the complex, the side chains of Phe19, Trp23
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FIGURE 5. The p53—HDM2 crystal structure (PDB 1YCR) (p53 brown/red, HDM2 blue). A model template-bound j-hairpin (yellow) is shown

superimposed on the p53 helical peptide (red).
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FIGURE 6. An optimized p53—HDM?2 inhibitor (8), and crystal structure (PDB 2AXI) of the mimetic (8) bound to HDM2.

and Leu26, in particular, align along one face of the helix, and
insert into deep hydrophobic pockets on the surface of HDM2.
It was shown that a short 8-residue p-hairpin could be
designed to mimic this a-helical epitope, by transferring the
three hot residues aligned along one side of the p53 helix
onto one strand of the hairpin, as shown in Figure 5.3” The
affinity of the first designed mimetic for HDM2, although weak
(IC50 &~ 125 uM), was optimized in an iterative process involv-
ing library synthesis and screening. The optimized f-hairpin
mimetic 8 binds to HDM2 with Ky ~ 40 nM, and includes a
6-chlorotryptophan (6-CITrp) at position-3, which had been
used earlier by a group at Novartis to improve the affinity of
a phage-derived peptide to HDM2.38

A crystal structure of 8 bound to HDM2 confirmed that the
residues Phe, 6-CITrp and Leu in the first g-strand fill the
hydrophobic pockets on the surface of HDM2 (Figure 6).3°
However, unexpected were the interactions that aromatic
groups in the second f-strand make with the protein. In par-
ticular, Trp6 and Phe8 participate in stacking interactions with
the side chain of Phe55 in HDM2. In the p53—HDM2 com-
plex, the Phe55 side chain is rotated away and makes no con-
tact with the p53 peptide. Thus, the plasticity of the binding
site on HDM2 adapts to optimize structural complementarity
with the mimetic. Recently, the structure of ligand-free HDM2
(@apo-HDM2) solved by NMR spectroscopy*® revealed even

more dramatic structural differences from the ligand bound
form. In apo-HDM2, the hydrophobic p53 binding pockets
become largely occluded by the inward displacement of two
helices comprising the walls of the p53-binding cleft, and the
N-terminal segment of HDM2 folds back and occludes the
shallow end of the p53-binding cleft.

It should be noted that a large number of small drug-like
molecules have now been discovered that inhibit the
p53—HDM2 interaction.?*#" These inhibitors all target the
deep hydrophobic pockets in the p53-bound form of HDM2,
features that are fairly atypical for most PPl interfaces. An
important goal of future work, therefore, is to target other
interesting PPIs with g-hairpin mimetics, to determine how
general this approach is to PPI inhibitor design.

Phage display is another well-established technology for
selecting peptides and proteins with novel binding functions.*?
An important feature of phage display is that very large librar-
ies (> 10°) can be produced and screened. It might, therefore,
be useful to harness phage technology for use in g-hairpin
mimetic design. To examine this point, a phage peptide that
binds the Fc fragment of human IgG was taken as a starting
point for PEM design.*? This phage peptide binds the Fc frag-
ment in a S-hairpin conformation, with side chains on one side
of the hairpin contacting the surface of the protein and bury-
ing a surface of about 650 A%.** The backbone cyclic mimetic
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FIGURE 7. p-Hairpin mimetics that bind the Fc domain of an IgG.
The mimetic 9 contains a p-bulge at Val'®; mimetic 10 contains two
cis peptide bonds at Trp°-p-Pro and p-Pro-L-Pro (C(a) atoms yellow).

9 was shown to adopt a stable S-hairpin structure in solution
(Figure 7), essentially identical to that seen in the crystal struc-
ture of the Fc-bound phage peptide. The peptide contains a
p-bulge in the second strand, with the side chains of two con-
secutive residues (Val'® and Trp'') on the same side of the
hairpin interacting with the protein surface. The mimetic (9)
was shown to bind to the Fc domain with 80-fold higher affin-
ity than the phage peptide.

An attempt was also made to reduce the size of the
mimetic, by transplanting just nine residues at the tip of the
loop onto the template, to give 10. However, for reasons that
are still uncertain, the backbone underwent a profound reat-
rangement, adopting a stable conformation with two cis pep-
tide bonds between Trp®-p-Pro'® and between p-Pro-L-Pro in
the template.** As a result, the Trp® side chain (equivalent to
Trp'" in the phage peptide) now appeared on the wrong face
of the hairpin, and not surprisingly, the mimetic bound only
weakly to the Fc domain.

B-Hairpin Mimetics Targeting Protein—RNA
Interactions
RNA exhibits a rich variety of folded structures, and many RNA
motifs have now become interesting targets in drug discov-
ery.*> However, the design of small molecules that target
protein—RNA interactions with high specificity and affinity
remains a major challenge. Many RNA binding molecules are
based on natural products, such as the aminoglycosides,46
and interact relatively unselectively with RNA.

An opportunity to apply S-hairpin peptidomimetic design to
an RNA target was afforded by the solution structure of a pep-
tide derived from bovine immunodeficiency virus (BIV) Tat
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FIGURE 8. Solution structures of BIV Tat—TAR RNA complex (PDB
TMNB) and the BIV-2—TAR RNA complex (PDB 2A9X). Note how the
N- and C-termini of Tat (green) are oriented to the tip of the RNA,
while the template (red) in BIV-2 (yellow) is oriented to the base.

protein bound to its target transactivation response (TAR)
region RNA (Figure 8).*” The N-terminal region of Tat is
unfolded when free, but a short stretch adopts a -hairpin con-
formation when bound to TAR. The 3D structure of the Tat-
TAR complex from HIV-1 has not yet been reported. But the
two systems show many sequence similarities, and in both,
the binding of Tat to TAR is essential for viral replication.

B-Hairpin mimetic BIV TAR—Tat inhibitors were first
designed by using the available NMR structure of the com-
plex.*® Simply transplanting the Tat hairpin loop onto a p-Pro-
L-Pro template did not afford a useful inhibitor, although the
11-residue loop included all the residues in Tat that are ener-
getically important for binding to TAR. This poor mimicry
seemed to be due to a distortion of the hairpin, and a result-
ing large energetic penalty associated with the adoption of the
structure required for binding to TAR. However, good Tat—TAR
inhibitors were found by extending the loop to 12-residues,
which allows the population of regular 2:2 g-hairpin struc-
tures. One of these, called BIV-2, binds to TAR with a K ~
150 nM in electrophoretic mobility shift assays, in the pres-
ence of a large excess of tRNA as a control for nonspecific
binding. Moreoever, BIV-2 adopts a stable 2:2 S-hairpin con-
formation free in aqueous solution (Figure 9).

Insights into how this mimetic is bound by the RNA came
from an NMR structure of the BIV-2—TAR RNA complex (Fig-
ure 8).*° The structure revealed a regular A-hairpin conforma-
tion in the bound mimetic, which occupies the major groove
binding site used by Tat. However, it was a surprise to dis-
cover that the mimetic had bound in an orientation that is
flipped 180° compared to that expected, with the template ori-
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FIGURE 9. Average solution NMR structures of the Tat mimetics BIV-2 and L-22 (PDB 2NS4).

ented toward the base rather than the tip of the RNA-loop.
Structure—activity studies provided insights into the reasons
for this flip and the origins of the binding affinity, as well as
providing access to even more potent BIV Tat—TAR inhibi-
tors, and to potent inhibitors of HIV Tat—TAR.>°

The S-hairpin in BIV-2 binds to the RNA with side chains on
one face contacting the RNA, and those on the opposite face
exposed to solvent. Three Arg side chains are buried at the inter-
face in similar positions in both the BIV-2—TAR and Tat—TAR
complexes. These are Arg70, Arg73 and Arg77 in Tat, and cor-
respondingly, Arg3, Arg1 and Arg5 in BIV-2 (Figure 10). In Tat
these three Arg residues are located on both S-strands, whereas
the three in BIV-2 are located along one S-strand. Nevertheless,
they superimpose remarkably well in the two complexes. The
Arg3, Arg1 and Arg5 in BIV-2 are energetically important, since
the substitution of any one, even by Lys or Orn, leads to large
losses in binding affinity. It seems that the electrostatic interac-
tions these side chains make with the RNA play an important role
energetically in driving complex formation.

Among the many other derivatives of BIV-2 studied, sev-
eral with nanomolar affinity to BIV—TAR were identified. One
of the tightest binders, called L-22, adopts a very stable S-hair-
pin conformation in solution (Figure 9). The hairpin stability in
this case seems to derive from a stable type-I' g-turn at the
hairpin tip (Lys®-Gly?), and possibly also from cross-strand van
der Waals side chain interactions along the two strands.

Finally, several of the mimetics made in this study were
also shown to be potent inhibitors of the HIV Tat—TAR inter-
action.>® Some interesting SAR differences were apparent, sug-

FIGURE 10. Structure of BIV-2 bound to BIV-TAR (PDB 2A9X)
showing the buried Arg’, Arg® and Arg® side chains.
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FIGURE 11. Structure of Rev bound to HIV-RRE (PDB 1ETF); mimicry of the helical Rev peptide by a model $-hairpin. The superimposition shows
how side chains attached to the helix (green) can be mimicked by side chains attached to the hairpin (yellow). Mimetic R-27 is shown.

gesting that while the binding modes of the mimetics to BIV
and HIV TAR are similar, they are not identical. Studies are
now underway into the antiviral activities of selected mimet-
ics on whole cells, and into the 3D structures of HIV
TAR—mimetic complexes.

Another very interesting target for hairpin mimetic design is
the HIV-1 Rev—RRE interaction, which plays an important role in
the temporal control of HIV-1 mRNA splicing. Rev binds to a
region of the HIV-1 mRNA called the Rev response element (RRE).
The solution structure of a stem loop RRE RNA bound to a Rev-
derived peptide showed that the RNA contains a deep binding
pocket that binds Rev in an a-helical conformation (Figure 11).>"
Encouraged by the success in using a -hairpin to mimic an o-he-
lical epitope in p53 and inhibit the p53—HDM2 interaction,?” a
similar approach was explored to $-hairpin mimetic inhibitors of
the Rev—RRE interaction.>?

The Rev-RRE structure shows that key RNA-interacting side
chains are displayed around almost the entire circumference
of the Rev o-helix. Modeling suggested that the relative posi-
tions of all the key side chains in Rev could be mimicked in
a 12-residue model 2:2 S-hairpin mimetic (Figure 11). This led
to a first mimetic (called R=01), that was shown to bind to RRE
RNA with a Kp &~ 1 uM in the presence of excess tRNA.
Screening of a small library or related mimetics gave the
inhibitor R-27, which in a gel shift assay (in the absence of
excess tRNA) showed a K, ~ 2 nM. It was notable that by
NMR all the mimetics tested did not adopt stable S-hairpin
conformations but instead appeared in free solution to be dis-
ordered. One exception was R-27, in which the hairpin struc-
ture is stabilized by introduction of a disulfide bridge. An
interesting and critical test of the RNA binding specificity
involved a comparison of binding affinities to RRE and TAR
RNA. Here only the constrained R-27 showed a good level of
discrimination between these two similar receptors, suggest-

ing that the conformational properties of the mimetic have a
crucial influence on binding specificity.

These cyclic template g-hairpin peptidomimetics represent
still a relatively new class of RNA-binding molecules. The
promising results obtained so far suggest that further studies
are warranted to explore the mechanisms of binding, and to
further optimize their biological activities.

The author is grateful to all the students and postdoctoral sci-
entists who have contributed to this work, and in particular to
Dr. Daniel Obrecht (Polyphor AG), Professor Gabriele Varani
(Univ. Washington), and Dr. Kerstin Moehle who also helped in
preparing the figures.
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CONSPECTUS

For more than a decade now, a
search for answers to the fol-
lowing two questions has taken us
on a new and exciting journey into
the world of 5- and y-peptides:
What happens if the oxygen atoms
in a 3rhelix of a polymeric chain
composed of (R)-3-hydroxybu-
tanoic acid are replaced by NH
units? What happens if one or
two CH, groups are introduced
into each amino acid building
block in the chain of a peptide or
protein, thereby providing homo-
logues of the proteinogenic ci-amino acids? Our journey has repeatedly thrown up surprises, continually expanding
the potential of these classes of compound and deepening our understanding of the structures, properties, and mul-
tifaceted functions of the natural “models” to which they are related. -Peptides differ from their natural counter-
parts, the a-peptides, by having CH, groups inserted into every amino acid residue, either between the (=0 groups
and the a-carbon atoms (33) or between the a-carbon and nitrogen atoms (32). The synthesis of these homologated
proteinogenic amino acids and their assembly into S-peptides can be performed using known methods. Despite the
increased number of possible conformers, the 3-peptides form secondary structures (helices, turns, sheets) even when
the chain lengths are as short as four residues. Furthermore, they are stable toward degrading and metabolizing
enzymes in living organisms. Linear, helical, and hairpin-type structures of S-peptides can now be designed in such
a way that they resemble the characteristic and activity-related structural features (“epitopes”) of corresponding nat-
ural peptides or protein sections. This Account presents examples of S-peptidic compounds binding, as agonists or
antagonists (inhibitors), to (i) major histocompatibility complex (MHC) proteins (immune response), (ii) the lipid-
transport protein SR-B1 (cholesterol uptake from the small intestine), (iii) the core (1—60) of interleukin-8 (inflam-
mation), (iv) the oncoprotein RDM2, (v) the HIVgp41 fusion protein, (vi) G-protein-coupled somatostatin hsst receptors,
(vii) the TNF immune response receptor CD40 (apoptosis), and (viii) DNA. Short-chain 3-peptides may be orally bio-
available and excreted from the body of mammals; long-chain 3-peptides may require intravenous administration but
will have longer half-lives of clearance. It has been said that an interesting field of research distinguishes itself in that
the results always throw up new questions; in this sense, the structural and biological investigation of 5-peptides has
been a gold mine. We expect that these peptidic peptidomimetics will play an increasing role in biomedical research
and drug development in the near future.
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1. Introduction

It is not the mountains that we conquer, but ourselves.
Sir Edmund Hillary (1919-2008)
f-Peptides consisting of homologated proteinogenic amino
acids were first prepared and investigated in the mid-1990s."
Within less than ten years, they have evolved as a totally new
class of unnatural peptidic oligomers with most surprising
chemical and biological properties (Figure 1).2

1.1. Preparation of f-Amino Acids and Synthesis of f-
Peptides. Prior to a discussion of the properties of 3-pep-
tides, a brief outline of their synthesis is appropriate. For
quick access to the 21 homologated proteinogenic amino
acids Fmoc-phXaa(PG)-OH, with N-Fmoc protection and acid
labile protection (PG) of functionalized side chains for solid
phase peptide synthesis, a single, generally applicable
method for each type of -amino acid (Figure 1) was cho-
sen by us. The 2hXaa-type of -amino acid was obtained
by Arndt—Eistert homologation (Figure 2a);? apart from the
histidine, cysteine, and selenocysteine derivatives,*> all
B3-building blocks are now commercially available.® The
B%3-amino acids were prepared from the >-derivatives by
enolate alkylation” or from enolate esters by the Davies
method (Figure 2b).2 For the f2-homoamino acids, the over-
all enantioselective Mannich reaction or benzyloxycarbonyl-
methylation/Curtius degradation was applied using the
modified Evans auxiliary DIOZ (Figure 2c).° There are
almost weekly reports in the literature about alternative

Reviews: Biopolymers (Peptide Science) 2004, 76, 206-243
Tetrahedron 2004, 60, 7455-7506
Chemistry&Biodiversity 2004, 1, 1111-1239
J. Peptide Res. 2005, 65, 229-260
Biopolymers (Peptide Science) 2006, 84, 23-37

FIGURE 1. Three types of g-amino acids and -peptides with
proteinogenic side chains R: 82 and f?, insertion of a CH, group
between the CO and the a-carbon and between the o-carbon and
the nitrogen, respectively; 522, f-amino acid with an additional
proteinogenic side chain (for example, Me) in the a-position with
like (R,R or S,S) or unlike (RS or S,R) configuration. A y* peptide
results from insertion of two CH, groups into each a-amino acid
residue.
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FIGURE 2. Generally applicable methods used by us for the
preparation of the various types of g-amino acids with the 21
proteinogenic side chains R: (a) stereospecific classical
homologation of a-amino acids (H-Xaa-OH) by insertion or addition
of a one-carbon moiety to give g3-amino acids (H-3>hXaa-OH); (b)
o-methylation of a f-amino acid derivative or overall
enantioselective Michael addition of NH,/H or NH,/CH; to an
acrylate ester for preparation of 5>3-amino acids; (c) overall
enantioselective aminomethylation of a “des-amino” acid, directly
or through a succinic acid half-ester, to provide 5%-amino acids
(H-g*hXaa-OH).

methods for preparing f%-amino acids, none of which has
so far produced the 21 derivatives with proteinogenic side
chains (with acid-labile protection of the functionalities), an
F-moc group, and free carboxylic acid group, as required for
solid-phase synthesis. A specialized review covering the [it-
erature up to 2004 has been published.®

The manual or machine coupling of the -amino acid deriv-
atives by the Fmoc-strategy on various resins had to be
adapted for g-peptide synthesis but was otherwise straightfor-
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val'

Leu®

p2/B® (P)-2.7 q4,-helix
of H-(*Xaa-f?Xaa),-OH

B3 (M)-3,,-helix

FIGURE 3. Helices, pleated sheets, and turns of g-peptides: (a) The 3, ,-helix built of 4*hXaa (or f>hXaa) residues with the side chains in
almost parallel juxtaposition on the surface of the helix in i and (i + 3) positions at a distance of ca. 4.8 A. The helicity is M and the helix
has a macrodipole from C- to N-terminus (for comparison, the “a-helix” of R-(Xaa),-Y has i and (i + 4) side chains at a distance of 6.3 A
projecting at an angle of 40°, the helicity is P, and the macrodipole points from N- to C-terminus). (b) The (P)}-33/$3-12/10-helix without a
macrodipole, with two different hydrogen-bonded rings, and with a more and a less “crowded” surface area. (c) The j-peptidic parallel
pleated sheet. All substituents in the 3-position of the amino acid residues point in the same direction and incidentally are the same distance
apart (4.8 A) as the i and i + 3 side chains of the 3, ,-helix (for comparison, in a-peptidic sheet structures, substituents alternately point in
opposite directions with equidirectional distances of ca. 6.5 A). (d) The f-peptidic turn (10-membered H-bonded ring, compare the 12/10-
helix in panel b) with attached antiparallel sheet structure (compare panel ¢) form a hairpin turn (see also section 2.3). Figure reproduced

from refs 2 and 31 by permission of Verlag Helvetica Chimica Acta.

ward;? in some cases, dimer-fragment coupling, rather than
single amino acid coupling, turned out to be advantageous.'’
1.2. Structural and Biological Properties of f-Peptides.
p-Peptides fold to helices or hairpin-type structures, and they
can be constructed such that they do not fold but are linear
or assemble to pleated sheets (Figure 3)."2'27' In contrast to
their natural a-peptidic counterparts, -peptides form such sec-
ondary structures in protic solutions (MeOH, H,0) with chain
lengths as short as four residues and without restricted back-
bone rotation, as in oligomers containing 2-amino-cyclopen-
tane- and -cyclohexane-carboxylic acid moieties.®'”
Furthermore, there are intriguing inherent differences
between the helical, linear, sheet, and hairpin structures of the
natural peptides and their S-peptidic analogs (Figure 3): (i) due
to more constitutional (33, %, f*3) and configurational ((R), (S),
like, unlike) variety of the building blocks there are more dif-
ferent secondary structures; (i) the screw sense (P or M) of the
helix from L-a-amino acids ((P)-3.6,5) and that from L-33-ho-
moamino acids ((M)-3,,) is opposite and so is the direction of
their macrodipole; (iii) a S-peptidic chain of 3%/3*-segments

folds to a most “unnatural” helix consisting of alternating 10-
and 12-membered hydrogen-bonded rings; (iv) each layer of
a f-peptidic sheet is polar, with all C=0 bonds pointing in the
same direction and all N—H bonds in the opposite direction;
(v) the A'3-forbidden positions for non-hydrogen substituents
in a hairpin turn of a -peptide are different in the two anti-
parallel N- and C-terminal segments; (vi) while the geminally
disubstituted o-amino-acid residue Aib is helix-inducing and
sheet-breaking in the “a-world”, f22- and #33-homo-Aib are
both 3, ,-helix- and sheet-breaking in the “S-world”.

Besides the structural similarities and dissimilarities alluded
to in the previous section, there is perhaps a more dramatic
biochemical and biological difference between the o- and the
p-peptidic compounds with proteinogenic side chains: it is sug-
gested by the biological investigations carried out so far that
B-peptides are stable against proteolytic, other hydrolytic,'®
and metabolizing enzymes in mammals,'? insects,° plants,°
and, with one exception,?' even in microorganisms,?? and
only rarely has antibiotic or hemolytic activity been
observed.*?
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FIGURE 4. Inhibition of NK cytotoxicity by a s-hexapeptide with two terminal a-amino acid residues: (a) schematic picture of an MHC-
protein-binding nonapeptide displayed on a cell surface and being “checked” by a T-cell; (b) reduction of NK killing rate in the presence of a
natural o-peptide and of an o/-peptide; (c) formulae and degree of NK inhibition by an o- and a S-peptidic compound. Figure reproduced

from ref 2 by permission of Verlag Helvetica Chimica Acta.

Thus, living organisms do not seem to interact with the
B-peptidic structures: bad news in a search for peptidomimet-
ics!? In contrast, with increasing knowledge and understand-
ing of the secondary structures of g-peptides, we were able to
imitate o-peptidic secondary structures and thus mimic their
biological functions without having to cope with their hydro-

lytic and metabolic instability.

2. Mimicking Peptide—Protein and

Protein—Protein Interactions (PPIs) with

p-Peptides

2.1. Linear Arrangements: Major Histocompatibility
Complex (MHCQ) Protein Binding. Proteins encoded by the
major histocompatibility complex bind short peptides and
where
T-cells are checking whether the presented peptide is “self” or
“nonself’; when nonself, the corresponding cell is destroyed,
for instance, by the natural killer (NK) cells. This mechanism
is central to the immune system. The major contribution to the
MHC-protein binding enthalpy is provided by peptide side
chains near the termini, so-called anchoring groups, which fit
in the protein’s pockets (Figure 4).>” The central section of the
MHC-protein-binding peptides, a more or less linear confor-
mation, is important for T-cell recognition. A group of MHC-
protein-binding peptides, isolated from patients suffering from
arthritis (@an autoimmune disease), contain C- and N-terminal
arginine and lysine side chains as anchoring groups. With a
peptide consisting of six C-terminal f-amino acid residues of
alternating (S)- and (R)-configuration (to prevent folding to a
3, 4-helix and to a turn) and of two N-terminal a-amino acids,
the inhibition of NK cytotoxicity of humanized pig cells in
human blood was reduced to the same extent as by a natu-

present them on the surface of vertebrate cells,>4~2°

ral a-nonapeptide (Figure 4).%®

upper chamber

brush border
‘ membrane ‘

AL
Brush border membrane - Caco-2

Amphipathic Helix

C) o o o o Hydrophilic

Hydrophobic

Amphipathic 3,4 Helix

FIGURE 5. Inhibition of a lipid-transport protein by a g-
nonapeptide capable of folding to a helical form with amphipathic
character: (a) transport protein SR-B1 in the intestine wall; (b) CaCo-
2 cell test for permeability through the brush-border membrane; ()
a typical a-peptidic 3.6, 5-helix of amphipathic character and a
simple S-peptidic mimic, reducing cholesterol transport through
living CaCo-2 cells, in which the o-peptide is ineffective because of
degradation by peptidases. Figure reproduced from ref 2 by
permission of Verlag Helvetica Chimica Acta.

2.2. Mimicking PPIs Involving Helices. The first dem-
onstration of a S-peptidic mimicry of an o-peptidic helix was
the inhibition of the lipid-transport protein SR-B1, which trans-
ports, for instance, cholesterol from the small intestine into the
lymph and blood system. It is inhibited by peptides and pro-
teins folding to or containing amphipathic helices, which carry
polar o-amino acid side chains on one face and nonpolar ones
on the other face of their surface (see Figure 5). A S-nonapep-
tide, which in its 3;4-helical form has the hydrophobic
p-amino acid side chains of alanine and phenylalanine on one
side and the hydrophilic side chains of lysine on the other
side, was shown to inhibit cholesterol transport by SR-B1
through the brush-border membrane (CaCo-2 cells).>® In this
case, it looks as if the only common property of the a- and
p-peptidic inhibitors needs to be the amphipathic character of
their helical forms.
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thioligation

FIGURE 6. Replacing the entire a-peptidic 3.6,5-helix of the protein interleukin-8 (hIL-8) by a -peptidic 3, ,-helix with retention of activity:
(@) The 16-residue long C-terminal helix section in hIL-8 is amphipathic (with basic and acidic polar side chains grouped on the polar
surface). (b) The nonpolar surface of the helix is in contact with the other part of the 77-residue long protein, and its polar surface is
exposed to the aqueous medium; replacement by a 33-peptidic C-terminus leads to a functional chimeric protein. (c) Arrangement of
nonpolar and polar side chains on the surface of the p-peptidic helix is shown (a s3-icosapeptide in MeOH has the side chain distribution
shown here?"). (d) Attachment of the p-peptidic part to the remainder of the protein by thioligation is shown.

model of B-decapeptide
docked into the same pocket

p53 activation domain in
the pocket of hDM2

FIGURE 7. Modeled docking of an o~ and a p-peptide helix into
the pocket of a receptor protein. The -decapeptide shown in its
helical form is amphipathic (cf. Figure 5) and presents its leucine,
tryptophan, and phenylalanine side chains in a similar arrangement
(A) to the corresponding a-peptide (B).

Along the same lines, the entire C-terminal helical part
(61—77) of interleukin-8 (hIL-8) was replaced by a S-peptidic
section (61—75) imitating, in its helical conformation, the
amphipathic character of the natural helix (Figure 6).2° Despite
the fact that the two helices have the opposite sense of chiral-
ity and a reversed direction of the macrodipole, the o/f-chi-
meric protein could be shown to have an identical efficacy
and an only 10-fold reduced affinity (ECso) for the CXCR1
receptor of hiL-8, as compared with the natural protein.

Inspection of - and S-peptidic helix models shows that the
relative positions of adjacent substituents are quite different
(ii + 4)"? ca. 6 A at an angle of ca. 40° in the 3.6,5-helix, and
ii + 3)"? ca. 5 A more or less exactly parallel in the 3,,-he-
lix, f. Figures 3 and 6).3" Despite this distinct difference, it was
possible to mimic with appropriately designed -peptides the
recognition epitopes of helical protein domains in protein—
protein interactions, such as that between the activation
domain of the human suppressor p53 and the oncoprotein
hDM2 (Figure 7).3%32 Also, an intramolecular interac-
tion between the two protein domains of the HIVgp41 fusion
protein, involving the so-called WWI (Trp628, Trp631, lle635)
epitope on a 3.6,5-helix, can be inhibited by a 3, ,-helical

B3-decapeptide.®*3> It is remarkable that the 8-peptides used
in these investigations may be considered amphipathic, with
two polar “stripes” and one nonpolar “stripe” on the surface of
a 3;4-helix (cf. Figure 6).

2.3. Imitating a-Peptidic Hairpin Turns and Their
Interactions with Proteins. The most accurate and rational
mimicking of an a-peptidic secondary structure by - and also
by y-peptides®® is possible with so-called “B’-turns. The pep-
tidic dimer sequence —(S)-32hXaa-(S)-3>hXaa— and its mirror
image —(R)-3*hXaa-(R)-p>*hXaa— favor folding with formation
of a 10-membered hydrogen-bonded ring (Figure 8a,'*3”
compare the 12/10-helix in Figure 3). In this secondary-struc-
tural motif, the geometry of the (CHR-CO-NH-CHR) unit is
superimposable with that of a corresponding a-peptidic so-
called B-turn with a p-o-amino acid residue (Figure 8b). There-
fore, a PPl involving recognition of the two side chains on the
turn of one peptide/protein in the pocket of another can be
mimicked by a S-peptide (cf. Figure 8¢). This has been dem-
onstrated with a large number of open-chain g-di-, g-tri-, and
p-tetrapeptides, as well as cyclic g-tetrapeptides, that mimic
octreotide (Sandostatin, Figure 9a), an analog of the peptide
hormone somatostatin containing a hairpin turn (o-Trp-Lys, see
also Figure 8).3”~*" The affinity of the p-tetrapeptide shown in
Figure 9b was strikingly specific to one of the five human
G-protein-coupled receptors (hsst4), which is present in high-
est concentration in brain tissue, and which is of unknown
function. Note the dramatic difference between the constitu-
tional isomers with (Figure 9b) and without (Figure 9¢) the
B%/p3-turn segment. A cyclic analog is shown in Figure 9d.*'
An open-chain “mixed” 83 o, 53-tetrapeptide was shown in
an affinity investigation*® and by ADME (absorption, distribu-
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FIGURE 8. Mimicking a-peptidic hairpin turn structures and a turn-
related peptide interaction: (a) (S,5)-%/8* segment forming a 10-
membered hydrogen-bonded ring; (b) structural analogy of an (R,S)-
a,0- and an (S,5)-?/p3-turn with respect to the spatial arrangement
of the attached side chains R; (c) when interaction of those side
chains (‘bit of a key’) with pockets of a receptor protein (‘lock’) are
important, the different structures of the attached antiparallel sheets
may merely act as the “handle of the key”.

tion, metabolism, excretion) investigation with rats to be a
potent agonist of the somatostatin sst,-receptors, to be orally
bioavailable (25% in 15 min), to be metabolically stable, and
to be completely excreted within 3 days (vide infra, Figure
10).? This and other ADME investigations with radioactively
labeled -peptides have uncovered the outstanding proteolytic
and metabolic stability of these peptidomimetics, as well as
the fact that their distribution in various tissues and organs of
rats is highly structure-dependent (Figure 10).'94243

The successful mimicking of the somatostatin turn struc-
ture by short-chain (“small”) 8- and y-peptides®®*2 can be
considered as just a promising starting point. G-protein-cou-
pled receptors (GPCRs), such as those for somatostatin, are
ubiquitous in living organisms, and many are activated by
peptides. The title of a recent review article** speaks for itself:
“Over One Hundred Peptide-Activated G Protein-Coupled
Receptors Recognize Ligands with Turn Structures”. Note that
targeting GPCRs with peptidomimetics does not require cell
penetration!

2.4. Cyclic p-Tripeptide Derivatives with Carcinostatic
Activity and as Scaffolds for the Mimicking of Protein—
Protein Interactions. C5-Symmetrical cyclic oligomers, such
as enterobactin, play important roles in bacterial ion uptake
and storage. Compounds of this type bind metal ions with
high affinity and selectivity due to the unique structure of their
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FIGURE 9. Affinities [nM] of various somatostatin-mimicking
peptides for the human receptors hsst1—5: (a) Sandostatin, used for
treatment of acromegalia and of certain colon cancers, with highest
affinity for hsst2 (growth-hormone regulation) and lowest affinity
for hsst4 (unknown function); the turn element contains (R)-
tryptophan, stabilizing a p-turn; (b) a p3/4%/53/p3-tetrapeptide
folding to a turn and binding specifically to hsst4 (present in
highest concentration in brain tissue); (c) the constitutional isomer
consisting of all g>-residues does not bind to hsst4; (d) a cyclic -
tetrapeptide built of two 42 and two #3-amino acid residues (NMR-
solution structure shown) has moderate affinity for hsst4. Figure
reproduced from ref 2 by permission of Verlag Helvetica Chimica
Acta.

central macrocyclic core where the ester carbonyl groups all
point upward and the metal ion is complexed by catachol
units below the ring. Cyclic s-peptides resembling the core of
enterobactin adopt similar structures, appearing to stack into
indefinite tubes in the solid state and possessing a large dipole
moment due to the unidirectional alignment of the C=0
groups (Figure 11a).*> Cyclic S-peptides of this type have been
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* a tetramer34.36

- o M AT

FIGURE 10. Structure-dependent and organ-specific distribution of
three different '*C-labeled $-peptides in rats. The white areas
indicate the presence of the s-peptide in these
autoradioluminograms of sagittal sections (top, kidney, bile, testes;
center, kidney, cartilage, lymph nodes; bottom, liver, lymph nodes).
The p-peptides are not degraded or metabolized and are more or
less slowly excreted. The distribution among different organs shifts
with time. Figure reproduced from refs 19 and 42 by permission of
Verlag Helvetica Chimica Acta.

shown to have carcinostatic and antiproliferative activity
against a range of human cancers including leukemia, CNS,
renal, non-small-cell lung, ovarian, and breast cancer cell
lines.*®

Such g-peptidic macrocycles have also been used to mimic
more complex processes. Multivalent ligand-induced oligo-
merization is a general and important process in initiating and
controlling many cell-surface receptor-mediated biological pro-
cesses with the activation of the receptors strongly relying on
a stoichiometrically defined complex. Cyclic S-tripeptide deriv-
atives have recently been used as key central scaffolds for
mimicking the interactions of CD40L,*”*8 a Cs-symmetric
homotrimeric ligand, with its receptor CD40,*° an essential
immune response glycoprotein and member of the tumor
necrosis factor receptor (TNFR) superfamily (Figure 11b,0).

A general feature of such mimics is the cyclo-(53-hXaa)
core, where the peptide backbone adopts a flat ring confor-
mation with the side chains occupying equatorial positions
along the ring’s edge and radiating outward. Small, synthetic,
Cs-symmetric molecules containing such g-peptidic cores inter-
act significantly with CD40 (K, = 2.4 nM) and induce high lev-
els of apoptosis in lymphoma and leukemia cells. Ligands with
central cores composed of a-amino acids (L and p) were found
to be not as effective, and it is suggested that the diameter of
the central g-peptidic ring (ca. 6—6.5 A) is “just right” for pre-
senting the side chains at the correct distance and location to

b) c) un-P

Y
H
0
NH,
R= HH
R

Ha TyeTyrs ’\/\/\r“c
o H o
Kp=2.4nM

FIGURE 11. (a) Cyclic g-tripeptides, resembling the bacterial Fe
chelator enterobactin, adopt indefinite tubes in the solid state due
to unidirectional alignment of the C=0 bonds and display
antiproliferative activity against a range of cancer cell lines: cyclo-
(82hGlu(OBn));—CNS (mean 10 M), renal (mean 8 M), non-small-
cell lung (HOP-92 4 uM), ovarian (SK-OV 6 uM), breast (HS 5787 5
uM). Reproduced from refs 45 and 46 by permission of Verlag
Helvetica Chimica Acta. (b) The 39 kDa CD40L (1aly in the RCSB
Protein Data Bank) binds as a homotrimeric ligand to the TNF
(tumor necrosis factor) immune response receptor CD40. (c) Small
synthetic Cs-symmetrical ligands, containing a key p-tripeptidic core
that allows the side chains to radiate out equatorially from the
central scaffold, mimic CD40L binding and induce apoptosis in
lymphoma and leukemia cells. Such synthetic ligands have also
been shown to inhibit parasitemia in Trypanosoma cruzi infected
mice.

induce a biological effect. Molecular modeling and X-ray stud-
ies indicate that the surface area buried upon complexation of
CD40 and CD40L is ca. 850 A2, making the ability of such
synthetic ligands to mimic the 39 kDa CD40L all the more
remarkable. Recently, such molecules have been shown to
inhibit parasitemia in Trypanosoma cruzi infected mice by
binding to CD40 and eliciting an IL-12-mediated immune
response.>°

3. Interactions of #-Peptides with DNA and
RNA

In an effort to mimic the binding portion of DNA-duplex-bind-
ing enzymes (proteins), which are known to generally fold to
helical structures upon binding to the DNA (“induced fit") while
being “unstructured” in the absence of DNA, we have prepared
pB-peptides in such a way that their 3, ,-helical form would
have asparagine and glutamine side chains in the central part
and lysine side chains near the termini. This substitution pat-
tern would allow the 3, 4-helix to form hydrogen bonds with
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FIGURE 12. A j-pentadecapeptide designed for its helical form to bind to DNA duplexes and “titration” of the interaction with a 20-mer
DNA duplex by circular dichroism spectroscopy. No information about the actual structure of the complex is available as yet. Figure

reproduced from ref 51 by permission of Verlag Helvetica Chimica Acta.

the bases and have charge interactions with the backbone of
DNA phosphate anions, just like the natural a-peptidic coun-
terparts. As is evident from the circular dichroism titration
curves in Figure 12, an appropriately designed f-pentade-
capeptide interacts with the 20-mer DNA duplex containing
the ATF/CREB-binding sequence for the protein GCN4
(involved in the regulation of CAMP).>" A specific nanomolar
interaction of a f-undecapeptide mimicking the HIV-tat pro-
tein in the binding of TAR-RNA (transcription activator respon-
sive element) has also been reported.>?

Structurally less well-defined interactions between polyca-
tionic p-peptides and DNA have been described as well by
us'922>3 and by others.>* The broadly demonstrated but
poorly understood cell-penetrating ability of lysine- and argi-
nine-rich peptide sequences allows organisms to carry car-
goes through cell walls.>>~>” With simple oligolysines and
oligoarginines (>8 residues), unnatural cargoes such as
fullerene or magnetic particles can be transported into cells. If
not proteolytically degraded, the positively charged peptides
go all the way into eukaryotic nuclei and bind specifically to
the nucleoli (“exposed” DNA). This result can also be obtained
with the proteolytically stable peptides consisting of corre-
sponding p-amino acids or of f-amino acid residues (Figure
13).

4. Conclusion and Outlook

From the available data, there is no doubt that -peptides car-
rying proteinogenic side chains can mimic their progenitors,
the a-peptides. Helical mimics will be likely to consist of six or
more -amino acid residues, while turn- and hairpin-mimick-
ing p-peptides might consist of as few as two S-amino acid
moieties. As demonstrated with a S-peptidic tetrapeptide, there

FIGURE 13. Fluorescence microscopy of fluorescein-labeled (-
oligoarginines entering eukaryotic (a) mouse cells and (b) HeLa cells
and (c) prokaryotic Bacillus megaterium cells. The metabolically
stable g-oligoarginines bind preferentially to the nucleoli within the
mammalian cell nuclei. In the bacterium, the entire interior “shines’,
compatible with the fact that there is no cell nucleus with the DNA
being more or less evenly distributed throughout the cell. Figure
reproduced from ref 2 by permission of Verlag Helvetica Chimica
Acta.

is a chance that the short-chain g-peptides are orally bioavail-
able and are excreted within a reasonably short half-life (see
section 2.3), a prerequisite considered essential for a drug can-
didate by most medicinal chemists and clinical researchers.
Proteolytic cleavage and metabolic processes do not seem to
be an issue with S-peptides. Longer-chain g-peptides for which
“pharmacokinetic” investigations have been carried out so far
are neither orally bioavailable nor effectively excreted. In this
respect, they resemble certain proteins, such as anti-
bodies,>®>° and peptides consisting of b-a-amino acid units.®®
Such compounds are actively investigated for application as
drugs. We could foresee the development of s-peptides with
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long-term activities, for instance, for the treatment of autoim-
mune diseases (see section 2.1).

The rational design and the stability of secondary struc-
tures of - and y-peptides will help to find candidates for bio-
medical application of “peptidic peptidomimetics”.

We thank Novartis Pharma AG and the Swiss National Science
Foundation for generously funding our research in the field of
B~ and y-peptides. J.G. thanks the New Zealand Foundation for
Research, Science and Technology for financial support (Grant
SWSS0401, 2004—2007).
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constraining short peptides in o-helical conformations by a main-

Regulation of protein-protein int: tions:
chain hydrogen bond surrogate (HBS) strategy. The HBS a-helices
feature a carbon—carbon bond derived from a ring-closing metath- MZ{
esis reaction in place of an N-terminal intramolecular hydrogen )/u\?\\\ ookl
bond between the peptide i and i + 4 residues. Our approach is It
centered on the helix—coil transition theory in peptides, which sug- \@* :
gests that the energetically demanding organization of three con- ksl bl Bak BH3 a-helix bound

derived internal constraint to Bel-xL

secutive amino acids into the helical orientation inherently limits the
stability of short o-helices. The HBS method affords preorganized
o-turns to overcome this intrinsic nucleation barrier and initiate helix formation.

The HBS approach is an attractive strategy for generation of ligands for protein receptors because placement of the cross-
link on the inside of the helix does not block solvent-exposed molecular recognition surfaces of the molecule. Our metathesis-
based synthetic strategy utilizes standard Fmoc solid phase peptide synthesis methodology, resins, and reagents and provides
HBS helices in sufficient amounts for subsequent biophysical and biological analyses. Extensive conformational analysis of
HBS a-helices with 2D NMR, circular dichroism spectroscopies and X-ray crystallography confirms the a-helical structure
in these compounds. The crystal structure indicates that all i and i + 4 C=0 and NH hydrogen-bonding partners fall within
distances and angles expected for a fully hydrogen-bonded o-helix. The backbone conformation of HBS a-helix in the crys-
tal structure superimposes with an rms difference of 0.75 A onto the backbone conformation of a model c-helix. Signifi-
cantly, the backbone torsion angles for the HBS helix residues fall within the range expected for a canonical c-helix.

Thermal and chemical denaturation studies suggest that the HBS approach provides exceptionally stable a-helices from
a variety of short sequences, which retain their helical conformation in aqueous buffers at exceptionally high tempera-
tures. The high degree of thermal stability observed for HBS helices is consistent with the theoretical predictions for a nucle-
ated helix.

The HBS approach was devised to afford internally constrained helices so that the molecular recognition surface of the
helix and its protein binding properties are not compromised by the constraining moiety. Notably, our preliminary studies
illustrate that HBS helices can target their expected protein receptors with high affinity.

Introduction lenge for bioorganic and medicinal chemists.'™*

Protein interfaces often feature large shallow sur-
Selective modulation of protein—protein interac-  faces, which are difficult for small molecules to tar-
tions by small molecules is a fundamental chal-  get with high affinity and selectivity. Natural
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FIGURE 1. Biomolecular recognition with short a-helices: (a) corepressor Sin3B bound with transcription factor Mad (PDB code 1E91); (b)
recognition between Bcl-xL-Bak regulators of apoptosis (PDB code 1BXL); (c) subunit of human estrogen receptor o ligand-binding domain in
complex with glucocorticoid receptor interacting protein (PDB code 3ERD); (d) GCN4 region of leucine zipper bound to DNA (PDB code 1YSA);
(e) MDM2 oncoprotein complexed with the p53 tumor suppressor-transactivation domain (PDB code 1YCR); (f) a-helix—RNA major groove

recognition in an HIV-1 rev peptide—RRE RNA complex (PDB code 1ETF).

products are frequently used as templates by organic chem-
ists for the design of more potent and selective agents, but the
selection of natural products that target protein receptors with
high specificity is limited. Examination of complexes of pro-
teins with other biomolecules reveals that proteins tend to
interact with partners via folded subdomains or protein sec-
ondary structures.>” o-Helices constitute the largest class of
protein secondary structures and play a major role in medi-
ating protein—protein interactions.>”” Importantly, the aver-
age length of helical domains in proteins is rather small and
spans two to three helical turns (or eight to twelve residues).?
Figure 1 shows a selection of complexes in which a short
o-helical domain targets the biomolecule. These complexes
suggest that it may be possible to develop low molecular
weight helix mimetics that potentially participate in selective
interactions with biomolecules.”'°

Given the importance of the a-helical domain in biomo-
lecular recognition, the chemical biology community has been
developing several approaches to either stabilize this confor-
mation in peptides or mimic this domain with nonnatural scaf-
folds. Figure 2 provides a summary of the most advanced
strategies including g-peptide helices, terphenyl helix mimet-

ics, miniproteins, peptoid helices, and side-chain cross-linked
helices. Excellent reviews of these and other approaches are
available in the literature;*''~'> in this Account, we discuss
our efforts in developing a new constraining strategy that
affords stable o-helices from very short peptide sequences.
Stabilization of short peptides in a-helical conformation is
a challenging endeavor. The helix—coil transition theory in
peptides suggests that the energetically demanding organiza-
tion of three consecutive amino acids into the helical orien-
tation inherently limits the stability of short a-helices.'®™'®
According to this theory, a-helices composed of ten or fewer
amino acids are expected to be essentially unstable due to a
low nucleation probability.'®*° Preorganization of amino acid
residues in an o-turn is expected to overwhelm the intrinsic
nucleation propensities and initiate helix formation.?'#2 In an
o-helix, a hydrogen bond between the C=0 of the ith amino
acid residue and the NH of the (i + 4)th amino acid residue
stabilizes and nucleates the helical structure (Figure 3). Our
strategy for the preparation of artificial a-helices involves
replacement of one of the main chain hydrogen bonds with
a covalent linkage.?®> To mimic the C=0---H—N hydrogen
bond as closely as possible, we envisioned a covalent bond of
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FIGURE 2. Stabilized helices and nonnatural helix mimetics: Several strategies that stabilize the o-helical conformation in peptides or mimic
this domain with nonnatural scaffolds have been described. The most advanced efforts include -peptide helices, terphenyl helix mimetics,
miniproteins, peptoid helices, and side-chain cross-linked a-helices. This Account reviews our efforts to develop the hydrogen bond surrogate
(HBS) derived o-helices. Green circles represent amino acid side chains.
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FIGURE 3. Nucleation of short o-helices by replacement of an N-terminal i and i + 4 hydrogen bond (C=0---H—N) with a covalent link
(C=X-Y—N). The hydrogen bond surrogate-based (HBS) a-helices contain a carbon—carbon bond derived from a ring-closing metathesis
reaction.

the type C=X—-Y—N, where X and Y would be part of the i
and the i + 4 residues, respectively. The exceptional func-
tional group tolerance displayed by the olefin metathesis cat-
alysts for the facile introduction of nonnative carbon—carbon
constraints in the preparation of peptidomimetics suggested
that X and Y could be two carbon atoms connected through
a ring-closing metathesis (RCM) reaction (Figure 3).2%2°

The main chain hydrogen bond surrogate (HBS) strategy is
attractive because placement of the cross-link on the inside of
the helix does not block solvent-exposed molecular recogni-
tion surfaces of the molecule. Traditional a-helix stabilization
methods have relied predominantly on side-chain con-
straints.'>25727 These methods either block solvent-exposed
surfaces of the target o-helices or remove important side-chain
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SCHEME 1. Solid Phase Synthesis of HBS Helices”
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functionalities. Our strategy allows strict preservation of the
helix surfaces.

Synthesis of HBS o-Helices

The macrocydle that nucleates the HBS helices may be formed
by several synthetic approaches. We concentrated our efforts
on the design of a RCM-mediated synthetic strategy that (1) is
compatible with standard resins and commercially available
amino acid derivatives, (2) allows incorporation of any amino
acid residue at any position in the helix, (3) is adaptable to
solid phase, and (4) provides the final product on resin such
that no extra modifications are required except cleavage and
purification. We chose these criteria to potentially access librar-
ies of stabilized helices from short peptide sequences. Scheme
1 depicts our optimized synthetic strategy.?®2° We utilize the
standard Fmoc solid phase peptide synthesis methodology
and Rink amide (or Wang) resin to prepare resin-bound bis-
olefins (1). The synthesis of bis-olefin peptides utilizes three
sets of monomers, which include commercially available Fmoc
amino acids (3) and 4-pentenoic acid (5), and Fmoc-N-allyl
dipeptides (4) prepared by the Fukuyama alkylation pro-
cedure.?%3" The resin-bound bis-olefins are converted to the
corresponding HBS a-helices by treatment with the metathe-
sis catalyst.

The RCM reaction is the key step in the preparation of HBS
helices. In preliminary experiments, we found that the stan-
dard ring-closing metathesis reaction conditions did not yield
significant amounts of the metathesized product from the bis-
olefins shown in Scheme 1. This initial result prompted us to
systematically investigate several of the commonly used RCM

catalysts and reaction conditions, including microwave irradi-
ation. A typical set of results obtained for the metathesis of bis-
olefin peptides to form HBS helices is illustrated in Table 1
with macrocyclization of 6 to form 7.2 We discovered that
with conventional heating, metathesis of resin-bound bis-ole-
fins required the second-generation Hoveyda—Grubbs cata-
lyst because the more common Grubbs catalysts failed to
provide the desired macrocycle.?® Both Grubbs Il and
Hoveyda—Grubbs Il catalysts provided efficient macrocycliza-
tion of various bis-olefin peptides under microwave irradia-
tion conditions.?® Our optimized RCM conditions utilize
microwave irradiation and provide access to a variety of HBS
macrocycles in shorter reaction times and higher yields com-
pared with conventional heating. In general, the RCM reac-
tion predominantly affords the trans alkene product.?®3233

Structure of HBS o~Helices

We have extensively analyzed conformation adopted by HBS
o-helices with 2D NMR and circular dichroism spec-
troscopies.>23% Thermal and chemical denaturation studies
suggest that the HBS approach provides exceptionally stable
o-helices from a variety of short sequences. The NMR-derived
solution structure of an HBS a-helix has been reported.??
Recently, we were also able to obtain a high-resolution (1.15
A) crystal structure of a short HBS o-helix, which unequivo-
cally confirms our helix design principles.?®

The helix—coil transition theory in peptides suggests that
o-helices composed of ten or fewer amino acids are expected
to be essentially unstable due to a low nucleation pro-
bability.'®'72° Two 10-mer peptide sequences derived from
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TABLE 1. Typical Results Obtained for the Metathesis of Bio-olefin Peptides

M é( j/NH
J A T

NHbe

M&T

//< :f _CONHTHt
HN- @
“*"ScootBu

S “"ScootBu
Ly g
6 7
Grubbs 11, oil bath Grubbs II, microwave HG I, oil bath HG II, microwave
% conversion of 6 to 7 <5% 80% 40% 80%

the Bak BH3 and the c-Jun coiled-coil domains were selected
to examine the HBS strategy.3®3” These peptides were cho-
sen because they represent two different a-helices involved in
protein—protein interactions allowing us to gauge the poten-
tial of our method for the preparation of biologically impor-
tant compounds from very short peptide sequences. Below we
outline a summary of results obtained with the Bak BH3
10-mer sequence, ACQVARQLAEIY (8), and its HBS oa-helix
analog 9 (Figure 4a).

Characterization by Circular Dichroism.>? The circular
dichroism spectra of 8 and 9 are shown in Figure 4b. As
expected, 8 displays spectra typical of unstructured or slightly
helical peptides. HBS o-helix 9 displays double minima at 208
and 222 nm and a maximum near 190 nm consistent with
those observed for canonical a-helices. The relative percent
helicity of peptides can be estimated by the mean residue
ellipticity at 222 nm, although these estimates are typically
not accurate for short helices.?*3%3° HBS helix 9 was calcu-
lated to be roughly 70% helical in 10% trifluoroethanol (TFE)
in phosphate-buffered saline (PBS), while the unconstrained
peptide 8 remained essentially unstructured.

Characterization by 2D NMR Spectroscopy.>®> A com-
bination of 2D total correlation spectroscopy (TOCSY), double-
quantum-filtered correlation spectroscopy (DQF-COSY), and
nuclear Overhauser effect spectroscopy (NOESY) was used to
assign '"H NMR resonances for the HBS helices. A peptide
folded in the a-helical conformation would be expected to
provide sequential NN (i and i + 1) NOEs and medium-range
NOEs, including, daN(i, i + 3), daN(i, i + 4), and daf(, i + 3)
(Figure 5a). All of these major cross-peaks expected from a sta-

ble a-helix were observed from the spectrum of 9 as shown
in the NOE correlation chart (Figure 5b), although, spectral
overlap prevented assignment of some key cross-peaks. The
fact that we can detect NOEs involving the last residues in 9
indicates that the helix has not started fraying at the C-termi-
nus.

The solution structure of 9 was determined from NOESY
cross-peaks and 2Jy,cno Coupling constants (Table 2) using
simulated annealing and energy minimization protocol. The
final 20 lowest energy structures obtained for the peptide
show a backbone root mean squared deviation (rmsd) of 0.58
4+ 0.10 A and all heavy atom rmsd of 1.15 =+ 0.30 A (Figure
5¢).33 The final structures exhibit a hydrogen bonding net-
work along the backbone in an i and i + 4 configuration con-
sistent with a well-defined a-helix (Figure 5d).

Characterization by X-ray Crystallography.>> We were
recently successful in obtaining an X-ray crystal structure of an
HBS a-helix at 1.15 A resolution (Figure 6a), the coordinates
of which have been deposited into the Cambridge Structural
Database. The structure of the helix superimposes well onto
a model of an idealized o-helix, supporting our hypothesis
that stable short helices can be accessed by the HBS strategy.
Because crystal structures of short a-helices have been typi-
cally reported with the a-helix in complex with a protein
partner,*°~** we believe that the solid-state structure of an iso-
lated short helix suggests a high degree of conformational sta-
bility being conferred by the HBS strategy. All i and i + 4 C=0
and NH hydrogen bonding partners in the HBS helix fall within
distances and angles expected for a fully hydrogen-bonded
short o-helix (Figure 6b). The backbone conformation of the
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FIGURE 4. (a) Unconstrained peptide and HBS a-helix used to
evaluate the hydrogen bond surrogate strategy and (b) circular
dichroism spectra of unconstrained peptide 8 and HBS o-helix 9.
The CD spectra were obtained in 10% TFE/PBS.

250 260

HBS c-helix in the crystal structure superimposes with an rms
difference of 0.75 A onto the backbone conformation of a
model o-helix of sequence ACQVARQLAEIY-NH, (Figure 6¢).
The X-ray crystal structure provides explicit support for our
hypothesis that replacement of the hydrogen bond between
the i and i + 4 residues at the N-terminus of a short peptide
with a carbon—carbon bond results in a highly stable con-
strained o-helix. Importantly, the crystal structure shows that
the alkene-based macrocycle faithfully reproduces the confor-
mation of a prenucleated o-turn.

Effect of Nucleation Macrocycles on Overall Helicity.>*
In the HBS approach, the macrocycle mimicking the N-termi-
nal o-turn nucleates the a-helix; in initial studies, we replaced
the 13-membered hydrogen-bonded ring that characterize
o-helices with a 13-membered macrocycle, based on the con-
jecture that this ring size may be best at nucleating the helix.

a) b)
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FIGURE 5. (a) Medium-range NOEs expected from an idealized a-
helix—amino acid side chains are represented as green spheres; (b)
NOESY correlation chart for HBS o-helix 9—the alanine-3 residues in
both artificial helices are alkylated; filled rectangles indicate relative
intensity of the NOE cross-peaks, while empty rectangles indicate
NOE that could not be unambiguously assigned because of
overlapping signals; (c, d NMR-derived structures of HBS o-helix 9,
views of () 20 lowest energy structures and (d) lowest energy
structure showing hydrogen-bonding pattern within the artificial
o-helix. All carbon, nitrogen, and oxygen atoms are shown in
green, blue, and red, respectively, with the exception of the trans
alkene group, which is shown in magenta.

In subsequent studies, we also characterized analogs that con-
tain 14-membered rings in which the hydrogen bond accep-
tor (carbonyl groups) functionality is offset by one atom (Figure
7a).2* To fully determine the effects of the macrocycle on
nucleation, we also prepared the hydrogenated HBS analogs
containing 13- and 14-membered rings. We hypothesized that
a minor change in the macrocycle may have a large impact
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TABLE 2. Summary of NMR Data for HBS o-Helix 9

residues

peptide Q' \'& R* Q° L® A7 E® 1° y1o
3Jab-can (PPM) 84 4.0 44 4.8 44 33 4.8 6.0 6.9
calculated ¢ (deg)? -95 —58 -62 —65 —62 —52 —65 -74 -81
temperature coefficient (ppb/K) —4.45 —8.88 2.70 —2.64 —5.69 —4.50 -2.98 —3.26 -5.85
H/D exchange rate (log k) -4.10 —3.96 -5.19 —4.66 —-4.79 —4.44 —3.78 —4.49 —3.96
protection factor (log) 1.64 1.13 2.94 2.62 2.09 1.90 1.60 1.94 1.13
—AG (kcal/mol) 2.18 1.47 3.94 3.51 2.80 2.54 2.12 2.33 1.48

9 Calculated according to the Karplus equation.®'-2

FIGURE 6. (a) Crystal structure of the HBS a-helix with electron density map superimposed onto the refined molecular model, (b) putative i
and i + 4 hydrogen bonds (magenta lines) in crystal structure-derived molecular model of HBS helix, and (c) overlay of crystal structure and

a model of an idealized a-helix.

on the stability of the helix, thus supporting our original
design principles that a precise o-turn mimic is critical for helix
nucleation.

The CD studies show that HBS analog 11 containing the
14-membered macrocycle is significantly less helical than the
13-membered ring analog 9. These results are consistent with
the hypothesis that the macrocycle that most closely mimics
the 13-membered hydrogen-bonded a-turn in canonical a-he-
lices should afford the most stable artificial o-helix. Interest-
ingly, the CD studies suggest that the hydrogenated and trans-
alkene HBS helices are similar in overall helicity (Figure 7¢).
The CD spectra are superimposable except for the 208 nm
bands, which are less negative in the hydrogenated series.
This result is significant because it indicates that a saturated
hydrocarbon link may be sufficient to nucleate an a-helix.

Stability of HBS o-Helices

The conformational stability of HBS helices was examined by
thermal and chemical denaturation studies using CD and NMR
spectroscopies. These experiments indicate that the HBS strat-
egy confers highly stable helical conformation in short
peptides.

Thermal Stability of HBS Helices. 3273* The thermal sta-
bility of 9 was investigated by monitoring the temperature-
dependent change in the intensity of the 222 nm bands in the
CD spectra (Figure 8a). We observe a gradual increase in the
signal at 222 nm with temperature, which indicates helix
unwinding at high temperatures. Nevertheless, we find that 9
shows a remarkable degree of thermal stability because the
peptide retains 60—70% of its room temperature helicity at
85 °C. Although HBS helices are conformationally stable at
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high temperatures, they can be denatured with concentrated
guanidinium chloride.?? CD spectroscopy indicates that 9
retains 25% of its maximum helicity in 8 M GuHCI at 85 °C
(Figure 8a). We attribute the CD signal at 8 M GuHCI ([6]555 =
—4500) to the contribution of the nucleation macrocycle to
the overall CD spectra.
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FIGURE 8. (a) Effect of temperature and guanidinium chloride
denaturant (at 85 °C) on HBS o-helix 9 and (b) comparison of
theoretical denaturation curves as a function of different nucleation
constant, o, values with the normalized experimental denaturation
curve.

Estimates of the Nucleation Constant in HBS
Helices.>* The nucleation constant, o, refers to the organiza-
tion of three consecutive amino acid residues in an o-turn and
is typically very low (10~3—10"%) in unconstrained peptides,
disfavoring helix formation.2>#> The intent behind our hydro-
gen bond surrogate approach was to afford prenucleated heli-
ces such that o would be ~1. We obtained estimates of o in
HBS helices by comparing theoretical denaturation curves,
obtained from the Zimm—Bragg model, as a function of dif-
ferent nucleation constants with the experimental denatur-
ation curve for 9 (Figure 8b). This analysis suggests that the
nucleation constant is close to unity in HBS helices.3*

Amide Proton Temperature Coefficients.>33* The
amide proton chemical shift is temperature sensitive, and
the magnitude of this shift is indicative of the extent to
which the particular amide proton is hydrogen-bonded.*® If
an amide proton exchanges slowly with a temperature coef-
ficient more positive than —4.5 ppb/K, it is considered to be
hydrogen-bonded. Figure 9a,b shows the temperature-de-
pendent chemical shifts and NMR spectra for main-chain
amide protons in 9, respectively. The temperature coeffi-
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FIGURE 9. Temperature-dependent chemical shift plot (a) and spectra (b) for backbone amide hydrogens in HBS o-helix 9 and
hydrogen—deuterium exchange plot (c) and spectra (d) for backbone amide hydrogens in 9.

cients for 9 are listed in Table 2. We find that most amide
temperature coefficients in 9 fall in the range considered
indicative of hydrogen-bonded amides. The major excep-
tion is valine-2 in 9 with coefficients between 8 and 10
ppb/K indicating that the amide proton is not forming
intramolecular hydrogen bonds. This is expected because
this residue resides at the N-terminus of the helix and does
not have intramolecular hydrogen-bonding partners.
Amide Proton Exchange Rates.>33* Backbone amide
hydrogen—deuterium exchange offers a sensitive tool for
examining protein structure and dynamics.*”*® The amide
exchange rates for unstructured peptides in aqueous solutions
are often too fast to measure; however if the amide hydro-
gen is protected from exchange, that is, through hydrogen
bonding, the exchange rates can slow by several orders of
magnitude. Relative rate constants for the H/D exchange pro-
vide important insights into the involvement of individual
amino acid residues in intramolecular hydrogen bonds. Fig-
ure 9¢,d shows a H/D exchange curve and NMR spectra of 9.
The data in Figure 9 shows that the individual hydrogen-ex-

change rates in this helix can be determined precisely.* The
measured exchange rates, k.,, can be compared with the pre-
dicted intrinsic chemical exchange rate, k., for an unstruc-
tured peptide of the same sequence to assess individual
protection factors (log k../ke,) and the corresponding free ener-
gies of protection (AG). The predicted intrinsic chemical
exchange rates, protection factors, and free energy of protec-
tion were calculated using the spreadsheet at http://
hx2.med.upenn.edu/download.html and are shown in Table 2
for 9. The data indicates that 9 contains a highly stable hydro-
gen-bonded network with significant protection factors and
associated free energies of protection (1.5—3.9 kcal/mol). Such
a degree of stabilization is typically observed for buried amide
protons in proteins but not in short peptides.?®>° As expected,
we observed rapid exchange rates for 8 (k ~ 102 s~ !, data
not shown).

Biological Potential of HBS o-Helices

We developed the hydrogen bond surrogate derived o-heli-
ces because of our interests in regulating biomolecular inter-
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Bdl-xL was solved by Fesik and co-workers (PDB code 1BXL).3”

actions with small molecular weight protein secondary
structure mimetics. Our early efforts, as outlined above, have
focused on developing an efficient synthetic strategy and
examining the stability of short helices derived from biologi-
cally relevant (i.e., non-alanine-rich) peptide sequences. Our
studies have highlighted the considerable promise of the HBS
approach in affording stable two- to three-turn a-helices. In our
ongoing efforts, we are examining the potential of these com-
pounds to inhibit chosen protein—protein interactions. We
expected HBS o-helices to offer three significant advantages
over their unconstrained peptide counterparts. (1) HBS heli-
ces are preorganized and do not need to pay the entropic cost
of folding; thus these compounds would be expected to bind
the target receptor with higher affinities than the uncon-
strained peptide analogs.>® (2) The biological potential of pep-
tides is limited due to their proteolytic instability. Proteases are
known to bind and cleave their target substrate in -strand
conformation.>* Stabilization of peptides in helical conforma-
tion should enhance their resistance to proteolytic degrada-
tion because the helix must be unfolded before cleavage
occurs. In preliminary studies, we have found that HBS heli-
ces show enhanced metabolic stability compared with their
unconstrained counterparts.>® (3) The cellular uptake of non-
cationic peptides is considered to be inefficient because of the
hydration of amide bonds and the potential need for desol-
vation before transport through the membrane. Intramolecu-
lar hydrogen bonding, as featured in helical conformations,
would be expected to reduce hydration of amide bonds and
potentially enhance membrane permeability of HBS helices.®

To probe the potential of HBS helices to selectively target
a protein receptor, we chose the interaction of Bak BH3
domain with Bcl-xL.3” Bcl-xL is an antiapoptotic protein that
regulates cell death by binding the a-helical BH3 domain of
a family of proapoptotic proteins (including Bak, Bad, Bid, and

Bax).>”>8 NMR studies by Fesik and co-workers have shown
that a 16-mer peptide derived from the Bak BH3 domain
adopts an o-helical conformation upon binding to Bcl-xL (Fig-
ure 10).3” Circular dichroism (CD) studies demonstrate that this
peptide is unstructured at physiological conditions in the
absence of the protein partner and only slightly helical in tri-
fluoroethanol (TFE), a helix-promoting solvent.>>

Several methods that afford stabilized a-helices or helix
mimetics have already been used to target Bcl-xL allowing us
to directly compare the performance of our artificial a-heli-
ces (Figure 10).'9€975% Significantly, Huang and co-workers
had reported that Bak BH3 a-helices stabilized by a lactam-
based side-chain cross-linking strategy were unable to bind
Bcl-xL.>° The authors speculated that the lack of binding might
be due to steric clashes between the cross-link and the nar-
row binding pocket of Bcl-xL. [Verdine, Korsmeyer, and co-
workers found that side-chain bridged o-helices corresponding
to the BH3 domain of a different proapoptotic protein, Bid, can
target Bcl-xL and suppress the growth of leukemia cells in
mice."°] The protein binding studies from the Huang labora-
tory illustrate potential problems with the side-chain bridg-
ing strategy. The fundamental advantage of the hydrogen
bond surrogate approach over the side-chain bridging strat-
egy for stabilizing helices is that the helix surfaces are not
encumbered by the constraining element. The hydrogen bond
surrogate approach should therefore greatly simplify the helix
design process. The key question we asked was whether the
HBS-derived Bak a-helix can bind Bcl-xL when the side-chain
constrained (lactam-bridge) Bak helix is unable to target this
same protein receptor. Fluorescence anisotropy studies indi-
cated that the HBS Bak a-helix bound Bcl-xL with high affini-
ty.>> This data validates our helix design principle because we
found that the internally constrained HBS a-helices indeed
access the deep hydrophobic cleft presented by Bcl-xL,
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whereas a-helices prepared by the side-chain bridging method
showed no affinity for the same target. In continuing studies
in the laboratory, we are exploring the efficacy of HBS heli-
ces to target Bak/Bcl-xL and other protein—protein interac-
tions in cell culture.

In summary, the hydrogen bond surrogate (HBS) approach
affords stable o-helices from a variety of short peptide
sequences. Solution NMR and crystal structures of the HBS
helices unequivocally confirm our fundamental helix design
principles. Preliminary (and unpublished) studies indicate that
HBS helices can target their expected protein partners with
high affinity. Importantly, analyses of the helix—coil parame-
ters suggest that the HBS strategy fixes the nucleation con-
stant for helix formation near unity. Control over this
fundamental parameter of helix folding will allow us, and
members of the biophysical community, to test basic tenets of
protein folding in minimal models.
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Summarizing the implications of homochiral structures in interpeptide interactions, not only in the topology but also pos-
sibly in the physics of protein folding, this Account provides an overview of the concept of shape-specific protein design
using p- and L-(c)amino acid structures as the alphabet. The molecular shapes accessible in de novo protein design are ste-
reochemically defined. Indeed, the defining consideration for shape specificity in proteins to be a-helix/3-sheet composites
is the L configuration of the o-amino acid structures. The stereospecificity in shapes implies that protein shapes may be diver-
sifiable stereochemically, that is, designable de novo, using p and L structures as the alphabet. Indeed, augmented with p
enantiomers, Nature’s alphabet will expand greatly in the diversity of polypeptide stereoisomers, for example, from 13° to
230—that is, from one to ca. one billion—for a modestly sized 30-residue polypeptide. Furthermore, with each isomer hav-
ing conformers stereospecific to its structure, molecular folds of specific shapes may be approachable sequentially when p
and L structures are used as the alphabet. lllustrating the promise, 14—20-residue bracelet-, boat-, canoe-, and cup-
shaped molecular folds were designed stereochemically or implemented as specific sequence plans in the p- and L-o-
amino acid alphabet. In practical terms, canonical poly-L peptide folds were modified to the desired shapes via stereochemical
mutations invoking enantiomer symmetries in the Ramachandran ¢, space as the logic. For example, in designing the boat-
shaped fold, the canonical S-hairpin was reengineered in its flat planar structure via multiple coordinated -to-p mutations
in its position specific cross-strand neighbor residues, upturning its ends enclosing six side chains in a molecular cleft. While
affirming the generality of the approach, the 20-residue molecular canoe and the 14-residue molecular cup are also pre-
sented as examples of the scope of functional design. The canoe, possessing alkali cation-specific catgrips in its main chain,
and the cup, featuring an organic cation-specific aromatic triad in its side chains, do indeed display desired specificities in
their ligand binding. Stereochemistry is, therefore, the crucial specifier of protein shapes and valuable as the tool for shape-
specific protein design. Proteins in general, whether poly-L or mixed-p,L, require sequence effects of amino acid side chain
structures for their stability, if not also for specifying them conformationally. The principles underlying these phenomena
remain a puzzle, but studies invoking a stereochemical mutation approach to the problem have suggested that the poly-L
structure may be crucial to the principles of sequential encoding of protein structures in amino acid side chains as the
alphabet.

Introduction or foldamers in artificial alphabets,® the principles

The molecules crucial to life are the heteropoly-  ©f protein folding assume critical importance. The
mers specific in their building block alphabets. The  Principles remain a puzzle,*~® and modifying the
algorithm of sequence level molecular program- Nature’s alphabet in specific structural detail may
ming, manifesting its scope and versatility in pro-  illuminate the puzzle as well as extend de novo
tein evolution, evokes interest for de novo design.  protein design in its scope. The specific structural
Whether designing proteins in Nature’s alphabet'?  detail in the Nature’s alphabet of interest in this
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HN—C—CONH——C—CONH—C—CO,H
L L L

FIGURE 1. (a) The a-amino acids with R = H are asymmetric with
the possibility of L or b configurational structure. (b) The chains
defining proteins are in identical L configuration in every substituted
(R = H) o-carbon.

Account is that of stereochemistry, specifically, the L configu-
ration in proteinogenic o-amino acid structures (Figure 1). The
question of how the natural parity between the p- and L-a-
amino acid enantiomers became violated in the course of life’s
origin is important and has had a history of research.” The
question of what purpose was served in, for instance, the
translational logic of protein synthesis, the topological logic of
protein structure, and the physical logic of protein folding
evokes interest. Proteins are a-helix/g-sheet composites, and
clearly the homochiral, poly-L peptide structure is the reason.®
Could stereochemistry be relevant as the tool to probe protein-
folding principles and to extend the scope in de novo protein
design rationally? These are the issues we address in this
Account. Introducing protein design in the p- and L-a-amino
acid alphabet, we discuss parenthetically the notion that the
sequential encoding of protein conformation may have a ster-
eochemical basis.

The Chemical Scripts of Protein Structure

In designing a protein de novo, the polypeptide structure
needs to be considered in its conformational space and in its
alphabet to control conformation. The protein conformational
canvas is in polypeptide main chain, while its design alpha-
bet is in amino acid side chains (Figure 1). The peptide groups
are planar due to amide resonance® and define the protein
conformational space in the rotational freedom of their bonds
joining tetrahedral a-carbon (Figure 2)."° Side chains constrain
conformational freedom in the bonds, defining the zones of
access in ¢,y space; stereochemistry is important in causing
the zones to be p or L specific (Figure 3). Protein structures cor-
respond to the L specific zones of ¢,3 space; de novo protein
design is implemented typically in the L specific zones of ¢,y
space. Interestingly, the b specific zones were accessed, and
the HIV protease in mirror-image relation of the natural poly-L
variant was approached artificially.'" Distinct from the pro-
teins poly-L or poly-p in their stereochemical structure, here we

are focused on the proteins that are complex in their diaster-
eomeric structures due to b and L amino acids being the
alphabet.

With unsubstituted a-carbons, polyglycines are random
coils that could populate the ¢,y space statistically in a cen-
trosymmetric distribution (Figure 3). Side chains reduce the
¢, space stereospecifically.'® Poly-L in their stereochemical
structure, proteins populate in ¢,; space in the L specific "o,
'8, and "o, basins, except in conformationally flexible gly-
cine and constrained L-proline. Overall, ¢ values tend to be
negative, while in v, there is the choice of sign correspond-
ing to “a-helix'? (negative ¢ and negative ) and “p-strand
structures'® (negative ¢ and positive v) (Figure 4), the build-
ing blocks of protein structure. Being structurally invariant in
the building blocks and limited in the topological options to
join them, the protein structure remains greatly restricted in
morphological possibilities of its tertiary structure.'* Stereo-
chemistry, quite clearly, is the reason.

Possible Stereochemical Logic of the
Protein Chemical Scripts

The definition of protein conformational choices is clear in the
principles, but selection of the choice specific for each pro-
tein remains a puzzle.*~® The principle are in the energetics of
protein structures as the native structures are the sequentially
specified minima of free energy.'® Side chains specify the
minima, but the apparatus responsive to their effects is in the
system of linked peptides. That the apparatus may be in
homochiral structure of the interactions in the system was
implied in a puzzling observation of Flory'®'” as clarified in
the studies of Ramakrishnan et al.,'®'? briefly as follows. Hav-
ing noted that poly-L peptide random coils will be about three
times the size of poly-L ester random coils, in contravention of
almost the rule based dependence on excluded volumes,
Flory implicated Coulomb interaction between peptide dipoles
as the specific reason.'® His contention that o, /o conforma-
tion is disfavored by interpeptide electrostatics was affirmed
in the subsequent findings that polypeptide random coils and
denaturant-unfolded proteins are in largely 3 conformation,
specifically in the closely related “PPIl conformation (Figure
3).29722 Having thus implicated interpeptide electrostatics in
critical role, Flory found that mutated to alternating-L,b struc-
ture, poly-L peptide random coil collapses 10-fold, surprisingly
with chain length and to the size smaller than that of a theo-
retical abstraction lacking both excluded volume and fixed
bond angle constraints.'®

Ramakrishnan et al.'®'® addressed the puzzle as well as
the controversy whether the heptalanine model peptide XAO
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FIGURE 2. (a) Nitrogen loan pair and carbonyl z-bond resonance imposes planarity and defines peptide amide bond polarity. The
traditional resonance model was modified to include the canonical structure iii.° (b) The bond rotations defining ¢, space in polypeptide
structure. The partial charge assignments of Flory'® are shown that define Coulombic interactions between peptides. (c) The interacting
groups in a dipeptide and its neighbors defining the local Coulomb interactions, as distinct from those nonlocal including hydrogen bonds

between peptides.
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FIGURE 3. (a) Steric filtration of ¢ and y space in glycine dipeptide
(R = H) (middle panel) to that in a-substituted dipeptides (R = H) is
stereospecific for the configuration in a-carbon. (b) The dipole
orientations in a dipeptide unit manifest, besides mutual
electrostatics, the hydrogen bonding interaction characterizing the

proteins in folded (‘o and ' options) and unfolded conformation
(PPII option).

was a PPII helix or an ensemble of -hairpin-like folds.?32*

Studies involving molecular dynamics resulted in homochiral
structure being implicated as possibly the apparatus of sol-
vent and sequence control of conformation due to the elec-
trostatic frustrations that if eliminated would cause alternating-
L,D polypeptides to not only collapse but also lose sensitivity
to solvent.'® Poly-L structure in the chain of linked peptides,
defining the protein backbone, was implicated in a critical role
for electrostatic and steric reasons, briefly as follows.

The packing arrangements and the interactions among
peptides within folded proteins, via short-range hydrogen

o~helix

pB-Strand B-helix
Poly-L Alternating-L, D

FIGURE 4. (a) The o-helix (¢ = —57° "y = —47°) and B-strand (¢
= —120° “y = 120° motifs of poly-L structure and the S-helix (‘¢ ~
—120°% 'y ~ 120° Py ~ 120° Py ~ —120° and o-strand (‘¢ =
—57° My = —47°; Py = 57°; Py = 47°) motifs of alternating-L,p
structure are contrasted in the peptide dipole arrangements,
mutually parallel in o conformation and antiparallel in 5
conformation. Mutual hydrogen bonding and Coulomb interactions
between peptides is in harmony or conflict dependent upon
polypeptide stereochemistry.

a~Strand

bonds and long-range Coulombic interactions, are stere-
ochemically defined. The interactions are in mutual conflict
when the structure is poly-L but are in harmony when the
structure is alternately 1,0 (Figure 4).'° Thus, stereochemistry
determines whether protein folding, while possibly driven by
hydrogen bonding, will be favored or disfavored by interpep-
tide electrostatics, that is, will or will not be electrostatically
frustrated. The interactions among peptides entail frustrations
in the choice of ¢ as well due to homochiral structure in the
peptide chain. The stereochemically less favored ¢ values, crit-
ical for protein globularity, are required in the linkers between
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a-helix and B-sheet motifs® and necessitate either conforma-
tionally mobile glycine or L amino acids, which can penalize
a fold for entropic or steric reasons. In their molecular dynam-
ics experiments of polypeptide structure, Ramakrishnan et al.
observed that the sampling in ¢ was stereochemically frus-
trated when the structure was poly-L but not when it was alter-
nately L,0." Given their spread in ¢,%> proteins are liable to be
conformationally frustrated for entropic and steric reasons,
besides electrostatic reason.

In summary, the options of conformation defining proteins
involve interpeptide interactions that are liable to be electro-
statically, sterically, or entropically frustrated, and specifically
due to homochiral structure in the peptide chain. The effects
may be involved in mediating the effects of solvent and
sequences in protein conformation. Dielectric arbitration in
electrostatically conflicted interpeptide interaction is a possi-
ble specific mechanism according to the electrostatic screen-
ing model of Avbelj.?®27 The frustrated electrostatics of
o-helix vs p-sheet selection, implied in the model, is an effect
of poly-L structure according to Ramakrishnan et al.'®'?

Stereospecificity of Protein and
Polypeptide Conformation

Stereochemistry defines proteins sterically in the options of ¢
and y. The ¢ values are enantiospecific, while the 1 values
present a choice of selectable options (Figure 3). “a-Helix and
LB-sheet, the minima of free energy in folded proteins, are
defined sterically in the constraint of poly-L structure in the
hydrogen bonding among peptides.'* ' In unfolded or dena-
tured protein, "PPIl is the minimum of free energy due to the
steric, electrostatic, and solvation effects of the peptide chain
of homochiral structure.?®?" "o-Helix, “-strand, and “PPII, the
minima of free energy characterizing folded and unfolded pro-
teins, are conformers of the peptide chain defined by its
homochiral structure (see Figures 3 and 4).

Proteins by no means are exclusively homo-enantiospe-
cific; motifs of mixed enantiospecific structures do occur and
are important in their structural or functional roles. In consid-
ering these motifs, we need to distinguish enantiomerism in
the stereochemical sense from that in the conformational
sense. The enantiomerism of structure refers to the isomer-
ism in the attachment stereochemistry of side chains (Figure
1). The enantiomerism of conformation, on other hand, refers
to the isomers that have ¢,y values inverted in sign (Figure 3).
The "a-helix and “B-sheet motifs are the homo-enantiomeric
motifs that are negative in all their ¢ values (Figure 4). The

FIGURE 5. The ¢,y values of mixed-L,b folds locally or globally
periodic in stereochemical structure: (a, b) type Il and II' b-turns; ()
catgrip with the peptide C=0’s in cation binding mode; (d) anion
nest with the peptide N—H'’s in anion binding mode; (e) K*
selectivity filter with peptide C=0O'’s in parallel arrays; (f) cyclic
peptide building blocks of nanotubes; (g, h) left- and right-handed
p-helix folds of gramicidin-A.

hetero-enantiospecific protein motifs involve either glycine or
L residues in b enantiospecific conformation, that is, in posi-
tive ¢.

The best-recognized mixed enantiospecific protein motifs
are the S-turns (Figure 5). f-Turns are important primarily for
their structural role in the chain reversal for globularity.?8°
The most common variants involve the residues in i and i +
3 sequence positions mutually hydrogen bonded and enclos-
ing the i + 1 and i + 2 positional residues in specific ¢,y val-
ues. The range of conformational and stereochemical
possibilities for the overall tetrapeptide segments are LLLL (type
I and type lll f-turns), LooL (type I' g-turn), Lot (type Il S-turn),
and oLt (type II' g-turn). The type I and I' and the type Il and
II' turns are in mutual enantiospecific relationship due to the
middle position ¢ values being, respectively, LL (—¢,—¢) vS D,D
(+¢,+¢) and LD (—¢,+¢) VS DL (+¢,—¢). The longer tetrapep-
tide segments in conformational and stereochemical antisym-
metry with the natural variants, namely, bbb, pLLD, DDLD, and
DLDD, are the targets potentially designable in L and b struc-
tures as the alphabet.

Unique in conformation, B-turns are position specific in
their amino acid preferences,*®2° which is the recipe to design
a variant of interest.>>3" The position crucial to hetero-enan-
tiospecific g-turns is the b enantiospecific position. In proteins,
the position has the option of glycine or an L residue. L-Pro-
line is strong in its positional preference and can lock a spe-
cific variant due to its constrained ¢.283%3! p-Amino acids,
ideal for p enantiospecific positions, are powerful aids in de
novo design; L- and p-prolines will lock the desired enanti-
omer in a p-turn.3%31 Artificial amino acids, modified pep-
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tides, and even unrelated molecular structures capable of
serving as f-turn mimetics or surrogates have been impor-
tant subjects of research over decades.??

One interest in B-turns stems from their varied structural
roles.® The hetero-enantiospecific variants, of specific inter-
est in this perspective, can be specific in the structural roles.
The examples include the type II' turn as a helix nucleator®*
and the type I' and type II' turns as hairpin nucleators.2%3" In
fact, the type I' and type II' g-turns define the most common
B-hairpins of the protein structure.®® Hairpins are the motifs
with extended g-stands side-by-side hydrogen bonded and
joined in a central S-turn. The type I' (ool type) and type II'
(LoL) B-hairpins are morphologically distinct; the type I' vari-
ant has a helical twist, while the type II' variant is flatter. The
p-hairpins stabilized with stereochemically constrained -turns
have been the focus of intense research being the simplest
possible models of the 3-sheet protein motif,®' similar to the
helix models stabilized with constrained residues, most nota-
bly with achiral a-aminoisobutyric acid (Aib).>3°

An important class of hetero-enantiospecific protein motifs
features peptides as anion or cation recognition centers (Fig-
ure 5). Anion interaction centers termed anion nest,” cation
interaction centers termed catgrip,®® and potassium selectiv-
ity filter®° are alternately enantiospecific, and the individual
variants seem to be function specified in the y values as
implied in Figure 5. Indeed, the chain topology (linear or
curved, concave or convex) defining the interaction specifici-
ties of the motifs is specific in vy values (Figure 5). In its y, the
linear variant is in closer correspondence to o-helix, while the
curved variant concave in the registry of NHs is in closer cor-
respondence to f-sheet. Peptide carbonyls in mutual parallel
alignment define the K* selectivity filter at the symmetry axis
in a C, tetramer protein.® With curvature, the concave arrays
in peptide C=0’s define catgrips, while the concave arrays in
peptide N—H’s define anion nests (Figure 5).

Gramicidin-A is a 15 residue microbial peptide alternately
L,D in structure (Figures 4 and 5).#°~*2 The molecule is a cat-
ion channel in its g-helical fold, modeled in Figure 4, enclos-
ing a pore lined with the peptide planes in g-sheet-type
mutual hydrogen bond registry. Alternately enantiospecific,
the p-helix is in close correspondence to g-sheet ¢,y values.
However, the chain with ¢,y values alternating in sign, prop-
agating a flat circular course, will be sterically overlapped in
its termini (Figure 5); small displacements in vy create helical
aspect, right- or left-handed, as noted in Figure 5, defining
f-helices of the opposite screw senses. Alternately L,b, the
gramicidin g-helix is in harmony of hydrogen bonding and
Coulombic interactions between its peptides, as noted in Fig-
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ure 4. Possibly for this reason the peptide is in collapsed, that
is, folded, conformation under diverse solvents even in the
membrane interiors serving as ion channel.*°~** The appar-
ent solvent indifference of this alternately L,b fold is in accord
with the notion that the solvent-mediated folding—unfolding
of the natural protein structures may be an effect of poly-L str-
cuture.'® Alternately-L,b peptides of cyclic structures are flat
planar ring-like structures due to the alternately enantiospe-
cific ¢,y values (Figure 5). With peptide dipoles at right angles
to the molecular plane and capable of hydrogen bonding
intermolecularly, the peptides define self-organizing nano-
tube structures.*?

Scripting Proteins Stereochemically

A total of 2" polypeptide stereoisomers are possible over N
a-carbons in L or p structure. This corresponds to 23° (~109)
stereoisomers for even a modestly sized 30-residue polypep-
tide. The natural proteins correspond to but one of the astro-
nomical possibilities, the poly-L diastereomer. The ¢ coordinate
being stereospecific, the possibilities of protein structure are
defined essentially in the options of . Freeing up ¢ would
diversify proteins, while enantiospecificity of the coordinate
would place the protein shapes under the control of L and b
structure. Hetero-enantiospecific protein motifs can be
designed with b amino acids in b enantiospecific positions.
B-Hairpins, 23" o-helices,>* and even mixed-a,8 minipro-
teins** have thus been accomplished invariably with mixed-
L,D p-turns as the folding nuclei. Although hetero-enantiomeric
in the folding nuclei, clearly the higher order folds in these
designs remain primarily homo-enantiospecific (poly-1) in the
overall shapes. The polypeptide folds in overall hetero-enan-
tiospecific shapes occur in the microbial world. Gramicidin-A
in an alternately enantiospecific fold.*®~*% A cyclic depsipep-
tide, alternately enantiomeric valinomycin, is a ring-shaped
cation carrier.* Tolaasin, a mixed L,b polypeptide, is a golf-
club-shaped molecule.*®

Hetero-enantiomeric structures are a rarity in the biomo-
lecular world. Ribosomal synthesis, incompatible with b amino
acids, will produce only small, sequence-local elements within
protein structures, with glycine or L amino acids serving as the
D enantiospecific residues. Site-specific b amino acid incorpo-
ration has been made possible through the ribosomal route*’
but will not in its present capability support the unfettered use
of D structure as the alphabet. The microbial heteroenantio-
meric polypeptides are made by nonribosomal synthesis.
Without the assistance from mRNA templates, the syntheses
necessitate highly specialized, often complex, biosynthetic
machinery. Given that such machinery exists, the L and b

Vol. 41, No. 10 = October 2008 = 1301-1308 = ACCOUNTS OF CHEMICAL RESEARCH = 1305





Protein Design with .- and p-a-Amino Acid Structures Durani

AN

r4
6 2
1

°5
90 0 90 180

FIGURE 6. A designed peptide aperiodic in stereochemical and
conformational structures, showing the fold topology (b residues in
red color) and ¢,y values in the crystal structure of Boc-'Leu-°Vval-
LPro-PAsp-PVal-‘Leu-OMe.*®

Bracelet
Boat B-Hairpin Canoe

FIGURE 7. Schematics of the coordinated L to b mutations
transforming canonical poly-L 5-hairpin/fg-sheet folds as bracelet-,
boat-, and canoe-shaped molecules.

alphabet seems compelling in its evolutionary value; the com-
plexities of nonribosomal biosynthesis, however, seem to
restrict the scope to the hetero-enantiomeric structures either
shorter and localized or longer but stereochemically periodic.
Longer and stereochemically aperiodic sequences would seem
biosynthetically impossible but are routine in chemical syn-
thesis via the solid phase approach.

Fabiola et al.*® reported arguably the first stereochemically
and conformationally aperiodic polypeptide; an LoLbpL type
hexapeptide was shown to be "o°B-8°aPB"a type fold in its
crystal state conformation (Figure 6). Rana et al. reported the
first stereochemically aperiodic proteins as bracelet-,*°
boat-,>° canoe-,>' and cup-shaped>2 molecules, designing the
canoe as an alkali cation receptor and the cup as an acetyl-
choline receptor (Figures 7 and 8).

Considering the multiplicity of effects, evolutionary algo-
rithms are the desired option in implementing shape-specific
protein design. The computational methods of protein struc-
ture prediction and inverse design may be beneficial for the
purpose. The accomplished hetero-enantiomeric proteins illus-
trate the inverse approach; the folds were designed in L and
D alphabet, and then the side chains were selected in the ele-
ments of an evolutionary algorithm.>* In-house software, com-
puter-aided peptide modeler (CAPM), assisted in modeling the
folds, while explicit solvent molecular dynamics assisted in

Boat

Canoe

FIGURE 8. Schematic structures of the bracelet-, boat-, canoe-, and
cup-shaped polypeptide molecules.

Pi-cup

optimizing the side chains from ad hoc possibilities, as is typ-
ical in de novo protein design.

The reported examples of shape-specific protein design
exploit a common approach; type Il or II' f-hairpin elements,
nucleated appropriately in “Pro-Gly or °Pro-Gly g-turns, are
mutated in the cross-strand neighbors from LL to pp structures
so as to achieve a local changeover of the direction between
the main chain and side chain elements, and thus to the
required shapes as illustrated in Figure 7. Modified in their
p-hairpin elements, several of the native-like poly-L peptide
folds were reengineered in the shapes as desired (Figure 8).
The bracelet, a molecule found to be well-ordered in both
water and DMSO,*® is a canonical 14-residue -hairpin reengi-
neered stereochemically to the bracelet type morphology. The
canoe, with affinity for alkali and alkaline-earth metal ions
having been designed as a double catgrip mimic,>" is the ster-
eochemical mutant of a 20-residue four-stranded all-5 mini-
protein. The boat, a molecule well-ordered in water and
harboring an enzyme-like cleft,*° is the reengineered variant
of a canonical 20-residue S-hairpin fold. The cup, harboring an
aromatic triad in a binding pocket specific for trimethylalky-
lammonium-type organic cations,>? is a 14-residue canoni-
cal o,B-construct, with a stereochemically bracketed helix and
a stereochemically nucleated g-hairpin joined in a flexible gly-
cine linker, mutated stereochemically as desired. The pep-
tide binds acetylcholine and has nanomolar affinity for the
ligand.

Postscript

Sequential encoding of protein structure puzzles about the rel-
evance of a homochiral alphabet. Stereospecificity of protein
structure intrigues about the possibilities from a heterochiral
alphabet. Our interest in heterochiral proteins amounted also
to querying Nature in its logic for the use of the homochiral
alphabet. Ranganathan Bharadwaj and Ranbir SinhaRoy,
spending practically all vacations during their graduate pro-
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gram at [IT Bombay in my laboratory, developed the model-
ing software CAPM. The bracelet, canoe, boat, and cup, the
designs implemented by Soumendra Rana,*~>2 are exam-
ples of the capability of CAPM. Exploring stereochemistry as
the tool to probe proteins in their folding principles, Vibin
Ramakrishnan'® produced the results that brought to our
notice the Flory puzzle about the statistical coil properties of
the polypeptide structure in relation to its stereochemical struc-
ture.'® The concurrence of a plausible solution for the Flory
puzzle with the electrostatic screening hypothesis of Avbelj*©
suggested the possibility that the peptides interacting in homo-
chiral stereochemistry could be involved in the mediation of
sequence control over protein conformation via screening
effects in interpeptide electrostatics.'®'® The implied critical-
ity of homochiral structure to protein-folding principles is in
line with the spirit of a recently proposed backbone-based
hypothesis® and with the interpeptide interaction being impli-
cated in a possible critical role.* The illumination of protein
folding for a possible role of stereochemistry was but a ser-
endipitous spin off in the protein design approach under
exploration in my laboratory harnessing L- and p-(ajamino
acid structures as the alphabet.

I am thankful to BRNS-DAE, CSIR, and DST for the continued
funding of the research in my laboratory. Ranganathan
Bharadwaj and Ranbir SinhaRoy deserve special thanks; this
work would hardly have been possible without the assistance
of CAPM. Anil Kumar helped me with figures and referencing
of the manuscript.
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his Account reviews the progress made by us on creat- Vig bl

ing porous molecular crescents, helices, and macrocycles R HN i » d \OH R
. . . . { N O
based on aromatic oligoamides. Inspired by natural pore- or O\Q\( d  andlor 3‘@‘@
. o . . . . o
cavity-containing secondary structures, work described in this " o o &~

meta-linked backbone meta/para-linked backbone

Account stemmed from the development of foldamers consist-
ing of benzene rings linked by secondary amide groups. Highly
stable, three-center intramolecular hydrogen bonds involving the
amide linkages are incorporated into these aromatic oligoam-
ides, which, along with meta-linked benzene units that intro-
duce curvatures into the corresponding backbones, leads to tape-

enforced i ati
e / \nacrocycllzatlon
like, curved backbones. Depending on their chain lengths,

aromatic oligoamides that fold into crescent and helical confor-

mations have been obtained. Combining results from modeling and experimentally measured data indicates that the folding of
these oligomers is readily predictable, determined by the localized intramolecular three-center H-bonds and is independent of side-
chain substitution. As a result, a variety of reliably folded, modifiable scaffolds can now be constructed. The well-defined crescent
or helical conformations contain noncollapsible internal cavities having multiple introverted amide oxygen atoms. Changing the
backbone curvature by tuning the ratio of meta- to para-linked benzene units leads to crescents or helices with cavities of tun-
able sizes. For example, oligoamides consisting of meta-linked units contain cavities of ~9 A across, while those with alternating
meta- and para-linked units have cavities of over 30 A across. The generality of such a folding and cavity-creating strategy has
also been demonstrated by the enforced folding of other types of aromatic oligomers such as oligo(phenylene ethynylene)s, aro-
matic oligoureas, and aromatic oligosulfonamides. More recently, the folding of aromatic oligoamides was found to assist effi-
cient macrocydlization reactions, which has provided a convenient method for preparing a new dass of large shape-persistent
macrocydes in high yields. The folded and cydlic structures were extensively characterized based on multiple techniques such as
one- and two-dimensional NMR, mass spectrometry, and X-ray crystallography, as well as theoretical calculations. The enforced
folding and folding-assisted cydization of oligomers have provided a predictable strategy for developing crescent, helical, and cydic
structures containing nanosized voids that are mostly associated with the tertiary and quaternary structures of proteins. The avail-
ability of these porous molecules has supplied a new cass of nanosized building blocks that provide both opportunities and chal-
lenges for creating the next-generation nanostructures capable of presenting multiple introverted functional groups, forming various
pores and channels, and finally, developing protein-like pockets.

Introduction

Hollow structures containing pockets and pores
formed by oligopeptides and proteins are involved
in numerous biological processes.' Except for a
small number of hollows associated with second-
ary structures, most voids in Nature are associated
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with tertiary and quaternary structures of proteins.?
One of the most important aspects of natural hollow
structures is the exquisite complementarity between
their sizes and functions and those of the correspond-
ing guest molecules, processes, and reactions. With
their complementarity, natural cavities and pores
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provide microenvironments that lead to specific binding, catal-
ysis, transportation, and other functions. Since the discovery
of crown ethers, many macrocycles have been created as
hosts for various guests.*> The majority of synthetic macro-
cycles and their acyclic analogs have flexible backbones and
thus collapsible cavities. Over the past decade, substantial
progress has been made in constructing molecular hosts that
emulate protein pockets.® Examples include macrocyclic, mac-
robicyclic, and macrooligocyclic phanes consisting of care-
fully designed organic and metallic building blocks.” In
contrast to the sophisticated pockets found at the binding, cat-
alytic, and transporting sites of proteins, most synthetic cavi-
ties only allow little or monotonous control on their sizes and
functions.

On another front, peptidomimetic oligomers that fold into
secondary structures (foldamers) have attracted intense inter-
est since the pioneering reports of Gellman® and Seebach® on
p-peptides. Currently known peptidomimetic foldamers
include oligomers of a-aminooxy acids,'® y-peptides,'' 2
o-peptides,''* and peptoid oligomers.'> Most of these oli-
gomers fold into secondary structures stabilized by multiple
interactions that require the participation of both backbones
and side chains, with the overwhelming majority being heli-
cal conformations with no cavities.

Hollow Crescents and Helices Based on
Backbone-Rigidified Oligomers

While most cavities and pores are associated with the tertiary
and quaternary structures, some helical oligopeptides are
known to contain pores. For example, the antibiotic oligopep-
tide gramicidin A folds into a f-helix containing a small (~4
A across) pore.'® Inspired by gramicidin, we started a project
in late 1998 to develop unnatural oligomers that fold into hol-
low helical conformations. The initial concept was simple: an
oligomer having a rigid, curved backbone should adopt a cres-
cent conformation. As its chain length extends, the two ends
of such an oligomer should eventually meet. To avoid crowd-
ing, one end must lie above the other, leading to a helical
conformation. In addition, the curvature of the backbone
should be adjustable, resulting in crescent or helical structures
containing cavities of different sizes.

At that time, few folding oligomers with rigidified back-
bones were known. One example involved oligomers with
rodlike conformations enforced by intramolecular H-bonds."”
Another system was reported by Hamuro et al. in 1997.'8
This system was based on (1) intramolecular H-bonds between
the amide-NH and -CO groups of anthranilamide residues and
(2) bending of the oligoamide backbone by incorporating two
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FIGURE 1. (a) Known aromatic polyamides and (b) the general
structure of aromatic oligoamides that are forced to adopt defined
conformation by the localized intramolecular three-center H-bond.

other residues derived from pyridine-2,6-carboxylic acid and
4,6-dimethoxy-1,3-diaminobenzene. A nonamer of this series
was found to crystallize into two polymorphs, one of which
had a conformation with two turns of uninterrupted helical
sense and the other of which consisted of two halves of oppo-
site handedness. The reversal of helical sense in the second
polymorph was due to the interruption of an intramolecular
H-bond in one of the anthranilamide residues. This work dem-
onstrated the feasibility of enforcing folded conformations
based on rigidification of backbones. Howevetr, in this system,
the helical conformations contain no internal cavities. In addi-
tion, the interruption of an intramolecular H-bond cast uncer-
tainty on the effectiveness of H-bonding in enforcing folded
conformations. Another class of unnatural foldamers, based on
oligo(m-phenylene ethynylene)s carrying polar side chains,
were reported in 1997 by Nelson et al.'® In polar solvents, the
flexible hydrophobic backbones of these oligomers adopt a
helical conformation containing a hydrophobic cavity of ~8 A
across.

To develop helical structures containing well defined, non-
collapsible cavities with tunable sizes, we based our design on
aromatic oligoamides consisting of simple repeating units. The
building blocks involve benzene rings carrying amino and car-
boxyl groups. Coupling these building blocks based on well-
known amide chemistry2° should lead to the corresponding
aromatic oligoamides (Figure 1a). In fact, aromatic polyamides
such as 1 (Nomex), 2 (Kevlar)), and 3 (polymers of m- or
p-aminobenzoic acid) are important materials because of their
superb tensile strength and good flame resistance.”’ How-
ever, these polymers are not suitable for developing folded
structures because of their random conformations due to the
relatively free rotation around the aryl—amide bonds. In addi-
tion, these aromatic polyamides are notoriously insoluble due
to extensive intermolecular H-bonding. To address these lim-
itations, a class of aromatic oligoamides, 4 (Figure 1b), was
derived from the backbones of polymers 1—3. The ether oxy-
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gen atoms of 4 act as H-bond acceptors, forming a three-cen-
ter H-bond with the corresponding amide H atom. The ether
side chains (R and R’ groups) also help determine the solubil-
ity of the oligoamides. Obviously, the three-center H-bond
shown in 4 plays a decisive role in enforcing the folded con-
formation and, at the same time, prevents undesired intermo-
lecular H-bonding interactions. An oligomer containing
benzene residues meta-linked by such amide linkages should
have a rigid, bent backbone. The first paper describing our ini-
tial results was submitted in late 1999 and published in early
2000,% which provided the basis for the subsequent creation
of many molecular crescents and helices. Later in the same
year, Lehn and Huc reported an elegant system of double heli-
cal aromatic oligoamides consisting of pyridine residues and
with backbones rigidified by intramolecular H-bonds.** Since
then, oligomers with stably folded conformations enforced by
intramolecular H-bonds have been extended into different sys-
tems, including those developed by us** and others such as
the notable contributions from the groups of Huc?® and Li.?®
Although this Account focuses mostly on our work, several
other hollow helices acting as hosts have also appeared in
recent years,>’ 22 which demonstrate the exciting prospect of
hollow foldamers.

A Robust Three-Center Hydrogen Bond

The previously unknown three-center H-bond (Figure 1b)
was extensively investigated by us.>®3' Ap initio calcula-
tions were carried on amide 5a and its isomers 5b—d. The
results obtained revealed an obvious positive cooperativ-
ity, that is, the two two-center components of the three-
center H-bond reinforce each other. For example, relative to
the NH bond of 5d, that of 5a shows a much larger red shift
in its NH stretching frequency than the NH bond of either
5b or 5¢. The 'H NMR signal of the amide proton of 5a
shows the largest downfield shift, followed by those of 5b
and 5¢, as compared with 5d. Ab initio results also indi-
cated that the NH bond of 5a is the longest among those
of the four isomers. Experimentally measured IR and NMR
data closely paralleled those from the computational stud-
ies. These results are consistent with the mutual reinforce-
ment of the two two-center components of the three-center
H-bond in 5a.

The three-center H-bond was also observed in the crystal
structure of 5a (Figure 2a), in which the NH group of 5a is
involved in a H-bonded five-membered ring and a six-mem-
bered ring, resulting in a planar arrangement typical of three-
center H-bonds.?? The intramolecular H-bond of 5b is
preserved in its solid-state structure, leading to a flat confor-

FIGURE 2. The crystal structures of (a) 5a, (b) 5b, and (c) 5¢
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mation. In contrast, the intramolecular H-bond of 5¢, which
exists in solution as suggested by IR and NMR data, is dis-
rupted in the solid-state structure in which the NH group is
involved in intermolecular H-bonding.®' Positive cooperativ-
ity in the three-center H-bonding in 5a is clearly demonstrated
by these results: the presence of the H-bonded six-membered
ring helps the formation of the five-membered ring which
would otherwise be disrupted as shown by the packing of 5¢
in the solid state.?"

The extraordinary stability of the H-bonded diarylamide
structure was demonstrated by the nuclear Overhauser
effect (NOESY) spectrum of 6 recorded in 1:1 D,O and
DMSO-dg. The persistence of the three-center H-bond was
revealed by two strong NOEs corresponding to contacts
between the amide proton and those of the methoxy
groups (Figure 3). Even in the presence of 50% D,O0, the
amide proton of 6 underwent very slow exchange, which
allowed the NOESY spectrum to be recorded. In longer oli-
gomers, the half-lives of amide H—D exchange ranged from
days to too long to be measurable by "H NMR.3":33

These studies confirmed the reliability of the three-center
H-bond in enforcing the corresponding conformations. Aro-
matic oligoamides consisting of this H-bonded motif should
thus have H-bond-rigidified backbones.
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FIGURE 3. The partial NOESY spectrum of 6 (6 mM) recorded in
50% DMSO-dg/50% H,0 (500 MHz, mixing time 0.5 s, 298 K). The
NOEs are indicated by arrows.

Molecular Crescents

Stepwise coupling of monomers derived from 2,4-dialkoxy-
5-nitrobenzoic acid via the corresponding acid chlorides and
amines leads to dimer 7, trimer 8, and tetramer 9. The termi-

H3

H30 nC10H21\ "
\© n-CioHas /Q/Q o—CHs

nal nitro groups of these oligomers are converted into amino
groups by catalytic hydrogenation before each coupling step.
These oligomers were first studied by two-dimensional 'H
NMR (NOESY or rotating-frame Overhauser enhancement
spectroscopy, ROESY), which revealed strong NOEs between
each of the amide protons and its neighboring ether side
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FIGURE 4. The partial NOESY spectrum of tetramer 9 recorded in
CDCl; (50 mM, 800 MHz, 300 K, mixing time 0.3 s). NOEs between
the amide protons and the protons of the side chains are indicated
by arrows.

chain.?"334 The amide—side chain NOEs have been consis-
tently detected for homologous oligoamides of various
lengths. For example, the NOESY spectrum of tetramer 9
recorded in CDCl5 shows three cross peaks for each of the
amide protons, corresponding to contacts with protons of the
methyl, o-, and g-methylene groups of the adjacent side
chains (Figure 4). The same amide—side chain NOEs were also
detected in aqueous media and have since served as a reli-
able indicator of the three-center H-bond, which reflects the
rigidification and the folding of the corresponding oligomers
in solution.

The crescent shapes of oligomers 7, 8, and 9 were
revealed by their crystal structures.?'333* As shown in Fig-
ure 5, the amide groups of these oligomers are all involved in
three-center H-bonding, leading to backbones that are almost
completely planar due to the presence of their three-center
H-bonds. In these solid-state structures, no intermolecular
H-bonding interaction exists since all amide hydrogens are
“saturated” by participating in three-center H-bonding
interactions.

These results indicate that each of the oligoamides has a
convex edge bearing its ether side chains and a concave side
carrying inward-pointing amide oxygen atoms. In addition to
stabilization from the three-center H-bonds, the very likely
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FIGURE 5. The crystal structures of (a) dimer 7, (b) trimer 8, and (c)

tetramer 9.

C—H-- -0 attractive interactions®> between the amide oxy-
gen atoms and the inward-pointing aromatic hydrogen atoms
should provide further stabilization to the crescent conforma-
tions. Thus, the reliability of the three-center H-bonds in rigid-
ifying the oligoamide backbone is once again demonstrated
by the well-defined, crescent conformations of oligomers 7—9.
Further extension of such backbones should lead to oligo-
mers that fold into “broken macrocycles”, that is, noncyclic oli-
gomers with nearly enclosed cavities and helices that contain
lumens with multiple inward-pointing amide oxygens.

Hollow Helices

An aromatic oligamide with a sufficiently long (=7 units) back-
bone should fold into a helical conformation due to the
crowding of its two ends, which requires one end to lie above
the other. It was not clear whether the H-bond-rigidified back-
bone could tolerate the strain posed by such crowding. If not,
the presumed helical conformation would be interrupted.
The folding of nonamer 10a (Chart 1) was examined by
recording its NOESY spectrum.** In addition to the presence
of numerous amide—side chain NOEs characteristic of the
three-center H-bonds, the NOESY spectrum of 10a also
revealed a strong cross peak between the protons of the end
methyl (Me) groups and aromatic proton b1, along with a
much weaker cross peak between the methyl and amide pro-
ton b (Figure 6). The 'H NMR signal of the end methyl groups
appears in a region (around 2.1 ppm) where no other signal
is present and serves as a convenient spectroscopic label for
assigning the 1D and 2D spectra. The symmetrical structure
of 10a means that the observed Me---bT or Me---b cross
peak actually corresponds to two identical remote NOEs.
Given that the NOESY spectrum of pentamer 11 (~half of 10a)

failed to reveal any contact between the protons of its end
methyl group and proton b1 or b, the observed NOEs for 10a
can only be explained by its adopting a helical conformation.
The same remote NOE was also detected in a mixed solvent
with up to 50% DMSO-dg in CDCl3, suggesting that 10a was
folded in this polar solvent. Subsequent studies showed that
the Me---b7 NOE was also associated with other nonamers
that differed from 10a only in their side chains, indicating that
the folding of these oligomers was independent of side
chains.??

The crystal structure of nonamer 10b reveals a helical con-
formation that is fully consistent with the 2D NMR results (Fig-
ure 7). The helical structure has a cavity (~10 A across)
containing disordered water and DMF molecules, with about
6.5 residues to make a helical turn. In this crystal structure,
none of the three-center H-bonds are disrupted, although
some of the H-bonded five-membered rings are more dis-
torted than the six-membered ones.>*

Variable-temperature NOESY experiments performed on
10a showed that the Me---bT1 NOE diminished more rapidly
than the amide—side chain NOEs, suggesting that the rigidi-
fied backbone was quite resilient toward heating.®® Most
likely, this molecule contracts and extends like a spring while
maintaining its overall helical conformation.

The above nine-unit, one-turn helices have very short over-
lapping segments of approximately two units. Due to the rigid-
ity of the oligoamide backbone, oligomers with a length well
beyond one helical turn may not fold properly due to too
much strain. To address this uncertainty, undecamer 12a was
synthesized and studied using NOESY in CDCl5.>®> Numerous
amide—side chain NOEs were detected, consistent with a
three-center H-bond-rigidified backbone. In addition, three sets
of long-range NOEs (Figure 8a) were detected for 12a. These
remote NOEs were not found in the NOESY spectrum of hex-
amer 13 that is about half of12a, supporting a helical confor-
mation adopted by 12a. For nonamers 10 and undecamer 12,
aromatic stacking between the two ends of the correspond-
ing molecules may provide further stablization to the folded
conformations.

The rigidity of aromatic rings and amide groups, along with
the localized three-center H-bonds, leads to a well-defined
basic structural motif (the diarylamide moiety). The folding of
an oligomer can be regarded as the combination of all local
conformational preferences. Based on these considerations,
average structural parameters such as bond lengths, bond
angles, and distances between remote atoms were retrieved
from the crystal structures of short oligomers that were readily
crystallized.?'333 Using these parameters as structural con-
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straints, a computer modeling method was developed to pre-
dict the folded conformations of homologous oligomers.>3
Figure 8b shows one such energy-minimized structure of
undecamer 12b that shares the same backbone with 12a. The
modeled structure of 12b was then examined against the
multiple long-range NOEs found in the NOESY spectrum of
12a. It was found that the modeled structure not only was
consistent with the measured NOEs but also explained the rel-
ative intensities of these NOEs. Similarly, a model of a non-
amer also fully matched the remote NOEs observed for 10a.

Ey B g™
HgG-Quere=! Heee OI jo ...... H'
N;
HCO o - OeR
H=N O bl

0% y!
R fo_’\?o ] ,R‘ \ ~O-R?
RomOr. H.: ........... O=¢
bH‘E'O\& GHSC N—Hb
TN )-—é—f'

1
FIGURE 6. Remote NOEs (arrows) revealed by the NOESY spectra
of nonamer 10a (recorded in CDCl; or CDCl;/DMSO-dg (1/1, v/V))
are consistent with the helical conformation shown. The NOEs were
not found in the NOESY spectra of pentamer 11, which can be
regarded as half of 10a.

FIGURE 7. The crystal structure of nonamer 10b (left, space-filling
model; right, stick model). The side chains are replaced with methyl
groups for clarity.

Vol.

(CHaCHy0)4CHa; X = H, Y = CH,
-CH,CH(CHa)y:

RS = n-CgHy7; X = -OCHj; Y = COOCH,

These results confirmed the reliability of the modeling
method, which should be generally applicable to the predic-
tion of the folded conformations of longer aromatic oligoam-
ides. This method should be particularly valuable for
oligomers to which characterization methods such NMR and
X-ray crystallography fail to apply.

By keeping the same three-center H-bonds while incorpo-
rating building blocks that place the amide linkages in a para
relationship on a benzene ring, the curvature of the backbone
of an oligomer should be decreased. For example, compared
with meta-linked oligomers, those consisting of alternating

12a and 13 R = '(CH20H20)30H3
12b: R =-CH,4

FIGURE 8. (a) Remote NOEs (purple arrows) revealed by the NOESY
spectrum of undecamer 12. These NOEs are not found in the
NOESY spectrum of heptamer 13. (b) Computer-modeled structure
of 12b based on structural parameters retrieved from the crystal
structures of shorter oligomers.
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FIGURE 9. (a) Remote NOEs revealed by the NOESY spectrum of 14 (recorded at 20 °C, 1.3 mM in 53% DMSO-d, in CDCl5). The helical
conformation of 14 is consistent with the NOEs (arrows). (b) The NOESY spectrum of undecamer 14a does not contain this NOE.

meta- and para-linked amide residues should be less curved,
which leads to an increase of the diameters of the correspond-
ing crescent or helical amides. Thus, the helical conforma-
tion of 21-mer 14 in solution was probed by its NOESY (Figure
9), which revealed a remote NOE corresponding to two iden-
tical contacts between the end methyl and the first amide pro-
tons a. This NOE was not observed in the NOESY spectrum of
decamer 14a which was half of 14. Computer modeling
showed that this helix had an interior cavity of >30 A across.

By changing the ratio of the meta- and para-linked resi-
dues, it is straightforward to systematically tune the cavities of
the corresponding crescent and helical oligomers. Such a strat-
egy is seen in few natural or unnatural systems and has pro-
found significance since it provides a convenient method for
creating large cavities of different sizes.

Coupling Chemistry
Highly efficient preparation of different building blocks 15a—f
have been established in our laboratory or by modifying pre-

viously reported procedures.>®
@&
X
HoN NH

Pp o n R
O:©[O O: : :O
ON COOH HOOC COOH
15a 15b 15¢

i e Mg e vig
| (I) o 0 Q O

COOH HOOC COOH

15d 15e 15f

Based on these building blocks, efficient coupling meth-
ods for forming the backbone-rigidified oligoamides in solu-
tion have been developed.® The oligoamides were
synthesized by stepwise coupling of the monomer building
blocks based on acid chloride chemistry. The resulting nitro-
terminated intermediates were hydrogenated into the corre-
sponding amino-terminated oligomers that were subjected to
the next coupling cycle. To reduce the number of coupling

R R R R

4 b e
DMB O R O~ o
N R
OO °
wann O(,) (,) H\N\ O ;

R R d

16a 16b
OCH,
DMB= %
OCH,

FIGURE 10. Temporary interruption of backbone-rigidifying H-
bond by the DMB group leads to oligomer shown as 16a. The
folded conformation is restored for 16b by removing the DMB
group using an acid.

steps, a convergent route was also adopted. Among the cou-
pling methods, the one involving acid chlorides and amino-
terminated monomers or oligomers has consistently resulted
in the best yields.

It was found that the coupling of oligomeric building blocks
became increasingly slow and inefficient as the length of an
intermediate increased, most likely due to the steric hindrance
imposed by helical conformations. For example, coupling an
amino-terminated hexamer with a monomeric 4,6-dialkoxy-
isophthaloyl chloride led to the corresponding tridecamer in
a very poor (3.7%) yield.3” To alleviate the steric hindrance,
the amide H atom was replaced with the acid-labile 2,4-
dimethoxybenzyl (DMB) group, which blocked the three-cen-
ter H-bond (16a in Figure 10). Removing the DMB group with
an acid should restore the H-bond, leading to the H-bonded
conformation (16b in Figure 10). It was found that the incor-
poration of the DMB groups led to a significant improvement
of coupling yields. For example, by coupling an amino-termi-
nated hexamer containing the DMB groups to a monomeric
isophthaloyl chloride, a symmetrical tridecamer was isolated
in 33% overall yield after removing the DMB groups.” Using
this method, meta-linked oligomers with up to 15 residues
(~2.5 turns) were successfully prepared in solution.
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Folding-Assisted Macrocyclization

Based on results from oligomers, aromatic polyamides with
backbones rigidified by the three-center H-bonds should also
be forced to adopt helical conformations, leading to long hol-
low helices. To prepare helical polymers, diacid chlorides 17
was treated with diamine 18 in the presence of triethylamine
(Scheme 1). Instead of forming long polymer chains, MALDI-
TOF indicated that the six-unit macrocycles 19 were obtained
in high yields from this one-pot reaction.?® The efficient for-
mation of the macrocycles was confirmed by purifying and
characterizing the products. Macrocycles with a variety of dif-
ferent side chains have been obtained in excellent yields. This
discovery has provided an efficient method for preparing a
new class of shape-persistent macrocycles.

Macrocycles 19, with their well-defined cavity containing
six amide oxygen atoms, were found to specifically recog-
nize the guanidinium ion.>° In the presence of the guani-
dinium and numerous other cations, only the guanidinium ion
was complexed by 19. Molecular modeling shows that the
guanidinium ion fits snuggly inside the cavity by forming six
H-bonds with the introverted amide oxygen atoms. The
observed host—guest interaction demonstrates the promis-
ing prospect of designing highly specific receptors based on
functionalized, noncollapsible cavities.

The simplicity and high efficiency of our method are in
contrast to many other strategies for preparing large macro-
cycles, which usually lead to low yields due to the entropi-
cally disfavored nature of the macrocyclization process. To
improve the efficiency of macrocyclization reactions, many
strategies such as noncovalent or covalent templation,
intramolecular ring closure, and dynamic covalent bond for-
mation, have been proposed and probed with various suc-
cesses and limitations.*°4

The one-step reaction shown in Scheme 1 raises interest-
ing mechanistic questions. The efficient formation of 19 was
rationalized by the preorganization of uncyclized precursors
that fold into a crescent conformation. When a length with six

@

O O

(|3H3 CHa
units is reached, the precursor, with its two reactive ends being
brought into close proximity by the curved backbone, cyclizes
into the corresponding macrocycle. However, such a folding-
assisted picture does not account for the observed high yields
of the macrocyclization reaction given the irreversible nature
of amide bond formation. It is still unclear why few acyclic oli-
gomers longer than the precursors of the six-unit macrocycles
were observed. The nearly exclusive formation of 19
demands that the immediate precursors of the macrocycles
are not skipped in the chain growth process. Such a process,
however, contradicts a polycondensation mechanism in which
all species (monomers or oligomers) have equal reactivity.
Efforts are being made to elucidate the corresponding
mechanism.

It was found recently that treating a meta-diamine with a
para-diacid chloride led to nanosized macrocycles with 14, 16,
and 18 residues in high (>85%) overall yield.*> Compared
with the formation of macrocycles 19, the formation of these
larger macrocyles is entropically much more costly, which
would lead to very low yields without the preorganization of
the corresponding oligomer precursors. The high efficiency of
these one-pot cyclization processes has demonstrated the gen-
erality of folding-assisted macrocyclization for forming very
large macrocycles. This concept is currently being applied to
the preparation of other macrocycles.

Q
@

Enforced Folding of Other Unnatural
Oligomers

Oligomers with non-amide backbones have also been forced
to fold or cyclize into hollow structures. For example, oligo(m-
phenylene ethynylene)s (oligo(m-PE)s, 20, Figure 11a) were
forced to adopt crescent or helical conformations by intramo-
lecular H-bonds.*3*#* The presence of an intramolecular
H-bond limits the otherwise nearly free internal rotation (0.6
kcal mol~") of the diphenylacetylene unit, leading to a rigid-
ified backbone. Ab initio calculation indicates that 20a adopts
a planar conformation that is rigidified by its intramolecular
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FIGURE 11. (a) Backbone-rigidified m-PE foldamers, (b) energies of 20a and 20b based on ab initio calculation, (c) the crystal structure of

20a, and (d) oligo(m-PE)s 21—26 prepared and characterized.

H-bond. Deviation from the planar conformation of 20a by
interrupting the intramolecular H-bond leads to a rapid
increase in energy. The H-bonded 20a is 5.8 kcal/mol more
stable than 20b (Figure 11b). A rotational barrier of 7.19 kcal/
mol exists between conformers 20a and 20b. The conforma-
tion of 20a was confirmed by its crystal structure (Figure 11¢),
in which the intramolecular H-bond leads to a planar
conformation.

Oligo(m-PE)s 21—-26 were synthesized by stepwise, Pd-cat-
alyzed (Sonogashira) coupling. These oligomers were then
characterized using 1D and 2D "H NMR and UV spectroscopy.
It was found that pentamer 24, hexamer 25, and heptamer 26
adopted well-defined helical conformations in chloroform, a
solvent in which m-PE oligomers bearing polar side chains but
lacking backbone-rigidifying H-bonds were found to dena-
ture.'® These backbone-rigidified oligo(m-PEs) have provided
another system of oligomers with predictable folding and con-
formations containing noncollapsible cavities.

Aromatic oligoureas were also forced to fold by intramo-
lecular H-bonds.*> NMR study revealed a crescent conforma-
tion for tetramer 27. Macrocycle 28 was prepared in high
yield from the corresponding linear precursor or from the
dimerization of two dimers. Obviously, the cyclization lead-
ing to 28 was assisted by the preorganization of backbone.
Macrocycle 28, with its small, oxygen-rich cavity, showed high
specificity toward the potassium ion.

In an attempt to direct the folding of aromatic oligosulfona-
mides, a series of tetrasulfonamide macrocycles adopting a
cone-shaped conformation was discovered instead.*®*” Tet-
rasulfonamides consisting of benzene and naphthalene resi-
dues maintain the same conformation but contain cavities of
different sizes, as shown by the crystal structures of cyclic tet-
rasulfonamides 29a and 30a (Figure 12). These molecules are
reminiscent of calix[4]arenes. NOESY spectra of 29b and 30b
indicate that the cone-shaped conformations also persist in

29a: R = n-CzH7; 29b: R = n-Cg5Hqq

(b) G GiHa
O, o}
Need
R—=0 "N' \\O O/’ \NH O—R

R=G N §"O O\\Sg,\#4 O—R
’ oo 0

CHs CHs
30a: R = -i-CsH4; 30b: R = -n-C7Hys5
FIGURE 12. Tetrasulfonamide macrocycles (a) 29a,b, along with
the crystal structure of 29a, and (b) 30a,b, along with the crystal
structure of 30a. The DMF molecule in the cavity of 29a and the
pyridine molecule in the cavity of 30a are shown in space-filling
model.

(R = -CgHy7 or -(CH,CH,0)3CH5)

solution. A DMF molecule is found in the cavity of 29a (Fig-
ure 12a), while a pyridine molecule sits in the cavity of 30a
(Figure 12b). These readily modifiable, cavity-containing mol-
ecules provide the basis for designing new hosts and present
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an example of unexpected yet interesting discovery often
associated with scientific endeavors.

Conclusions and Remaining Challenges

The creation of hollow structures based on the enforced fold-
ing of aromatic oligomers has now been established as a reli-
able, general strategy that is applicable to a wide variety of
unnatural oligomers. In these systems, intramolecular H-bonds
play the critical role in enforcing the folded conformations.
The three-center H-bonds associated with aromatic oligoma-
mides and analogous oligomers have turned out to be partic-
ularly robust and effective in enforcing well-defined
conformations. The ability to tune the curvature of a rigidi-
fied backbone has provided a systematic approach for the cre-
ation of crescents, helices, and macrocycles with different
cavity sizes. The recently discovered folding-assisted macro-
cyclization has provided a powerful method for preparing new
shape-persistent nanosized macrocycles. These hollow molec-
ular structures, with their persistent shape, should provide a
class of nanoscale building blocks based on which nanopo-
rous structures capable of eventually mimicking the functions
of protein pores and cavities will be created. Despite our
progress, additional challenges remain. For example, efficient
methods for preparing long oligomers still need to be devel-
oped. Strategies for aligning the hollow structures into well-
defined supramolecular assemblies are lacking. Another
challenge is the functionalization of the cavities and pores.
Addressing these challenges requires a multidisciplinary effort,
which eventually will lead to protein-like, functional voids.
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he prevalence of drug-resistant bacteria drives the quest for new antimicrobials, including those that are not expected

to readily engender resistance. One option is to mimic Nature’s most ubiquitous means of controlling bacterial growth,
antimicrobial peptides, which have evolved over eons. In general, bacteria remain susceptible to these peptides. Human anti-
microbial peptides play a central role in innate immunity, and deficiencies in these peptides have been tied to increased
rates of infection. However, clinical use of antimicrobial peptides is hampered by issues of cost and stability. The develop-
ment of nonpeptide mimics of antimicrobial peptides may provide the best of both worlds: a means of using the same mech-
anism chosen by Nature to control bacterial growth without the problems associated with peptide therapeutics. The ceragenins
were developed to mimic the cationic, facially amphiphilic structures of most antimicrobial peptides. These compounds repro-
duce the required morphology using a bile-acid scaffolding and appended amine groups. The resulting compounds are actively
bactericidal against both Gram-positive and Gram-negative organisms, including drug-resistant bacteria. This antimicrobial
activity originates from selective association of the ceragenins with negatively charged bacterial membrane components. Asso-
ciation has been studied with synthetic models of bacterial membrane components, with bacterial lipopolysaccharide, with
vesicles derived from bacterial phospholipids, and with whole cells. Comparisons of the antimicrobial activities of cer-
agenins and representative antimicrobial peptides suggest that these classes of compounds share a mechanism of action.
Rapid membrane depolarization is caused by both classes as well as blebbing of bacterial membranes. Bacteria express the
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same genes in response to both classes of compounds. On the basis of the antibacterial activities of ceragenins and preliminary in vivo studies, we
expect these compounds to find use in augmenting or replacing antimicrobial peptides in treating human disease.

Introduction

Antimicrobial peptides, such as the human cathelicidin LL-37
and the defensins, play a central role in innate immunity. For
example, deficiencies in antimicrobial peptides can lead to an
increased incidence of bacterial and viral skin infections,' peri-
odontal diseases,? and urinary tract infections.® The ubiquity
of antimicrobial peptides, found in organisms ranging from
insects to mammals, and the fact that bacteria generally
remain susceptible to these compounds have prompted inter-
est in development of antimicrobial peptides for clinical use in
preventing and treating bacterial infections.*> However, clin-
ical use of peptide therapeutics poses several problems: com-
pounds of the complexity found among endogenous
antimicrobial peptides (ca. 20—50 amino acids) are relatively
expensive to prepare, the activity of many antimicrobial pep-
tides is salt-sensitive, and peptides are susceptible to pro-
teolytic degradation.® Consequently, development of non-
peptide mimics of antimicrobial peptides may provide a
means of using the antimicrobial strategies evolved over eons
without the disadvantages of peptide therapeutics.

From the collection of over 1000 endogenous antimicro-
bial peptides that have been isolated and characterized,® it is
possible to determine common features necessary for bacte-
ricidal activity. In general, sequence homology is not con-
served, and most examples of antimicrobial peptides adopt
o-helical or p-sheet secondary structures. Nevertheless, the
secondary structure adopted generally results in cationic,
facially amphiphilic’-® morphology. Some of the best-studied
o helix forming antimicrobial peptides are the magainins from
amphibians and the cathelicidin LL-37 from humans. These
peptides adopt a-helical conformations in the presence of lipid

cationic face

hydrophobic face

@ basic residues

bilayers, and in these conformations hydrophobic residues are
clustered on one face of the helix with the cationic groups on
the opposite face (see Figure 1 for helix wheel representa-
tions of these peptides).

Various models have been proposed for the activities of
antimicrobial peptides, and the magainins and cathelicidins
are believed to function via the “carpet model”.? In this model,
the amphiphilic peptides first associate via ionic interactions
with the negatively charged components of the bacterial
membrane. Once a critical local concentration is reached, the
driving force to remove the hydrophobic faces of the peptides
from water results, in part, in formation of transient pores in
the membrane resulting in membrane depolarization and ulti-
mately in cell death. Changes in the morphology of the outer
membranes of Gram-negative bacteria have also been
observed, which are hypothesized to be due to alterations in
membrane curvature upon interaction with the peptides.'®'!
The hypothesis that antimicrobial peptides associate strongly
with bacterial membrane components is corroborated by
observations that antimicrobial peptides effectively seques-
ter lipopolysaccharide (LPS), the primary constituent of the
outer membranes of Gram-negative bacteria, and prevent
innate immune responses to this glycolipid.'?

Design and Study of Ceragenins

Common bile acids, such as cholic acid (Figure 2), are inher-
ently facially amphiphilic and are secreted into the gastrointes-
tinal track to aid in the solubilization of lipids. The amphiphilic
nature of cholic acid has been noted and expanded upon by
a number of groups. Notably, Kahne and co-workers
appended sugars to the hydroxyl groups on cholic acid to

magainin |

hydrophobic

LL-37
FIGURE 1. Helix-wheel representations of antimicrobial peptides cathelicidin LL-37 (humans) and magainin | (amphibians) showing facial
amphiphilicity.

residues
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CSA-13

FIGURE 2. Structures of cholic acid and ceragenins CSA-8, -13, and -54, along with a perspective drawing of CSA-8 showing its facial
amphiphilicity.

yield compounds effective in permeabilizing eukaryotic mem-
branes and facilitating transfection.'® Davis and co-workers
have made use of cholates in the development of receptors
for anions that are capable of transport across lipid
bilayers.'*'> The amphiphilic nature of the cholates is neces-
sary for interactions with the anion and solubility in the inte-
rior of the membrane. The structural rigidity and amphi-
philicity of cholates has been exploited by Kobuke and co-
workers in the preparation of artificial ion channels.'®'” Regen
and co-workers have designed cholate-based compounds,
termed molecular umbrellas, capable of carrying a variety of
molecules across lipid bilayers, including oligonucleotides,'®
by changing their conformations based on their environment.
Regen has found that these compounds have antiviral activ-
ity against lipid-enveloped viruses including HIV and herpes
simplex virus.'® Furthermore, Regen and co-workers have
demonstrated that oligocholates appended on an amide back-
bone can form pores in lipid bilayers.?°

We have fine-tuned the amphiphilic nature of cholic acid to
better mimic the cationic charge characteristics of antimicro-
bial peptides and thereby generated series of nonpeptide
mimics of antimicrobial peptides.?'~23 Initially, we referred to
these compounds as “cationic steroid antibiotics” (or CSAs; for
examples, see Figure 2) but to avoid the suggestion that these
compounds might possess steroid-like properties, we have
termed the compounds “ceragenins.”

The ceragenins were designed to mimic the facially
amphiphilic morphology of antimicrobial peptides, and a
drawing of a representative ceragenin demonstrating its facial
amphiphilicity is given in Figure 2. Our hypothesis was that
reproduction of the morphology of antimicrobial peptides
using a cholic acid scaffolding would yield antimicrobial com-
pounds sharing a mechanism of action. In addition, we pro-

CSA-54

posed that emulation of the spacing between amines in
polymyxin B2* would yield compounds with high affinity for
the lipid A portion of LPS. Polymyxin B is the paradigm for
small-molecule binding of lipid A, and we expected that lipid
A binding would be essential for activity against Gram-nega-
tive bacteria. Modeling of polymyxin B and a cholic acid scaf-
folding with appended amines indicated that interamine
distances were nearly identical.>*

Studies with ceragenins have focused on four areas: (1)
direct antibacterial activities (Gram-negative and -positive bac-
teria), including work with drug-resistant organisms; (2) abili-
ties of ceragenins to sensitize Gram-negative bacteria to
hydrophobic antibiotics; (3) correlation of the antimicrobial
activities of ceragenins with antimicrobial peptides; and (4)
methods of attaching ceragenins to polymers for prevention
of bacterial colonization of surfaces.

Antibacterial Activities of Ceragenins

The most direct means of testing the hypothesis that antimi-
crobial peptide activity can be mimicked with a cholic acid
scaffolding was to assay the antibacterial activities of cer-
agenins. This activity was measured with both Gram-nega-
tive and Gram-positive bacteria. Gram-negative bacteria
contain two lipid bilayers: an outer membrane and a cytoplas-
mic membrane. As a consequence, they do not absorb
“Gram'’s stain” (crystal violet). Gram-positive bacteria have only
one lipid bilayer but produce a larger layer of peptidoglycan.
Antibacterial activities are typically compared using minimum
inhibition concentrations (MICs). These are the minimum con-
centrations at which a compound inhibits bacterial growth in
nutrient media. Minimum bactericidal concentrations (MBCs)
are the concentrations at which a compound completely erad-
icates an inoculum of bacteria. Many antimicrobial agents are
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TABLE 1. MIC Values of CSA-13 and Other Antibiotics against Clinical Isolates of S. aureus

MIC values («g/mL)

isolate no. cipro-floxacin erythro-mycin gentamicin oxacillin rifampin tetracycline vancomycin CSA-13
SA509%¢ a a a a a a >32 0.25
SA510%¢ a a a a a a >32 0.125
SA512%¢ a a a a a a >32 0.125
CN2252° a a a a a a 8 0.06
CN2262° a a a a a a 8 0.125
JMI967%7 >8 >8 16 >8 0.25 >8 1 05
JMI1182%7 >8 >8 >16 >8 0.25 >8 1 05
JMI1552%7 >8 >8 16 >8 >2 >8 1 05
IMI1718%7 >8 >8 >16 >8 0.25 >8 05 05
JMI2131%7 0.25 >8 >16 >8 2 >8 1 05
“ Not determined.
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FIGURE 3. (A) Time—Kkill curves of CSA-13 activity (1, 4, and 10 times the MIC) against a clinical isolate of vancomycin-resistant S. aureus
(Michigan 2002). Closed circles are with an initial inoculum of 10° colony forming units (CFU)/mL, and open circles are with an initial
inoculum of 108 to 10° CFU/mL. (B) Concentration-dependent PAE of CSA-13 with vancomycin-resistant S. aureus (Michigan 2002) measured

at 1, 2, and 4 times the MIC. GC = growth control of the organism.

bacteriostatic, that is, they inhibit bacterial growth, but only
actively kill bacteria at concentrations much higher than the
MIC. Antimicrobial peptides are generally bactericidal with
MBC values only slightly higher than MIC values.

Against Gram-positive bacteria, nearly the entire series of
ceragenins tested are very active with MIC values at or below
microgram per milliliter concentrations. Table 1 lists MIC val-
ues of one of the more active ceragenins, CSA-13, against clin-
ical isolates of multidrug-resistant Staphylococcus aureus,
including highly vancomycin resistant strains. The MBC val-
ues of CSA-13 are similar to the MIC values against both
Gram-negative and Gram-positive bacteria including S.
aureus.*®

Chin, et al.2® showed the MIC and MBC values of CSA-13
against vancomycin-resistant S. aureus to be 1 ug/mL, a result
that is consistent with active bactericidal activity. Concentra-
tion-dependent bactericidal activity was demonstrated with
varying concentrations of 1, 4, and 10 times the MIC against
different inoculum densities over a 24 h period as shown in

Figure 3A. In addition, CSA-13 displays a postantibiotic effect
(PAE). PAE refers to the suppression of bacterial growth that
persists after short exposure of organisms to antimicrobials. It
is the antimicrobial effect due to prior exposure rather than to
persisting sub-MIC concentrations of the compound. That is,
PAE measures the antibacterial activity (in hours or minutes)
of a compound after it has been removed from the environ-
ment indicating affinity of an antimicrobial for its target. In
experiments with resistant S. aureus, CSA-13 displayed signif-
icant PAE, suggesting that CSA-13’s affinity for the negatively
charged bacterial membrane increased as the concentration
increased. The PAE nearly doubled from 2 to 4 times the MIC
(Figure 3B).

Controlling the growth of Gram-negative bacteria can pose
a challenge due to the permeability barrier of the outer mem-
brane. Many hydrophobic antibiotics are inactive or only
weakly active against these organisms because they do not
effectively traverse the outer membrane. For example, eryth-
romycin gives MIC values of less than 1 ug/mL with most
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FIGURE 4. Titration of CSA-59 with the lipid A model shown. Inset shows fluorescence increase as a function of lipid A/CSA-59 ratio.

Gram-positive bacteria, but against Gram-negative organisms,
MIC values are often above 50 ug/mL. Association of small
molecules with lipid A, which comprises a majority of the
outer membrane, causes an increase in permeabilization of
the outer membrane. In early investigations with ceragenins,
it was discovered that the nature of the group extending from
C24 (see Figure 2 for steroid numbering) dramatically influ-
enced the bactericidal activity of the ceragenins against Gram-
negative bacteria, such as Escherichia coli.*® A lipid chain
extended from C24 (as in CSA-13 in Figure 2) gives a com-
pound that effectively Kills Gram-negative bacteria at relatively
low concentrations. However, if this chain is absent (as in CSA-
8), the ceragenins lose activity against E. coli and other Gram-
negative bacteria.** We have proposed that the lipid chain
facilitates traversal of the ceragenin through the outer mem-
branes of Gram-negative bacteria. Nevertheless, ceragenin
CSA-8 retains the ability to associate with the outer mem-
branes and sensitize Gram-negative bacteria to hydrophobic
antibiotics.>>3° For example, the MIC of erythromycin with a
drug-resistant strain of Klebsiella pneumoniae is ca. 70 ug/mL,
and the MIC of CSA-8 is >30 ug/mL with the same strain.
However, in combination it requires erythromycin and CSA-8
at concentrations of 1 and 0.7 ug/mL, respectively, to effec-
tively inhibit bacterial growth.°

Association of Ceragenins with Bacterial
Membrane Components

A key aspect to the proposed mechanism of action of the cer-
agenins is association with bacterial membranes. The target of
ceragenins with Gram-negative bacteria is the lipid A portion
of LPS. Studies of the association of a fluorophore-labeled cer-

Vol. 41, No. 10 = October 2008

agenin, CSA-59, with the disaccharide headgroup of lipid A
(Figure 4) indicate an association constant of 1.7 x 10° M™'
and a one to one binding stoichiometry.?' Displacement stud-
ies with polymyxin B indicated that CSA-59 had comparable
affinity for the lipid A model compound. Pioneering work by
de Kruijff and co-workers has shown that the antibacterial
activity of the antimicrobial peptide nisin is dependent on its
affinity for lipid II, a precursor of bacterial peptidoglycan.2
Similarly, selective affinity of ceragenins for lipid A likely
improves its activity against Gram-negative bacteria.

The affinity of ceragenins for LPS was also demonstrated in
studies using measurement of the translocation of the tran-
scription factor NF-«B measured by Bucki et al.>* Cells that par-
ticipate in innate immunity respond to LPS, via TLR4, by
release of a series of proinflammatory cytokines. This
response can result in sepsis or septic shock. A key step in this
response is the translocation of NF-«B to the cell nucleus, and
effective sequestration of LPS limits NF-«B translocation. Addi-
tion of LPS to endothelial cells results in NF-«B translocation
(Figure 5). However, preincubation of LPS with either LL-37 or
CSA-13 resulted in a loss of the response, suggesting that
LL-37 and CSA-13 are comparably able to sequester LPS.

To verify that affinity for LPS translated into cell selectiv-
ity, a fluorophore-labeled ceragenin similar to CSA-59 was
titrated into suspensions containing either Gram-negative bac-
teria (E. coli), Gram-positive bacteria (S. aureus), eukaryotic (Chi-
nese hamster ovary) cells, or mixtures of these cell types.3'
The fluorophore appended to the ceragenin responded via
increases in its fluorescence intensity and emission wave-
length upon moving from an aqueous to a hydrophobic envi-
ronment. The labeled ceragenin displayed a high degree of
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FIGURE 5. Quantification of NF-«B translocation in human aorta
endothelial cells stimulated with LPS (0.1 xg/mL) with and without
LL-37 or CSA-13. Error bars represent standard deviations from
three experiments.
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FIGURE 6. Leakage of vesicles derived from the indicated
phospholipids with ceragenins CSA-8, CSA-13, and CSA-54. DOPE =
dioleoylphosphatidylethanolamine; DOPG =
dioleoylphosphatidylglycerol;, CL = cardiolipin, DOPC =
dioleoylphosphatidylcholine; DPPG =
dipalmitoylphosphatidylglycerol.

selectivity (>10°) for Gram-negative bacteria over the other
cell types and was approximately 10° more selective for the
Gram-positive bacteria over the eukaryotic cells.

Since Gram-positive bacteria do not produce LPS, the ques-
tion of the target of ceragenins in these molecules was raised.
Epand et al. studied the interactions of ceragenins with vesi-
cles derived from a variety of phospholipids found in bacte-
rial membranes (Figure 6).>* In this study, it was found that all
three ceragenins tested caused leakage with negatively
charged vesicles containing phosphatidylethanolamine (PE)
but that replacement of PE with phosphatidylcholine resulted
in a substantial loss of interaction and leakage. Notably, all
three ceragenins studied engaged in this behavior even
though they contain different number of amines. In highly
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charged vesicles containing cardiolipin and phosphatidylglyc-
erol, the role of charge became more apparent with CSA-8,
which contains fewer amine groups than CSA-13 and CSA-
54, becoming less active. These studies, along with DSC and
3P NMR studies led to the conclusion that the ceragenins
exhibit low-potency activity against bacteria containing high
amounts of PE and higher bacteridical activity against bacte-
ria containing high amounts of anionic lipids.

Correlation of the Antibacterial Activities of
Ceragenins and Antimicrobial Peptides
Considering the similar facially amphiphilic morphology and
charge characteristics of the ceragenins and antimicrobial pep-
tides such as LL-37 and the magainins, it is expected that
these antimicrobials would display similar mechanisms of
action. To correlate these mechanisms, we investigated the
kinetics of bacterial membrane depolarization, changes in bac-
terial membrane morphology in response to nonlethal doses
of the antimicrobials, and the genes that bacteria express in
response to the compounds. As described above, we also
compared the ability of CSA-13 and LL-37 to sequester LPS
and found them to be very similar.

Membrane depolarization is a key step in the antibacte-
rial activity of antimicrobial peptides and ceragenins. This may
come from leakage, similar to that seen in the vesicle stud-
ies. To study membrane depolarization, we used a fluores-
cent cyanine dye that incorporates into polarized membranes
and displays a large increase in fluorescence intensity upon
membrane depolarization. For these studies, we used the
Gram-positive bacterium Micrococcus luteus because it was
susceptible to the amphibian antimicrobial peptide magainin
I. Treatment of M. luteus with magainin, CSA-8, or CSA-13
resulted in rapid membrane depolarization (Figure 7).3> Nota-
bly, the ceragenins caused depolarization at concentrations far
below those of magainin | required for comparable depolar-
ization, with CSA-13 more than an order of magnitude more
active.

With Gram-negative bacteria, interactions with antimicro-
bial peptides lead to membrane blebbing, and this has been
observed via electron microscopy and atomic force
microscopy.'®'"33 Electron microscopic and AFM images
show similar changes in the morphology of the membranes of
Gram-negative bacteria exposed to ceragenins.>*3> A trans-
mission electron microscopy image of E. coli treated with a
sublethal dose of CSA-13 is shown in Figure 8 with substan-
tial membrane blebbing.

Antimicrobial peptides have been characterized by the bac-
terial promoters they activate, and these promoters have been
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FIGURE 7. Depolarization of the membrane of M. luteus measured
by an increase in fluorescence of 3,3'-diethylthiadicarbocyanine
iodide: (W) magainin (50 ug/mL or 21 uM); (a) CSA-8 (2 ug/mL or
3.5 uM); (¢) CSA-13 (0.5 ug/mL or 0.74 uM).
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FIGURE 8. TEM images of E. coli: (A) control (magnification 7000);
(B) treated with CSA-13 at 0.5 x MIC (magnification 7000).

cloned and coupled to a bacterial luminescence reporter
operon on a plasmid introduced into E. coli. At sublethal doses,
the magainins cause activation of the osmY promoter, but not
the micF promoter while cecropins activate both the osmY and
micF promoters.?® Using the same bacterial luminescence
reporter, we observed that sublethal doses of ceragenins
caused activation of both the osmY and micF promoters.>>

Conclusions

The ubiquity of antimicrobial peptides that have apparently
evolved independently argues that their mechanism of action
is effective in controlling bacterial growth without readily
engendering resistance. Considering the prevalence of antibi-
otic-resistant bacteria, there is a pressing need for develop-
ment of new antimicrobials, and clinical use of antimicrobial
peptides has been presented as an attractive option. However,
given the understanding of the active conformations of anti-
microbial peptides and the ability to design and synthesize

Ceragenins Lai et al.

smaller molecules that approximate these conformations,
mimics of antimicrobial peptides may be more suitable for
clinical development. Mimics can avoid protease degradation
and salt sensitivity and may be simpler and less expensive to
prepare and purify on a large scale. The ceragenins were
designed to mimic antibacterial peptide activities, and direct
comparisons suggest that they duplicate the antibacterial activ-
ities of antimicrobial peptides well. The ceragenins are well tol-
erated by cells that are routinely exposed to antimicrobial
peptides, and preliminary in vivo testing of the ceragenins
confirms that they are well suited to replace or augment the
antibacterial activities of endogenous antimicrobial peptides.
With pressing need for antimicrobials for use in topical,
inhaled, or systemic applications, it is possible that ceragenins
will find use in controlling bacterial growth and preventing
infection.

Development of the ceragenins and studies with this class of
compounds has been funded by the National Institutes of
Health, Ceragenix Pharmaceuticals, and the Canadian Institutes
of Health Research. P.B.S. is a paid consultant for Ceragenix
Pharmaceuticals.
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roteins catalyze specific chemical reactions and carry out highly selective molecular recognition because they adopt well-

defined three-dimensional structures and position chemically reactive functional groups in specific constellations. Pro-
teins attain these well-defined structures through the complex process of protein folding. We seek to emulate these protein
functions by constructing macromolecules that are easier to engineer by avoiding folding altogether.

Toward that goal, we have developed an approach for the synthesis of macromolecules with programmable shapes. As
described in this Account, we have constructed synthetic building blocks called bis-amino acids that we then couple through
pairs of amide bonds to create water-soluble, spiroladder oligomers (bis-peptides) with well-defined three-dimensional struc-
tures. Bis-peptides use the conformational preferences of fused rings, stereochemistry, and strong covalent bonds to define
their shape, unlike natural proteins and synthetic foldamers, which depend on noncovalent interactions and an unpredict-
able folding process to attain structure.

Using these bis-amino acid monomers, we have built and characterized a number of bis-peptide nanostructures. We also
constructed a molecular actuator that undergoes a large change in conformation under the control of metal exchange; the
first application of bis-peptides. We are currently developing further approaches to functionalize bis-peptides as scaffolds
to present well-defined constellations of functional groups. Such macromolecules could facilitate multifunctional catalysis and
molecular recognition and lead to nanoscale molecular devices.

dimensional structures. Proteins act as scaffolds to
position multiple chemically active groups in
three-dimensional space either inward, in the case
of enzymes, to catalyze chemical reactions or out-
ward to create recognition elements to bind other
proteins. It is this ability, to position multiple func-
tional groups in three-dimensional space that my

Introduction

I have been fascinated by the catalytic and molec-
ular recognition capabilities of proteins since I first
learned of them as an undergraduate student.
Over the years, my fascination has grown into a
drive to develop the ability to construct macromol-
ecules that have the capabilities of proteins but

that are easier to engineer. Proteins achieve their
remarkable catalytic and molecular recognition
abilities because they adopt well-defined three-

Published on the Web 07/29/2008  www.pubs.acs.org/acr
10.1021/ar700283y CCC: $40.75 © 2008 American Chemical Society

Vol. 41,

group seeks to emulate. We use organic synthe-
sis to synthesize a collection of cyclic, abiotic
building blocks that we couple through pairs of
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FIGURE 1. A comparison of bis-peptides to other approaches to
forming structured macromolecules: (A) In proteins, widely
separated apolar amino acids fold together to avoid water, and
intraresidue hydrogen bonds help to stabilize the folded structure.
(B) Foldamers are synthetic oligomers that fold into well-defined
secondary structures due to the conformational preferences of their
monomers, local inter-residue hydrogen bonds, and solvophobic
tendencies of their monomers. (C) Bis-peptides are synthetic
oligomers assembled from cyclic, stereochemically pure monomers
coupled through pairs of amide bonds to form rigid spiroladder
oligomers with predefined and programmable three-dimensional
structures.

bonds to create ladder oligomers with programmable three-
dimensional structures. We are currently developing function-
alized bis-peptides to explore a variety of applications in
catalysis, molecular recognition, nanoscience, and medicinal
chemistry.

The idea of creating unnatural building blocks is not a new
idea. In 1995, the Iverson group at the University of Texas at
Austin developed unnatural oligomers that utilize donor—
acceptor interactions between aromatic groups to fold into
pleated structures.! At the same time, the Gellman group?>
and the Seebach group*> were developing S-peptides, short
sequences of f-amino acids, which adopt helical and sheet-
like structures. In a radical departure from peptide-like struc-
tures, the Moore and Wolynes groups developed meta-linked
phenylacetylene oligomers that undergo solvophobic collapse
to form helical structures containing a central cavity.® Over the
past decade there have been many examples of folding oli-
gomers developed by other groups that have been summa-
rized in excellent reviews.”®

FmocHN\\. CO,Me
2 pro4(2S4R)

FmocHN v"COgMe
1 pro4(254S)

OH OH
os/ Boc of—'/,,’ Boc
—N N

FmocHN™ “CO,Me  FmocHN’ “CO,Me
3 prod(2R4R) 4 pro4(2R4S)

FIGURE 2. The chemical structure of the “pro4” class of bis-amino
acid monomers. The “pro4” name indicates that they resemble
proline with substitution at the 4 position and the characters in
parentheses indicate the stereochemistry (e.g., for compound 2,
pro4(2S4R) indicates “S” and “R” stereochemistry at the 2 and 4
positions, respectively). These monomers share common
characteristics with all bis-amino acid monomers. They consist of
two o-amino acids mounted on a cyclic core. The amino acids are
suitably protected for solid-phase synthesis of oligomers. Each
monomer has a distinct stereochemistry that defines its shape and
the shape that it imparts on oligomers into which it is incorporated.

What these approaches have in common is that they
involve flexible oligomers that adopt well-defined structures
through a complex process of folding (Figure 1). An alterna-
tive approach would be to avoid folding altogether and to
develop cyclic building blocks that can be coupled through
pairs of bonds to create ladder oligomers that use strong cova-
lent bonds and the conformational preferences of rings to
determine their tertiary structures rather than subtle nonco-
valent interactions and folding. This also is not a completely
new idea. In the 1980s, the Stoddart group developed the
concept of the “Molecular Lego”; these were building blocks
that they coupled through pairs of bonds using Diels—Alder
reactions to create large cyclic molecules.®'® A drawback of
the Diels—Alder reaction is that it produces mixtures of prod-
ucts. In our approach, we use pairs of amide bonds in a 1,4-
diketopiperazine motif, formed in a two-stage process with
complete regioselectivity, to connect cyclic monomers to form
ladder oligomers. We have developed a collection of chiral,
cyclic building blocks, called “bis-amino acids” (Figure 2, Fig-
ure 10) that display two suitably protected a-amino acids and
assemble them in different sequences to create water-solu-
ble, rigid, spiroladder oligomers (bis-peptides) with program-
mable three-dimensional structures (Figure 6, 8, 11, and 12).
We are currently developing functionalized monomers that
have side chains just as amino acids do to combine with struc-
tural monomers to create constellations of functional groups
that could mimic active sites of proteins and protein binding
surfaces. We have developed computer software that can rap-
idly build low-energy models of billions of synthetically acces-
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SCHEME 1. The Synthesis of the Monomers pro4(254S) (1) and
pro4(2S4R) (2)¢

COZH z\ COzt Bu z\ LOyt-Bu  Cbz, LOut-Bu
3 N
Q Q e
65% 0 O “NH
4 steps )—NH 5:1 HN—&
O 7b
Cbz_ LO,t-Bu Boc, COxH
N— . N—
e f,g.h,j
7a —_— T e
90% HoN H~OH 60% HN® OMe
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Cbz,  CO,t-Bu Boc,  COH
N— ) N—
e Q KLh,j Q
7b E— —_—
s6%  MONTTNH, 67% MO~y - Fmoe
o) 4 steps 0 H

9
2 pro4(2S4R)

9 Reagents and conditions: (@) NaHCO5, Cbz-Cl, 1:1 dioxane/water; (b) Jones
reagent, acetone; (c) isobutylene, H,SO, (cat.), CH5Cl5; (d) (NH,)>COs, KCN, 1:1
EtOH/H,0, 60 °C, sealed tube; (e) (i) (Boc),O, DMAP, THF; (i) 2 M KOH; (f) Fmoc-
OSu, Na,CO,, 1:1 dioxane/water; (g) MeOH, DCC, DMAP, CH,Cl,, 0 °C to room
temperature; (h) 3:7 CF;CO,H/CH,CI,; (j) H,, 10% Pd/C, (Boc),O, THF; (k) (i)
TMS-Cl, NEt(iPr),, CH5Cl,, reflux; (i) Fmoc-Cl, 0 °C to rt; (I) TMS-CHN,, MeCOH,
Et,0.

sible oligomers from these monomers and identify those that
could present desired functional group constellations. With
such a system, the problem of rationally designing functional
macromolecules may be considerably easier than designing
functional macromolecules based on proteins or foldamers
because the structures of bis-peptides will be predetermined
and programmable.

Monomer Synthesis

Bis-amino acid syntheses need to satisfy several simultaneous
requirements: ideally, these syntheses need to be able to pro-
duce gram quantities of material, they need to produce ste-
reochemically pure products, and they need to be reasonably
short and inexpensive. Currently, the synthesis for the
pro4(254S) monomer 1 is nine steps, it uses only two chro-
matographic column purifications, and 10 g of material can be
prepared by one student in two weeks time. The synthesis was
first demonstrated by my student Christopher Levins'' and
refined by other students within my laboratory, most notably
Sharad Gupta (Scheme 1). The synthesis begins with inexpen-
sive trans-4-hydroxy-L-proline 5 and the key step in the syn-
thesis is a Bucherer—Bergs reaction on the ketone 6, which
forms two diastereomeric hydantoins, 7a and 7b, which we
separate using silica gel chromatography. Each diastereomer
7a and 7b goes on to form a separate, valuable building block
1 (pro4(254S)) and 2 (pro4(2S4R)), respectively. The material
cost of synthesizing the pro4(2S4S) monomer 1 using this syn-

SCHEME 2. The Synthesis of the pro4(2R4R) (3) and pro4(2R4S) (4)
Monomers Follows the Route Shown in Scheme 1 Substituting cis-4-
Hydroxy-p-proline, 10, for trans-4-hydroxy-L-proline, 5¢

Boc, CO.H
&?
MeO— % -Fmoc
CO,H CO.H \\\O N
L0, 2
H&? ab.c H&? 7 pro4(2R4R)
—_—
37% Boc, ,CO.H
OH 3 steps OH N\ N

Fmoc.

N\“ OMe
H

o)

4 prod(2R4S)
9 Reagents and conditions: (a) Ac,O, ACOH, reflux; (b) 2 M HCI (aq), reflux; (c)
(i) 40:2:1 EtOH/H,O/Et5N; (ii) recryst. from EtOH/H,0.
thesis is only $21/gram, this includes reagents, solvents, and
chromatography silica. The synthesis of the diastereomeric bis-
amino acids 3 and 4 also starts from trans-4-hydroxy-L-pro-
line 5, which we epimerize at the 2-position’? to form cis-4-
hydroxy-p-proline, which we carry through the synthetic steps
described in Scheme 1 to produce the pro4(2R4R), 3, and
pro4(2R4S), 4, monomers (Scheme 2).

Oligomer Synthesis

The synthesis of a bis-peptide occurs in two stages, the
“assembly” stage followed by the “rigidification” stage. The
assembly stage follows the protocols of solid-phase fluorenyl-
methoxy-carbonyl (Fmoc)-based peptide synthesis (Figure 3).
Each building block is activated as the 1-hydroxy-7-azaben-
zotriazole (HOAY) ester,'® and quantitative coupling to the pre-
vious building block is achieved using 3 equiv of activated
monomer in less than 30 min at room temperature, a surpris-
ing result given the hindered nature of the nucleophile. Fmoc
deprotections are carried out with 20% piperidine in dimeth-
ylformamide for 30 min at room temperature. At the end of
the assembly stage, the oligomer 11 is cleaved from the resin
and globally deprotected to form the flexible oligomer 12. In
the rigidification stage, the flexible oligomer 12 is subjected
to catalytic conditions that promote an intramolecular ami-
nolysis reaction in which the secondary amine of each mono-
mer attacks the ester of the previous monomer to form a
diketopiperazine (DKP) ring between each adjacent pair of
monomers and the rigidified bis-peptide 13. The resulting
spiroladder oligomer 13 has no rotatable bonds in its back-
bone, and its structure is determined by the specific sequences
of monomers defined in the assembly stage.

We can monitor the progress of the diketopiperazine clo-
sure reaction using reverse-phase high-performance liquid
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FIGURE 3. The synthesis of bis-peptides occurs in two stages, “assembly” followed by “rigidification”. The assembly stage is Fmoc-based
solid-phase peptide synthesis. In the rigidification stage, an oligomer such as 12 is subjected to catalytic conditions in which the free
secondary amine of each building block attacks the ester of the preceding building block, closing a diketopiperazine ring (yellow) and

forming a conformationally constrained bis-peptide such as 13.

SCHEME 3. The Parallel Diketopiperazine Formation Reaction of
Oligomer 14 To Form Bis-peptide 15¢

oY

Me
oﬂ HQN HN
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o QHQ H 20% piperidine 2
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“ The chromatograms of these compounds at different time points in the rigidi-
fication process are shown in Figure 4.

chromatography with mass spectrometry (HPLC-MS.) An exam-
ple is shown in Scheme 3 and Figure 4 in which we synthe-
sized oligomer 14 and treated it with 20% piperidine in
dimethylformamide at room temperature (our first catalytic
DKP closure conditions) and immediately injected it onto a C;g
reverse-phase column and carried out HPLC-MS using a 5% to
959% acetonitrile (0.1% TFA) gradient over 30 min.'* The
chromatogram (Figure 4A) shows one main peak at ~8.5 min,
and mass spectrometry indicates that the eluting compound
has a mass to charge ratio (m/z) consistent with compound 14.
After three hours, a portion of the remaining sample in 20%
piperidine/DMF was injected and many new peaks appeared
(Figure 4B) that had an m/z consistent with compound 14
missing between 1 and 5 equiv of methanol, indicating that
a mixture of diketopiperazine containing intermediates had
formed. After 32 h in 20% piperidine, a sample was injected
again and the chromatogram (Figure 4C) showed that com-
pound 14 and all of the intermediates had disappeared and
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FIGURE 4. The progress of the rigidification of compound 14 to
form 15 (Scheme 3) is shown at different time points.

the primary product that remained had a m/z consistent with
product 15. We observed that with prolonged exposure to pip-
eridine new peaks appeared with the same m/z as product 15
but with different retention times. We believe that these are
diastereomers of compound 15 that form when base-cata-
lyzed epimerization takes place at the tertiary a-carbon of
each monomer fused to a diketopiperazine. Diketopiperazines
are known to epimerize under basic conditions, ' and because
of this, we avoid exposure of bis-peptides to strong bases for
extended periods of time.
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FIGURE 5. The chemical structure of oligomer 16. Hydrogens have
the same number as the heavy atoms that they are attached too.
Diastereotopic hydrogens are labeled “o” if they go into the page
and “p” if they come out of the page.

Oligomer Structure Determination

In order to test our ability to predict and design bis-peptide
structures, we synthesized several oligomers and carried out
two-dimensional nuclear magnetic resonance (2D-NMR)
ROESY experiments to identify pairs of hydrogen atoms that
are physically close to each other. We qualitatively classify the
ROESY correlations as strong, medium, and weak intensity
based on the integrated intensity of the ROESY cross-peaks.
We have also carried out molecular mechanics calculations
using the AMBER94 force field'® to identify the preferred
energy conformations of each oligomer. In almost every case,
the global minimum energy conformation predicted by
AMBER94 has been consistent with the ROESY correlations.
The most valuable ROESY correlations are the trans-annular
correlations, which provide information about the preferred
conformations of individual rings.

We synthesized oligomer 16 containing the sequence
pro4(254S)=pro4(254S)=pro4(2R4R)=pro4(2R4R) (here the
=" character represents a diketopiperazine linkage between
the adjacent monomers to differentiate it from a single amide
bond “—") to determine its solution structure using 2D-NMR."*
In the ROESY spectrum of oligomer 16 (see Figure 5 for the
structure of 16 and atom labels), we observe a strong ROESY
correlation between H20 and H15p and a medium strength
correlation between H20 and H15a (Figure 6ii). In addition,
there is a weak correlation between H13a and H15a and no
correlation between H134 and H15p4. These data are consis-
tent with the pyrrolidine ring containing nitrogen 16 existing
in an envelope conformation that avoids a 1,3 interaction
between carbonyl carbon 11 and nitrogen 18 and with the
diketopiperazine containing carbon 20 existing in a boat con-
formation. We also observe a strong ROESY correlation
between H28 and H21p, no correlation between H28 and
H21a, a weak correlation between H21o and H23a, and no
correlation between H214 and H23p (Figure 6iii). These obser-
vations are consistent with the pyrrolidine ring containing car-
bon 20 existing in a conformation that avoids a 1,3
interaction between carbonyl carbon 19 and nitrogen 26 (Fig-
ure 6iii). Compound 16 is one member of a set of 512 (2°)
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FIGURE 6. The minimum energy structure of bis-peptide 16 with
superimposed ROESY correlations. The blue shaded pyrrolidines are
pro4(254S) monomers, and the red shaded pyrrolidines are
pro4(2R4R) monomers. The inset figures are close-ups of the
second monomer (i) and the third monomer (iii). The colors of the
superimposed ROESY correlation lines are color coded by their
intensity (red = strong, yellow = medium, green = weak).

synthetically accessible stereoisomers each with a different
well-defined shape and presentation of hydrogen bonding
groups and terminal groups.

Global Structures of Bis-peptides

The solution structures of bis-peptides determined using two-
dimensional NMR experiments provided us a great deal of
information about the conformations of the individual rings.
However, small uncertainties in ring conformations and uncer-
tainties about the prevalence of different pyrrolidine ring con-
formations will accumulate and lead to large uncertainties in
the global structure. In order to begin to resolve some of these
uncertainties, we constructed two bis-peptides that would have
different shapes (a rod and a “C” shape) based on modeling
and what we had learned from our 2D-NMR determined solu-
tion structures. We functionalized the two oligomers with a flu-
orescent group on each end and used fluorescence resonance
energy transfer (FRET) to qualitatively determine whether the
ends of the oligomer were positioned relative to each other in
the manner predicted by modeling.'* The first oligomer 15
was a sequence of five pro4(254S) monomers, which model-
ing suggested would form an extended molecular rod approx-
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FIGURE 7. The emission spectrum of four dansylated oligomers
15, 18, 19, and 20. The structures are inset, and their colors
correspond to their respective emission spectra. The more curved
compound 18 shows more efficient FRET than the more extended
compound 15 because the more curved structure of 18 holds the
donor and acceptor closer together.

n=8

MM

FIGURE 8. The DEER spectra of compounds 32 (n = 4), 33 (n = 5),
34 (n = 6), 35 (n = 7), and 36 (n = 8) alongside their modeled
structures.

imately 30 A long. The second bis-peptide contained the
sequence pro4(254S)=pro4(2R4R)=pro4(2S4S)=pro4(2R4R)=
pro4(254S) 18, which modeling suggested would form a “C’
shaped curved structure that would hold its ends closer
together than 15. On one end of each molecule, we coupled
a naphthylalanine (donor), and to the other end, we coupled
a dansyl group (acceptor) in order to use FRET to qualitatively
determine if 15 was straight and 18 was curved. We also syn-
thesized the molecule 19, which would provide a control in
which the donor and acceptor were very close to each other,
and compound 20 where they are effectively infinitely far
apart. The emission spectra and chemical structures of 15, 18,
19, and 20 are shown (Figure 7), and the increase in fluores-
cence emission at 520 nm at the excitation wavelength of

SCHEME 4. The Synthesis and Structures of the Double Spin
Labeled Bis-peptide Molecular Rods 32—36
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32(n=4),33 (n=5), 34 (n—6), 35(n=7),36(n=8)

290 nm indicates that the curved compound 18 holds its
donor/acceptor pair closer together than is seen with more
extended compound 15. The quantitative interpretation of
FRET experiments is complicated by the dependence of the
FRET efficiency on the angle between the transition dipoles of
the two dyes,l7 so we turned next to electron spin resonance
in order to quantitatively characterize the global structures of
bis-peptides.

To learn more about the global structures of larger bis-pep-
tides, we synthesized a series of molecular rods of different
length and measured the distance across the ends using elec-
tron spin resonance experiments. My student Gregory Bird
synthesized five bis-peptide oligomers containing between
four and eight pro4(2S4S) monomers and attached 2,2,5,5-
tetramethyl-3-pyrroline-1-oxyl-3-carboxylic acid (POAC) spin
probes to each end (Scheme 4)."8 In collaboration with Sunil
Saxena at the University of Pittsburgh, we carried out double
electron—electron resonance (DEER)'® experiments and
obtained a DEER spectrum for each oligomer (Figure 8). From
the DEER spectra, we were able to calculate population distri-
butions and demonstrate that there was a linear relationship
between the interspin-probe distance and the number of
monomers in the oligomers (Figure 9). We also observed that
the distribution of lengths increased as the number of mono-
mers increased, which indicated that the oligomers become
more flexible as they grow longer. It is important to note
though that the oligomers are shape-persistent and that the
longer oligomers did not collapse or fold back on themselves.

1392 = ACCOUNTS OF CHEMICAL RESEARCH = 1387-1398 = October 2008 = Vol. 41, No. 10





A Distance Distribution Function B 40 Mean distance
n=4 3
.< |
C\ -
e T=27n+13
8 5 6 7 _ 6
N 4 5 6 7 n 8
@ 6 | Standard deviation
£
= 5
[<]
pd 4
3
2
1

15 20 25 30 35 40 45 50 -

r (A) 4 5 6 7 n
FIGURE 9. (A) The distance distribution function, P(r) calculated
from the electron spin resonance spectra of compounds 32 (n = 4),
33 (n=5),34 (n=6),35 (n=7),and 36 (n = 8), (B) the mean
distance calculated from each population distribution, and (C) the
standard deviation for the compounds 32—36.

(o

The most probable distance between the spin probes and
the population distributions derived from the DEER spectra
could not be accurately modeled using molecular dynamics
(MD) simulations in vacuum with the AMBER94 force field.'®
The AMBER94 force field underpredicted the length of the
short oligomers and overpredicted the length of the longer oli-
gomers. It also predicted that the oligomers would be stiffer
with more narrow population distributions than those derived
from the DEER spectra. We hypothesized that the lack of sol-
vent in our first MD simulations might be the source of dis-
agreement between theory and experiment, so we attempted
to simulate the oligomers in explicit solvent. We quickly gave
up on this idea because the simulations would have required
months of computer time due to the large size of the solvent
boxes required to contain the oligomers. To more rapidly sim-
ulate the dynamic behavior of bis-peptide nanostructures, we
developed a simple dynamical model parametrized using the
DEER spectra.?° This model treats each monomer as a stiff
segment that connects to the next through a flexible joint. The
model provided end-to-end distribution functions for the oli-
gomers that better fit the DEER spectra than those obtained
from in vacuo molecular dynamics simulations.

Expanding the Monomer Set

The first four “pro4” bis-amino acid monomers that we devel-
oped allow us to create extended, rod-like structures. In order
to create more complex bis-peptides, capable of curving back
on themselves and able to hold functional groups close to
each other, we needed additional building blocks that create
tight turns. Driven by this need, we developed synthetic access
to ten additional building blocks (Figure 10).

The synthesis of the hin(2S4R7R9R) monomer 37 was
developed by my graduate student Stephen Habay; it is the
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37 hin(2S4R7R9R) 38 hin(2R45759S)
FmocHN FmocHl\L
ROZC‘U RO,C
CO,H CO,H
Boc
39 plp5(235$) 40 pip5(2S5R)
FmocHN FmocHN
Rozc’]\/j ROC™
ry “CO,H N7 “COzH
Boc

41 plp5(2R5R)

42 pip5(2R5S)

ROQ%jNiFmoc
CcO
I

43 plp4(2$4S)

ROZ%HFmOC
l}l .
Boc

45 pip4(2R4R)

“CO,H

RO,C, ,NHFmoc

N CO,H
Boc
44 pip4(2S4R)

RO,C, NHFmoc

Boc
46 pip4(2R4S)

"CO,H

FIGURE 10. The structures of ten additional bis-amino acid
building blocks to which we have developed synthetic access.
Monomers hin(2S4R7R9R) (37) and pip5(2S5S) (39) have been
published, monomers hin(2R4S7S9S) (38) and pip5(2R5R) (41) are
enantiomers of these, and monomers 40, 42, 43—46 have been
prepared and will be published in time. Pf = phenylfluorenyl, R =
Me, CH,CF,CF,H, and CH,CgHs.

first monomer that creates a sharp turn.?' The synthesis of
hin(2S4R7R9R) uses oxidative cyclization chemistry developed
by Peter Wipf's group?*23 to convert tyrosine (47) into the
protected amino-ester-ketone intermediate 48 (Scheme 5).
Steve’s attempts to carry out a Bucherer—Bergs reaction on
the ketone 48 lead to inseparable mixtures of diastereomers,
so he reduced the ketone 48 with trichloromethyl anion and
carried out a modified Corey—Link reaction®*2* to obtain the
azido-ester 51. This reaction is considered to proceed via the
gem-dichloro-oxirane intermediate 50.2° Reduction of the
azide 51 to the amine, followed by protection of the amine
with a bulky phenylfluorenyl group, allowed us to selectively
hydrolyze the methyl ester at position 2 to afford the com-
pleted hin(2S4R7R9R) monomer 37. Steve assembled the het-
erosequence pro4(254S)=hin(2S4R7R9R)=pro4(254S)=(S)-
Tyr using manual solid-phase peptide synthesis on an MBHA
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FIGURE 11. The lowest energy structure of compound 55 with the
ROESY correlations supetimposed. The ROESY correlations were
most consistent with the minimum energy structure using the
AMBER94 force field. The ROESY correlations between H20 and
H4a and others suggest that this monomer creates a sharp turn.
The colors of the ROESY correlation lines are related to the intensity
of the ROESY correlation peak (red = strong, yellow = medium,
green = weak).

FIGURE 12. The global minimum energy structure of compound 64
with the ROESY correlations superimposed. The piperazine rings are
shaded purple. The ROESY correlations were most consistent with the
minimum energy structure using the Amber94 force field. The colors of
the ROESY correlation lines are related to the intensity of the ROESY
correlation peak (red = strong, yellow = medium, green = weak).

SCHEME 5. The Synthesis of the hin(2S4R7R9R) Bis-amino Acid 37¢

a
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47
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9 Reagents and conditions: (@) 5 steps;?%22 (b) CHCl;, LHMDS, THF, —78 °C.; (¢
NaN,, DBU, MeOH, 18-crown-6; (d) Zn, THF, ACOH; (e) PfBr, Pb(NOs),, TEA; (f)
LiOH, THF, H,0.

SCHEME 6. The Synthesis and Structure of the Oligomer 55
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55

resin (Scheme 6). After cleavage from the resin and removal
of the carboxybenzyl protecting groups from the oligomer 53,
we ran into a serious problem. The diketopiperazine forma-
tion reaction of this oligomer was extremely slow using our
initial 20% piperidine/dimethylformamide/room temperature
conditions that we had used successfully with our oligomers
that contained only pro4 monomers. Steve found that by heat-
ing oligomer 54 in 20% piperidine/dimethylformamide at 50
°C for ten days he could form the two diketopiperazines to
obtain 55; however, there was evidence of considerable
epimerization by HPLC-MS. Steve purified 55 and carried out
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SCHEME 7. Synthesis of Bis-amino Acid pip5(2S5S), Benzyl Ester
Form 60, and Methyl Ester Form 61¢
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9 Reagents and conditions: (a) 2 steps;?® (b) (NH,),CO5, KCN, 1:1 DMF/H,0, 60
°C, sealed tube, 4 h; (¢) (Boc),O, DMAP, THF; (d) KOH, 1:1 H,O/THF; (e) (i) TMS-
Cl, NEt(iPr),, CH,Cl,, reflux; (ii) Fmoc-Cl, 0 °C to rt; (f) TMS-CHN,, MeOH; (g) 3:7
CF5CO,H/CH,Cl,; (h) DCC, DMAP, BnOH, DCM 0 °C to rt.
two-dimensional NMR experiments including a ROESY exper-
iment that showed ROESY correlations between H20—H4q,
H20—H10, H20—H13a, H10—H4qa, and H13a—H10 that
were consistent with a sharp hairpin turn structure just as we
had desired (Figure 11). The observed ROESY correlations
were consistent with the global minimum energy structure of
55 using the AMBER94 force field.

My graduate student Sharad Gupta and postdoctoral co-
worker Bhaskar Das developed the synthesis of the pip5
monomers (Scheme 7).2” An interesting aspect of this synthe-
sis is that it starts with trans-4-hydroxy-L-proline 5, the same
starting material that the pro4 monomers are made from. In
the key step of the synthesis, the protected amino-ester-ke-
tone 6 is ring expanded=>® to form two regioisomeric ketones
56a and 56b that both go on to form the pip5 monomers and
the pip4 monomers. In total, we synthesized 12 stereochemi-
cally pure monomers from trans-4-hydroxy-L-proline; Sharad
assembled an oligomer containing a sequence of three methyl-
ester protected pip5(2S5S) monomers 61, and we encoun-
tered the problem again that the diketopiperazine formation
failed using 20% piperidine in DMF. Sharad switched to a ben-
zyl ester protected monomer 60 and successfully closed the
diketopiperazine rings using an in situ activation strategy in

SCHEME 8. Synthesis and Chemical Structure of Oligomer 64
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which a free carboxylic acid on each building block of oligo-
mer 63 is activated using dicyclohexylcarbodiimide (DCC) and
N-hydroxysuccinimide (NHS) in the presence of base (DIPEA)
in N-methylpyrrolidone to form bis-peptide 64 (Scheme 8). It
was reassuring that a single product was obtained despite the
numerous combinations of amines and activated esters that
could react to form amide bonds.?° Unfortunately, we have
not been able to as yet to extend this in situ activation strat-
egy to longer sequences. Sharad carried out ROESY experi-
ments on 64 in water and found that the ROESY correlations
were consistent with the AMBER94 minimum energy struc-
ture (Figure 12), which suggested that each piperazine ring
was in a chair conformation.

The rigidification step of bis-peptide synthesis was becom-
ing a serious problem as we sought to incorporate the hin and
pip5 bis-amino acids into bis-peptide sequences. We hypoth-
esize that the more “tied-back” nature of the pyrrolidine ring
of the pro4 monomers is enabling them to attack a methyl
ester of a preceding monomer at a reasonable rate (t;,, of
1-2 h at room temperature) using 20% piperidine as a gen-
eral base catalyst. The more hindered hin monomers and pip5
monomers were reacting much more slowly under these con-
ditions, and if we used basic conditions with higher tempera-
tures or longer reaction times, we ran into the problem that
diketopiperazines that did form epimerized, destroying our
carefully constructed stereochemistry. In order to develop a
general solution to this problem, Sharad substituted the
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SCHEME 9. The Synthesis of Bis-peptide 67
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methyl ester of our original monomers with a slightly more
electron-withdrawing tetrafluoropropyl ester, replaced our orig-
inal basic conditions with mildly acidic conditions (100 mM
acetic acid in xylenes) at high temperature, and developed the
methodology to close the diketopiperazine rings while the oli-
gomer remained on solid support.3° The tetrafluoropropyl
ester is a compromise between sufficiently activating to accel-
erate DKP formation but not so activating that it is attacked by
piperidine during repeated Fmoc deprotection. Forming the
diketopiperazine rings on solid support had been a long-term
goal of ours because it would allow us to use the solubilizing
power of the solid support to avoid problems of rigidification
intermediates crashing out of solution. This is not a final solu-
tion because preliminary attempts to synthesize longer
sequences using this approach inexplicably stall with at least
one diketopiperazine failing to close completely. We hypoth-
esize that this might be due to intermolecular hydrogen bond-
ing between oligomers on the resin, and we are continuing to
develop better methods. Using this new approach, Sharad syn-
thesized an oligomer consisting of a sequence of five of the
new pip5(2S5S) monomers, 65 (Scheme 9). We are now con-
fident that we can rigidify any sequence of pro4 monomers of
intermediate length (less than 20 monomers) and any
sequence containing five or fewer of all 14 monomers.

The degree of control that we have over oligomer shape is
illustrated in Figure 13. At any position in an oligomer, in prin-
ciple, we can substitute any one of our 14 bis-amino acid
monomers. Each monomer twists, turns, and translates the
chain in a different direction. If we construct a sequence of 20
monomers, it will have one shape out of a universe of 1429
or 8.3 x 10*? different three-dimensional shapes (ignoring

OTFP = 0N CFeH

FF

2) TFA, TFMSA,
scavengers

FIGURE 13. An illustration of how we interactively design bis-
peptides using CANDO. The yellow balls represent the centers of
each monomer and the purple ball represents the monomer
currently being edited. (1) A chain of pro4(254S) monomers creates
an extended helical molecular rod. (2) The black lines represent the
directions in space that the chain will bend if one of the 14
building blocks is incorporated at the selected position. (2, 3) The
circled line (A) is selected and the “hin(2S4R7R9R)” monomer is
substituted at this position. (4) The resulting sequence has a hairpin
turn identical to that seen in Figure 11.

those that are not self-avoiding). As we develop functional-
ized monomers, we will be able to decorate these shapes with
functional groups to allow them to carry out catalytic and
molecular recognition functions.

At the same time that we have been developing the syn-
thesis of our monomers and the chemistry for assembling
them into oligomers, | have been writing a software package
that will allow us to rapidly predict the structure of any oligo-
mer given the primary sequence of monomers. This program
is called “Computer Aided Nanostructure Design and Optimi-
zation” or CANDQ; it is written in C++ and Python. It will
allow the rapid, automated construction of low-energy con-
formations of any oligomeric molecules assembled from
sequences of monomers including bis-peptides, peptides,
pB-peptides, oligosaccharides, phenylethynylenes, etc. It will
allow us to score these conformations based on their mod-
eled ability to present functional groups in desired constella-
tions. We will use CANDO to search for bis-peptide sequences
that can present functional groups in desired constellations.

We have recently developed a bis-peptide based molecu-
lar actuator, a molecule that undergoes a large change in con-
formation when it binds copper (Figure 14).3' This molecule
consists of two 2 nm rods joined by a flexible hinge and car-
rying two 8-hydroxyquinoline (Q) groups, one on each end. In
the absence of metal ions, the molecule is disordered and
spends a considerable amount of time in an extended con-
formation. In the presence of Cu®* ions, the two Q groups
bind the metal in a 2:1 (Q/Cu®*) complex and cause the mol-
ecule to fold and lock into a more compact conformation. We
have demonstrated this conformational change using sedi-
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FIGURE 14. A bis-peptide based mechanical molecular actuator: (A) a cartoon illustrating the principle of a bis-peptide that undergoes a
large, reversible conformational change upon binding and releasing Cu®* ions; (B) the structure of the bis-peptide 68; (C) titration of 68 with
Cudl, produces changes in the UV—vis spectrum consistent with metal binding with 1:1 (68:Cu") stoichiometry; the arrows indicate the
direction that the peak moves with increasing copper and the presence of isosbestic points suggests that 68 binds copper in a two-state
binding mode; (D) size exclusion chromatography traces of 68 in the absence and presence of copper are consistent with copper-free 68
existing in a disordered, extended conformation (blue trace, elutes early) and 68 with Cu** bound being smaller and more compact (red

trace, elutes later).

mentation analysis and size exclusion chromatography.' We
envision that we could harness this cooperative behavior and
large conformational change to create new sensors and to cre-
ate nanoscale valves.

In summary, bis-peptide methodology enables us to cre-
ate water-soluble macromolecules with designed shapes. Solu-
tion structures determined using NMR demonstrate that bis-
peptides have well-defined three-dimensional structures. The
structure of each bis-peptide is defined by the sequence of
monomers that compose it, and the shape can be easily pre-
dicted using molecular mechanics calculations. Bis-peptides
are rapidly assembled using solid-phase synthesis and rigid-
ified in one additional step after assembly. We have devel-
oped synthetic access to 14 bis-amino acid monomers, and
we are currently developing monomers that present an addi-
tional element of functionality. Developing applications for bis-
peptides is the next big challenge for us. We envision many
applications in multifunctional catalysis, molecular recogni-
tion, and nanoscience toward which we can apply our unique
ability to position two or three functional groups at controlled
distances and orientations relative to each other on a water-
soluble scaffold that can be rapidly assembled using solid
phase synthesis.
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Medicinal chemistry has witnessed major advances with the discovery of small synthetic molecules that mimic natural pep-
tidic substrates. These small synthetic mimics do not undergo proteolytic degradation, an advantage they hold over their
natural counterparts. Small synthetic molecules make up a number of life-saving marketed drugs that inhibit certain physiologi-
cally relevant proteases.

The advent of sophisticated instrumental methods, such as X-ray crystallography and high-field NMR, has played a pivotal role
in the design of structure-based enzyme inhibitors. Highly stereocontrolled methods of synthesis have led to a variety of func-
tionally diverse molecules that function as peptidomimetics because they have isosteric subunits not affected by proteolytic enzymes.
Further studies to optimize biological activity and achieve desirable pharmacokinetic profiles can eventually lead to drug substances.

The practice of constraining natural amino acids like their conformationally rigid counterparts has been highly successful in
the design and synthesis of peptidomimetic molecules. With some notable exceptions, structural information gathered from pro-
tein X-ray arystallography of therapeutically relevant target enzymes, alone or in complex forms with inhibitor molecules, has been
instrumental in the design of peptidomimetics. For example, a significant number have become marketed drugs as antihyperten-
sives and antivirals. Natural products have also been a source of inspiration for the design and synthesis of truncated analogues
with the intention of maintaining, or even improving, their biological activities.

However, lower molecular weight peptides are not suitable as therapeutic agents because they are subject to rapid amide pro-
teolysis. They are poorly transported to the brain and rapidly excreted through the liver and kidney. Thus, lower molecular weight
peptides are eliminated as potential drug substances in dinical practice. A synthetic peptidomimetic is needed that is resistant to
cdeavage but maintains its biological activity. Conformationally constrained monocydic and bicydlic unnatural amino acids can be
directly incorporated in a potential inhibitor molecule as part of the design element.

In this Account, we describe our efforts in the synthesis of constrained azacycles that contain proline or pipecolic acid as an
integral part of bicydlic and polycydlic amino acids. We devised syntheses of conformationally biased monocydic, bicydlic, and poly-
cydic amino acid analogues, into which pharmacologically or structurally relevant functional groups were incorporated. Stereo-
controlled reactions for C—C, C—N, and C—0 bond formation had to be implemented on appropriately protected amino acid
frameworks. A number of these frameworks provided access to functionally diverse scaffolds for further use as core subunits in
more elaborated structures. Specific applications as peptidomimetics of natural substrates for relevant enzymes, such as throm-
bin, were also pursued, resulting in highly active inhibitors in vitro.
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Introduction

It is well-known that lower molecular weight peptides are not
suitable as therapeutic agents, despite their remarkable activ-
ities in enzymatic or receptor-based assays. Small molecule
peptides are subject to rapid amide proteolysis in vivo. They
are poorly transported to the brain and are rapidly excreted
through the liver and kidney, which contribute to their exclu-
sion as drug substances in clinical practice. A synthetic pepti-
domimetic that is not subject to cleavage while maintaining
the biological activity of the original peptide may have dis-
tinct advantages as a potential drug substance. A synthetic
peptidomimetic may also act as a surrogate of a substructure
of a natural peptide substrate in the active site of a proteolytic
enzyme that would otherwise cleave the peptide substrate
with undesirable physiological effects.’

Conformationally constrained monocyclic and bicyclic
unnatural amino acids offer opportunities in the synthesis of
peptidomimetics by directly incorporating them in a poten-
tial inhibitor molecule as part of the design element.?

In this regard, proline and pipecolic acid have been
excellent building blocks to explore the synthesis of azabi-
cyclic amino acids in the design of targeted peptidomimet-
ics. To this end, we have explored a number of Lewis acid-
mediated carbocyclizations of cyclic N-benzyloxycarbonyl
iminium ions derived from L-pyroglutamic acid and 6-ox-
opipecolic acid. As a result, we have discovered new meth-
ods for the synthesis of 4,5-methanoprolines and 5,6-
methanopipecolic acids and their congeners in conjunction
with studies of kainic acid analogues. Studies directed
toward the inhibition of penicillin-binding proteins and
p-lactamases led us to devise methods to synthesize
unusual tricyclic lactams harboring a methano group as one
of its rings, also exploiting iminium ion chemistry. X-ray
cocrystal structures of serine protease inhibitors isolated
from Nature have led to the synthesis of bicyclic amino
acids with an indolizidinone or octahydroindole core sub-
unit, based on seldom used carbocyclizations of cyclic
N-acyloxyiminium ions with tethered olefinic appendages.

In the following sections, we describe our efforts in the syn-
thesis of constrained azacycles that contain proline or pipe-
colic acid as an integral part of bicyclic and polycyclic amino
acids. A common theme is the exploitation of iminium ion
chemistry in intramolecular carbocyclization reactions. A short
compendium of other functionally useful and novel cyclic
amino acids is included in the Supporting Information.

4,5-Methanoprolines and 5,6-
Methanopipecolic Acids

o-Kainic acid, 1, is a naturally occurring excitatory amino acid®
that can be viewed as a constrained L-glutamic acid (Figure 1).
As a consequence, we became interested in incorporating a
methano bridge®* in a number of pyrrolidine and piperidine
carboxylic acids, as exemplified by structures 2—13 to study
the effect of ring constraint on the binding to the kainoid
receptor. The five-membered pyrrolidine ring in 4,5-trans-
methano-N-Boc-L-proline, 2, was found to be practically flat in
the solid crystalline state (rms = 0.003 A) (Figure 1).° The flat-
tening of the cis-isomer 3 was much less pronounced. This
topological feature can be further exploited by studying the
susceptibility of ring amides to proteloytic enzymes, such as
prolidases, as a function of the state of hybridization of the
ring nitrogen atom. Compounds 2 and 3 were initially syn-
thesized starting with the L-pyroglutamate ester 14, by a novel
acid-mediated destannylative carbocyclization of stereochemi-
cally defined iminium ions 15 and 17 respectively, to give the
corresponding 4,5-methano-L-prolinol analogues 16 and 18
(Figure 1A).>® Further steps led to 2 and 3, which were
obtained as crystalline compounds. Extended tethers as in
15b led to the bicyclic 2,3-trimethylene analogue 19. The
analogous azabicyclo[3.3.0]octane 7-carboxylic acid motif is
found in the ACE inhibitor ramipril. A practical method to
access the cis-acid 3 consisted of a Simmons—Smith cyclopro-
panation of the N-Boc 4,5-ene carbamate ethyl ester derived
from L-proline.® The 4,5-methano-L-proline 3-acetic acid ana-
logues 4 and 5 were prepared using a free-radical-mediated
addition of trimethyltin hydride to an acrylamide appendage
and trapping the formed radical by intramolecular conjugate
addition to an o,5-unsaturated ester 20, which gave the 3,4-
trans-isomer 21 as the major isomer (Figure 1B).” Carbocy-
clization of 21 and 22 afforded the products 23 and 24,
respectively. Radical cyclization of the extended trans-isomer
25 led to the lactam 26 as a single isomer (Figure 1C). For-
mation of the K enolate and quenching with dibenzyl mal-
onate as a proton source gave the cis-isomer 27. Treatment
of the iminium ions prepared from 26 and 27 with trifluoro-
acetic acid afforded the vinyl cyclopropanes 28 and 29,
respectively. As a result of these studies, we discovered a sel-
dom explored carbocyclization using trimethyltin radical addi-
tion to o,f-unsaturated amides and concomitant Michael-type
intramolecular cyclizations with o,s-unsaturated esters. The
methanopyrrolidine and -piperidine acetic acids 6—8 and
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FIGURE 1. 4,5-Methanoproline, -prolinol, and -pyrrolidine, and 5,6-methanopiperidine carboxylic acids.

10—13 were prepared in enantiomerically pure form using
the carbocyclization—destannylation method described above
(Figure 1).

To the best of our knowledge, the formation of cyclopro-
panes and cyclopentanes from the intramolecular carbocy-
clizations of w-trimethylstannyl alkyl appendages onto
N-acyloxyiminium ions under anhydrous acid-mediated con-
ditions were unprecedented at the time of our studies.
Methano analogues of the potent ACE inhibitor captopril 9,
represented by compounds 10—13 were found to be equally

active against the enzyme® regardless of the orientation of the
methano bridge. On the other hand, the vinyl analogues 4b
and 5b were devoid of kainoid receptor activity. cis- and trans-
4,5-Methano-L-prolines were found to be preferred inhibitors
of the enzyme dipeptidyl peptidase.®

4,5-Methanoprolines as Organocatalysts

The utility of proline as an organocatalyst has been popular-
ized in recent years after literally three decades since Hajos
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TABLE 1. Intramolecular Aldol Reaction with Proline and 4,5-
Methanoproline Catalysts

0]
3 mol% catalyst /]A/;’Eg
O
catalyst time (h)  vyield (%) ee (%)
CO,H
Q// 48 98 95
N
H
COzH
%/ 140 86° 93
N
N 3
N b
H CO,H 125 67 83
2

FIGURE 2. Anti-enamine transition state models showing
electrostatic interactions with the developing alkoxide charge.

and Parrish® and Eder, Sauer, and Wiechert'® independently
described their landmark studies of intramolecular aldol reac-
tions.""

In collaboration with Houk and Cheong, we reported that
when cis-4,5-methano-L-proline was used as a catalyst, it was
equal to L-proline in enantioselectivity but had a much slower
rate (Table 1). The trans-isomer was less enantioselective.'?

Initially, it was proposed that the C5 methine hydrogen,
having a cis-relationship to the carboxyl group in the
anti-enamine intermediate, was involved in a stabilizing
NCH®*—0°" electrostatic interaction in the transition state
model A (Figure 2)."3

Only in the trans-4,5-methano-L-proline enamine B can
such a stabilization be realized. An interaction with the cyclo-
propyl methylene hydrogen can be envisaged, albeit at a
longer distance, as depicted in C."?

The differences in enantioselectivities were attributed to the
degrees to which each diastereomeric transition state satis-
fied the necessary condition for planarity of the iminium ion.
Calculations showed that the anti-transition structures of the
cis-isomer have a planar iminium ion compared with a pyra-
midalized one in the syn-counterparts. In contrast, the trans-
isomer is more pyramidalized. There is less energy difference

TABLE 2. Addition of 2-Nitropropane to 2-Cyclohexenone in the
Presence of Proline and 4,5-Methanoprolines

\r N02 O
ij catalyst (10 mol%) ij
. ﬁ\loz
LN]

H

catalyst ee (%) yield (%)

Q\COZH 89 83
H

’Q\COZH 99 92
H 2

N M con 75 52

H 3
H

'Q‘CONHOH 81 65
H

between syn- and anti-enamine/iminium ion structures in the
trans-isomer (AH* = 1.2 kcal), compared with the cis (AH* =
2.2 kcal). Thus, the cis-isomer prefers the planar enamine. The
naturally pyramidalized enamine in the trans-isomer requires
less geometric distortion to reach the syn pyramidalized imi-
nium transition states. The NCH*"—0°" electrostatic interac-
tion in the trans-isomer provides some gain in stabilizing the
anti-enamine structure B, hence the observation of good enan-
tioselectivity (Table 1). However, the more facile planar anti-
enamine to anti-iminium ion structures favor the cis-isomer.

In another example of organocatalytic reaction, we stud-
ied the addition of 2-nitropropane to 2-cyclohexenone in the
presence of L-proline and the achiral 2,6-dimethylpiperazine
as an additive.'* (R)-3-(2-Nitropropyl)cyclohexanone was
obtained with an ee of 93%. Originally, Yamaguchi and co-
workers'® had achieved a 59% ee with Rb prolinate (Table 2).

Surprisingly, trans-4,5-methano-L-proline 2 led to an adduct
with 99% ee,'® while the cis-isomer 3 was much less efficient
(75% ee). We have rationalized these results based on a com-
bination of effects. The boat forms of the cis-isomer 3 will be
subject to severe 1,3-A strain placing the carboxyl group in a
pseudoaxial orientation. This will result in a steric clash with
the cis-cyclopropane group. trans-Methano-L-proline is more
favored to form the intermediate iminium ion in this case.

It is also of interest that the hydroxamic acid analogues of
L-proline and trans-4,5-methano-L-proline 2 were also reason-
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ably efficient catalysts in the Michael additions reaction, albeit
at much slower rates (Table 2). In an effort to probe the effect
of chirality associated with the additive, we used (S,5)-2,6-di-
isopropyl piperazine. However, the ee of the adducts remained
unchanged in comparison to the achiral trans-2,6-dimethyl
piperazine.'”

Methanopyrrolizidinone Amino Carboxylic
Acids

Penicillin G (30), the quintessential s-lactam antibiotic, has
been the subject of intensive studies on several fronts since its
discovery (Figure 3). New generations of therapeutically impor-
tant penams, penems, and carbapenems are now available
and widely used to combat infections.

In an effort to introduce strain that could approximate the
mode of action of the bicyclic g-lactams, we proposed the tri-
cyclic y-lactam carbapenam congener 31 (Figure 3).'® "9 Acid-
mediated destannylative carbocyclization of the iminium ion
33 generated from 32 gave 34 with migration of the double
bond. Further manipulation of the olefinic tether led to the
extended ester 35, which was converted to the a-hydroxy
ester 36 by stereoselective enolate hydroxylation.?° Lactam
formation yielded 37, which was converted to the inverted
azide 38 by a Mitsunobu reaction. Although the tricyclic pen-
icillin G surrogate 31 was devoid of antibacterial activity of its

Vol.
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FIGURE 4. Conformationally constrained polycyclic analogues of
proline.

own, it enhanced the activity of ceftazidine 39, as measured
by its minimum inhibitory concentration (MIC) against some
p-lactamase producing organisms. It would be interesting to
devise synthetic methods toward the highly strained hypo-
thetical g-lactam congener of 31.

4,5-Polycyclic Prolines

Conformationally constrained polycyclic analogues of proline
can be accessed through intramolecular Friedel—Crafts-type
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FIGURE 5. Constrained analogues of a Phe-Pro-Arg sequence in PPACK.

carbocyclizations from iminium ion intermediates (Figure 4).%
A variety of architectures represented by the prototypes
40a—d and 41-45 are easily assembled from C4 arylalky-
lated intermediates, available from N-methoxycarbonyl methyl
L-pyroglutamates 46a—c.

The indanoproline analogues 40a—c were prepared from
the corresponding 46a—c by reduction of the lactam carbo-
nyl with Super hydride and acetylation to 47a—c. Treatment
with AICI; led through the intermediate iminium ions 48a—c
to the indano-L-proline analogues 49a—c. The 4-bromoben-
zyl analogue 49c could be phenylated by application of a
Suzuki—Miyaura coupling with phenylboronic acid to give
49d. The trans-analogues 42—45 could be prepared in a sim-
ilar way using the appropriate benzylic halides. The bromo
analogue 50a was a substrate for Pd-catalyzed vinylation and
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methoxycarbonylation to give 50b and 50c, respectively.
However, for the less reactive phenylethyl halides, which were
prone to elimination during the enolate alkylations, we opted
for the cis-diastereomer 41. Thus, treatment of N-car-
bomethoxy methyl L-pyroglutamate with phenylacetaldehyde
followed by elimination, gave the mixture of E- and Z-olefins
51, which upon catalytic hydrogenation afforded the cis-phe-
nylethyl lactam analogue 52. Following the same Friedel—
Crafts alkylation of the corresponding iminium ion led to the
all cis-tricyclic analogue 53. The free amino acids and their
N-Boc or N-methoxycarbonyl derivatives were obtained by
hydrolysis of the esters. The syntheses were initiated with the
N-methoxycarbonyl pyroglutamates because they were found
to be more compatible with the use of AICl5. Other Lewis acids
(BFs. Et50, SnCl,, TiCl,, Me5Al) were not as effective as AlCls.
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FIGURE 6. Structures of selected aeruginosins containing a 2-
carboxy octahydroindole core.

A number of analogues were amenable to single-crystal X-ray
analysis. The overall topologies of these polycyclic analogues
offer opportunities for the study of intercalation in DNA
among other interesting applications, such as nucleating
motifs for the construction of helical arrays.??

Amino Indolizidinone Carboxylic Acids

The chloromethyl ketone analogue of the tripeptide Phe-Pro-
Arg, 54 (PPACK), has been known to be a potent irreversible
inhibitor of the enzyme thrombin.>® On the basis of informa-
tion provided by the X-ray cocrystal structure of PPACK and
molecular modeling, we proposed to study constrained ana-
logues corresponding to an indolizidinone core represented by
55, 56,2* and the sultam 57 (Figure 5).2°

Treatment of the acetoxy hemiaminal 58 with 2-trimeth-
ylsiloxyfuran 592° in the presence of BF;. Et,O led to 60 as
the major isomer (Figure 5A).2* Catalytic hydrogenation, ring
expansion, and O-protection led to the indolizidinone 61. Eno-
late C-benzylation, followed by enolate hydroxylation with the
Davis oxaziridine reagent,?° afforded 62 as the major isomer.
Deoxygenation under Barton—McCombie conditions*’ gave
63. The expected (S)-configuration at the hydroxyl-bearing
center was corroborated by single-crystal X-ray structures of
intermediates, as well as a cocrystal structure with thrombin
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of the 4-amidino-1-aminomethylphenyl amide analogue of 55
(see below). Although the same method could be followed to
prepare the 6-azido analogue, we opted for a ring-closing
metathesis>® route (Figure 5B).2*" Thus, treatment of 58 with
1-propenyl cuprate in the presence of BF; - Et,O gave the 4-an-
ti-product 64, which was further elaborated to the diene 65.
Cyclization was achieved with the Grubbs first generation cat-
alyst*® to give 66. Reduction of the double bond gave the cor-
responding indolizidinone derivative, which was subjected to
sequential C-benzylation and enolate azidation reactions to
give a 1:2 mixture of 67 and 68. Thus, the more sterically
demanding azide transfer reagent did not favor the desired
(6S)-isomer 67. Nevertheless, the corresponding amino acids
could be prepared and tested as their benzamidine amides
against thrombin (see below). Having access to 5-propenyl sul-
fonamide 69, we prepared the bicyclic sultam 70 using a ring-
closing metathesis route (Figure 5C).>> The product was
engaged in sequential enolate alkylation/azidation reactions
to give 71 and 72 as a 1:1 mixture of isomers. Five- and sev-
en-membered sultams were also prepared using appropriate
tethers (69, n = 0, 2). As expected, the amino analogue 73b,
exhibited excellent thrombin inhibitory activity in vitro (ICsq =
4 nM) compared with the hydroxyl analogue 73a (ICs, = 20
nM).24¢2> The sultam congener 74 was 100-fold less active.
A cocrystal structure of 73a revealed the expected interac-
tions with only a small deviation from the binding mode pre-
dicted based on molecular modeling,24?

In the course of these studies, we converted intermediate
61 to the 6-hydroxy analogue, followed by deprotection of
the O-silyl group and oxidation to the carboxylic acid. The cor-
responding benzamidine amide analogue was inactive when
tested for inhibition of thrombin in vitro. Thus, the axially ori-
ented O-PMB group could not occupy the same space as the
C-benzyl group in 73a. In another case, we introduced an
o-alkyl substituent at C4 of the indolizidinone analogue 73a,
which also contained an a-OMe group at C6. Promising in
vitro inhibition was observed against thrombin and Factor Vlla
(0.21 and 0.42 uM, respectively). Thus, a hydrophobic chain
at C4 may prove to be beneficial for Factor Vlla activity.?*

Amino Octahydroindole Carboxylic Acids

The aeruginosins are a family of marine metabolites found in
cyanobacterial algae and sponges.?® Three new members rep-
resented by dysinosin A (75),3° oscillarin (76),' and chloro-
dysinosin A (77)32 are shown in Figure 6. The core subunits
consist of 2-carboxy 6-hydroxyoctahydroindole ring system
(Choi, 78) or the 5,6-dihydroxy variant. The same perhydroin-
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FIGURE 7. 2-Carboxyoctahydroindole and related analogues by azonia-Prins cyclization.

dole 2-carboxylic acid motif is present in the synthetic ACE
inhibitor perindopril, 79.33

During the course of a synthetic program toward the
aeruginosins 75—77, we developed highly efficient stereo-
controlled methods to prepare 6-substituted 2-carboxy octahy-
droindoles (81—84) using an azonia-Prins-type carbocy-
clization of iminium ions (Figure 7).>* Related cyclizations pro-
vided access to bicyclic and tricyclic congeners 85—91.3>
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Alkylation of the dienolate of 92 with 3-butenyl triflate
gave 93 as a single diastereomer (Figure 7A).>* A three-step
sequence afforded the hemiaminal acetate 94, which upon
treatment with SnBr, in CH,Cl, was converted to 95, obtained
as a single diastereomer. This stereochemical outcome was
rationalized based on an antiperiplanar attack as shown in 96
rather than a synclinal attack as in 97. Application of the same
protocol with 3-butynyl triflate gave 98, which was cyclized
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via the iminium ion produced from 99a to the vinylic bro-
mide 100 (Figure 7B). A transient cyclohexenyl-type cation
intermediate may be operative, as shown in expression 101.

When the 4-bis-(4-butenyl) analogue 103 was subjected to
the same SnBr,-mediated cyclization, only the a-oriented all-
syn butenyl side-chain product 104a (and 104b, from SnCl,),
was formed (Figure 7B). In this case, an antiperiplanar attack
is possible from both 4-butenyl tethers (105). However, the
pathway of cyclization to 104a (or 104b) is more favored.?>
4-Bis-allenyl analogues undergo similar cyclizations. Interest-
ingly, treatment of the 4-methyl-3-butynyl analogue 99b with
SnBr, gave the tricyclic dihydrooxazinone 102a (Figure 7B).
The methyl ester in 102a could be cleaved in the presence of
LiOH without affecting the cyclic carbamate, thereby offering
the possibility for diversification through the carboxyl group.
4-Cinnamyl derivatives such as 106 lead to azacyclic systems
containing a chlorine atom with the creation of two new ste-
reogenic centers (107) (Figure 7C). We propose an antiperipla-
nar alignment as in 108, which undergoes stereocontrolled
carbocyclization through the intermediacy of quinonoid motifs
such as 109. The Choi subunit 78 has been incorporated in
the structures of hybrid or truncated analogues of aerugi-
nosins® as potential inhibitors of the enzyme thrombin. It is
of interest that removal of the hydroxyl or diol unit in these
analogues in which the natural guanidine P1 unit was
replaced by a 4-amidinobenzyl group and the P2 subunit was
modified, such as 80 (Figure 6), led to highly potent analogues
with low nanomolar in vitro inhibition of the enzyme
thrombin.3®® It is therefore possible to prepare highly active
non-natural, analogues of the aeruginosins. Furthermore, the
replacement of the chlorine atom by a small hydrophobic
alkyl group offers an “improvement” over the natural chloro-
dysinosin A. Clearly, a better fit in the S3 hydrophobic pocket
of thrombin may also be accompanied by the removal of
some water molecules in these truncated synthetic ana-
logues.?® Thus, a new generation of synthetic thrombin inhib-
itors can be envisaged based on the information obtained
from the X-ray crystal structure of the natural product in com-
plex with the enzyme.

Summary

Efforts in our group covering aspects of conformationally con-
strained amino acids and their chemical modification in the
context of peptidomimetic design were highlighted in this
Account. Guided by structural information on target enzymes,
we devised syntheses of conformationally biased monocy-
clic, bicyclic, and polycyclic amino acid analogues, in which
pharmacologically or structurally relevant functional groups
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were incorporated. To achieve this objective required the
implementation of stereocontrolled C—C, C—N, and C-0
bond-forming reactions on appropriately protected amino acid
frameworks. A number of these provided access to function-
ally diverse scaffolds for further use as core subunits in more
elaborated structures. Specific applications as peptidomimet-
ics of natural substrates for relevant enzymes such as throm-
bin were also pursued, resulting in highly active inhibitors in
vitro.

We thank NSERC (Canada), FQRNT, and a number of pharma-
ceutical companies (cited in the individual references) for finan-
cial assistance. L.A. thanks Consiglio Nazionale delle Ricerche,
Istituto di Chimica Biomolecolare, for a leave of absence.

Supporting Information Available. Compendium of non-
natural amino acids. This material is available free of charge
via the Internet at http://pubs.acs.org.

BIOGRAPHICAL INFORMATION

Stephen Hanessian is the Achaogen Research Chair Professor in
the Department of Chemistry at the Université de Montréal. He is
the author or coauthor of nearly 500 publications and three
monographs and has 42 patents to his credit. He is the recipient
of numerous national and international awards, including three
honorary doctorates. Since 2000, he has also been affiliated with
the Department of Chemistry at University of California, Irvine. He
presently also holds joint appointments in the Departments of
Pharmaceutical Sciences and Pharmacology at UCI, Irvine. Since
2007, he has been the Director of a new Gateway Graduate Pro-
gram at UC, Irvine, focusing on synthetic medicinal chemistry,
pharmacology, and structural biology. Professor Hanessian’s
research interests span a wide cross-section of activities that
include natural products synthesis, various aspects of medicinal
chemistry, organic synthetic methodology, catalysis and asym-
metric processes, molecular recognition, carbohydrates and pep-
tides, and computer-assisted synthesis.

Luciana Auzzas received her Laurea Magistralis degree in Chem-
istry and Pharmaceutical Technologies in 1995 from the Faculty
of Pharmacy, University of Sassari, Italy. In 1998, she earned her
Ph.D. in Pharmaceutical Sciences from University of Genova, Italy,
under the supervision of Professor Riccardo Cerri. In the same
year, she joined the research group of Professor Giovanni Casir-
aghi and Dr Gloria Rassu at Consiglio Nazionale delle Ricerche
(CNR), Sassari, and in 2000 she assumed her current position as
a research scientist at the Institute of Biomolecular Chemistry of
CNR. Her interests are in the synthesis of natural occurring com-
pounds and their analogues and in the structure-based design of
peptidomimetics and bioactive small molecules, with a major
focus on anticancer agents.

Vol. 41, No. 10 = October 2008 = 1241-1251 = ACCOUNTS OF CHEMICAL RESEARCH = 1249





Practice of Ring Constraint in Peptidomimetics Hanessian and Auzzas

FOOTNOTES

*To whom correspondence should be addressed. Fax: (514) 343-5728. E-mail:
stephen.hanessian@umontreal.ca.

REFERENCES

1 Loughlin, W. A.; Tyndall, J. D. A.; Glenn, M. P.; Fairlie, D. P. Beta-Strand Mimetics.
Chem. Rev. 2004, 104, 6085—-6117.

2 (a) Trabocchi, A.; Scarpi, D.; Guarna, A. Structural Diversity of Bicyclic Amino Acids.
Amino Acids 2008, 34, 1-24. (b) Cowell, S. M.; Lee, Y. S.; Cain, J, P.; Hruby, V. J.
Exploring Ramachandran and Chi: Conformationally Constrained Amino Acids and
Peptides in the Design of Bioactive Polypeptide Ligands. Curr. Med. Chem. 2004,
11, 2785-2798. For a tabular survey, see also: (c) Hanessian, S.; McNaughton-
Smith, G.; Lombart, H.-G.; Lubell, W. D. Design and Synthesis of Conformationally
Constrained Amino Acids as Versatile Scaffolds and Peptide Mimetics. Tetrahedron
1997, 53, 12789-12854.

3 Forarecent review on kainic acid as a neuroexcitatory agent, see: Wang, Q.; Yu, S.;
Simonyi, A.; Sun, G.; Sun, A. Kainic Acid-Mediated Excitotoxicity as a Model for
Neurodegeneration. Mol. Neurobiol. 2005, 31, 3—16.

4 For reviews on 2,3-, 3,4-, and 4,5-methanoamino acids, see: (a) Brackmann, F.; de
Meijere, A. Natural Occurrence, Syntheses, and Applications of Cyclopropyl-Group-
Containing o.-Amino Acids. 1. 1-Aminocyclopropanecarboxylic Acid and Other 2,3-
Methanoamino Acids. Chem. Rev. 2007, 107, 4493—-4537. (b) Brackmann, F.; de
Meijere, A. Natural Occurrence, Syntheses, and Applications of Cyclopropyl-Group-
Containing o.-Amino Acids. 2. 3,4- and 4,5-Methanoamino Acids. Chem. Rev.
2007, 707, 4538-4583.

5 Hanessian, S.; Reinhold, U.; Gentile, G. The Synthesis of Enantiopure w-
Methanoprolines and w-Methanopipecolic Acids by a Novel Cyclopropanation
Reaction: The “Flattening” of Proline. Angew. Chem., Int. Ed. Engl. 1997, 36,
1881-1884.

6 Hanessian, S.; Reinhold, U.; Saulnier, M.; Claridge, S. Probing the Importance of
Spacial and Conformational Domains in Captopril Analogs for Angiotensin Converting
Enzyme Activity. Bioorg. Med. Chem. Lett, 1998, 8, 2123-2128.

7 (a) Hanessian, S.; Ninkovic, S. Stereoselective Synthesis of (—)-a-Kainic Acid and
(++)-a-Allokainic Acid via Trimethylstannyl-Mediated Radical Carbocyclization and
Oxidative Destannylation. J. Org. Chem. 1996, 61, 5418-5424. (b) Hanessian, S.;
Ninkovic, S.; Reinhold, U. The Synthesis of 4,5-Methano Congeners of o-Kainic and
a-allo-Kainic Acids as Probes for Glutamate Receptors. Tetrahedron Lett. 1996, 37,
8971-8974. (c) Hanessian, S.; Reinhold, U.; Ninkovic, S. The Stereocontrolled
Synthesis of Enantiopure a.-Methano Heterocycles and Constrained Amino Acid
Analogs. Tetrahedron Lett. 1996, 37, 8967-8970.

8 (a) Magnin, D. R.; Robl, J. A,; Sulsky, R. B.; Augeri, D. J.; Huang, Y.; Simpkins,

L. M.; Taunk, P. C.; Betebenner, D. A.; Robertson, J. G.; Abboa-Offei, B. E.; Wang,
A.; Cap, M.; Xin, L.; Tao, L.; Sitkoff, D. F.; Malley, M. F.; Gougoutas, J. Z.; Khanna,
A.; Huang, Q.; Han, S.-P.; Parker, R. A.; Hamann, L. G. Synthesis of Novel Potent
Dipeptidyl Peptidase IV Inhibitors with Enhanced Chemical Stability: Interplay
between the N-Terminal Amino Acid Alkyl Side Chain and the Cyclopropy! Group of
a-Aminoacyl-L-cis-4,5-Methanoprolinenitrile-Based Inhibitors. J. Med. Chem.
2004, 47, 2587-2598. See also: (b) Augeri, D. J.; Robl, J. A. M.; Betebenner,

D. A;; Magnin, D. R.; Khanna, A.; Robertson, J. G.; Wang, A.; Simpkins, L. M.;
Taunk, P.; Huang, Q.; Han, S. P.; Abboa-Offei, B.; Cap, M.; Xin, L.; Tao, L.; Tozzo,
E.; Welzel, G. E.; Egan, D. M.; Marcinkeviciene, J.; Chang, S. Y.; Biller, S. A.; Kirby,
M. S.; Parker, R. A.; Hamann, L. G. Discovery and Preclinical Profile of Saxagliptin
(BMS-477118): A Highly Potent, Long-Acting, Orally Active Dipeptidyl Peptidase IV
Inhibitor for the Treatment of Type 2 Diabetes. J. Med. Chem. 2005, 48, 5025—
5037.

9 (a) Hajos, Z. G.; Parrish, D. R. Asymmetric Synthesis of Bicyclic Intermediates of
Natural Product Chemistry. J. Org. Chem. 1974, 39, 1615-621. (b) Hajos, Z. G.;
Parrish, D. R. Asymmetric Synthesis of Optically Active Polyciclic Organic
Compounds. German Patent DE 2,102,623, 1971.

10 (a) Eder, U.; Sauer, G.; Wiechert, R. Total Synthesis of Optically Active Steroids. 6.
New Type of Asymmetric Cyclization to Optically Active Steroid CD Partial Structures.
Angew. Chem., Int. Ed. Engl. 1971, 10, 496—-497. (b) Eder, U.; Sauer, G.; Wiechert,
R. Optically Active 1,5-Indandione and 1,6-Naphthalenedione Derivatives. German
Patent DE 2,014,757, 1971.

(a) Barbas, C. F., lll. Organocatalysis Lost: Modern Chemistry, Ancient Chemistry,
and an Unseen Biosynthetic Apparatus. Angew. Chem., Int. Ed. 2008, 47, 42—47.
(b) Alleman, C.; Gordillo, R.; Clemente, F. R.; Cheong, P. H. Y.; Houk, K. N. Theory of
Asymmetric Organocatalysis of Aldol and Related Reactions: Rationalizations and
Predictions. Acc. Chem. Res. 2004, 37, 558-569. (c) List, B. Proline-Catalyzed
Asymmetric Reactions. Tetrahedron 2002, 58, 5573-5590.

12 Cheong, P. H.-Y.; Houk, K. N.; Warrier, J. S.; Hanessian, S. Catalysis of the Hajos-
Parrish-Eder-Sauer-Wiechert Reaction by cis- and trans-4,5-Methanoprolines:
Sensitivity of Proline Catalysis to Pyrrolidine Ring Conformation. Adv. Synth. Catal.
2004, 346,1111-1115.

—
—

13 Bahmanyar, S.; Houk, K. N. Transition States of Amine-Catalyzed Aldol Reactions
Involving Enamine Intermediates: Theoretical Studies of Mechanism, Reactivity, and
Stereoselectivity. J. Am. Chem. Soc. 2001, 123, 11273—-11283.

14 Hanessian, S.; Pham, V. Catalytic Asymmetric Conjugate Addition of Nitroalkanes to
Cycloalkenones. Org. Lett. 2000, 2, 2975-2978.

15 (a) Yamaguchi, M.; Igarashi, Y.; Reddy, R. S.; Shirahishi, T.; Hirama, M. Asymmetric
Michael Addition of Nitroalkanes to Prochiral Acceptors Catalyzed by Proline
Rubidium Salts. Tetrahedron 1997, 53, 11223—-11236. (b) Yamaguchi, M.;
Shiraishi, T.; Igarashi, Y.; Hirama, M. Catalytic Asymmetric Michael Addition of
Nitroalkane to Enone and Enal. Tetrahedron Lett. 1994, 35, 8233-8236.

16 Hanessian, S.; Shao, Z.; Warrier, J. S. Optimization of the Catalytic Asymmetric
Addition of Nitroalkanes to Cyclic Enones with frans-4,5-Methano-L-Proline. Org.
Lett. 2006, 8, 4787-4790.

17 Hanessian, S.; Govindan, S.; Warrier, J. S. Probing the “Additive Effect” in the
Proline and Proline Hydroxamic Acid Catalyzed Asymmetric Addition of Nitroalkanes
to Cyclic Enones. Chirality 2005, 17, 540-543.

18 Hanessian, S.; Buckle, R.; Bayrakdarian, M. Design and Synthesis of a Novel Class
of Constrained Tricyclic Pyrrolizidinone Carboxylic Acids as Carbapenem Mimics. J.
Org. Chem. 2002, 67, 3387-3397.

19 For a review on tricyclic lactams, see: Gomez-Gallego, M.; Mancheno, M. J.; Sierra,
M. A. Non-Classical Polycyclic 5-Lactams. Tetrahedron 2000, 56, 5743-5774.

20 (a) Davis, F. A.; Chen, B.-C. Asymmetric Hydroxylation of Enolates with N-
Sulfonyloxaziridines. Chem. Rev. 1992, 92, 919-934. (b) Davis, F. A,;
Vishwakarma, L. C.; Billmers, J. M.; Finn, J. Synthesis of Alpha-Hydroxycarbonyl
Compounds (Acyloins): Direct Oxidation of Enolates Using 2-Sulfonyloxaziridines. J.
Org. Chem. 1984, 49, 3241-3243.

21 Hanessian, S.; Papeo, G.; Angiolini, M.; Fettis, K.; Beretta, M.; Munro, A. Synthesis
of Functionally Diverse and Conformationally Constrained Polycyclic Analogues of
Proline and Prolinol. J. Org. Chem. 2003, 68, 7204—7218.

22 Hanessian, S.; Papeo, G.; Fettis, K.; Therrien, E.; Viet, M. T. P. Synthesis of 3, 4-
Helix-Inducing Constrained Analogues of L-Proline. J. Org. Chem. 2004, 69, 4891—
4899,

23 Kirchhofer, D.; Banner, D. W. Molecular and Structural Advances in Tissue Factor-
Dependent Coagulation. Trends Cardiovasc. Med. 1997, 7, 316-324.

24 (a) Hanessian, S.; Therrien, E.; Warrier, J. S.; Charron, G. Synthetic Approaches to
Polyhydroxy Indolizidines and Related Azabicyclic Scaffolds. Heterocycles 2006, 70,
461-476. (b) Hanessian, S.; Sailes, H.; Munro, A.; Therrien, E. Synthesis of
Diversely Functionalized Indolizidinones and Related Bicyclic Lactams Using
Intramolecular Grubbs Olefin Metathesis and Dieckmann Condensation. J. Org.
Chem. 2003, 68, 7219-7233. (c) Hanessian, S.; Therrien, E.; Granberg, K.;
Nilsson, I. Targeting Thrombin and Factor Vlla: Design, Synthesis, and Inhibitory
Activity of Functionally Relevant Indolizidinones. Bioorg. Med. Chem. Lett. 2002, 12,
2907-2911. (d) Hanessian, S.; Balaux, E.; Musil, D.; Olsson, L.-L.; Nilson, .
Exploring the Chiral Space within the Active Site of o.-Thrombin with a Constrained
Mimic of p-Phe-Pro-Arg - Design, Synthesis, Inhibitory Activity, and X-ray Structure
of an Enzyme-Inhibitor Complex. Bioorg. Med. Chem. Lett. 2000, 10, 243-247.

25 Hanessian, S.; Sailes, S.; Therrien, E. Synthesis of Functionally Diverse Bicyclic
Sulfonamides as Constrained Proline Analogues and Application to the Design of
Potential Thrombin Inhibitors. Tetfrahedron 2003, 59, 7047-7056.

26 Casiraghi, G.; Zanardi, F.; Appendino, G.; Rassu, G. The Vinylogous Aldol Reaction:
A Valuable, Yet Understated Carbon—Carbon Bond-Forming Maneuver. Chem. Rev.
2000, 700,1929-1972.

27 Barton, D. H. R.; McCombie, S. W. A New Method for the Deoxygenation of
Secondary Alcohols. J. Chem Soc., Perkin Trans. 11975, 1574—1585.

28 (a) Handbook of Metathesis, Grubbs, R. H., Ed.; Wiley-VCH: Weinhem, Germany,
2003;Vols. 1, 2, and 3. (b) Grubbs, R. H. Olefin Metathesis. Tetrahedron 2004, 60,
7117-7140.

29 For a review on the synthesis of aeruginosins, see: Ersmark, K.; Del Valle, J.;
Hanessian, S. Chemistry and Biology of the Aeruginosin Family of Serine Protease
Inhibitors. Angew. Chem., Int. Ed. 2008, 47, 1202-1223.

30 Dysinosin A, isolation and structural assignment: (a) Carroll, A. R.; Pierens, G. K.;
Fechner, G.; de Almeida Leone, P.; Ngo, A.; Simpson, M.; Hyde, E.; Hooper,

J.N. A; Bostrém, S.-L.; Musil, D.; Quinn, R. J. Dysinosin A: A Novel Inhibitor of
Factor Vlla and Thrombin from a New Genus and Species of Australian Sponge of
the Family Dysideidae. J. Am. Chem. Soc. 2002, 124, 13340-13341. Total
synthesis and structural confirmation: (b) Hanessian, S.; Margarita, R.; Hall, A,;
Johnstone, S.; Tremblay, M.; Parlanti, L. Total Synthesis and Structural Confirmation
of the Marine Natural Product Dysinosin A: A Novel Inhibitor of Thrombin and Factor
Vlla. J. Am. Chem. Soc. 2002, 124, 13342—13343.

Oscillarin A, isolation and structural assignment: (a) Engh, R.; Konetschny-Rapp, S.;
Krell, H.-W.; Martin, U. Dipeptide Derivatives, Process for Producing Them and
Medicaments Containing These Compounds. World Patent WO 96/11941; Chem.
Abstr. 124, 315175. (b) Engh, R.; Konetschny-Rapp, S.; Krell, H.-W.; Martin, U.;
Tsaklakidis, C. 3-Aminoethyl-/N-amidino-2,5-dihydropyrrole Derivatives Having

3

=

1250 = ACCOUNTS OF CHEMICAL RESEARCH = 1241-1251 = October 2008 = Vol. 41, No. 10





Arginine Mimetic Properties. World Patent WO 97/21725; Chem. Abstr. 127,
122002]. Total synthesis and structural revision: (c) Hanessian, S.; Tremblay, M.;
Petersen, J. F. W. The N-Acyloxyiminium lon Aza-Prins Route to Octahydroindoles:
Total Synthesis and Structural Confirmation of the Antithrombotic Marine Natural
Product Oscillarin. J. Am. Chem. Soc. 2004, 126, 6064—-6071.

32 Chlorodysinosin A, isolation and structural assignment: (a) Goetz, G. H.; Harrigan,
G. G.; Likos, J. J.; Kasten, T. P. Protease Inhibitors of the Coagulation Cascade
Isolated from Dysidea Sponges. WO 03/051831. Total synthesis and structural
confirmation: (b) Hanessian, S.; Del Valle, J.; Xue, Y.; Blomberg, M. Total Synthesis
and Structural Confirmation of Chlorodysinosin A. J. Am. Chem. Soc. 2006, 128,
10491—10495, 11727—11728.

33 Pascard, C.; Guilhem, J.; Vincent, M.; Rémond, G.; Portevin, B.; Laubie, M.
Configuration and Preferential Solid-State Conformation of Perindoprilat (S-9780).
Comparison with the Crystal Structures of Other ACE Inhibitors and Conclusion

Practice of Ring Constraint in Peptidomimetics Hanessian and Auzzas

Related to Structure—Activity Relationships. J. Med. Chem. 1991, 34, 663—669,
and references therein.

34 Hanessian, S.; Tremblay, M. Tandem Functionalization of Nonactivated Alkenes and
Alkynes in Intramolecular N-Acyloxyiminium lon Carbocyclization. Synthesis of 6-
Substituted Hydroindole 2-Carboxylic Acids. Org. Lett. 2004, 6, 4683—4686.

35 Hanessian, S.; Tremblay, M.; Marzi, M.; del Valle, J. R. Synthetic Studies in the
Intramolecular Carbocyclization of N-Acyloxyiminium lons. Stereoelectronic and
Steric Implications of Nucleophilic Alkene, Alkyne, and Allene Tethers. J. Org. Chem.
2005, 70, 5070-5085.

36 (a) Hanessian, S.; Guillemette, S.; Ersmark, K. P4,P4 Truncated Analogs of Oscillarin
and Their Inhibitor Activity against Blood Coagulation Factors. Chimia 2007, 61,
361-367. (b) Hanessian, S.; Erksmark, K.; Wang, X.; Del Valle, J. R.; Blomberg, N.;
Xue, Y.; Fjellstrdm, O. Structure-Based Organic Synthesis of Unnatural Aeruginosin
Hybrids as Potent Inhibitors of Thrombin. Bioorg. Med. Chem. Lett. 2007, 17,
3480-3485.

Vol. 41, No. 10 = October 2008 = 1241-1251 = ACCOUNTS OF CHEMICAL RESEARCH = 1251










ACCOUNTS

of chemical research

Foldamers with Heterogeneous Backbones

W. SETH HORNE AND SAMUEL H. GELLMAN*
Department of Chemistry, University of Wisconsin, Madison, Wisconsin 53706

RECEIVED ON JANUARY 8, 2008

CONSPECTUS

he functions performed by proteins and 0

uXx

ficions perio ! H H %
nudeic acids provide the foundation for g{N\'/L; a{N\_/\n,‘%z
life. Chemists have recently begun to ask R O B O O
whether it is possible to design synthetic
. P &N 5y Sequence Structure Function
oligomers that approach the structural and Diverse Patterns Secondary and Quaternary Biomedical Applications
functional complexities of these biopoly- € ‘L
mers. The study of foldamers, non-natu- ( W') \'()\ ¢ 1 : ’ proteln sinTace
ral oligomers displaying discrete folding ) é( : 1% mimicry
propensities, has demonstrated that there /,Wg ~ [ ) €y o
are several synthetic backbones that exhibit =Y = ""‘ ) antimicrobial
biopolymer-like conformational behavior. s W D) t ‘. ) .2 activity
\ N ¢

Early work in this area focused on oligo-
mers comprised of a single type of mono-
mer subunit, but recent efforts have highlighted the potential of mixed or “heterogeneous” backbones to expand the structural
and functional repertoire of foldamers. In this Account, we illustrate the promise of heterogeneous backbone foldamers by
focusing on examples containing both a- and -amino acid residues. Some S-residues bear protein-like side chains, while
others have cyclic structures that confer conformational rigidity.

The study of heterogeneous backbone foldamers has several advantages over that of their homogeneous backbone coun-
terparts, including access to many new molecular shapes based on variations in the stoichiometries and patterns of the sub-
unit combinations and improved prospects for side chain diversification. Recent efforts to develop o/3-peptide foldamers
can be divided into two conceptually distinct classes. The first includes entities prepared using a “block” strategy, in which
o-peptide segments and 5-peptide segments are combined to form a hybrid oligomer. The second class encompasses designs
in which a- and S-amino acid monomers are interspersed in a regular pattern throughout an oligomer sequence. One o/f3-
peptide helical secondary structure, containing (=0, - - -H—N;__5, H-bonds analogous to those in the c-helix, has been shown
via crystallography to form helix bundle quaternary structures.

Desirable biological functions have been elicited from o//3-peptide foldamers. Efforts to mimic naturally occurring host-
defense o-peptides have yielded new antimicrobial agents and have led to a reexamination of the long-held views regard-
ing structure—activity relationships among these o.-peptides and their analogues. Foldamers offer new platforms for mimicry
of the molecular surfaces involved in specific protein—protein recognition events; recent achievements in the preparation
of o/3-peptide inhibitors of the protein—protein interactions involved in apoptotic signaling (e.g., between Bd-x, and pro-
apoptotic partners) have revealed the benefits of employing heterogeneous backbones relative to homogeneous back-
bones for foldamer-based designs. These initial successes in the development of a/3-peptides exhibiting specific biological
activities highlight the potential of heterogeneous backbone foldamers for use in biomedical applications and provide guide-
lines for future studies into new target functions.

Introduction

Foldamers are unnatural oligomers that display
conformational propensities akin to those of pro-

between folding and function among proteins has
long been a source of fascination to the molecu-
larly inclined scientist. The interplay between
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teins and nucleic acids, the oligomers that play
starring roles in living systems." The relationship
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o-amino acid residue sequence and the three-di-
mensional arrangement of these subunits that
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FIGURE 1. Structures of an o-residue along with various f-residues.

results from adoption of a specific conformation enables pro-
teins to manifest an extraordinary range of functions. Chem-
ists have been drawn to ask whether other backbones,
containing subunits that were not selected by biological evo-
lution, might be competent to support recognition, catalysis,
or assembly activities comparable to those displayed by fold-
ing biopolymers. Since many of these activities appear to
require precise spatial positioning of key functional groups
(“side chains”), foldamer studies often begin with an effort to
determine whether a particular family of oligomers has any
tendency to adopt specific shapes.

Many oligomeric backbones have been evaluated as poten-
tial foldamers since the mid-1990s.2~> A majority of the fol-
damers studied to date are analogous to their biopolymer
progenitors in that all subunits fall within a single class. Thus,
for example, -peptide foldamers contain exclusively s-amino
acid residues, and m-phenyleneethynylene foldamers con-
tain exclusively meta-linked phenylacetylene subunits. We
refer to these systems as having “homogeneous” backbones.
Recently, a number of research groups have turned their
attention to foldamers with “heterogeneous” backbones, that
is, foldamers that contain more than one type of subunit. This
Account is intended to highlight the promise of heterogeneous
backbones for foldamer design and application. We will focus
on examples that feature combinations of o- and s-amino acid
residues (Figure 1), collectively referred to as “o/f-peptides’,
because these are presently the best understood foldamers
with heterogeneous backbones.

Nature occasionally slips a f-amino acid residue in among
o-residues, as in the cyclic depsipeptide dolastatin 11 (Figure
2), which contains a f-residue (and a y-residue) along with the
a-residues.® Analogously, several research groups have
designed peptides in which one or two f-residues are placed
among a-residues. Karle et al. reported one of the earliest
examples, a cyclo-tetrapeptide with an a-$-o-f backbone

KJ\}HXNL
Hrtp

FIGURE 2. The natural product dolastatin 11. o- and p-Residues
are highlighted yellow and blue, respectively.

pattern.”® Balaram et al. have thoughtfully reviewed the diver-
sification of peptidic backbones via insertion of single
extended amino acid residues into a-peptide contexts.?

Advantages of Heterogeneous Backbones

Foldamer design based on heterogeneous backbones offers
benefits relative to an exclusive reliance on homogeneous
backbones. For a given set of monomer classes, the num-
ber of candidate foldamer backbones is vastly larger if we
include heterogeneous backbones than if we are limited to
homogeneous backbones. If, for example, we consider only
o- and g-amino acids as building blocks, then the homo-
geneous approach limits us to a-peptides or g-peptides. The
heterogeneous approach, in contrast, allows many differ-
ent combinations (e.g., a-B-a-f-0-f-, a-o-p-a-o-f-, a-B-p-a-
B-p-, a-a-f-p-, to name just a few). Each of these
heterogeneous backbones offers a potentially distinctive
way to project sets of side chains in space. By analogy to
proteins, interesting and valuable foldamer activities are
likely to depend upon achieving a specific three-dimen-
sional arrangement of functional groups; therefore, the
more distinct shapes we can generate with foldamers, the
better our prospects for realizing any particular activity.
The availability of multiple, complementary oligomeric
skeletons may be necessary for generating a broad array of
foldamer functions, but scaffold variability is not sufficient for
this goal; one must also be able to decorate the scaffolds with
diverse side chains. The heterogeneous backbone approach
can greatly facilitate the generation of foldamer sets with
broad side chain diversity. This advantage is particularly evi-
dent when a-amino acids constitute one of the building block
types in a foldamer backbone, because a wide variety of pro-
tected o-amino acids is commercially available. Having to syn-
thesize every new building block, especially if the building
blocks must be enantiomerically pure, represents a substan-
tial practical barrier to function-oriented development of new
foldamers. Combining o-amino acids with other building
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(C)

FIGURE 3. (A, B) Chemical structures of two o/-peptide hairpins
and (Q) the crystal structure of the hairpin depicted in panel A.
Some atoms are omitted for clarity.

blocks offers the prospect of purchasing some or all of the side
chain diversity in a ready-to-use form. One can envision using
a few types of rigidified unnatural building blocks to promote
a specific folded conformation while relying on o-residues to
provide many different side chain functional groups.

New Secondary Structures from Systematic
Combination of o~ and f-Residues

Several research groups have undertaken conformational
analysis and function-based design with o/f-peptides in the
past few years. Early on we recognized two distinct ap-
proaches to heterogeneous backbone foldamers.'® One
approach involves oligomers comprised of multiple “blocks”,
each containing different subunits and each fulfilling differ-
ent structural or functional roles or both. The other approach
is to examine backbones with a regular pattern of subunit
alternation. As discussed below, these two approaches can be
combined in various ways.

The “block” approach to combining a. and 5 subunits arose
from our efforts to study sheet secondary structure in pure
p-peptide foldamers. a-Peptide research had shown that the
minimum increment of sheet secondary structure is a hair-
pin, in which strand-forming segments are connected via a
reverse turn. We initially used a reverse turn segment from the
o-peptide realm to link g-residues intended form sheet sec-
ondary structure (Figure 3A).""'2 A similar approach had pre-
viously been used by Clardy, Schreiber, and co-workers in
their pioneering study of unsaturated y-amino acid residue
folding propensities.'®> We subsequently created a comple-
mentary heterogeneous hairpin, with a g-peptide reverse turn

Foldamers with Heterogeneous Backbones Horne and Gellman

w{N\)J\ /\)LN/\"/ \/\H/N\)J\ /\)J\N/\[r%

FIGURE 4. H- bondmg patterns observed in different helices formed
by a/p-peptides with 1:1 backbone alternation: (A) 13-helix, (B) 11-

helix, (C) 14/15-helix, and (D) 9/11-helix. a- and p-residues are
highlighted yellow and blue, respectively.

and o-peptide strands (Figure 3B).'° Raines et al. have
reported an interesting implementation of the block approach
by replacing a reverse turn in the protein ribonuclease with a
B-peptide reverse turn without loss of catalytic activity.'* One
can imagine even more ambitious versions of this experimen-
tal strategy in which, for example, an o-helical segment of a
protein is replaced by a foldamer helix.

The first systematic structural studies of linear oligomers
with backbone alternation of a- and f-residues were con-
ducted independently by Zerbe, Reiser, and co-workers'> and
by our group.'® The European team used 2D NMR analysis to
document helix formation by a/s-peptides such as 1, contain-

BNH%H%%%*W

COZMe COZMe COzMe

ing L-alanine residues alternating with 3-substituted cis-2-ami-
nocyclopropanecarboxylic acid residues. Heptamer 1 in
methanol was shown to adopt a helix defined by i —i — 2
C=0---H—N H-bonds (Figure 4A). This structural work was
inspired by earlier pharmacological studies, which showed that
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incorporation of a single cis-2-aminocyclopropanecarboxylic
acid residue into a peptide corresponding to the C-terminus of
neuropeptide Y gave rise to substantial affinity and unique
selectivity toward the natural receptor proteins.'” Interestingly,
this biological activity required the g-residue absolute config-
uration that did not give rise to a discrete folding propensity
when paired with L-o-residues in the subsequent structural
studies.

Our initial studies of alternating a/f-peptides arose from a
desire to expand the range of foldamer scaffolds beyond
those previously shown for homogeneous S-peptide back-
bones. Our s-peptide work had demonstrated the unique abil-
ity of conformationally preorganized residues (Figure 1) to
promote stable secondary structures in short oligomers, with
distinct S-peptide helices generated by sequences containing
either trans-2-aminocyclohexanecarboxylic acid (ACHC) or
trans-2-aminocyclopentanecarboxylic acid (ACPC).> We won-
dered whether combining these preorganized f-residues with
o-residues would lead to new foldamers. This question was
addressed by preparing hexamers and octamers containing
(5,5)-ACPC or (5,5)-ACHC residues alternating with either L- or
D-o-amino acid residues. Evaluation of these oligomers by 2D
NMR in methanol solution revealed that only the combina-
tion of (5,5)-ACPC and L-a-amino acid residues, as in 2, gave

+

OH
)

H3N HsN
o0 L 1 0e 2w
\n/ ,., H I8 H 1, H 2 2

0 (o] 0 (@]

rise to NOEs between backbone protons from residues that are
not adjacent in sequence.'® Such nonsequential NOEs pro-
vide the clearest evidence of folding in solution.

The medium-range NOEs observed for o/f-peptide 2 in
methanol could be explained by two distinct hypotheses. (1)
The a/f-peptides adopt a single-helical conformation contain-
ing unusual bifurcated H-bonds, with each backbone C=0
group simultaneously interacting with two backbone N—H
groups and vice versa (simultaneous i — i+ 3 andi—i + 4
C=0---H—N H-bonding). (2) The a/f-peptides interconvert
rapidly on the NMR time scale between two different helical
conformations, one involving i — i + 3 and the other i —i +
4 C=0---H—N H-bonds; these conformations are designated
the 11-helix and the 14/15-helix, respectively, based on
H-bonded ring size (Figure 4B,C). We favored hypothesis (2) in
light of the folding behavior of a-peptides and proteins. The
i—i+3andi—i+ 4 C=0---H—N H-bonding patterns are
commonly observed for the o-peptide backbone, correspond-

FIGURE 5. (A) Chemical structures and (B) crystal structures of 3—5.
Note the change in the hydrogen bonding behavior of the Boc
group (gray carbons) fromani—i+ 3 H-bondin3toani—i+ 4
H-bond in 4. Some atoms are omitted for clarity.

ing to 3,5~ and o-helical secondary structure, respectively.'®
There is evidence that these two H-bonding patterns can rap-
idly interconvert in helix-forming o-peptides, but bifurcated
H-bonds are rare in a-peptide helices.

Crystallographic analysis of many o/$-peptides, including
3-5, has provided strong support for the hypothesis of inter-
converting helical conformations (Figure 5).'92° Octamer 3
displays purely 11-helical secondary structure in the solid
state, while nonamer 5 displays purely 14/15-helical second-
ary structure. Octamer 4, which differs subtly from 3, is mostly
11-helical in the crystalline form, but the N-terminal Boc car-
bonyl engages in a 14-membered ring H-bond. Thus,
although 4 seems to be torn between the 11- and 14/15-he-
lical conformations in the solid state, the observed helix does
not contain any bifurcated H-bonds. Two-dimensional NMR
data acquired for 15-mer ao/p-peptides indicate that at this
length the 14/15-helix is favored over the 11-helix.>"> Thus,
these 1:1 a/f-peptides behave comparably to a-peptides, in
which both 3,,- and a-helical conformations are populated
among shorter oligomers, but the a-helix is favored when the
backbone is lengthened.'®

The variety of helical secondary structures available to o/~
peptides with 1:1 o:f alternation has been expanded by
Sharma, Kunwar, and co-workers, who provided evidence for
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a helix with a “mixed” H-bonding pattern in oligomers such as
6 in chloroform solution.?*** a/B-Peptide 6 is heterochiral

S

Boc N H/\H/v\ﬂ/ OMe
O/\O 6

because it contains p-o-amino acid residues and B>-residues
derived from L-a-residues; by analogy, o/f-peptide 2 is homo-
chiral. The 9/11-helix identified by this group contains two dis-
tinct types of backbone C=0O---H—N H-bonds that have
opposite orientations relative to the backbone direction (Fig-
ure 4D). Based on 2D NMR analysis of o/f-peptides contain-
ing p3-residues and a-aminoisobutyric acid in methanol,
Seebach et al. concluded that this type of o/f-peptide can
adopt a 14/15-helix-like conformation that, curiously, lacks
intramolecular H-bonds.>> We suspect that these flexible o/j-
peptides simply do not populate the 14/15-helix to a large
extent, because 8 residues have a much lower o/B-peptide
helix propensity than do cyclic 3 residues.?° Jagadeesh et al.
have recently reported on the folding of a/s-peptides contain-
ing a cyclic carbohydrate-derived fS-residue.?® NMR data
obtained in both chloroform and DMSO revealed NOEs that
are consistent with the formation of i — i+ 3 andi— i+ 4
C=0---H—N H-bonds in 7 and related a/f-peptides, which

o]

H OMe
Boc ﬁ
o y (0] o 7
ﬁid

suggests population of both 11- and 14/15-helical conforma-
tions. Computational modeling of helix formation for oligo-
mers with the 1:1 o/ backbone enables direct comparisons
among helical secondary structures reported to date and oth-
ers that have not yet been documented experimentally.?”-2#

Foldameric behavior is not limited to a/f-peptides with a
1:1 o/p residue alternation. We recently found that both 2:1
and 1:2 o/fs backbone patterns (such as 8 and 9, respectively)
support helix formation in short oligomers.?? Medium-range
NOEs observed for these a/g-peptides in methanol are con-
sistent with population of two helical conformations in each
case, one helix containing i — i + 3 and the other i —i + 4
C=0---H—N H-bonds. Crystallographic analysis of short 1:2
and 2:1 a/p-peptides has provided high-resolution data for the
j—i+ 3 C=0---H-N H-bonded helices (Figure 6) but not yet
for the i — i + 4 H-bonded counterparts.

4
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FIGURE 6. Crystal structures of short a/f-peptides with (A) an oo
repeat and (B) an o33 repeat.
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Overall, the structural data we and others have obtained
with short oligomers suggest that the propensity to form i —
i+ 3 and/ori—i+ 4 C=0---H—N H-bonded helices may be
a common feature of foldamers that contain homochiral o-
and B-amino acid residues, for most o4 proportions and
sequence patterns. As already noted, these two intramolecu-
lar H-bonding patterns are well-known among o-peptides and
proteins, where they are seen in 3;,- and a-helices.® In light
of the considerable intrinsic flexibility of 3>-residues, we won-
dered whether homochiral oligomers containing both o~ and
B3-residues might be induced to adopt a-helix-like i — i + 4
C=0---H—N H-bonded secondary structure based on infor-
mation encoded in a specific side chain sequence. We have
explored this possibility in the context of o/f-peptide self-as-
sembly.

Helix Bundle Quaternary Structure
Formation Involving o/f#-Peptides

Most foldamer research to date has focused on secondary
structure, but creating foldamers with discrete tertiary struc-
ture has long been recognized as a major aim." Con-
formational order at this level is important not only as a fun-
damental structural goal but also as a prelude to developing
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(A)
Ac-RMRQL EDKVEELLSKNYHL ENEVARL KKLVGER-OH
(10)

Ac-RMRQIEDKLEE I LSKLYHI ENELARI KKLLGER-OH
(11)

FIGURE 7. (A) Primary sequence and (B) helical wheel diagrams of
o/p-peptides 10 and 11, (C) each blue circle in panels A and B
indicates substitution of the a-amino acid with the corresponding
B3-amino acid, and (D, E) helix bundles from the crystal structures of
(D) 10 (PDB, 20XJ) and (E) 11 (PDB, 20XK); o- and p-residues are
colored yellow and blue, respectively.

foldamers with sophisticated functions, such as catalysis,
which, among proteins, generally require discrete tertiary fold-
ing. Efforts to generate foldamer tertiary structure have built
upon the hierarchical design strategy put forward by DeGrado
et al. for the de novo development of a-peptides with helix
bundle tertiary structure.® Several groups have reported
homogeneous S-peptides that accomplish the first step of the
hierarchical approach, self-assembly to discrete helix bundles
in aqueous solution.?'~33 In the realm of heterogeneous back-
bone foldamers, we have demonstrated helix bundle quater-
nary structure formation in two distinct systems.
o/p-Peptides 10 and 11 (Figure 7) were designed by
extrapolation from a natural self-assembling sequence embed-
ded in the yeast protein GCN4.>* GCN4-p1, a 33-residue
o-peptide segment from the native protein, folds to form a
coiled-coil dimer.?> a/B-Peptide 10 displays the side chain
sequence of GCN4-p1 on a heterogeneous acpfaoco back-
bone; each 3-residue bears the side chain of the a-residue it

replaces. The pattern of oo — 5 replacement in 10 is attuned
to the heptad repeat that is commonly observed among
a-peptide sequences that form helix bundles.® Such
sequences usually contain hydrophobic side chains at the first
and fourth positions of each heptad, which are convention-
ally designated positions a and d of an abcdefg repeat. Side
chains from a/d heptad positions, upon a-helical folding, form
of a hydrophobic “stripe” on one side of the helix and pack
against one another in the core of the helix bundle, provid-
ing the driving force for self-assembly. The B3-residues in 10
are placed at the b and f positions of each heptad. Thus, upon
formation of an i — i + 4 C=0---H—N H-bonded helix, 10
displays a stripe of hydrophobic side chains provided by nat-
ural o-residues and, on the opposite side of the helix, a stripe
of p3-residues. The crystal structure of 10 shows a three-he-
lix bundle with the a/d side chains in the core and the b/f
p-residues at the periphery, as expected. The helical confor-
mation of 10 overlays very well on the o-helical conforma-
tion of the GCN-p1 a-peptide; however, the assembly
behaviors of the o- and a/p-peptides diverge. The stoichiom-
etry of assembly differs (dimer vs trimer) as does the stability
of the helix bundles, with much weaker self-association of the
o/p-peptide relative to the o-peptide.

a/pB-Peptide 11 arises from b/f a — > modification of
GCN4-pLl, a GCN4-p1 mutant that forms a very stable four-
helix bundle.?” The crystal structure of 11 reveals a four-he-
lix bundle that is very similar to the quaternary structure
formed by GCN4-plLl in the crystalline state. The helix bun-
dle of 11 is highly resistant to thermal disruption; however,
unlike GCN4-pLI, which forms a tetramer in solution, o/f-pep-
tide 11 appears to form a trimer in solution. Thus, for both 10
and 11, systematic a — 53 modification at selected positions
yields an o/p-peptide with self-assembly behavior that is rem-
iniscent of but not identical to that of the starting a-peptide.

The crystallographic data for a/p-peptides 10 and 11,
along with those for a purely p-peptide helix bundle,®' pro-
vide the first high-resolution insight on foldamer quaternary
structure. The behavior of 10 and 11 raises many questions
that provide a basis for future studies of a/f-peptides and per-
haps other heterogeneous backbone foldamers that bear the
side chain sequence of an o-peptide prototype. In particular,
it will be interesting to see whether “sequence-based” oligo-
mer designs provide a general source of foldamers with inter-
esting functions.

In a second approach to helix bundle self-assembly, we
have pursued a “block” strategy in which the quaternary struc-
ture contains both a-peptide and o/B-peptide components.
Previous work of Kim et al. showed that acidic a-peptide 12
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(A)

Ac-AQLEKELQALEKELAQLEWELQALEKELAQ-NH,
(12)

AcXLZKZLXALKZKLAXLZWZLXATKZKLAX-NH,
(13)

FIGURE 8. (A) Primary sequence and (B) helical wheel diagrams of
o-peptide 12 and o/f-peptide 13 that form a cooperatively folded
heterotetrameric helix bundle assembly and (C) structures of the
p-amino acids abbreviated in panels A and B.

coassembles with a complementary basic a-peptide to form
2:2 tetramer.?® The o/B-peptide 14/15-helix features an
approximate heptad repeat (i.e., seven residues comprise
about two helical turns). We therefore designed basic o/f-
peptide 13 to coassemble with acidic 12 into a heterohelix
bundle quaternary structure (Figure 8).>° We included cycli-
cally constrained residues in a/fs-peptide 13 to encourage for-
mation of the 14/15-helical conformation. CD and AU
measurements indicate that mixing 12 and 13 in aqueous
solution leads to a cooperatively folded 2:2 tetrameric assem-
bly with high thermal stability and extensive helicity in the
individual molecules.

o/f-Peptides with Biological Functions

Systematic study of o/f-peptides with regular backbone repeat
patterns is a recent phenomenon, as indicated above, but
already these heterogeneous backbones have been used to
develop foldamers with interesting biological activities. Bio-
medical application of a-peptides can be limited by rapid deg-
radation in vivo. Foldamers composed exclusively of unnatural
subunits, such as g-peptides, are highly resistant to pro-
teases,*® but what about a/p-peptides? It has long been
known that placing a single g-residue within an a-residue con-
text can substantially retard proteolytic cleavage of nearby
peptide bonds.*' Based on this precedent, it is not surprising
that oligomers featuring a 1:1 o/f backbone are highly resis-
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tant to proteolysis, although slow cleavage of amide bonds
between o and j residues can be detected in some cases.?**2

Our first effort at eliciting function from a/f-peptides
involved evaluating the 11- and the 14/15-helices of 1:1 o/f-
peptides for their ability to mimic a-helical host-defense
peptides.>'2 Natural host-defense peptides are produced by
eukaryotes as part of the innate immune response to micro-
bial infection.**> When they encounter bacterial membrane
surfaces, host-defense peptides such as the magainins adopt
an o-helical conformation. This folding leads to global segre-
gation of lipophilic and hydrophilic side chains, which is
thought to be responsible for disruption of the bacterial mem-
brane. We previously found that S-peptides that form globally
amphiphilic helices mimic the antibacterial activity of natural
host-defense peptides.** Surprisingly, however, our a/p-pep-
tide studies revealed that formation of a globally amphiphilic
helix is not required for host-defense peptide mimicry. This
discovery has important implications for development of new
antibacterial materials because an oligomer that achieves glo-
bal segregation of lipophilic and hydrophilic side chains in a
helical conformation must be synthesized in stepwise fash-
ion, which is expensive. Our a/g-peptide findings led us to
suggest that random copolymers of lipophilic and hydrophilic
subunits might be able to mimic host-defense peptides, and
we have recently provided experimental support for this
hypothesis.*>

A major function-oriented goal of foldamer research has
been to develop inhibitors of biomedically important interac-
tions between specific proteins. In many cases, this goal has
been difficult to achieve with the small molecule-based
approach that is the staple of traditional medicinal chemis-
try.*® Foldamers offer the prospect of mimicking the surface
features of one of the interacting partners by appropriate
placement of side chains on an unnatural folded backbone
while enhancing resistance to enzymatic degradation rela-
tive to a conventional o-peptide.

Protein—protein interactions in which one partner contrib-
utes a single o-helix to the interface are attractive for fol-
damer-based inhibitor development, because a variety of
foldamer helices can be predictably generated by proper
choice of subunits. Interactions between pro- and antiapop-
totic members of the Bcl-2 protein family are intriguing in this
regard.*” This protein network controls cellular responses to
various death stimuli, and overexpression of antiapoptotic
Bcl-2 family members is associated with cancer. The antiapo-
ptotic family members, including Bcl-2, Bcl-x,, and Mcl-1,
present a long cleft that can accommodate an a-helical BH3
domain from a proapoptotic family member, such as Bak or
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FIGURE 9. (A) Chemical structure of 14, a chimeric (o/f+a)-peptide with nanomolar affinity for Bcl-x,, (B) binding model for 14 bound to
Bcl-x, based on docking calculations, and (C) NMR structure of Bak o-peptide bound to Bcl-x, (PDB, 1BXL).

Bad. BH3 domain sequences feature the heptad repeat dis-
cussed above, with hydrophobic side chains occurring in i +
3/i + 4 patterns. There are four highly conserved hydropho-
bic positions shared among BH3 domain sequences, and the
side chains of these residues bind into pockets along the BH3
recognition clefts of complementary antiapoptotic Bcl-2 fam-
ily members.*849

Our initial efforts to develop foldamers that could mimic a
natural BH3 domain focused on helical g-peptides and 1:1
o/p-peptides. Despite extensive effort, we were unable to iden-
tify any 12-helical or 14-helical s-peptides or 11-helical o/f-
peptides that bound tightly to the BH3-recognition cleft of Bcl-
X.. 14/15-Helical designs with modest affinity for Bcl-x, could
be generated. Efforts to enhance binding by modifying the
side chains on a purely 14/15-helical scaffold were not pro-
ductive, so we turned to a “diblock” design strategy. We found
that o/p-peptides containing both a 1:1 o/ block and a pure
o block could be very effective ligands for the BH3 recogni-
tion cleft of Bcl-x,. These studies ultimately led us to oligo-
mer 14, which contains a nine-residue a/f segment followed
by a six-residue a. segment (Figure 9A).>° Oligomer 14 has an
affinity for Bcl-x_ (K; ~ 1 nM) that rivals the tightest-binding
BH3-derived a-peptides. Control experiments revealed that the
bulk of the binding energy comes from the a/f segment
rather than the a segment and that binding to Bcl-x, requires
a specific 3D complementarity (the enantiomer of 14 does not
bind). Docking calculations coupled with extensive side chain
modification studies enabled us to propose a binding mode

for the association of 14 with Bcl-x, (Figure 9B).>" Studies of
a slightly modified a/f-peptide show that this type of foldamer
can block interactions between Bcl-x, and complementary
proapoptotic proteins in cell lysates.>’

The search for effective inhibitors of BH3 domain binding
by Bdl-x, suggests important lessons for future efforts to
design foldamers that antagonize specific protein—protein
interactions. First, these results show that it is important to
have access to many different foldamer scaffolds. In this
example, only one of several foldameric helices was success-
ful at mimicking the o-helical prototype, and this success was
limited to the N-terminal portion of the target a-helix. Sec-
ond, for mimicry of extended protein surfaces, such as that
displayed by an a-helix of more than four turns, it may be
necessary to combine multiple foldamer scaffolds. We would
like to replace the a-peptide segment of 14 with an unnatu-
ral backbone to eliminate the proteolytic susceptibility in this
region, but so far this effort has not succeeded.>? Presumably
we need to use a new type of foldamer helix, perhaps one
that has not yet been discovered. In support of this idea, we
have recently applied the sequence-based design strategy,
outlined above in the context of helix bundle quaternary struc-
ture, to create o/f-peptide mimics of BH3 domains with K; val-
ues in the low nanomolar range for Bcl-x, and enhanced
proteolytic stability.>® Thus, the third lesson (actually a restate-
ment of the first) is that we must continue to explore new oli-
gomers, both homogeneous and heterogeneous, for fold-
americ behavior.
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Future Prospects

The study of a/f-peptide foldamers is relatively recent, but
already a range of interesting structural behavior has been
documented. Our growing knowledge of a/s-peptide confor-
mational propensities has provided a basis for development of
examples with specific biological activity. It is obvious that
many new patterns of a- and p-residues remain to be
explored in terms of both structure and function. More
broadly, the rapid development of o/f-peptide chemistry illus-
trates the utility of the heterogeneous backbone concept in
foldamer development.

Folding oligomers with other subunit mixtures have been
described, and these examples provide further evidence that
the heterogeneous backbone approach to foldamer design is
valuable. Some of the reported systems interweave o with y
or even larger amino acids.>*~>® These combinations have
allowed researchers to take advantage of established confor-
mation propensities of the o subunits, as in the early a/y-pep-
tide work of Clardy, Schreiber, and co-workers,'® or to employ
useful functional groups that are readily available among
o-amino acids, as in the a/cholate-peptide metal ion sensors
of Zhao and Zhong.>” Other researchers have combined dif-
ferent types of unnatural residues, as illustrated by the
pioneering aromatic amide oligomers of Hamilton and
co-workers,>®>9 the helices with tunable internal diameters of
Gong®® and the novel structures reported by Huc.* Collec-
tively, these and related studies suggest that a large universe
of new foldamers with distinctive structural and functional
properties awaits discovery.

The research from our laboratory discussed in this Account was
supported by grants from the U.S. National Science Founda-
tion and the U.S. National Institutes of Health.
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CONSPECTUS

Protein misfolding is related to some fatal diseases includ-
ing Alzheimer’s disease (AD). Amyloid S-peptide (A) .. .
generated from amyloid precursor protein can aggregate into
amyloid fibrils, which are known to be a major component
of A3 deposits (senile plaques). The fibril formation of AS is
typical of a nucleation-dependent process through self-rec-
ognition. Moreover, during fibrillization, several metastable
intermediates such as soluble oligomers, including Aj-de- Ap
rived diffusible ligands (ADDLs) and A3*56, are produced, o C%
which are thought to be the most toxic species to neuronal
cells. Therefore, construction of molecules that decrease the
Ap aggregates, including soluble oligomers, protofibrils, and
amyloid fibrils, might further our understanding of the mech-
anism(s) behind fibril formation and enable targeted drug
discovery against AD. To this aim, various peptides and pep-
tide derivatives have been constructed using the “Aj binding element” based on the structural models of A5 amyloid fibrils
and the mechanisms of self-assembly. The central hydrophobic amino acid sequence, LVFF, of AS is a key sequence to self-
assemble into amyloid fibrils. By combination of this core sequence with a hydrophobic or hydrophilic moiety, such as cholic
acid or aminoethoxy ethoxy acetic acid units, respectively, good inhibitors of A3 aggregation can be designed and synthesized.

A peptide, LF, consisting of the sequence Ac-KQKLLLFLEE-NH,, was designed based on the core sequence of A3 but with
a simplified amino acid sequence. The LF peptide can form amyloid-like fibrils that efficiently coassemble with mature
ApB1—42 fibrils. The LF peptide was also observed to immediately transform the soluble oligomers of A31—42, which are
thought to pose toxicity in AD, into amyloid-like fibrils. On the other hand, two AS-like S-strands with a parallel orienta-
tion were embedded in green fluorescent protein (GFP), comprised of a 5-barrel structure, to make pseudo-Aj3 3-sheets on
its surface. The GFP variant P13H binds to A31—42 and inhibits A51—42 oligomerization effectively in a substoichiomet-
ric condition. Thus, molecules capable of binding to A5 can be designed based on structural similarities with the A3 mol-
ecule. The peptide and protein mimetics based on the structural features of A3 might lead to the development of drug
candidates against AD.
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1. Introduction intracellular neurofibrillary tangles consisting of
abnormally hyperphosphorylated tau protein.’

Although the molecular mechanisms of AD patho-

Protein misfolding has been implicated in a num-
ber of fatal diseases, including Alzheimer’s disease

Published on the Web 10/21/2008  www.pubs.acs.org/acr
10.1021/ar8000475 CCC: $40.75

(AD), Parkinson’'s disease, and Huntington’s
disease.'™* AD is the most common form of
dementia and is characterized by the deposition of
the amyloid g-peptide (Af) in senile plaques and
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genesis have not been clearly understood due to
its complexity, recent advances have demon-
strated that pathological assembly of Aj is a
causal factor in AD.®> A is generated from amy-
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FIGURE 1. (a) The amino acid sequence of A31—42 peptide and (b) schematic representation of the aggregation of A3 monomer forming a
random coil structure into amyloid fibrils composed of cross -sheet structures via several metastable oligomers (small and large oligomers

and protofibrils).

loid precursor protein (APP) by 8- and y-secretase enzymes®
and usually contains either 40 or 42 amino acids (A51—40
and AB1—42, respectively).” AB1—40 is the major product of
APP processing, while AG1—42 is the predominant compo-
nent of senile plaques.®® Mutations causing AD are seen in
genes encoding the APP and secretase enzymes.'®'' Some
mutations in genes encoding presenilins (PS1 and PS2) par-
ticipating in the catalytic complex of y-secretase are function-
ally associated with an increase in the production of
Ap1—421

Since the aggregation of Ag correlates with the toxicity to
the neuronal cells, self-assembly of AS peptides in vitro has
been evaluated. In vitro studies revealed that the monomeric
ApB can self-assemble into amyloid fibrils with facile conver-
sion in physiological conditions. Amyloid fibril formation is a
nucleation-dependent process that can be accelerated dramat-
ically by fibril seeds in vitro and in vivo.'*'? Since the nucle-
ation step is faster in AG1—42 than in A31—40, A51—42 can
aggregate more easily into amyloid fibrils than Ag1—40.
Moreover, AB1—42 has a distinct pathway by which it forms
heterogeneous mixtures of soluble oligomers (Figure 1).'%'>
Recent studies revealed that these soluble oligomers, includ-
ing AB-derived diffusible ligands (ADDLs)'® and AB*56 (extra-
cellular accumulation of a 56 kDa soluble amyloid-$
assembly),'” have been thought to be the most important fea-
tures showing higher toxicity to neuronal cells than the mon-
omeric form and mature amyloid fibrils. The structural
definition of the soluble oligomers has not been accom-
plished, because the oligomers are metastable. Circular dichro-

ism (CD) studies indicated that the oligomers are composed of
B-sheet structures.’™ On the other hand, structural informa-
tion about Ag amyloid fibrils has gradually increased, and the
fibrils are thought to adopt cross-g-assembly with well-defined
structures. In early stages of structure determination, parts of
the Aj sequence, such as residues 11—25 and 10—35, exam-
ined were found to be well-ordered antiparallel g-sheet
structures.'®29 In contrast, structures of AB1—40 and AB1—42
fibrils were determined to form parallel 3-sheet structures.*'>2
Based on the structural features of amyloid fibrils and the
mechanisms of the Ap assembly, several peptides and their
analogs have been designed and synthesized toward con-
structing pharmaceutical compounds. Here, we describe the
design of molecules capable of binding to Aj, thereby inhib-
iting or accelerating the fibrillization or oligomerization of Aj
using a strategy of peptide and protein mimetics based on the
structures of Ag.

2. Structural Features of the Amyloid
Fibrils of A§ Peptides

Recently, high-resolution structures of amyloid fibrils formed
by not only fragmented sequences of Ag but also AG1—40
and AB1—42 have been proposed by solid-state NMR
techniques.'® 22 The hydrophobic core around residues
16—20 of AS is essential to self-assemble into amyloid fibrils,
and therefore short peptides containing the core region are
synthesized and evaluated for fibril-forming properties.
AB11-25 peptide can form amyloid fibrils exhibiting a highly

1310 = ACCOUNTS OF CHEMICAL RESEARCH = 1309-1318 = October 2008 = Vol. 41, No. 10





Peptide and Protein Mimetic Inhibitors of A Aggregation Takahashi and Mihara

ordered structure, which can be stabilized by electrostatic and
hydrophobic interactions with an antiparallel orientation of the
-sheet structures.'® In contrast to the fragment peptides, res-
idues 1—17 are disordered in full-length Ag1—42 fibrils, while
residues 18—42 form a f-strand—turn—g-strand structure.?2
Parallel and in-register f-sheets are formed by intermolecu-
lar interactions. The proposed structural model depicts hydro-
phobic interactions between Leu17, Phe19, and Ala21 of
B-strand 1 (81; residues 18—26), as well as Leu34, Val36, and
Val40 of g-strand 2 (32; residues 31—42). Of note, the inter-
actions between 1 and 52 are made by intermolecular con-
tacts, which function to stabilize the fibril structures. A51—-40
fibrils have also been analyzed using a solid-state NMR tech-
nique;*' however, the structure of AB1—40 fibrils differed
slightly from that of Ag1—42. With Ag1—40 fibrils, residues
1—10 are approximately disordered, and residues 12—24 (1)
and 30—40 (32) form parallel 5-sheet structures with similar
topology to Ag1—42 fibrils. The hydrophobic cluster is cre-
ated by intermolecular interactions between Leu17 and Phe19
of 51 and lle32, Leu34, and Val36 of 2. The model struc-
tures for both Af1—42 and AB1—40 fibrils providing a bent
structure with an electrostatic interaction between the Asp23
and Lys28 indicate that hydrophobic and electrostatic inter-
actions might increase the stability of the overall amyloid fibril
structures. The structural models of Ag amyloid fibrils are use-
ful in the design of compounds capable of binding to Ap.

3. Peptide Mimetics for Inhibitor Design of

Ag Fibrillization

Recent progress in elucidating the structural properties of Aj
amyloid fibrils has enabled the design of inhibitors of Ag amy-
loid fibril formation.?*~3° The hydrophobic core around resi-
dues 11—25, positioned at the 1 region in the structural
model of AB1—40 fibrils, is crucial for the self-assembly of Aj
into fibrils, and short peptides based on the core sequence
were designed to bind to full-length Aj. Even the pentapep-
tide sequence involving residues 16—20, Lys-Leu-Val-Phe-
Phe (KLVFF), and 17—21, Leu-Val-Phe-Phe-Ala (LVFFA), can
bind to the A molecule and therefore be used as “a binding
element” to design inhibitors of the fibrillization (Figure 2).
Analog peptides of KLVFF having various lengths of the ami-
noethoxy ethoxy acetic acid (Aeea) unit as a hydrophilic moi-
ety were designed.?* Increasing the Aeea unit lengths
increased the hydrophilicity of the peptide and effectively
inhibited the amyloid fibril formation. Moreover, conjugating
oligolysine and oligoglutamic acid units with the KLVFF pep-
tide was a useful means of generating binders to Aj with the

A inhibit the fibrillization

hydrophobic or
hydrophilic mmet»es methylatlon
@ngn @ _%@/ modification
KLVFF LVFFA
16 20 17 21

binding element for AB

FIGURE 2. Schematic representation of designing the Aj binding
molecules. Two pentapeptides, extracted from the core region for
the fibrillogenesis of the Ag sequence, have been used as binding
elements. Several compounds are designed based on these short
peptides providing several lead compounds against AD.

resultant formation of large aggregates that might have less
cell toxicity.?>~2” The oligolysines as disrupting elements for
Ap toxicity were effective when the length was three or more
residues. In contrast, conjugation of a neutral polar amino
acid, oligoserine, was ineffective at enhancing or inhibiting Aj
aggregation and toxicity. However, the opposite result with
respect to the activity of the KLVFF—KKKKKK peptide was
reported: this peptide promoted the protofibril association but
the association was ineffective in decreasing cell toxicity of Aj
as determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) as a monitoring reagent for the
cell viability.>' On the other hand, a KLVFF tetramer with a
dendrimer scaffold was constructed and found to inhibit the
transformation of soluble oligomers and protofibrils into fibrils
of AB1—42 and to promote the disassembly of existing aggre-
gates.?® A multivalent effect using the dendrimer structure sig-
nificantly increased the inhibitory activity of the KLVFF binding
element.

Conjugation of hydrophobic moieties, not hydrophilic ones
such as Aeea and lysine, with Ag binding elements has been
attempted to construct inhibitors of A aggregation. A pep-
tide with a cholic acid as a hydrophobic moiety containing the
LVFFA sequence strongly inhibited the fibrillization of Ap.2°
Moreover, an all-p analog of the cholyl-LVFFA sequence can
also bind to A and prevent the fibrillization of AS. Based on
the LVFFA sequence, a peptide Leu-Pro-Phe-Phe-Asp (LPFFD)
containing a proline residue, which is known to be a -sheet
breaker, was designed and observed to inhibit the fibrilliza-
tion of AB1—40 and AB1—42.%3 Since proline lacks a proton
on nitrogen, hydrogen bonding cannot occur between the
p-sheet structures. Thus, once the LPFFD sequence binds to Ag,
the fibril extension ceases. In a similar strategy, methylation
of amide groups is also an effective means by which to design
inhibitors. A number of N-methylated peptides based on the
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structure of the KLVFF sequence have been systematically syn-
thesized and analyzed with regard to their ability to function
as inhibitors of fibrillization and their effect on the Ag cell tox-
icity.*° The analog peptide p-[chGly-Tyr-chGly-chGly-mLeu]-
NH, (ch = cyclohexyl, mLeu = N-methyl leucine)
demonstrates marked inhibitor activity. The N-methyl group
can increase aqueous solubility of the peptides and reduce
inhibitor toxicity. The methylation sites of the peptides also
affect the activity of the peptides. These short peptides can be
available as a lead compound for and provide valuable insight
into the design of inhibitors of Aj toxicity.

4. Design of Peptides Coassembling with
Ap Fibrils

With regard to the fibrillization of peptides and proteins, it is
thought that preformed fibrils promote fibrillization by func-
tioning as nuclei.'>"® For example, although monomeric
ApB1-40 is difficult to self-assemble into amyloid fibrils, the
seed fibrils can accelerate the fibril formation of A31—40.3233
On the other hand, thioflavin T (ThT) is a fluorescent reagent
that is commonly used to detect amyloid fibrils,** but suffi-
cient amounts of fibrils are necessary for the detection. In
order to increase the sensitivity of ThT assay, the designed
peptides capable of forming amyloid-like fibrils were avail-
able (Figure 3).2> Amplification of AB fibrils using peptides
designed to associate with A amyloid is an effective means

by which to increase the sensitivity of ThT for detection of
amyloid fibrils. Binding of the designed peptides to Ag amy-
loid fibrils composed of g-sheet structures was anticipated to
induce the formation of amyloid-like peptide fibrils from nuclei
of the Ap amyloids.

A 10-residue peptide corresponding to residues 14—23 of
Ap forms amyloid fibrils composed of antiparallel g-sheet
structures.'?3° The electrostatic interaction made by His14
and Asp23 promotes the antiparallel orientation and stabi-
lizes the fibril structure. The insight that provides into the struc-
tural basis of Ag fibrillogenesis creates a foundation for the
further design of molecules capable of coassembling with Aj
fibrils. A number of peptide sequences, Ac-Lys-GIn-Lys-Leu-
Leu-X-Phe-Leu-Glu-Glu-NH, (X = Leu, Val, Phe, Tyr, Ala, and
Thr, named as LF, VF, FF, YF, AF, and TF, respectively) were
designed by varying the hydrophobicity of each sequence
with the expectation that different hydrophobicities might alter
the potential for fibrillization and amplification of the Ag fibrils
(Figure 3). The idea is to simplify the amino acid sequences to
gain insight into the requirements for self-assembly by main-
taining the sequence similarity to AB.>”~3° A histidine resi-
due, which is a cationic amino acid, was changed to lysine,
and an aspartic acid residue, an anionic amino acid, was
changed to glutamic acid. The central hydrophobic amino
acids, including residues 17—21 of A314—23 (LVFFA), were
changed to leucine with retention of Phe20.
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The propensity for fibrillization of the designed peptide
alone was evaluated using a ThT fluorescent assay in order to
measure the A amyloids in a buffer containing 10% trifluo-
roethanol as an enhancer of fibrillization.*® Three hydropho-
bic peptides containing leucine, valine, and phenylalanine at
position X exhibited greater ThT fluorescence corresponding
to amyloid-like fibril formation than the peptides having ala-
nine, threonine, and tyrosine at position X. In particular, the
LF peptide resulted in greater amyloid-like fibril formation than
the other designed peptides. VF peptide had a reduced abil-
ity to promote fibril formation. The different hydrophobici-
ties of the designed peptides resulted in a variety of
fibrillization abilities. Two peptides, LF and VF, with strong and
weak fibrillization abilities, respectively, were used to amplify
small amounts of mature A31—42 fibrils. When large amounts
(i.e., 100 uM) of LF and VF peptides in the presence of small
amounts (i.e.,, 1—10 uM/monomer) of Ag1—42 fibrils were
incubated in a buffer at 37 °C for several hours, ThT fluores-
cence increased dramatically. In contrast, the ThT fluorescence
increased only slightly in the absence of the mature Ag1—42
fibrils. On the other hand, the FF peptide, capable of fibril for-
mation as indicated by enhanced ThT fluorescence, did not
effectively amplify the amyloid fibrils. These findings indicate
that the LF and VF peptides, but not FF, form amyloid-like
fibrils using A51—42 fibrils as nuclei. Moreover, the use of
mature AS1—42 fibrils as nuclei clearly enhanced the forma-
tion of amyloid-like fibrils by the designed peptides in a con-
centration-dependent manner (Figure 3).

To confirm that mature AB1—42 fibrils existed as nuclei
within LF and VF amyloid-like fibrils, an immunostaining assay
was successfully performed.®> The amyloid-like fibrils of LF
and VF peptides produced using Af1—42 fibrils as nuclei were
stained with biotinylated 6E10 anti-Af antibody, which can
recognize residues 1—-16 of AB,*' and gold nanopar-
ticle—streptavidin conjugate. Gold dots on the transmission
electron microscope (TEM) grid were clearly observed along
the peptide fibrils (Figure 3). The observed gold dots were
well-localized rather than evenly distributed along the fibrils,
presumably due to seeding of previously aggregated Af1—42
fibrils as nuclei. Moreover, the fibril structures of the designed
peptides differed markedly depending on whether they
formed in the presence or absence of Ag1—42 fibrils. The
peptide fibrils of LF or VF alone, which were unable to
enhance the ThT fluorescence, had flat tape-like morpholo-
gies with short lengths (0.2—1.5 um in lengths), while the
amyloid-like fibrils of LF and VF peptides formed in the pres-
ence of AB1—42 fibrils had long tangled fibrils, similar to the
amyloid fibrils of Ag itself. LF and VF peptides, designed to

share structural similarities with A3, were observed to bind to
Ap fibrils by forming f-sheet structures. Once the peptide
binds to the Ag fibrils, bound peptide on the AS1—42 fibrils
also initiates fibrillization by functioning as a nucleus after
which amyloid-like fibrils of the designed peptides can dra-
matically increase depending on the amount of AB1—42
fibrils available. Thus, the designed simple peptides can be
available as an indicator for existing mature A51—42 fibrils.
This strategy for detecting the small amounts of A51—42
fibrils might also be used to screen for peptide-based com-
pounds capable of binding to Ag1—42 fibrils.

5. Designed Peptides Capturing Soluble
Oligomers of Af1—42

The Ap molecule self-assembles into amyloid fibrils via a vari-
ety of oligomers of AB,**~*® which are thought to be toxic,
resulting in the development of AD.*’~>° ADDLs are toxic to
rat pheochromacytoma PC12 cells examined by MTT assay*’
and induce neuronal oxidative stress through a mechanism
requiring N-methyl-p-aspartate receptor (NMDA-R) activation.”'
The soluble oligomers of both AB1—40 and AB1—42 also
showed toxicity to human neuroblastoma SH-SY5Y cells, while
the fibril forms of the AB peptides exhibited lower toxicity.>2
AB*56, a 56 kDa soluble amyloid-3 assembly purified from
the brain in impaired Tg2576 transgenic mice, disrupts mem-
ory when administered to young rats.'” Moreover, high
expression of AG1—42 in transgenic mice generates synapto-
toxicity without significant amyloid plaque formation, indicat-
ing that the soluble oligomers, not fibrils, cause the neuronal
cell death.>® Therefore, much effort has been devoted to sup-
pressing the oligomer formation of AS. In contrast to this inhi-
bition strategy for Af oligomerization, acceleration of the
fibrillogenesis of AB has also been shown to reduce toxicity.
If toxic oligomers can be quickly converted to mature fibrils,
the toxicity of Ap might be reduced. The LF peptide can be
used as a trapping reagent, thereby converting Ag1—42 oli-
gomers into amyloid-like fibrils (Figure 4).> Incubation of
large amounts (i.e,, 100 uM) of the LF peptide with small
amounts of A31—42 oligomers (i.e.,, 1—10 uM/monomet) in
a buffer produced amyloid-like fibrils immediately, which mir-
rors the result using mature A51—42 fibrils as nuclei. Thus,
the soluble oligomers can function as an inducer of the fibrilli-
zation. LF peptide captures the AB1—42 oligomers and accel-
erates the formation of amyloid-like fibrils. Size-exclusion
chromatography (SEC) analysis has revealed that A31—42 oli-
gomers disappear after 2 h of incubation of LF with Aj after
centrifugation to remove mature amyloid-like fibrils. An
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enzyme-linked immunosorbent assay (ELISA) using 6E10
anti-Ap antibody demonstrated that Ag1—42 oligomers com-
pletely disappear in the supernatant. Since the soluble oligo-
mers of AB1—42 are metastable, while the mature fibrils of Aj
are a final product of the aggregation reaction, the reactivity
of metastable AB1—42 oligomers toward the LF peptide
exceeds that of mature amyloid fibrils. The presence of
AB1—42 molecules within amyloid-like fibrils was confirmed
by immunostaining with gold nanoparticles, as shown in Fig-
ure 4. Nanopatrticles staining the Ag oligomers—peptide fibrils
were more uniformly distributed than on LF and mature
ApB1—42 fibrils as described above. Since the size of the gold
particles (10 nm diameter) was similar to that of large
ApB1—42 oligomers, one gold particle was capable of bind-
ing to one Ap oligomer. Therefore, the particles might appear
well-dispersed on the assembled LF fibrils. By this strategy, the
LF peptide is also used to transfer toxic AB oligomers into
amyloid-like fibrils of the designed peptide, thereby reduc-
ing toxicity in a PC12 cell assay system.>*

6. Protein Mimetics of Inhibition of AS
Oligomerization

Molecules capable of binding to A3 may not only prevent Aj
aggregation but also neutralize the toxicity of Ag to neuronal
cells. This would require binding of molecules to Ag with high
affinity and inhibition of oligomerization in the early stages of

aggregation. Therefore, antibodies against Af are potential
drug candidates against AD. Some anti-Aj antibodies can
inhibit A oligomerization and neutralize Ap toxicity in
vivo.>>>° Thus, the construction of proteins capable of bind-
ing to Ap with high affinity similar to anti-Ag antibodies is a
valid research approach in the treatment of AD.

Residues 14—23 of Aj represent an important region for
amyloid fibril formation of the A molecule and participate in
the formation of amyloid 3-sheet structures."® In addition, the
region is thought to represent “a binding element” of Aj as
described above. During aggregation, Aj recognizes itself,
probably using surface residues on parallel 5-sheets. Proteins
that share part of the Ag-like g-sheet structure may bind to Ap
in a similar manner as to Ag itself. In the case of simple short
peptide sequences, such as the pentapeptide sequence
described above, the peptides can form only one S-strand, and
it may be difficult to bind tightly to Aj. In contrast, protein sur-
face engineering might generate high-affinity binding sites for
Ap by enabling two or more binding elements for the A mol-
ecule to be incorporated. On the other hand, green fluores-
cent protein (GFP), which is commonly used as a fluorescent
tool in bioengineering and molecular biology, folds into a
p-barrel structure composed of eleven g-strands, ten of which
are aligned in an antiparallel arrangement and one that is ori-
ented in a parallel fashion.>” Since GFP has a stable struc-
ture, it can be engineered on its surface residues. The first and
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sixth strands of GFP are parallel and were therefore chosen to
function as a parallel s-sheet model of the A structure (Fig-
ure 5).>8 Two B-strands corresponding to the 31 regions of the
amyloid fibril models?' were incorporated into GFP. Ten sur-
face amino acids on the first and sixth strands of GFP (Pro13,
Leu15, Glu17, Asp19, Asp21, Thr118, Val120, Argl122,
Glu124, and Lys126) were substituted for amino acids corre-
sponding to residues 14—23 of Aj (His14, Lys16, Val18,
Phe20, and Glu22) in the GFP variant referred to as P13H.
Short peptide binders for Ag designed based on the structure
of A were capable of interacting with Af via side-chain con-
tacts and hydrogen bonds between the backbone amides of
the peptides and Ag. Thus, the short peptides can also self-
assemble by forming j-sheet structures. With P13H, however,
the p-barrel structure of P13H protects backbone amides at
the engineered mutation sites from self-association. This abil-
ity to create a highly structured protein is a great advantage
in the design of inhibitors of early Ag oligomerization.

CD and fluorescence studies of P13H revealed that the
GFP variant has a native-like structure and fluorescence,
and thus substitution of the surface amino acids on GFP did
not affect its structural properties. This indicates that P13H
contains pseudo-AfS p-sheets on its surface capable of rec-
ognizing the AB molecule. Moreover, SEC analysis was per-
formed to evaluate the association properties of P13H.
P13H protein demonstrated almost a peak corresponding to
the monomer state of the protein, even though P13H has
a pseudo-Ap surface. With 6E10 anti-Ag antibody and its
biotinylated derivative, whether P13H can inhibit the AS oli-
gomerization in early stage was examined (Figure 6).>°
Although incubation of Ag (10 uM) increased the oligomers
of AB, incubation of A mixed with P13H (2.5 uM) clearly
repressed the oligomer formation of Ag to 16% of control
levels. Specifically, inhibition of Ag oligomerization by P13H
was observed to occur in a concentration-dependent man-
ner, although even low concentrations of P13H (0.6 uM)
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inhibit oligomerization to 40% of control levels. The P13H
protein can therefore inhibit oligomerization in a substo-
ichiometric manner. It seems that P13H binds not only to
the monomeric state of the Af1—42 molecule but also to
dimers, trimers, and tetramers, including the smallest unde-
tectable oligomers, thereby effectively preventing further
oligomerization. The dissociation constant of P13H with Aj
was calculated as K4 = 260 nM using a surface plasmon
resonance (SPR) method. A GFP variant in which a pair of
antiparallel p-sheets of A were embedded into GFP,
referred to as AP13Q, was also designed.”® However,
AP13Q demonstrated less inhibition of Aj oligomerization
and Ap binding (K4 = 2.4 uM), compared with P13H, show-
ing that the parallel g-sheet orientation of a pseudo-Ag sur-
face on GFP is superior to recognize the A and to prevent
its oligomerization.

6. Conclusion

A number of peptide-based compounds have been
designed to mimic the AgS structure, some of which effec-
tively inhibit AB aggregation. In particular, two short pep-
tides, KLVFF and LVFFA, known to contain key sequences
for Ag fibril formation, have potential therapeutic benefit.
Recent studies suggest that metastable AS aggregates
including soluble oligomers and protofibrils are the most
toxic species in AD. Therefore, the ability to convert toxic
metastable oligomers into amyloid fibrils might decrease
the toxicity of AS to neuronal cells. A designed peptide LF
having sequence Ac-KQKLLLFLEE-NH, forms amyloid-like
fibrils that efficiently coassemble with mature Ag1—-42
fibrils and soluble oligomers of Ap efficiently, thereby
reducing the toxicity of Ag to a mammalian cell. On the
other hand, a designed protein having a pseudo-Ap S-sheet
structure to mimic the Ag structure of amyloid fibrils inhib-
its Ap oligomerization in early stages.

The designed peptides and proteins have not been uti-
lized directly for constructing therapeutic agents against AD.
One of the major problems in drug development for AD is
the blood—brain barrier (BBB) permeability.°® Recent stud-
ies, however, have revealed that the anti-Ag antibodies can
reduce the amyloid deposits and lead to improvement of
cognitive functions of AD patients despite the low perme-
ability of antibodies at the BBB generally. The antibody
might promote efflux of A3 from brain to plasma.®' Inter-
estingly, polymeric nanoparticles have been constructed for
drug delivery materials across the BBB targeting AD.®2
Progress in the delivery agents would promote the avail-

ability of designed peptides and proteins to drug develop-
ment targeting AB.°2 Combining with these research
developments, peptide and protein mimetics based on Aj
structures during various misfolding states might lead to the
identification of compounds with a therapeutic benefit in a
range of amyloid disorders, including AD.
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CONSPECTUS

uring the past two decades, great strides have (¢ '>,">/
been made in the design of peptidomimetic \, /k@;"
drugs for the treatment of viral infections, despite Q/QL/

Lead Optimization

the stigma of poor drug-like properties, low oral
— /l\v/‘

absorption, and high clearance associated with such

L L( %N&

compounds. This Account summarizes the progress \—cozn
made toward overcoming such liabilities and high- e ST
lights the drug discovery efforts that have focused TR TET A 1
specifically on human immunodeficiency virus (HIV) ' ¥

protease - ligand = : ¢ free-state

and hepatitis C virus (HCV) protease inhibitors.

The arsenal against the incurable disease AIDS, ‘
which is caused by HIV infection, includes peptido- é ‘;’f
mimetic compounds that target the virally encoded
aspartic protease enzyme. This enzyme is essential
to the production of mature HIV particles and plays a key role in maintaining infectivity. However, because of the rapid
genomic evolution of viruses, an inevitable consequence in the treatment of all viral infections is the emergence of resis-
tance to the drugs. Therefore, the incomplete suppression of HIV in treatment-experienced AIDS patients will continue to
drive the search for more effective therapeutic agents that exhibit efficacy against the mutants raised by the earlier gen-
eration of protease inhibitors.

Currently, a number of substrate-based peptidomimetic agents that target the virally encoded HCV NS3/4A protease are in
dinical development. Mechanistically, these inhibitors can be generally divided into activated carbonyls that are transition-state mim-
ics or compounds that tap into the feedback mode of enzyme—product inhibition. In the HCV field, there is justified optimism that
a number of these compounds will soon reach commerdialization as therapeutic agents for the treatment of HCV infections.

Structural research has guided the successful design of both HIV and HCV protease inhibitors. X-ray crystallography, NMR,
and computational studies have provided valuable insight in to the free-state preorganization of peptidomimetic ligands and
their enzyme-bound conformation. Researchers have designed a variety of novel bioisosteric replacements of amino acids
and short peptides that contain all of the required pharmacophore moieties and play a key role in inducing conforma-
tional changes to the overall molecule. The knowledge gained from these studies will undoubtedly guide the future design
of therapeutic agents and further contribute to the success of this field.

interactions =P pre-organization

Introduction

Current statistics from the WHO indicate that
approximately 200 million people around the
world are infected with the hepatitis C virus (HCV)
and an additional 40 million are living with an

incurable infection caused by the human immu-
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nodeficiency virus (HIV). In recent years, great
progress was made in managing HIV/AIDS, trans-
forming what once was a “death sentence” to a
manageable chronic disease.' However, drug dis-
covery efforts have yet to produce a small-mole-
cule therapeutic agent for the treatment of HCV
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infections.? Currently, treatment of HCV infection is limited to
interferon-based therapies that are effective in only ~50% of
the patients and are often associated with severe side effects.

HIV or HCV infections can remain latent for many years
before leading to disease symptoms. In the case of HIV infec-
tions, during that initial disease-free period, the immune sys-
tem is progressively weakened to the point where the
emergence of multiple infections becomes common, leading
to tumors and, ultimately, death. In the case of HCV, the
majority of infected individuals (>80%) can remain asymp-
tomatic for as long as 20 years and some (~20%) are even
able to clear the virus. However, those that become chroni-
cally infected usually progress to end-stage liver diseases, and
some (~2—4%) eventually develop hepatocellular carcinomas.

HCV/HIV coinfections are also highly prevalent. In the
United States and Europe, the prevalence of coinfection is esti-
mated to average 35%. Coinfection accelerates the natural
course of liver cirrhosis, hepatocellular carcinoma, or AIDS-
related deaths.? In addition, coinfection may alter the effec-
tiveness of the antiretroviral agents used to treat AIDS,
possibly due to the liver toxicity associated with many of the
current drugs. Therefore, the discovery of new, effective, and
safe therapeutics for the treatment of HIV, HCV infections, and
coinfections is a complex medical problem that needs urgent
attention.

To date, a number of virally encoded enzymes are the
focus of drug discovery efforts. Among these targets are the
proteolytic enzymes HIV aspartic protease (HIV-PR) and HCV
NS3/4A serine protease. Historically, the design of protease
inhibitors has focused on the optimization of substrate-based
peptides or transition-state analogs of the cleavage reaction.
Experts in drug discovery would often advocate against these
approaches, on the basis of the low oral bioavailability and
rapid excretion of large peptidic molecules. Nonetheless, there
are nine peptidomimetic drugs on the market for the treat-
ment of AIDS and at least four in clinical development for
treatment of HCV infections. The main objective of this
Account is to provide a summary of the progress made toward
overcoming the liabilities associated with peptidomimetic com-
pounds and highlight the drug discovery efforts that have
focused specifically on HIV and HCV protease inhibitors.

The Human Immunodeficiency Virus

The HIV viruses infect T cells via a process that initially
involves fusion of the viral envelope glycoproteins (gp120,
gp41) with the CD4 receptors and coreceptors (CCR5 and
CXCR4) to allow entry of the virus into the host cell. The
genome of the virus consists of ten open reading frames

Peptidomimetic Agents Targeting HIV and HCV Protease Tsantrizos

encoding structural (gag, pol, env), regulatory (tat, rev, nef, vpr),
and accessory (vif, vpu) proteins.* Products of the pol gene
encode all catalytic proteins essential for the viral life cycle.
The reverse transcriptase (RT) is required for transcription of
the viral ssSRNA to dsDNA, which is then transported into the
cell nucleus and incorporated into the host’s chromosomal
DNA under the catalytic control of the viral integrase. The host
is then permanently infected with the provirus and the cellu-
lar machinery is used for viral replication. Viral mRNAs are
spliced and transported into the cytoplasm where viral pro-
tein expression occurs. In the final stages of replication, the
gag and gag—pol precursor polyproteins, along with two viral
RNA strands, assemble with the envelope protein to form an
immature virion. At this stage the HIV-1 aspartic protease (HIV-
PR) is autocatalytically released from the pol precursor pro-
tein and proceeds to cleave the remaining precursor protein
to produce a new, infectious viral particle that is subsequently
released from the cell. Therefore, the function of HIV-PR is
essential for proper virion assembly and maturation.*

Structure-Based Inhibitors of HIV-1
Protease (HIV-PR)

Mechanistically, protease enzymes can be broadly classified as
(@) those using an activated water molecule as the nucleo-
phile that attacks the scissile amide bond (e.g., zinc metallo-
proteases and aspartate proteases) or (b) those using the
nucleophilic side chain of an amino acid residue in order to
initiate amide bond hydrolysis (e.g., serine or cysteine pro-
teases). The HIV-PR belongs to the former class of enzymes
and specifically to the aspartic proteases.”

HIV-PR is a C, symmetrical homodimer (Figure 1) with 99
residues per monomer.® X-ray crystallography®” and NMR®of
unliganded and inhibitor-bound enzyme complexes have pro-
vided insight into the interactions associated with catalysis and
inhibition. The biologically relevant interdomain interactions,
such as the role of two flexible 3 hairpin loops (the flaps) that
participate in the binding of both substrates and inhibitors,
have also been investigated. Structural data suggests that the
flap regions of the unliganded enzyme are in dynamic motion
and open significantly to allow segments of the polyprotein
substrates to access the active site residues, Asp 25/25'. How-
ever, following binding of the substrate, the flaps become
highly ordered and close, placing the lle-50/50' residues over
the cleavage site (Figure 1). Stabilization of the complex is
then mediated by hydrogen bonding interactions between Ile-
50/50', a key water molecule (the flap water), and the two car-
bonyl oxygen atoms of the substrate near the scissile bond.
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FIGURE 1. Structure of HIV-1 PR in complex with the hexapeptide N-acetyl-Thr-lle-Nle-W[CH,NH]-Nle-GIn-Arg-CONH,:"2 (a) The two subunits
of the homodimer are similarly color coded to highlight the key domains (flaps residues 34—59 and 34'—59' in orange). The catalytic

residues Asp 25/25' and the flap tips lle 50/50" are highlighted in ball-and-stick. (b) The flap water molecule and its interactions with both
the ligand and the closed flaps are indicated.
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FIGURE 2. Substrate-based hexapeptide inhibitor MVT-101: (a) precursor hexapeptide ligands 1 and 2, scissile bond indicated by red arrow;

labeling of P3, P2, P1, P1’, P2', and P3' is based on the protease subsite nomenclature; (b) schematic representation of the hydrogen bond
interactions between inhibitor 3 and the enzyme; the reduced amide bond is highlighted by the red box

Molecular dynamics simulations suggest that the catalytic

rigid/preorganized active site but from its ability to modulate
power of this enzyme does not arise from the presence of a

both its shape and isoelectric surface near the active site.5~'°
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FIGURE 3. Transition-state mimics commonly used in the design of HIV protease inhibitors.

Development of the first drug targeting the HIV-PR was pre-
ceded by investigations into the design of peptidimimetic
ligands for a variety of other aspartic proteases. Natural prod-
ucts such as pepstatin, a typical transition-state analog,'" also
contributed to the accumulated knowledge of peptidomimetic
inhibitors. More importantly, in the early 1990s, an explo-
sion of X-ray data became available that aimed to reveal the
enzyme structure and its interactions with ligands.> The first
X-ray structure of the unliganded enzyme was reported by
Merck® and was followed by numerous other structures of
both the unliganded enzyme and the enzyme in a complex
with ligands. One such example is the complex of HIV-PR with
compound 3 (Figure 2, MVT-101)."2 Compound 3 represents
an early example of a peptidomimetic inhibitor that was based
on the sequence homology of the substrate cleave site at the
gag—pol viral polyprotein. Modifications of the methionine
residues of ligand 1 to an isosteric norleucine resulted in the
hexapeptide 2, having comparable affinity for HIV-PR. These
modifications were followed by the introduction of a reduced
amide bond, leading to the discovery of inhibitor 3 (K, of 780
nM).'2 An extensive network of interactions between 3 and
the enzyme were observed in the X-ray structure (Figure 2b).'?
The backbone of 3 adopts a -strand conformation and forms
three direct hydrogen bonds with each of the two main chains
of the protease, involving the amide NHs of Asp-29/29' and
the carbonyl oxygens of Gly-27/27' and Cly-48/48' (Figure
2b). In addition, two hydrogen bonds between the lle-50/50'
and the two carbonyl oxygens of P1 and P1' are mediated by
the flap water. A number of other direct hydrogen bond inter-
actions were also proposed based on the crystallographic data
and are indicated in Figure 2b. Extensive van der Waals inter-
actions between the enzyme and the P1/1" and P2/2" hydro-

phobic side chains of this inhibitor were also identified.
Optimization of the ligand/inhibitor—enzyme interactions that
were observed using such prototypical peptidomimerics as
MVT-101 (3) became the focus of subsequent lead optimiza-
tion efforts.

To date, there are ten commercially available drugs that
target the HIV-PR; nine of these collectively represent a suc-
cess story in rational molecular design of peptidomimetics
(5—14). Although there is some debate as to the definition of
a “peptidomimetic” inhibitor, the prevailing view is that all
inhibitors tailored after substrate-based peptide of an enzyme
should be referred to as peptidomimetics, even if they do not
formally contain an amide bond. Based on that definition, the
only nonpeptidomimetic inhibitor of HIV-PR is tipranavir (4),
which bears no structural resemblance to a substate-based

oH 7

P
SIYs) o) /@/CFS
[ :] HN\/ s
@ ©

Tipranavir
FDA approved 2005

peptide and was discovered through lead optimization of
4-hydroxycoumarin and 4-hydroxy-2-pyrone leads (identified
from screening).'3

Saquinavir (5, K; = 0.12 nM) was the first peptidomimetic
to be approved by the FDA for the treatment of AIDS. The
design strategy of the Roche team was to focus on the HIV pol
substrate fragment Leu'®>—Ile'®°, which contains the scissile
bond Phe'®”—Pro'®8.'* The HIV-PR is unusual in its capacity
to cleave Phe—Pro and Tyr—Pro bonds, whereas these bonds
are not susceptible to cleavage by mammalian endopepti-
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dases. Optimization of this peptide was achieved by imple-
menting the reduced amide (I) and hydroxyethylamine (Il)
transition-state mimetics (Figure 3); however, this initial com-
mercial product (Invirase) exhibits very poor oral bioavai-
lability.

Saquinavir was followed by two other hydroxyethylamine
isosteres, nelfinavir (6, K; = 2 nM)'> by Agouron (Pfizer)/Lilly
and amprenavir (7, K; = 0.6 nM) by Vertex Pharmaceuticals.'®
Nelfinavir (6) is the outcome of efforts that were focused on
truncating the N-terminal moiety of a saquinavir (5) and
replacing it with the less peptidic P2 moiety 3-hydroxy-2-me-
thylbenzoyl fragment, thus achieving better oral bioavailabil-
ity than that of 5. Similarly, reduction of the peptidic nature
and molecular weight guided the design of amprenavir (7),
which exhibits acceptable binding affinity (K; = 0.6 nM), good
oral bioavailability and a long half-life in humans (~10 h) that
permits therapeutic dosing of patients twice daily. In addition,
a prodrug of 7 (fosamprenavir 8) was developed that gets rap-

¢
g U%YM ol )Y %

CONH2

Saquinavir (5)
FDA approval in 1995

3.8 a8

Nelfinavir (6)
FDA approved in 1997

0=P{
I\OCa*z
Amprenavir (7) Fosamprenavir calcium salt (8)
FAD approved 1999 FAD approved 2003

idly hydrolyzed at the intestinal brush border to deliver
amprenavir (7) and can be formulated into higher-strength
tablets, thus further reducing the pill number required to
deliver a therapeutic dose. The central hydroxyl group (i.e., the
reduced P1 carbonyl moiety) of these inhibitors is crucial for
their tight binding with HIV-PR. This moiety mimics the acti-
vated water molecule that is normally hydrogen bonded to
the carbonyl oxygens of the catalytic residues (Asp-25/25')
and acts as the nucleophile during the catalytic cycle.”
Indinavir (9, K; = ~0.6 nM) brought new structural ele-
ments to the design of HIV-PR inhibitors.'” Replacement of
both the P2'—P3" and P1—P2 fragments of a lead peptide with
an aminohydroxyindan and a pyridylmethylpiperazine moi-
ety, respectively, lead to compound 9, which exhibits good
solubility and bioavailability.>* Two other hydroxyethylamine

analogs bearing the PheW[CHOHCH,|Phe transition state
insert, ritonavir (10) and lopinavir (11) were developed by

|\ N’ﬁ OH oMo

N? ; N N-.,,,

Indinavir (9)
FDA approval in 1996

Y

0] 0]
Sy

a)
Ritonavir (10)

FDA approval in 1996

.

Lopinavir (11)

FDA approval in 1996
Abbott, where the C2 symmetry of the HIV-PR enzyme was
exploited.'® Ironically, most of the therapeutic value of
ritonavir (10) is currently derived from its side effect as a
potent inhibitor of cytochrome P450 3A4, and it is used
extensively as a codrug for boosting plasma exposure and
half-life of other coadministered pharmaceuticals.’

As is the case with all antivirals, ritonavir (10) therapy leads
to mutations conferring viral resistance to treatment. The pre-
dominant mutations raised by compound 10 are on residue
Val-82, which interacts primarily with the P3 moiety. A strat-
egy that was employed by Abbott in designing their second
generation drug was to select compounds with a smaller P3
than the isopropylthiazolyl moiety of 10, hence diminishing
the role of the inhibitor interactions with Val-82."° This lead
to the design of lopinavir (11), which is 10-fold more potent
than 10 and preserves its activity against the Val-82 mutants.
Superposition of the X-ray structures of 10 and 11 in the
active site of HIV-PR is consistent with significantly reduced
hydrophobic interactions between inhibitor 11 and Val-82
compared with those of inhibitor 10 (Figure 4)."°

The more recently approved drug atazanavir (13) has its
roots in hydroxyethyl hydrazine aza-peptides, such as 12 ini-
tially explored at Ciba-Geigy.?° The aza modification elimi-
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FIGURE 4. Superposition of X-ray structures of analogs 10 (orange)
and 11 (blue) bound to the active site of HIV-PR.'®
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nates one of the chiral centers, decreasing the challenges
associated with large-scale synthesis of these compounds. Ata-
zanavir (13) compares favorably to the earlier marketed pro-
tease inhibitors in that it provides good serum adjusted
antiviral potency, provides high oral exposure in man, and can
support once per day dosing for effective treatment.

The latest entry to the arsenal against AIDS is the com-
pound darunavir (TMC114, 15). Development of this mole-
cule has involved both industrial and academic research.?' A
unique structural feature of compound 15 is the bis-tetrahy-
drofuranyl moiety (a surrogate for an asparagine side chains)
that was initially used by Merck as a high-affinity P2 moiety
(later also introduced by Vertex in the development of
amprenavir). Further substitution of the P2—P3 aspar-
agine—quinaldic amide fragment of 5 with a bis-tetrahydro-
furanyl moiety produced a lower molecular weight inhibitor
(i.e., analog 14) that was equipotent to 5. Comparison of the
crystallographic data of analogs 5 and 14 bound to the HIV-1
protease provided strong evidence that the fused bicyclic tet-
rahydrofuran could effectively offset the loss of binding affin-
ity provided by the large lipophilic P3-quinoline of 5 by
forming hydrogen bond interactions with the backbone NH's
of Asp-29 and Asp-30.2' Furthermore, the polar bicyclic tet-
rahydrofuran moiety provided an improvement in solubility.

CGP 53820 (12) Atazanavit (13)

FDA arroval in 2003
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Compound 14 Darunavir (TMC-114, 15)

FDA approved 2006

From this class of analogs, darunavir (15, K; = 16 pM) was pri-
oritized for clinical development and found to outperform
most other protease inhibitors in blocking the replication of
HIV-1 mutants isolated from heavily drug experienced AIDS
patients.

Numerous other investigations in the HIV protease field
have contributed to the overall drug discovery process. Exam-
ples include the seven-membered cyclic ureas (e.g., compound
16) of DuPont Merck that were identified through structure-

DMP 851 (16)

K;=0.021 nM
based de novo design.>* A key feature of these analogs is the
displacement of the flap water by the carbonyl oxygen of the
urea and the diol fragment that interacts with the catalytic
Asp-25/25' residues.** Although this design is intellectually
appealing, development of such compounds proved to be
very challenging, largely due to their unfavorable solubility,
high protein binding, and overall poor pharmacokinetic
parameters.

A crucial structural element recognized by many proteases
is the S-strand arrangement of their substrates. Most of the
inhibitors already mentioned are essentially 5-strand/S-sheet
mimics of the natural substrates of HIV-PR.?®> However, there
are enormous challenges that must be overcome in design-
ing small peptide mimics that are locked in their free-state into
a p-strand conformation. One approach that has been
explored as a means of achieving this goal is macrocycliza-
tion of the peptidomimetic backbone. The design of HIV-PR
macrocyclic inhibitors was primarily based on tyrosine deriv-
atives having the para-phenoxy group covalently attached via
a linker to NH of the backbone or to the side chain of another
amino acid residue.?®> Novel tripeptide fragments, such as
17—19, were designed having a rigid g-strand conformation
and introduced into peptidomimetic inhibitors of HIV-PR.32

In conclusion, HIV-PR inhibitors constitute an indispensa-
ble component of the highly active antiretroviral therapy
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(HAART) used for the treatment of AIDS. The majority of these
compounds represent the successful outcome of structure-
based drug design starting from a substate-based peptide.
However, knowledge gained from these efforts can be also
applied to the optimization of nonpeptidic leads, as was the
case for tipranavir (4). Although the binding interactions of 4
with the HIV-PR are similar to those of peptidomimetic ana-
logs, compound 4 is the only drug that does not require the
flap water in order to interact with the HIV-RP.2* The distinct
nature of the interactions formed between tipranavir (4) and
the enzyme gives rise to a unique and superior resistance pro-
file compared with other inhibitors of HIV-PR.>> A number of
other strategies toward the design of new effective inhibitors
of HIV-PR are underway that were recently reviewed by Turn-
er.2®

N

The Hepatitis C Virus (HCV)

Although the genome of the hepatitis C virus was first
reported in 1989, unraveling the biology of this pathogen has
proven to be an extremely challenging endeavor.2’ Currently,
there are six major genotypes of the virus known (>50 sub-
types), of which genotype Ta/b accounts for approximately
70% of all infections in the industrialized nations. The viral
genome is a positive single-stranded RNA of ~9600 nucle-
otides that encode a precursor polypeptide of approximately
3000 amino acids. This polyprotein is processed both co- and
post-translationally to produce structural (C, E1, E2, p7) and

nonstructural (NS2, NS3, NS4A, NS4B, NS5A, NS5B) proteins.?”
Key nonstructural proteins include the protease enzymes (NS2
and the N-terminal domain of the NS3), the helicase/ATPase
(C-terminal domain of the NS3) and an RNA-dependent RNA
polymerase enzyme (NS5B). Initially, each of these enzymes
was validated as a target for drug discovery by abrogating its
catalytic function and demonstrating that the resulting HCV
clone had lost its infectivity.

The early identification of therapeutics for the treatment of
HCV was hampered by the inability to effectively replicate the
virus in culture and the absence of a small animal model for
evaluating the clinical relevance of potential new drugs. A
major advance in the field was achieved by Bartenschlager
and co-workers when they developed a cell-based HCV sub-
genomic replicon assay that allows evaluation of potential
drug candidates against replicating HCV RNA in cell cultures
ex vivo.?® It was only in 2005 that the production of infec-
tious hepatitis C viral particles in tissue culture was finally
achieved.?” Nonetheless, a number of inhibitors of the NS3
serine protease and the NS5B polymerase had entered clini-
cal development prior to this achievement.?

Structure-Based Inhibitors of HCV NS3/4A
Serine Protease

The HCV NS3 serine protease is a heterodimeric enzyme
requiring a noncovalent association with the NS4A cofactor
peptide for optimal catalytic function.>2” It is responsible for
the proteolytic processing of four out of five junctions between
the nonstructural protein regions along the HCV polyprotein
and plays an essential role in viral replication. This enzyme is
also involved in silencing the host’'s antiviral immune
response, which normally signals interferon production as a
natural defense against infection.?® Consequently, the HCV
NS3/4A protease has been a primary target for drug discov-
ery for over 15 years.

The successful paradigm established by the design of sub-
strate-based HIV-PR inhibitors fueled the quest for a peptido-
mimetic inhibitor that targeted the HCV NS3/4A.
Unfortunately, the latter enzyme proved to be a far more chal-
lenging target than the HIV-PR, mainly due to its shallow and
solvent-exposed active site. In the early 1990s, Boehringer
Ingelheim and the Istitute di Ricerche di Biologia Molecolare
independently discovered that the N-terminal peptide prod-
ucts derived from substrates of the HCV NS3 protease act as
competitive inhibitors of the enzyme (feedback inhibition).?
These cleavage products became the initial “leads” for drug
discovery.%3" Similar peptides were also used as tools for
exploring the interactions between peptidic ligands and the
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NS3 protease domain by NMR and molecular modeling.32~34

Although the inherent conformational flexibility of these pep-
tides magnified the challenges that had to be overcome, sci-
entists pushed forward in exploring the structure—activity
relationship of hexapeptides such as 20 and tetrapeptides
such as 21—23.23° These early studies revealed some of the
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essential elements for favorable ligand—NS3 interactions that
include a large lypophilic/aromatic residue at P2 and
p-branching of the P3 and P4 side chains or macrocycliza-
tion of the peptide,®® in order to stabilize the preferred
p-strand conformation of the peptidic backbone.
Optimization of the dipole—quadrupole interactions
between the P2 proline residue and the enzyme,36 as well as
the hydrophobic/electronic interaction of the P1 with the
Phe154 residue defining the “floor” of the shallow NS3/4A S1

Peptidomimetic Agents Targeting HIV and HCV Protease Tsantrizos

binding site,?” lead to the identification of inhibitors, such as
24 and 25, exhibiting enzymatic potencies of 800 nM and 30
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nM, respectively. Unfortunately, despite these significant
improvements in enzymatic potency and the reduction of size/
peptidic nature of the inhibitors, these analogs did not exhibit
any appreciable antiviral potency in the cell-based replicon
assay. In parallel to these efforts, activated carbonyl deriva-
tives that act as reversible covalent inhibitors, such as a-ke-
toacids, pentafluoroethyl ketones, and a-ketoamides were also
under investigation.” Based on the mechanism of action of
activated carbonyl inhibitors, it is not surprising that reduced
selectivity toward some mammalian serine and cysteine pro-
teases has been observed with analogs from this class.?®
The first molecule to enter clinical trials and demonstrate
unprecedented viral load reduction in patients infected with
the hepatitis C virus, after only hours of treatment, was BILN
2061 (26), developed by Boehringer Ingelheim.?° The design

H,CO N

BILN 2061 (26, Boehringer Ingelheim)

IC5 = 3nM

ECs= 1nM
of this class of macrocyclic inhibitors was guided by early NMR
data on the enzyme-bound conformation of hexapeptides
indicating that the acyclic P3 side chain lies on the solvent-
exposed surface of the protein and in close proximity to the
P1 side chain.?? Armed with this insight, macrocyclic -strand
tripeptides were designed that adopt in the free state the
enzyme-bound secondary structure of the acyclic hexapep-
tides and exhibit high affinity for the HCV NS3/4A protease.*°
The 15-membered ring scaffold forces the P2—P3 amide bond
to adopt exclusively the trans geometry that is preferred for
binding; *° this is in contrast to all linear proline-containing
peptides which, in the free-state, exist as mixtures of cis- and
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FIGURE 5. Structure of inhibitor 27 bound to the active site of HCV NS3/4A.,qe: (@) inhibitor bound to the protein surface reveals excellent
shape and size complementarily between 27 and the shallow S1—-S3 pocket; (b) the key NS3 residues that interact with the inhibitor are

indicated.*°

trans-rotamers. The anticipated reduction of conformational
entropic penalty paid upon binding of the macrocyclic pep-
tide to the enzyme leads to a significant increase in the over-
all binding energy, as can be deduced by comparing
compound 27 to the corresponding acyclic tripeptide 28.°

H3CO N O H;CO
l = l =

Macrocyclic prototype 27 (Boehringer Ingelheim) Acyclic tripeptide 28

ICso =10 nM
ECg =70 nM

IC50 = 400 nM
ECgp > 3,000 nM

Binding of the macrocyclic inhibitors to the intended bio-
logical target was also confirmed by crystallography, provid-
ing the first structural analysis of a small-molecule carboxylic
acid inhibitor bound to the active site of the HCV NS3/4A,-
tide (Figure 5a).*° This structure revealed that the carboxylate
moiety (e.g., compound 27 —NS3/4A¢pqe COMplex) interacts
with the oxyanion hole of the NS3 (NH of Gly-137 and Ser-
139) and the catalytic His-57 (No) residue (Figure 5b). Forma-
tion of canonical hydrogen bonds between the inhibitor’s
amide moieties and the NS3 main chain residues Arg-155 and
Ala-157 were also observed. The inhibitor’s aliphatic linker
(i.e., linker between P1 and P3) was clearly fixed within the
S1-S3 pocket and likely involved in van der Waals interac-
tions, thus contributing to the overall binding energy in the
inhibitor—enzyme complex (Figure 5a). Inhibitor-induced con-
formational changes of the Arg-155 and Asp-168 side chains
were observed that lead to the formation of interactions
between Asp-168 and Arg-155 and between the guanidine

group of Arg-155 and the methoxy moiety of the quinoline
(Figure 5b). Some of these interactions were later also reported
for other inhibitors of the NS3 protease.?*> Furthermore, pre-
clinical (observed in a cell-based HCV replicon system) and
clinical emergence of resistance at residues Ala-156, Arg-155,
and Asp-168 have been reported.? Interestingly, polymor-
phisms at residue Asp-168 in some HCV genotypes (e.g., gen-
otype 3) may be responsible for the variable activity and
clinical efficacy observed with some of the NS3 protease inhib-
itors against different HCV strains.*'

In addition to the design of effective macrocyclic inhibi-
tors, the chemical manufacturing of such structurally complex
molecules is often a challenge that may prohibit their com-
mercialization. Initially, the development of a synthetic pro-
cess that would be economically feasible and could support
the production of multikilogram quantities of a macrocyclic
therapeutic was a daunting task. Intensive investigations into
the synthesis of each building block and evaluation of the fac-
tors that influence the stereochemical integrity of the prod-
uct during the Kkey macrocyclization step lead to the
development of a protocol that could support the clinical tri-
als of BILN 2061.%% A 400 kg scale-up of this compound rep-
resents the first application of Ru-induced ring-closing
metathesis chemistry in an industrial setting for the prepara-
tion of a potential therapeutic agents.*?

Since the disclosure of the first series of macrocyclic inhib-
itors*° and in particular the phase I clinical data of BILN 2061
(26),>? many compounds characterized by the same 15-mem-
bered ring peptidomimetic scaffold have appeared in the drug-
discovery pipelines of different pharmaceutical companies;
these include derivatives such as compounds 29 and 30.

In addition, analogs having an acyl sulfonamide replace-
ment of the carboxylic acid moiety, such compounds 31 and

1260 = ACCOUNTS OF CHEMICAL RESEARCH = 1252-1263 = October 2008 = Vol. 41, No. 10





29 (Enanta-Chiron)
32 (ITMN-191) or those having combined modifications to the
ring scaffold and replacement of the P1 acid, such as 33 and
34 have also entered research and development. [TMN-191
(32) is currently in clinical phase | and TMC-435, believed to
be structurally related to 34 (having a cyclopentyl P2 core
instead of a proline), is also reported to have entered clinical
trials.

Meanwhile, the IRBM/Merck team has recently returned to
the design of their earlier macrocyclic inhibitors of NS3 pro-
tease,> which are covalently linked between the P2 aromatic
moiety and the P3 capping group of a tripeptide. Analogs of
this class (e.g., compounds 35 and 36) can benefit from all the
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37 (Schering-Plough), Ki* =15 nM

optimized P1, P2, and P3 moieties that are now in the public
domain. Furthermore, Schering-Plough has added to the cur-
rent plethora of macrocyclic inhibitors by combining the IRBM/
Merck design with activated carbonyls (e.g., analog 37).4

In parallel to all of the above efforts, acyclic peptides with
a carboxylic acid moiety at P1 (e.g., 38)*° or a activated car-
bonyls were also under extensive investigation; from the lat-
ter class, compounds VX-950 (39)%° and SCH 503034 (40)*”
are currently in phase Il clinical development. Stability of the
acydlic peptidic backbone to the preferred f-strand conforma-
tion was achieved by the incorporation of a t-butyl side chain
at the P3 moiety that significantly reduces the population of
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32 (ITMN-191, Intermune-Array Biopharma)

ICsp <2.5nM
ECgo = 1.6 M

34 (Medivir)

the cis-proline rotamer (other sterically bulky P3 side chains
can produce the same effect).

In summary, although the stigma of the poor drug-like
properties of peptidomimetics is unlikely to be dispelled
1252-1263
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38 (Boehringer Ingelheim)

ICq = 29 nM
ECg = 660 nM
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39 (VX-950, Telaprevir, Vertex Pharmaceuticals)

ICso = 44nM
ECso = 350 nM

40 (SCH-503034, Boceprevir, Schering Plough)

ICq = 2 NM
ECg =200 nM

any time soon, the current therapeutic agents targeting the
HIV-PR represent a remarkable success story in peptidomi-
metic research. The incomplete viral suppression observed
in treatment-experienced AIDS patients will continue to
drive medicinal chemistry toward the search for novel effec-
tive drugs with efficacy against the mutants raised by the
previous generations of protease inhibitors. In the HCV field,
there is a justified optimism that a drug targeting the
NS3/4A protease, is on the horizon. Insight gained from
structural research on the factors that influence free-state
preorganization of a peptidomimetic ligand, and the impact
of the free-state conformation on its affinity for the target,
as well as the design of bioisostere replacements of pep-
tide fragments, should collectively be recognized as impor-
tant achievements. As for the professional rivalry between
scientists in different industrial or academic settings for the
discovery of the best therapeutic agents, there is no doubt
that there is a great deal of knowledge to be shared that
would ultimately benefit the patients and society.

The author is grateful to numerous colleagues within the inter-
national community of Boehringer Ingelheim for their contri-
butions to the HCV NS3/4A protease inhibitor research and
development. In addition, Dr. Araz Jakalian is gratefully
acknowledged for providing the X-ray illustrations.
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Smac¢/DIABLO is a protein released from mitochondria into the cytosol in response to apoptotic stimuli. Smac promotes apoptosis at
least in part through antagonizing inhibitor of apoptosis proteins (IAPs), induding XIAP, dAP-1, and dAP-2. Smac interacts with these IAPs
via its N-terminal AVPI binding motif. There has been an enormous interest in academic laboratories and pharmaceutical companies in
the design of small-molecule Smac mimetics as potential anticancer agents. This task is particularly challenging because it involves tar-
geting protein—protein interactions. Nevertheless, intense research has now generated potent, spedific, cell-permeable small-molecule pep-
tidomimetics and nonpeptidic mimetics.

To date, two types of Smac mimetics have been reported, namely, monovalent and bivalent Smac mimetics. The monovalent com-
pounds are designed to mimic the binding of a single AVPI binding motif to IAP proteins, whereas the bivalent compounds contain two
AVPI binding motif mimetics tethered together through a linker. Studies from several groups have dearly demonstrated that both monova-
lent and bivalent Smac mimetics not only enhance the antitumor activity of other anticancer agents but also can induce apoptosis as sin-
gle agents in a subset of human cancer cell lines in vitro and are capable of achieving tumor regression in animal models of human cncer.
In general, bivalent Smac mimetics are 100—1000 times more potent than their corresponding monovalent Smac mimetics in induction
of apoptosis in tumor cells. However, properly designed monovalent Smac mimetics can achieve oral bioavailability and may have major
advantages over bivalent Smac mimetics as potential drug candidates.

In-depth insights on the molecular mechanism of action of Smac mimetics have been provided by several independent studies. It was
shown that Smac mimetics induce apoptosis in tumor cells by targeting dAP-1/-2 for the rapid degradation of these proteins, which leads
to activation of nudear factor «B (NF-«B) and production and secretion of tumor necrosis factor o (TNFo). TNFa promotes formation of
a receptor-interacting serine—threonine kinase 1 (RIPK1)-dependent caspase-8-activating complex, leading to activation of caspase-8 and
-3/-7 and ultimately to apoptosis. For the most efficient apoptosis induction, Smac mimetics also need to remove the inhibition of XIAP
to @spase-3/-7. Hence, Smac mimetics induce apoptosis in tumor cells by targeting not only dAP-1/-2 but also XIAP. The employment
of potent, cell-permeable, small-molecule Smac mimetics has yielded important insights into the regulation of apoptosis by IAP proteins.
To date, at least one Smac mimetic has been advanced into dinical development. Several other Smac mimetics are in an advanced pre-
dinical development stage and are expected to enter human dinical testing for the treatment of cancer in the near future.
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Introduction

Apoptosis, or programmed cell death, is a critical cellular pro-
cess in normal development and homeostasis of multicellu-
lar organisms. Inappropriate regulation of apoptosis is
associated with many human diseases, including cancer,'%3
and it is now recognized that one hallmark of cancer cells is
their compromised ability to undergo apoptosis.? Targeting
critical apoptosis regulators is an attractive strategy for the
development of new classes of therapies for the treatment of
cancer and other human diseases.' %3

The inhibitor of apoptosis proteins (IAPs) are a class of cen-
tral apoptosis regulators, although their role is not limited to
apoptosis (Figure 1).** The X-linked inhibitor of apoptosis pro-
tein (XIAP) is perhaps the best characterized member of all the
IAPs.” It effectively suppresses apoptosis at least in part by
binding to and inhibition of three members of the caspase
family of enzymes, the two effectors, caspase-3 and -7, and an
initiator, caspase-9.° XIAP contains three baculoviral IAP repeat
(BIR) domains. The third BIR domain (BIR3) of XIAP selectively
targets caspase-9,”® whereas the BIR2 domain, together with
the linker preceding BIR2, inhibits both caspase-3 and
caspase-7.°~'" Consistent with its potent apoptosis inhibitory
function, XIAP is found to be highly expressed in many
human tumor cell lines and tumor samples from patients'?
and plays an important role in the resistance of cancer cells to
a variety of anticancer drugs.'?

Smac/DIABLO is a protein released from mitochondria into
the cytosol in response to apoptotic stimuli.'*'> Smac func-
tions as an endogenous inhibitor of XIAP and other IAP pro-
teins (Figure 1).° As a dimer,'® Smac targets both the BIR2 and
BIR3 domains in XIAP concurrently and prevents the inhibi-
tion of XIAP not only to caspase-9 but also to caspase-3/-7.°
It blocks the inhibition of XIAP to caspase-9 by binding to the
BIR3 domain in XIAP through its AVPI tetra-peptide binding
motif and competing directly with a similar ATPF tetrapep-
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FIGURE 1. A simplified apoptotic pathway.
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tide in caspase-9.%'7'® The mechanism by which Smac
removes the inhibition of XIAP to caspase-3/-7 is not com-
pletely clear, but it has been proposed that the interaction of
Smac protein through its AVPI motif with the BIR2 domain of
XIAP also prevents the binding and inhibition of XIAP to
caspase-3/-7.'92!

Because XIAP blocks apoptosis at the downstream effec-
tor phase, a point where multiple signaling pathways con-
verge, it represents a particularly attractive molecular target for
the design of new classes of anticancer drugs aimed at over-
coming the apoptosis resistance of cancer cells.>'® Several
strategies have been employed for the design of small-mo-
lecular inhibitors of XIAP. One approach has been to block the
interaction between XIAP BIR2 and caspase-3/-7. Employing
high-throughput screening and parallel solid-phase synthe-
sis, Wu and colleagues identified a series of small-molecule
inhibitors of the caspase-3/XIAP interaction.?? Schimmer and
colleagues discovered a class of polyphenylureas by chemi-
cal library screening and showed that by antagonizing XIAP
and with a mechanism of action different from that of Smac
protein, these compounds can restore the activities of
caspase-3 and -7, but not that of caspase-9.>*> Another strat-
egy is to design small molecules to mimic the Smac AVPI
binding motif; this has attracted a great deal of attention in
recent years and is the focus of this Account.

Structural Basis for the Design of Smac
Mimetics

The crystal structure of Smac/DIABLO protein in a complex
with the XIAP BIR3 domain has been determined by Shi’s
group,'” and the solution structure of Smac peptide com-
plexed with the BIR3 domain was established by Fesik and his
colleagues at Abbott Laboratories.'®

The crystal structure showed that Smac protein forms an
elongated homodimer (Figure 2A).'” Both crystal and NMR
solution structures'”-'® clearly revealed that the N-terminal
four residues (Ala1-Val2-Pro3-lle4) in Smac recognize and bind
to a surface groove on XIAP BIR3 (Figure 2B). The methyl
group of the Ala1l residue inserts into a small hydrophobic
pocket; the free amino group forms strong hydrogen bonds to
the Glu314 and GIn319 residues on BIR3, and the backbone
carbonyl group forms a suboptimal hydrogen bond to the
indole NH group in Trp323. The amino and carbonyl groups
of Val2 form optimal hydrogen bonds with the carbonyl and
amino groups of Thr308, respectively, while the Val2 side
chain, with no interactions with protein residues, is exposed to
solvent. The five-membered ring of Pro3 has van der Waals
contacts with the side chains of Trp323 and Tyr324, and
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FIGURE 2. (A) Crystal structure of Smac in complex with XIAP BIR3 protein, (B) detailed interactions between the AVPI binding motif and
XIAP BIR3 residues, and (C) crystal structure of compound 18 in complex with XIAP BIR3 (Protein Data Bank access code 2JK7), in

superposition to that of Smac AVPI peptide in complex with XIAP BIR3.
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FIGURE 3. Summary of structure—activity relationship of Smac-
based peptides to XIAP BIR3.

finally, the amino group of the lle4 residue forms a hydro-
gen bond with the carbonyl group of Gly306, and its hydro-
phobic side chain inserts into a hydrophobic pocket formed by
the side chains of Leu292 and Val298 and the hydrophobic
portion of the side chains in Lys297 and Lys299. Such struc-
tural information at the atomic level has been the basis for the
design of both peptidic and nonpeptidic Smac mimetics.

Design of Smac-Based Peptides

McLendon’s group has carried out extensive modifications to
the AVPI tetrapeptide and obtained a comprehensive
structure—activity relationship (SAR) of Smac-based peptides
binding to the XIAP BIR3 domain (Figure 3).2*

The AVPI peptide binds to XIAP BIR3 with a K, value of
480 nM, but replacement of the Ala1 residue by a glycine or

serine residue results in a more than 20-fold loss in binding
affinity, while a slight improvement in binding affinity is
achieved with the unnatural amino acid 2-aminobutyric acid.
Replacement of the valine in AVPI shows that this position can
tolerate many other amino acid residues without significant
reduction in binding affinity. This is consistent with the exper-
imental structural information, which shows that the side chain
of valine has no close contacts with protein residues and is
exposed to solvent. Replacement of the valine residue by
aspartate, glycine, or proline, however, results in significant
loss in binding affinity. Modifications of the fourth residue, iso-
leucine, indicate that a hydrophobic residue such as valine,
phenylalanine, tryptophan, or leucine is highly preferred with
phenyalanine being the most preferred residue. A charged or
polar residue such as lysine, arginine, glutamate, aspartate,
histidine, glutamine, and asparagine at this position is detri-
mental to binding. Modification at the peptide bond between
residues 1 and 2 by methylation disrupts a structurally impor-
tant hydrogen bond and has a large negative effect on bind-
ing, but N-methylation of residue 4 has a much smaller effect.
The structure—activity relationship obtained from this study
has provided a very useful guide to the design of peptidic- and
nonpeptidic mimetics of Smac.

Smac-based peptides have potent binding affinities to XIAP,
but they are not cell-permeable. To address this limitation, a
number of early studies employed a strategy to tether a car-
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FIGURE 4. Representative potent Smac peptidomimetics.

rier peptide to a Smac-based peptide so facilitating intracellu-
lar delivery.>>=27 It was shown that these relatively cell-
permeable Smac-based peptides can sensitize various tumor
cells in vitro to the antitumor activity of Apo-2L/TNF-related
apoptosis-inducing ligand (TRAIL), as well as chemotherapeu-
tic agents such as paclitaxel, etoposide, SN-38, doxorubicin,
and cisplatin.?® Furthermore, one cell-permeable Smac-based
peptide was shown to strongly enhance the antitumor activ-
ity of Apo-2L/TRAIL in an intracranial malignant glioma
xenograft model in vivo, achieving complete eradication of
established tumors.> Similarly, another cell-permeable Smac-
based peptide in combination with cisplatin was shown to
regress tumor growth in vivo in H460 non-small-cell lung can-
cer xenografts with little toxicity to the mice.?” Of note, these
cell-permeable peptides were injected directly into the tumors
in both in vivo studies. Nevertheless, these early studies pro-
vide the important proof-of-the-concept that cell-permeable
Smac peptidomimetics and nonpeptidic mimetics may be use-
ful as new cancer therapies, especially when used in combi-
nation with other anticancer drugs.

Design of Smac Peptidomimetics

Oost and colleagues at Abbott Laboratories have carried out
extensive chemical modifications of the AVPI peptide in an
effort to derive potent Smac peptidomimetics.?® Chemical
modifications of the Ala1 residue using different amino acids
showed that the natural methyl or an ethyl side chain are
most preferred for binding, consistent with the data obtained
by McLendon’s group.?* Substitution of the free terminal
amino group by one methyl group is well tolerated, but dim-
ethylation decreases the binding to XIAP BIR3 by a factor of
>100. Consistent with the previous report,>* modifications of
the Val2 showed that this residue can be replaced by many
other residues without a significant loss of the binding affin-
ity, although replacement by glycine leads to a >30-fold loss
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of binding affinity. In addition, it was shown that an L-config-
uration of this residue is essential for binding. Replacement of
the five-membered ring in the Pro3 residue with four- or six-
membered rings results in a 5—7-fold loss in binding affinity
and a greater loss with other residues. Introduction of a hydro-
phobic group to the five-membered ring in Pro3 can slightly
improve the binding affinity. Modifications to the Ile4 resi-
due showed that a variety of hydrophobic entities are toler-
ated, phenylanaline and phenylglycine being the most
preferred. Among all the compounds designed and evaluated,
compounds 1, 2, 3, and 4 have the highest binding affinities
to XIAP BIR3 with K, values of 12, 5, 16, and 6 nM, respec-
tively (Figure 4).

These potent Smac peptidomimetics have been shown to
be effective in rescuing XIAP BIR3-mediated inhibition of
caspase activity in a fully reconstituted functional assay con-
taining Apaf-1, procaspase-9 and procaspase-3, dATP, and
cytochrome ¢. Compounds 1, 2, and 3 achieve ECs, values of
0.29, 0.24, and 0.31 uM, respectively, in recovering the
caspase activity. Such functional data provide direct evidence
for their functional antagonism against XIAP BIR3.

These potent Smac peptidomimetics are also effective in
induction of caspase-3 activation in the MDA-MB-231 human
breast cancer cell line. Compounds 1 and 3 potently inhibit
cell growth with IC5q values of 68 and 13 nM, respectively, in
the MDA-MB-231 cell line and effectively induce cell death.
Compound 3 also demonstrates modest activity in inhibition
of tumor growth in the MDA-MB-231 xenografts in mice.

These in vitro and in vivo data obtained using potent and
cell-permeable Smac peptidomimetics provide important evi-
dence that Smac mimetics may have a therapeutic potential
as single agents for the treatment of human cancer in a sub-
set of human cancers.
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FIGURE 5. Conformationally constrained nonpeptidic Smac mimetics.

Design of Conformationally Constrained
Smac Mimetics

The Wang laboratory from the University of Michigan was the
first to report the design of conformationally constrained,
bicylic Smac mimetics using a structure-based strategy (Fig-
ure 5).29732

The experimental structures of Smac protein/peptide in
complex with XIAP BIR3 show that the isopropyl group of Val2
is exposed to the solvent and has no specific interaction with
the XIAP BIR3 protein, while the five-membered ring of Pro3
has hydrophobic contacts with Trp323 in XIAP BIR3. Based
upon modeling predictions, it was proposed that these two
residues can be fused together to form a bicyclic lactam struc-
ture without seriously altering the conformation of the AVPI
peptide bound to XIAP BIR3. Cyclization of the side chains of
Val2 and Pro3 produces a new chiral center and in order to
determine which configuration of the chiral center is desir-
able for binding to XIAP BIR3, two stereoisomers, 6 and 7,
each containing the [6,5] bicyclic ring structure were designed
and synthesized.??*° While 7 has a K; value of 4.47 uM to
XIAP BIR3 protein, 6 shows a K; value >100 xM, indicating
that the R configuration for the chiral center is much better
suited to binding to XIAP BIR3. With SAR data obtained from
peptidic Smac mimetics, compound 8 was designed and
shown to have a K; of 350 nM, as potent as the natural Smac
AVPI peptide.

Compound 7 containing the [6,5] bicyclic lactam structure
is 8 times less potent than the AVPI peptide and 15 times less
than its corresponding peptidic mimetic 5. Modeling revealed
that although compound 7 can largely mimic both 5 and the
Smac AVPI peptide for binding to XIAP, the binding is less than
optimal. Expansion of the [6,5] bicyclic ring system in com-

TABLE 1. Binding Affinities of Bicyclic Smac Mimetics to XIAP BIR3
Protein and Cell Growth Inhibition in the MDA-MB-231 Cancer Cell

Line
 HC
Y L,
Ry o " O
X ={CHz)12
binding affinity  cell growth
to XIAP BIR3 inhibition

X R, R, (K, uM) (ICs50, uM)
11 (SM-104) CH, NH, Me 0.060 >10
12 (SM-102) CH, NH, Et 0.025 >10
13 (SM-128) CH,), NH, Me 0.014 >10
14 (SM-131) CH, CH;NH  Et 0.061 0.1
15 (SM-160) CH,  N(CH)), Et 14.4 3.0
16 (SM-161) CH, OH Et 29.0 70.0
17 (SM-122) (CH,), CH3;NH Me 0.026 0.26
18 (SM-130) (CH.), CH.NH Et 0.067 0.41

pound 7 to either a [7,5] or an [8,5] ring system results in
compounds that mimic the bound conformation of the AVPI
peptide to XIAP more closely and show improved binding
affinities.>°~32 This leads to the design of compounds 9 and
10, which bind to XIAP BIR3 with K; values of 150 and 100
nM, respectively, 30 or 45 times more potent than compound
7. With SAR data obtained for [6,5] ring containing Smac
mimetics, compounds 11, 12, and 13 were designed and
shown to have K; values of 60, 25, and 14 nM, respectively.

Although compounds 11, 12, and 13 achieve high bind-
ing affinities to XIAP BIR3, they were found to have very weak
activities in cell-based assays in both cell growth inhibition and
apoptosis induction in sensitive cancer cell lines, such as the
MDA-MB-231 breast cancer cell line (Table 1). Their weak cel-
lular activity suggests that they are not very cell-permeable,
and it was hypothesized that the primary amine group in
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these compounds may have a detrimental effect on their cell
permeability or metabolic stability. To test this idea, com-
pounds 14, 15, and 16 (Table 1) were designed by replacing
the primary amino group in compound 12 with a secondary
or tertiary amine or a hydroxyl group.'3? Evaluation of their
binding affinities to XIAP BIR3 indicated that replacement of
the primary amine group with an N-methyl amine decreases
the binding affinity by a factor of 2 (14 vs 12), but replace-
ment of the primary amino group with a dimethylamine (15)
or a hydroxyl (16) weakens the binding affinity by 600 or
1000 times, respectively. Hence, the binding data showed that
the primary and secondary amino groups are highly preferred
at this site for Smac mimetics to achieve high binding affini-
ties to XIAP BIR3 protein.

These compounds were tested for their activity in inhibit-
ing cell growth in the MDA-MB-231 human breast cancer cell
line. Although 12 and 14 have comparable binding affinities
to XIAP BIR3, they display drastically different cellular activi-
ties. Compound 12 has very weak activity in inhibition of cell
growth with an IC5, of 50 uM (Table 1), but 14 achieves an
1C50 value of 0.1 uM and is thus 500 times more potent than
12. Interestingly, although 15 has a much weaker binding
affinity than 12 to XIAP, it is more potent than 12 in the cell
growth inhibition assay (ICsq = 3.0 uM). Compound 16 with
a hydroxyl group has an ICsq value of 70 uM, consistent with
its very weak binding affinity to XIAP BIR3. Furthermore,
replacement of the primary amino group with an N-methyl-
amino group in compound 13 containing the [8,5] ring (com-
pound 17, Table 1) also dramatically improves its cellular
activity.

Additional modifications of compound 17 yielded 19 and
20 (Figure 6).32 Compounds 19 and 20 have a K; value of 14
and 15 nM to XIAP BIR3 protein, respectively. Both com-
pounds potently inhibit cancer cell growth in the MDA-MB-
231 and other cancer cell lines.??

To obtain a solid structural basis for the interaction of these
designed bicyclic conformationally constrained Smac mimet-
ics with XIAP BIR3, a crystal structure of compound 18 in a
complex with XIAP BIR3 was determined (Figure 2C).>* This
crystal structure showed that compound 18 closely mimics the
Smac AVPI peptide for binding to XIAP BIR3 in both hydro-
gen bonding and hydrophobic interactions. Furthermore, the
predicted binding model by computational modeling for com-
pound 18 in complex with XIAP BIR3 is in excellent agree-
ment with that revealed in the crystal structure.®?

Zobel and colleagues from Genentech reported the design
of a set of conformationally constrained Smac mimetics.® The
most potent compound (21) binds to XIAP BIR3 with a K; value
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FIGURE 6. Representative potent, cell-permeable, nonpeptidic
Smac mimetics and control compounds reported from the Wang
laboratory in the University of Michigan and their collaborators.
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21 (K;= 270 nM) 22 (LBW242,ICsp = 280 nM)

FIGURE 7. Conformationally constrained Smac mimetics from
Genentech and Novartis.

20 (K; = 15 nM)

of 270 nM (Figure 7). Scientists from Novartis reported the
design of LBW242 (compound 22, Figure 7). Compound 22
was designed by cyclization of the third and fourth residues
in the AVPI peptide and binds to XIAP BIR3 with an ICs, value
of 280 nM.343>

Design of Bivalent Smac Mimetics

It has been demonstrated that the natural Smac protein forms
a dimer (Figure 2A)'®'” and binds to XIAP protein constructs
containing BIR2 and BIR3 domain with a much higher affin-
ity than the Smac AVPI peptide. Indeed, functional studies
have shown that Smac protein is a much more efficient and
potent antagonist than the AVPI peptide against XIAP protein
containing the BIR2 and BIR3 domains in relieving the inhibi-
tion by XIAP of the activity of caspase-9 and caspase-3 and
-7.192% The Smac AVPI binding motif binds to both BIR2 and
BIR3 domains, although with a stronger affinity to BIR3.'®
Thus small molecules designed to have two “AVPI” binding
motifs may mimic the mode of action of Smac protein to tar-
get XIAP and be capable of achieving very high binding affin-
ities to XIAP by concurrently targeting both the BIR2 and BIR3
domains in the protein.
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FIGURE 9. Bivalent small-molecule Smac mimetics from the Wang laboratory at the University of Michigan.

The Wang and Harran laboratories from the University of
Texas Southwestern Medical Center reported the discovery of
such a bivalent small molecule Smac mimetic in 2004.3¢ In
biochemical binding assays, this bivalent Smac mimetic 24
binds to recombinant XIAP BIR3 protein with an affinity com-
parable to that of its monovalent counterpart, compound 23,
and the AVPF peptide (Figure 8). However, when the XIAP full-
length protein was used, it was estimated that compound 24
may have an affinity higher than Smac protein, whose esti-
mated K, value is 0.3 nM. It also relieves the caspase-3 inhi-
bition by XIAP with a potency similar to that of Smac protein
but much higher than that of the corresponding monovalent
Smac mimetics.3® Recently, Nikolovska-Coleska et al., using a
newly established fluorescence-polarization based assay,
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determined that compound 24 binds to XIAP containing both
the BIR2 and BIR3 domains with a K; value <0.7 nM.3®

Sun et al. recently reported the structure-based design of
nonpeptidic, bivalent Smac mimetics based upon conforma-
tionally constrained monovalent Smac mimetics, and they
characterized in detail the interaction of both monovalent and
bivalent Smac mimetics with different XIAP protein constructs
(Figure 9).3”

Although compound 17 (SM-122) was initially designed to
target the XIAP BIR3 domain, modeling predicted that it may
also bind to XIAP BIR2. Using the surface plasmon resonance
method and a biotinylated analogue of SM-122, it was deter-
mined that SM-122 indeed binds to XIAP BIR2 with an ICs,
value of 5 uM. For the design of bivalent Smac mimetics, it
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was critical to identify sites appropriate for tethering. Compu-
tational modeling indicated that the pro-R phenyl ring in
SM-122 inserts into a hydrophobic pocket in both BIR2 and
BIR3 domains, while the pro-S phenyl ring is exposed to sol-
vent and has no similar interaction with the protein. This
phenyl ring is therefore a suitable site for tethering two mol-
ecules of SM-122 to one another. Modeling further suggested
that the pro-S phenyl ring may be replaced with a [1,2,3]-tria-
zole structure without detrimental effect. Tethering two
monovalent Smac mimetic molecules together can be easily
accomplished with “click chemistry”. Modeling analysis
showed that the linker region between BIR2 and BIR3
domains of XIAP should be quite flexible, suggesting that a
bivalent Smac mimetic with a relatively short linker between
the two monovalent Smac mimetics could concurrently inter-
act with both BIR domains. Based upon these considerations,
a bivalent Smac mimetic 26 (SM-164) was designed and syn-
thesized. To test whether the stereospecificity of the two tria-
zole rings is important for binding, a sterecisomer 28 (SM-
206), differing from SM-164 only in the configuration of the
two chiral centers where the triazole rings are connected, was
designed and synthesized. To test the specificity of SM-164,
compound 27 (SM-173) was designed as an inactive control.
In compound 27, the methyl group in each monovalent bind-
ing unit was replaced by a methyl-1H-indole to disrupt the
hydrophobic interactions at this site, and the methylamino
group was replaced by an acetamido group to block hydro-
gen bond formation.

In order to determine the binding affinities of these
designed bivalent Smac mimetics accurately, a fluorescence-
polarization based assay using the XIAP protein containing
both BIR2 and BIR3 domains and a fluorescently tagged biva-
lent Smac-based peptide tracer was developed. Compounds
17, 26, and 28 and the AVPI peptide were determined to bind
to XIAP containing both BIR2 and BIR3 domains with I1Cs, val-
ues of 438, 1.39, 71.5, and 10 396 nM, respectively, while
the designed inactive control 27 shows no appreciable bind-
ing at 100 uM. Hence, the bivalent Smac mimetic 26 is 271
times more potent than the monovalent compound 17 and
>7000 times more potent than the Smac AVPI peptide. The
stereoisomer 28 is 51-times less potent than compound 26,
confirming the importance of the stereospecificity. The bind-
ing data show that the bivalent Smac mimetic 26 has an
extremely high binding affinity for XIAP BIR2—BIR3 protein
and is much more potent than monovalent 17 and the natu-
ral Smac AVPI peptide.

Compounds 17 and 26 were evaluated for their ability to
antagonize XIAP in cell-free functional assays. In these assays,
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XIAP containing BIR2—BIR3 domains and the linker preced-
ing BIR2 (residues 120—356) dose-dependently inhibits the
activity of caspase-9 and caspase-3/-7 and achieves complete
inhibition at 50 nM. Both compounds 17 and 26 antagonize
XIAP in a dose-dependent manner and are capable of restor-
ing the activity of caspase-9, as well as that of caspase-3 and
caspase-7. Consistent with their binding affinities to XIAP,
compound 26 is 100 times more potent than 17. At a con-
centration equimolar to that of XIAP, compound 26 com-
pletely overcomes the inhibition of XIAP and fully restores the
activity of caspase-9 and -3/-7, indicating its extremely high
potency as an XIAP antagonist. In comparison, the Smac AVPI
peptide at a concentration of 100 «M (2000 times the con-
centration of XIAP protein) is needed to completely restore the
activity of caspase-9 and caspase-3/-7. The inactive control 27
has a minimal effect at 100 xM. These functional data showed
that while both compounds 17 and 26 function as antago-
nists of XIAP, the bivalent Smac mimetic 26 is 100- and
2000-times more potent than the corresponding monovalent
Smac mimetic 17 and the Smac AVPI peptide, respectively,
consistent with their binding affinities with XIAP.

The mode of binding of these monovalent and bivalent
Smac mimetics to XIAP containing either BIR3-only or
BIR2—BIR3 domains were further investigated by analytical gel
filtration using wild-type and mutated XIAP proteins and het-
eronuclear single-quantum correlation (HSQC) NMR spectros-
copy. The analytical gel filtration and NMR data provide clear
evidence that in the presence of XIAP BIR3-only protein, one
bivalent Smac mimetic 26 molecule interacts with two BIR3-
only molecules, causing dimerization. However, in the pres-
ence of XIAP protein containing both BIR2 and BIR3 domains,
one bivalent Smac mimetic 26 molecule interacts concurrently
with both BIR2 and BIR3 domains in XIAP.

Jiang and colleagues reported the synthesis and evalua-
tion of compound 29, a bivalent Smac peptidic ligand (Fig-
ure 10).%¢ Using this compound as a tool, they demonstrated
that binding of compound 29 with the BIR2 domain of XIAP
effectively antagonizes inhibition of caspase-3 by XIAP. They
showed further that binding of Smac protein with the BIR3
domain anchors the subsequent binding of Smac with the
BIR2 domain, which in turn attenuates the caspase-3 inhibi-
tory function of XIAP, suggesting that both Smac protein and
bivalent Smac mimetics may bind to XIAP containing BIR2 and
BIR3 domains in a sequential and cooperative manner.

Compound 30 was designed and employed as a cell-per-
meable, bivalent Smac mimetic by Varfolomeev and col-
leagues from Genentech to investigate the mechanism of
action of Smac mimetics in induction of apoptosis.** Com-
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FIGURE 10. Other recently published bivalent Smac peptididomimetics.

pound 30 was determined to bind to XIAP containing both
BIR2 and BIR3 domains with a K; value of 1.30 nM.
Compound 31 is a potent and cell-permeable bivalent
Smac mimetic, developed by TetralLogic Pharmaceuticals.*'
Although it was indicated to bind to XIAP with a picomolar
affinity, no quantitative value was provided.*'
Nikolovska-Coleska and her colleagues reported the
design, synthesis, and evaluation of compound 32 as a cydlic,
bivalent Smac mimetic.*” They showed that compound 32
binds to XIAP containing both BIR2 and BIR3 domains with a
biphasic dose—response curve, revealing two binding sites
with IC5q values of 0.5 and 406 nM, respectively. Compound
32 binds to XIAPs containing the BIR3-only and BIR2-only
domain with K; values of 4 nM and 4.4 uM, respectively. Gel
filtration experiments using wild-type and mutated XIAPs
showed that 32 forms a 1:2 stoichiometric complex with XIAP
containing the BIR3-only domain. However, it forms a 1:1 sto-
ichiometric complex with XIAP containing both BIR2 and BIR3
domains, and both BIR domains are involved in the binding.
Compound 32 efficiently antagonizes inhibition of XIAP in a
cell-free functional assay and is >200 times more potent than

Oy, ~NH2
H 0]
N
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33 (AEG40730)

its corresponding monovalent Smac mimetic. Determination of
the crystal structure of 32 in complex with the XIAP BIR3
domain confirms that it induces homodimerization of the XIAP
BIR3 domain and provides a structural basis for the coopera-
tive binding of one molecule of compound 32 to two XIAP
BIR3 molecules. On the basis of this crystal structure, a bind-
ing model of XIAP containing both BIR2 and BIR3 domains
and 32 was constructed, which suggested that the binding of
compound 32 to XIAP blocks the binding of XIAP to caspase-
3/-7.

Another recently reported cell-permeable bivalent Smac
mimetic is compound 33, designed and developed by scien-
tists from Aegera Therapeutics in Montreal.** Compound 33
binds to XIAP BIR3 protein with an ICs, value of 100 nM.**

Smac Mimetics Bind Not Only to XIAP but
Also to clAP-1/-2 and ML-IAP

The design of Smac mimetics was primarily based upon the
interaction between Smac and XIAP. However, Smac also
binds to clAP-1/-2 and ML-IAP. Thus, it is not surprising that
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small-molecule Smac mimetics also target other IAP proteins,
in addition to XIAP.

For monovalent Smac mimetics, compound 21 was shown
to bind to clAP-1, clAP-2 and ML-IAP with K; values of 50, 130
and 50 nM, respectively.>* Compound 17 binds to cIAP-1 and
cIAP-2 proteins with very high affinities, having K; values of
2.7 and 1.9 nM, respectively.*>

For bivalent Smac mimetics, compound 26 was determined
to bind to clAP-1 protein containing BIR2 and BIR3 domains
with a K; value of 0.3 nM and to clAP-2 BIR3 protein with a K;
value of 1.1 nM.*> Compound 30 was shown to bind to
clAP-1 containing both BIR2 and BIR3 domains with a K4 value
of 0.46 nM.*? It was also indicated that compound 31 binds
to clAP-1 with a picomolar affinity, but the precise value was
not reported.*' Compound 33 binds to clAP-1 and cIAP-2 BIR3
proteins with 1Cs, values of 17 and 34 nM, respectively.**
Although the precise binding affinities of the bivalent Smac
mimetic 24 to clAP-1/-2 were not reported, it was shown that
its biotinylated analogue can pull down endogenous clAP-1
and clAP-2 in cell lysates, in addition to XIAP.3®

Taken together, these biochemical data clearly show that
both monovalent and bivalent Smac mimetics bind with high
affinities to not only XIAP but also other IAP proteins, includ-
ing clAP-1 and clAP-2 proteins.

Smac Mimetics as New Anticancer Agents

A number of studies have demonstrated that Smac-based cell-
permeable peptides are effective in sensitizing cancer cells to
a variety of anticancer agents.?> 27 Subsequent studies
showed that both monovalent and bivalent Smac mimetics as
single agents can inhibits cell growth and induce apoptosis in
cancer cells.?831737

Oost and colleagues showed that peptide-mimetic 3 inhib-
its cell growth in seven different cell lines with diverse tumor
types with ICs, values ranging from 7 nM to 2 uM.?® These
include breast cancer cell lines BT-549 and MDA-MB-231, leu-
kemia cell line HL-60, melanoma cell line SK-MEL-5, renal
cancer cell line RXF-393, ovarian cancer cell line SK-OV-3, and
non-small-cell lung cancer cell lines NCI-H23 and NCI-H522.
Zobel and colleagues showed that compound 21 inhibited cell
growth with 1Cs, values of 100 nM and 2 4M in the MDA-MB-
231 breast cancer cell line and A-2058 melanoma cell line,
respectively. These Smac mimetics were shown to also effec-
tively induce cell death and apoptosis in cancer cells in a
caspase-dependent manner.

The bivalent Smac mimetic 24 was initially shown to
potentiate the activity of TRAIL and tumor necrosis factor o
(TNFa) but had no activity as a single agent in the T98G
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glioma cell line.3® In a subsequent study, it was demonstrated
to be effective in cell growth inhibition in ~25% of human
non-small carcinoma cell lung cancer cell lines and achieve
IC50 values in the nanomolar range in 14% of cancer cell
lines.*® Compound 24 also induces robust cell death at 100
nM in these sensitive cell lines. Furthermore, it effectively
inhibits tumor growth in the HCC461 xenografts in mice and
causes tumor regression in 40% of treated animals.*°

Both conformationally constrained monovalent and biva-
lent Smac mimetics reported by the Wang laboratory at the
University of Michigan and their collaborators were shown to
be effective in inhibition of cell growth and induction of apo-
ptosis in cancer cell lines.?'3%37 For example, monovalent 17
(SM-122) potently inhibits cell growth and induce apoptosis in
a number of cancer cell lines, including the MDA-MB-231
breast cancer cell line, SK-OV-3 ovarian cancer cell line and
HL-60 leukemia cells. Compound 26 (bivalent SM-164)
achieves 1Cs, values of 1 nM or less in inhibition of cell
growth in the MDA-MB-231, SK-OV-3 and HL-60 cell lines and
also effectively induces apoptosis in these cancer cell lines at
concentrations as low as 1 nM.?>”*> SM-164 is capable of
inducing tumor regression in the MDA-MB-231 xenografts in
mice and shows no or little toxicity to animals at effective
dose schedules.*>

These in vitro and in vivo data from a number of laborato-
ries using different Smac mimetics have provided strong evi-
dence that Smac mimetics may have a great therapeutic
potential for the treatment of human cancer not only in com-
bination with other therapeutic agents but also as single
agents.

Potential Advantages and Disadvantages of
Monovalent and Bivalent Smac Mimetics as
New Anticancer Agents

As potential drug candidates, there are advantages and dis-
advantages associated with monovalent and bivalent Smac
mimetics. Monovalent Smac mimetics are less potent than
their corresponding bivalent Smac mimetics.3®3” However,
monovalent Smac mimetics, with a molecular weight of ~500,
possess many desirable pharmacological properties as poten-
tial drug candidates. Properly designed monovalent Smac
mimetics can achieve good oral bioavailability. Many molec-
ularly targeted small-molecule anticancer drugs developed in
the last decade are given repeatedly in the clinic for a pro-
longed period of time, for example daily for 3—4 weeks. An
orally bioavailable Smac mimetic will provide an important
advantage to its clinical development. Bivalent Smac mimet-
ics have been shown to be 100—1000 times more potent
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than their monovalent counterparts®” and thus could be
potentially far more efficacious. However, since bivalent Smac
mimetics have a molecular weight exceeding 1,000, such
compounds may be expected to have very low oral bioavail-
ability and will have to be administered by other routes of
administration, such as intravenous dosing, a potential disad-
vantage if the drug must be given to patients frequently.

Mechanism of Action of Smac Mimetics in
Apoptosis Induction

The availability of potent, specific, and cell-permeable Smac
mimetics has provided powerful biological tools with which to
gain important insights into apoptosis regulation by IAP
proteins.

Using cell-permeable Smac-based peptides, it was shown
that such compounds can enhance the activity of chemother-
apeutic agents and TRAIL.>>"27 Such data were expected
because XIAP is a potent inhibitor of apoptosis and Smac-
based compounds should antagonize XIAP, thus enhancing
the ability of chemotherapeutic agents and TRAIL to induce
apoptosis in tumor cells. However, using a set of very potent
Smac peptidomimetics, Oost and colleagues showed that such
compounds can effectively inhibit cell growth and induce apo-
ptosis as single agents in a panel of cancer cell lines.”® The
single agent activity in cancer cells has been also observed
subsequently for other Smac mimetics with different chemo-
types, for both monovalent and bivalent Smac mime-
tics.3'32 However, for a number of years, it was unclear how
Smac mimetics alone can induce apoptosis in certain tumor
cell lines without the need of an external apoptosis stimulus.
This mystery has now been solved by several elegant and
independent studies.*°44

As indicated above, Smac mimetics bind not only to XIAP
but also to clAP-1 and clAP-2, proteins with very high affin-
ities in biochemical assays. Several recent studies have
clearly demonstrated that both monovalent and bivalent
Smac mimetics cause rapid degradation of clAP-1/-2
proteins.*°~%* Binding of Smac mimetics to cIAP-1/-2
induces
autoubiquination of clAP-1/-2 proteins, followed by pro-
tein degradation in a proteasomal-dependent manner.#0~44
In sensitive tumor lines, degradation of clAP-1/-2 by Smac
mimetics induces neuronal factor «B (NF-«B)-stimulated pro-
duction of TNFa.. TNFa. promotes formation of an receptor-
interacting serine-threonine kinase 1 (RIPK1)-dependent
caspase-8-activating complex upon removal of clAP-1/-2,
leading to activation of caspase-8 and -3/-7, and ultimately
apoptosis.*®~** These studies established that induction of

ClAP-1/-2 degradation is a key early event in apoptosis
induction by Smac mimetics, and clAP-1 and clAP-2 are crit-
ical cellular targets for Smac mimetics. Furthermore, it was
shown that while caspase-3 plays a critical role in apopto-
sis induction by Smac mimetics in sensitive cancer cell lines,
caspase-9 appears to play a modest role.*°

Interestingly, although Smac mimetics were designed
based upon the interaction of XIAP and Smac, the role of XIAP
in apoptosis induction by Smac mimetics was not well defined
in these studies.*®~** To address this question, Lu and col-
leagues have investigated the role of XIAP and clAP-1/-2 in
apoptosis induction by monovalent mimetic SM-122 (com-
pound 17) and bivalent mimetic SM-164 (compound 26).
They showed that removal of clAP-1/-2 by Smac mimetics or
small-interfering RNA is not sufficient for robust TNFa-depend-
ent apoptosis induction and that XIAP plays a critical role in
inhibiting apoptosis induction. Although SM-164 is slightly
more effective than SM-122 in induction of clAP-1/-2 degra-
dation, SM-164 is 1000 times more potent than SM-122 as
an inducer of apoptosis in tumor cells, an observation that can
be attributed to its much higher potency in binding to and
antagonizing XIAP. SM-164 induces rapid clAP-1 degradation
and strong apoptosis in the MDA-MB-231 xenograft tumor tis-
sues and achieves tumor regression but has no toxicity in nor-
mal mouse tissues. These data provide strong evidence that
Smac mimetics induce apoptosis in tumor cells by concur-
rently targeting clAP-1/-2 and XIAP, suggesting that XIAP and
clAP-1/-2 are important cellular targets for Smac mimetics.

Summary

Since the discovery in 2000 of the Smac protein, there has
been an enormous interest in academic laboratories and phat-
maceutical companies in the design of small-molecule Smac
mimetics. This task is particularly challenging because it
involves targeting protein—protein interactions. Nevertheless,
intense research has now generated potent, specific, cell-per-
meable small-molecule peptidomimetics and nonpeptidic
mimetics. A structure-based strategy has been employed to
develop monovalent Smac mimetics designed to mimic the
Smac AVPI binding motif and so target the XIAP BIR3 domain.
Such compounds were found to achieve not only high affin-
ities to XIAP BIR3 but also high affinities to clAP-1, clAP-2 and
ML-IAP proteins. Compounds that contain two “AVPI” binding
motifs have also been designed and evaluated. It was found
that such bivalent Smac mimetics bind to XIAP protein con-
taining both BIR2 and BIR3 domains with an extremely high
affinity, exceeding that of Smac protein. It has been clearly
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shown that bivalent Smac mimetics achieve such high affini-
ties by concurrently targeting both the BIR2 and BIR3 domains
in XIAP.

IAP proteins potently suppress apoptosis, and Smac pro-
tein promotes apoptosis by antagonizing IAP proteins. Hence,
it was originally thought that while Smac-based compounds
could effectively sensitize cancer cells to other therapeutic
agents in apoptosis induction by targeting IAP proteins, they
may have limited activity as single agents. Subsequent stud-
ies from a number of laboratories have shown that both
monovalent and bivalent Smac mimetics are capable as sin-
gle agents of inducing apoptosis in some but not all human
cancer cell lines. It was further shown that bivalent Smac
mimetics can induce robust apoptosis in cancer cells at con-
centrations as low as 1 nM and are 100—1000 times more
potent than the corresponding monovalent Smac mimetics.
Several recent independent studies have shown that Smac
mimetics induce apoptosis in tumor cells by targeting clAP-
1/-2, causing rapid degradation of these proteins. Degrada-
tion of clAP-1/-2 activates NF-«B, in turn, induces the
production of TNFo.. TNFa promotes formation of an RIPK1-
dependent caspase-8-activating complex, leading to activa-
tion of caspase-8 and -3/-7, and ultimately to apoptosis. A
major surprise from these recent mechanistic studies is that
while caspase-3 was confirmed to play a major role in apop-
tosis induction by Smac mimetics, caspase-9 appears to play
only a modest role. A recent study further shows that Smac
mimetics induce apoptosis in tumor cells by targeting not only
clAP-1/2 but also XIAP.*> These important insights into the
regulation of apoptosis by IAP proteins were achieved, to a
large extent, because of the availability of potent, cell-perme-
able, small-molecule Smac mimetics, highlighting the impor-
tant interface between chemistry and biology to advance our
understanding on the regulation of apoptosis.

To date, at least one Smac mimetic has been advanced into
clinical development, although the chemical structure of this
compound has not been disclosed. Several other Smac mimet-
ics are in an advanced preclinical development stage and are
expected to enter human clinical testing for the treatment of
cancer.
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CONSPECTUS
/ peptides \

Since the widespread use of exogenous lung surfactant to treat neonatal respiratory distress syndrome, premature infant
survival and respiratory morbidity have dramatically improved. Despite the effectiveness of the animal-derived surfac-
tant preparations, there still remain some concerns and difficulties associated with their use. This has prompted investiga-
tion into the creation of synthetic surfactant preparations. However, to date, no dinically used synthetic formulation is as
effective as the natural material. This is largely because the previous synthetic formulations lacked analogues of the hydro-
phobic proteins of the lung surfactant system, SP-B and SP-C, which are critical functional constituents. As a result, recent
investigation has turned toward the development of a new generation of synthetic, biomimetic surfactants that contain syn-
thetic phospholipids along with a mimic of the hydrophobic protein portion of lung surfactant.

In this Account, we detail our efforts in creating accurate mimics of SP-C for use in a synthetic surfactant replacement
therapy. Despite SP-C's seemingly simple structure, the predominantly helical protein is extraordinarily challenging to work
with given its extreme hydrophobicity and structural instability, which greatly complicates the creation of an effective SP-C
analogue. Drawing inspiration from Nature, two promising biomimetic approaches have led to the creation of rationally
designed biopolymers that recapitulate many of SP-C’'s molecular features. The first approach utilizes detailed SP-C
structure—activity relationships and amino acid folding propensities to create a peptide-based analogue, SP-C33. In SP-
(33, the problematic and metastable polyvaline helix is replaced with a structurally stable polyleucine helix and includes a
well-placed positive charge to prevent aggregation. SP-C33 is structurally stable and eliminates the association propensity
of the native protein. The second approach follows the same design considerations but makes use of a non-natural, poly-
N-substituted glycine or “peptoid” scaffold to circumvent the difficulties associated with SP-C. By incorporating unique bio-
mimetic side chains in a non-natural backbone, the peptoid mimic captures both SP-C's hydrophobic patterning and its helical
secondary structure.

Despite the differences in structure, both SP-C33 and the SP-C peptoid mimic capture many requisite features of SP-C.
In a surfactant environment, these analogues also replicate many of the key surface activities necessary for a functional bio-
mimetic surfactant therapy while overcoming the difficulties associated with the natural protein. With improved stability,
greater production potential, and elimination of possible pathogenic contamination, these biomimetic surfactant formula-
tions offer not only the potential to improve the treatment of respiratory distress syndrome but also the opportunity to treat
other respiratory-related disorders.
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Introduction

Despite the seemingly simple building blocks from which they
are constructed, proteins constitute enormously complex and
powerful molecular tools. Utilizing a bottom-up design
approach, Nature has engineered proteins to perform a wide
range of life-essential tasks that participate in almost every
biological process. Proteins are able to carry out such diverse
functions because they adopt specific, compact conformations
with high precision and fidelity, allowing exact three-dimen-
sional positioning of the functional groups and facilitating the
necessary interactions of the active site.

The diverse and precise bioactivities of proteins have made
them coveted therapeutic agents, and they are currently being
used in a variety of applications including in the treatment of
diabetes and cancer and to combat infection. Because of their
size, peptides have several advantages over small molecules
and antibodies for therapeutic applications. Therapeutic pep-
tides are large enough (10—50 amino acids) that their inter-
action with desired targets are more specific with lower
toxicity profiles than other small molecules. Likewise, pep-
tides are small enough to have improved storage/stability, tis-
sue penetration, and immunogenicity over antibody-based
therapeutics. Despite this, peptide-based therapeutics are only
recently seeing more widespread use, largely because pep-
tides are generally more difficult than small molecules to pro-
duce on a large scale, are rapidly cleared in vivo, and lack in
vivo stability due to protease degradation.’

To date, the vast majority of engineered synthetic and
recombinant peptide therapeutics are based upon sequences
originating from natural sources, because these peptides have
undergone natural selection for both efficacy and stability."
Recent advances in genomics and structural proteomics have
led to a deeper understanding of how a protein’s amino acid
sequence lends itself to the formation of stable secondary
structure elements such as o-helices, 5-sheets, and turns and
how these structural elements give rise to tertiary and quater-
nary structures of folded, biologically active proteins. This
improvement in translating amino acid sequences into pro-
tein structures and related functions, while not complete and
still developing, has led to the ability to prepare some pep-
tide sequences de novo with predictable structures.? In addi-
tion, researchers are also expanding Nature’s code with the
inclusion of non-natural amino acids and, in some cases, use
of totally synthetic polymeric scaffolds or “foldamers”. These
novel structures are beginning to become increasingly effica-
cious and have the possibility to possess improved proper-

ties over native peptides, increasing the tools available to the
protein scientist.

Researchers have developed novel sequences of amino
acids, non-natural polymers, and hybrids of the two that can
be efficiently produced with improved stability, bioavailabil-
ity, and, in some instances, functionality in comparison to the
mimicked peptide. One interesting application with clinical rel-
evance concerns the mimicry of the predominantly helical,
hydrophobic protein of the lung surfactant (LS) system, sur-
factant protein C (SP-C). SP-C, in addition to SP-B, is an impor-
tant constituent of exogenous LS material for the treatment of
respiratory distress syndrome (RDS). However, working with
the natural protein and sequence-identical analogues is
extremely challenging due SP-C's extreme hydrophobicity and
metastable secondary structure.* These attributes make the
isolation and storage of SP-C very difficult and may also con-
tribute to the limited shelf life of therapeutic preparations con-
taining the protein.> The utilization of recombinant and
synthetic peptides as well as non-natural peptidomimetic
approaches offer promise for overcoming these difficulties.
Below, the requisite surface activities of a functional LS for-
mulation and the key SP-C structural and molecular features
are detailed, followed by ongoing approaches to mimic this
difficult protein.

Lung Surfactant and Respiratory Distress
Syndrome

LS is a complex mixture of over 50 lipid species and four sur-
factant proteins that lines the alveolar air—liquid interface and
is required for proper respiration, as its absence or dysfunc-
tion leads to severe respiratory disease.®” No single compo-
nent is solely responsible for LS’s unique biophysical
activity.”® Phospholipids are the main constituent of LS, rep-
resenting >80% of its mass, while neutral lipids and surfac-
tant proteins each constitute approximately 10%.%° In the
airways, the lipid—protein mixture has three main properties
that are essential for respiration: (1) rapid adsorption to the
air—liquid interface of the alveoli, (2) dramatic reduction of the
alveolar surface tension to near-zero values upon compres-
sion or exhalation, preventing collapse of the alveoli due to
contractile forces of the alveolar liquid lining, and (3) rapidly
respread to the air—liquid interface upon expansion or inha-
lation, reducing maximum surface tension and diminishing the
work of breathing.'®

An absence of functional LS in premature infants leads to
the occurrence of neonatal RDS (nRDS). Without properly func-
tioning LS, lung compliance is reduced and respiration is
greatly impaired, ultimately resulting in alveolar collapse and
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CHART 1. Structure of Native SP-C and SP-C Analogues®
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9 The chart shows how two classes of SP-C analogues utlllze different techniques to mimic the various conserved regions. Colored residues signify the different
conserved regions of SP-C: residues in the flexible N-terminal region of SP-C are blue, the basic residues are red, and the hydrophobic helical region is green.

suffocation without treatment. While nRDS was once a lead-
ing cause of infant mortality, it is now routinely treated by
administration of animal-derived exogenous surfactant prep-
arations into the lungs of afflicted individuals.” These surfac-
tant replacement therapies (SRTs) consist of modified
mammalian surfactant either extracted directly from animal
lungs by lavage or isolated from homogenized lung tissue.
Despite the efficacy of natural SRTs, there are some drawbacks
associated with their use."' Natural preparations present a
possibility of cross-species transfer of infectious agents as well
as high production costs and batch-to-batch variability. In addi-
tion, SRTs may also be beneficial in the treatment of other res-
piratory-related disorders such as acute RDS; however, this
requires significantly more material than current isolation tech-
niques can supply.'? To address these concerns, synthetic sur-
factants composed of synthetic phospholipids and surface-
active chemical additives were developed. However, these
synthetic preparations had reduced efficacies compared with
natural surfactants and are no longer used, likely a result of
the absence of the hydrophobic LS proteins, SP-B and SP-C,
which are both critical constituents of functional LS."'*'* There-
fore, there has been increasing interest in the development of
a third category of SRTs: biomimetic SRTs that utilize an
entirely synthetic surfactant containing a mimic of the hydro-
phobic protein portion of LS that functions as well as the nat-
ural material and eliminates the concerns associated with
animal-derived surfactants.'#'> This endeavor requires a
detailed understanding of the molecular interactions between

the hydrophobic surfactant proteins and the LS phospholip-
ids and how these interactions relate to surface activity.'®

Surfactant Protein C

Both SP-B and SP-C are key functional constituents of LS and
are included in exogenous SRTs for the treatment of
nRDS."3'® SP-B catalyzes the transport of surfactant to the
air—liquid interface and assists in the folding and respread-
ing of surfactant material during the respiration cycle. While
many of SP-C's biophysical properties overlap with those of
SP-B, SP-C is ubiquitously expressed in all mammals and other
nonmammalian species that breathe air via alveolar-like lung
structures and lacks sequence homology to any other known
protein.'® These observations suggest that SP-C's role in LS is
both unique and necessary in addition to SP-B.

SP-C is synthesized in the airways by the alveolar type I
cells and is secreted as a final 35 amino acid surface-active
lipopeptide. The mature protein contains a high number of
valine, leucine, and isoleucine residues as well as a dipalmi-
toylation modification near the N-terminus (Chart 1). The
abundant hydrophobic residues, along with the palmitoyl
motif, make SP-C one of the most hydrophobic proteins
known to exist in any biological system.” SP-C's unique
sequence is highly conserved among all species expressing
the protein.'”

The three-dimensional structure of SP-C in an apolar sol-
vent has been determined by 2D-NMR, and the protein was
found to lack any tertiary structure, while its secondary struc-
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FIGURE 1. Hypothesized SP-C disposition in a LS film at the alveolar air—liquid interface. In a monolayer film, the SP-C helix is oriented
nearly parallel to the air—liquid interface, while in a phospholipid bilayer, the SP-C helix aligns nearly parallel with the lipid acyl chains. The
figure also shows how the palmitoyl chains of SP-C may act to anchor either the flexible N-terminal region in the same phospholipid film or

to an adjacent layer, forming a surface-associated surfactant reservoir.

ture is dominated by a large o-helical region encompassing
residues 9—34."8 The length of this helical region, 37 A,
matches that of a fluid DPPC bilayer and within this region
resides a 23 A long, valyl-rich stretch of hydrophobic amino
acids that also closely matches the alkyl chain length of a
DPPC bilayer. The unstructured N-terminal region of the
mature peptide was found to assume a flexible disordered ori-
entation in solution, but more recent studies have suggested
that this segment adopts an amphipathic conformation in the
presence of phospholipid monolayers and membranes.'92°

SP-C’'s unique molecular characteristics make it ideally
suited for interacting with LS phospholipids.” Strong hydro-
phobic forces and the lack of charged or bulky side chains
cause SP-C’s helical region to associate and interact with the
interior of phospholipid acyl chains. In a DPPC monolayer,
SP-C orientates at a 70° tilt relative to the interfacial plane and
orients nearly parallel with the lipid acyl chains within a
bilayer, maximizing interactions between the polyvalyl helix
and the acyl chains.?'#? The two positively charged residues,
lysine and arginine, also promote binding to a phospholipid
monolayer or bilayer through ionic interactions between the
basic residues and the head groups of the anionic phospho-
lipids.?® The exact function of the palmitoylated cysteines is
not completely known, but they appear also to contribute to
SP-C’s association with phospholipids, as well as in the possi-
ble maintenance of its helical structure.?#2*~2° A depiction of
SP-C’s believed disposition in a surfactant film is shown in Fig-
ure 1.

While only a minor component of LS, ~1% (w/w), SP-C has
a substantial effect on the surface activity of the LS phospho-
lipids. The addition of SP-C to surfactant phospholipids dis-
persed in an aqueous subphase accelerates the adsorption
and transfer of surfactant phospholipids from the subphase,
rapidly forming a surfactant layer at the interface.>” SP-C also
promotes further binding of dispersed lipid vesicles to the

newly formed surfactant layer, creating a surface-associated
surfactant reservoir.®

Once at the air—liquid interface, SP-C acts as a molecular
lever and hydrophobic lipid anchor during respiration.?" Upon
exhalation, the LS film is compressed causing a reduction of
surface tension. This compression leads to the exclusion of
some material from the interface, resulting in the formation
of bilayer and multilayered structures of surfactant that remain
associated with the interface.?® This multilayer formation is
significantly enhanced by the presence of the hydrophobic
SP-C protein.?® Figure 1 depicts how SP-C may facilitate the
formation of three-dimensional surfactant structures. As the
film is compressed, SP-C’s helical region reorients, aligning its
helix with the lipid acyl chains.?® At the same time, a num-
ber of lipid molecules are also drawn out of the monolayer
surface and inverted to form a retained local bilayer struc-
ture.>° SP-C's helix as well as the palmitoylated cysteines are
thought to assist in surfactant retainment, whereby the palmi-
toyl groups remain associated with the compressed surface
film while the helix is anchored with the excluded
phospholipids.*®3" This surfactant reservoir could then readily
be inserted upon expansion or inhalation. The SP-C-specific
catalyzed multilayered structures are also believed to be
responsible for SP-C’s regulation of surfactant viscosity, which
prevents surfactant outflow from the alveoli to the upper air-
ways at very low surface tensions.??

Despite SP-C’'s many important biophysical properties,
working with and studying the native protein is quite difficult
because SP-C’s polyvalyl helix is discordant, that is, it is com-
posed of amino acids with a high propensity to form
B-strands.* The SP-C helix is consequently metastable in solu-
tion and can spontaneously convert into -sheet aggregates
and amyloid fibrils that have inferior surface activity compared
with the correctly folded helical protein.>*~3> The instabili-
ties of SP-C pose serious challenges either in isolating the
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native protein or in the creation of synthetic analogues that
retain the SP-C's requisite o-helical structure and correspond-
ing surface activity. As a result, researchers have employed a
variety of unique strategies to overcome these problems by
producing and mimicking SP-C in heterologous systems, syn-
thetic peptide synthesis, and non-natural peptidomimetic
materials.

Synthetic SP-C Analogues

The high degree of SP-C sequence conservation and unique-
ness suggests the main molecular and structural features of
SP-C must be preserved to retain the full repertoire of SP-C-
related functionality.'” These features include SP-C's extreme
hydrophobicity, its helical secondary structure, the flexible
N-terminal region, and the two basic charged residues. The
palmitoylation motif has also been shown to have significant
in vitro functionality; however, the in vivo importance of this
motif has yet to be definitively proven.'®2%3" In addition, the
resulting analogues must resist misfolding and degradation
over time and be amenable to efficient, large-scale production.

Recombinant SP-C Analogues. The expression of SP-C in
heterologous systems allows for more efficient, large-scale
production of the troublesome protein than isolation of the
native protein with the ability to introduce designed sequence
variations, improving handling and efficacy.3°~38 A form of
recombinant SP-C (rSP-C) is currently used in Venticute.?® This
rSP-C analogue from Nycomed shares a nearly identical
sequence with human SP-C except that the palmitoylated cys-
teines are absent and have been replaced with phenylalanines
to eliminate protein oligomerization.® The phenylalanine sub-
stitution makes this protein analogue similar to canine SP-C,
which contains one phenylalanine at position 6 and preserves,
to some extent, the hydrophobicity of the palmitoyl groups.
The addition of palmitoyl chains in a similar analogue did not
enhance in vivo efficacy of the rSP-C-based formulation.®

rSP-C has shown good efficacy, improving lung function in
premature animal models of RDS.3® In clinical trials for the
treatment of ARDS resulting from both indirect and direct lung
injury, Venticute has shown a positive effect on gas exchange
but, ultimately, did not have a beneficial effect on long-term
survival.*® However, a posthoc analysis suggested that Ven-
ticute may have survival benefits in patients with direct lung
injury. As a result, Venticute is currently being used in a phase
Il clinical trial for the reduction of mortality in patients with
RDS resulting only from severe acute pneumonia or aspira-
tion of gastric contents (NCTO0074906). The forthcoming
results of this study are highly anticipated by clinicians and
researchers of the LS community.

Biomimicry of Surfactant Protein C Brown et al.

Synthetic SP-C Peptide Analogues. SP-C’s lack of a ter-
tiary structure and relatively simple secondary structure make
it feasible to mimic the native protein by synthetic peptides.
This is espedially enticing given the difficulties associated with
isolation, purification, and storage of the native protein from
natural or recombinant sources. Utilizing structural and bio-
physical information gained from the native protein, synthetic
SP-C analogues have been created to mimic the key lipid-in-
teraction domains.>'%4%4" These synthetically engineered
peptides not only address some of the inherent difficulties
associated with SP-C but also facilitate the production of suf-
ficient quantities for use in a synthetic SRT. In fact, many of
these polypeptide biomimetics have been found to have com-
parable in vitro activity as the native protein as well as favor-
able in vivo performance in animal models. However, the
metastability of the helical region still remains a challenging
problem in sequences that retain the polyvalyl helix.

To address the metastability of the polyvalyl helix, a novel
series of valine-to-leucine substituted SP-C analogues have
been created.*®*243 One of the first was SP-C(Leu), which is
a nonacylated SP-C variant based upon the sequence of
human SP-C but replaces the valine residues in the a-helical
region with leucine residues and the palmitoylated cysteines
with serines.*® The substitution of the g-sheet-promoting
valine residues with the o-helix promoting leucines of
SP-C(Leu) results in an analogue that spontaneously forms an
a-helical structure in solution, even after acid treatment, which
can be produced efficiently on a large scale. When combined
with a phospholipid formulation, SP-C(Leu) adopted a transbi-
layer orientation and showed favorable in vitro surfactant
spreading properties, similar to the native protein, reducing
both minimum and maximum surface tensions during
dynamic cycling. However, in an animal model of nRDS, the
biomimetic formulation offered only a modest improvement
in lung function.*® This was due to unwanted oligomeriza-
tion of the polyleucine helix at high concentrations, caused by
leucine zipper-like association.

To circumvent this problem, SP-C(LKS) was created in which
three evenly spaced leucine residues in the helical region were
replaced with lysine residues.*® The location of the positive
charges around the helical circumference prevented self-as-
sociation and when combined with phospholipids, exhibited
rapid adsorption and favorable modulation of surface tension
during dynamic cycling.*® However, SP-C(LKS) was unable to
produce sufficient improvement of lung function in vivo. The
reason for the poor in vivo performance is not well under-
stood, but the introduction of the positively charged lysine res-
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idues in the nonpolar helix may either disrupt the region’s
hydrophobic interaction with the lipids or the SP-C dipole
moment.*?

The latest generation of the leucine-based synthetic pep-
tide analogues, SP-C33, utilizes specific design features from
both SP-C(Leu) and SP-C(LKS) to overcome the solubility and
aggregation problems of SP-C(Leu) with improved in vivo per-
formance relative to SP-C(LKS).*? SP-C33 is similar to the other
valine to leucine substituted analogues but contains an N-ter-
minal region that is truncated by two residues to increase syn-
thesis efficancy and, most notably, replaces Leu14 with lysine
to prevent peptide oligomerization while not disrupting the
hydrophobicity of the aliphatic helix. This analogue was found
to prevent oligomerization and improve the dynamic surface
activity of a lipid formulation.*? When used to treat prema-
ture newborn animals, a SP-C33-containing formulation was
as effective in increasing inspiration volumes as a modified
natural surfactant preparation that contained both SP-B and
SP-C.** Surprisingly, despite the demonstrated in vitro impor-
tance of the SP-C palmitoyl groups, an acylated SP-C33 ana-
logue did not enhance the in vivo performance.** Airway
openness at end expiration was lower in animals treated with
SP-C33 than those treated with a natural SRT, suggesting that
other components, such as SP-B, are necessary to maintain
alveolar stability.'* Despite this difference, the synthetic pep-
tide is as effective as native SP-C in improving surface prop-
erties of lipids in vitro and in vivo and represents a successful
engineering approach to overcome the numerous difficulties
associated with the native protein.

Peptoid Analogues. In an alternative approach to creat-
ing recombinant or synthetic peptide analogues, recent work
has been aimed at the development of a new category of syn-
thetic surfactant protein mimics utilizing poly-N-substituted gly-
cines or “peptoids”.® Peptoids have close structural similarity
to peptides, but have their side chains appended to the amide
nitrogens rather than to the a-carbons. This feature renders
peptoids essentially invulnerable to protease degradation,
making them more biostable than peptides and reducing spe-
cific recognition by the immune system.*> So far, studies have
shown peptoids to induce only very low-level antibody
response, and certain sequences have been found to be bio-
active, nontoxic, and nonimmunogenic.*¢*” Despite the
achirality of the N-substituted glycine backbone and its lack of
hydrogen bond donors, peptoids are able to adopt extraordi-
narily stable chiral helices. When substituted with a-chiral,
sterically bulky side chains, steric and, in some instances, elec-
tronic repulsion between adjacent residues cause peptoids to
adopt a secondary structure similar to a polyproline type |

SCHEME 1. Submonomer Synthesis Scheme for Peptoidoligomers.
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helix with approximately three residues per turn and a pitch
of ~6 A.*849 These helical structures are extremely stable and
do not appreciably denature over time because their forma-
tion does not depend on hydrogen bonding along the back-
bone.>° Peptoids also have the added advantage of being
relatively easy and cost-effective to synthesize compared with
peptides.® Utilizing a solid-phase, submonomer synthesis
approach (Scheme 1), peptoids up to 50 residues in length can
be synthesized in high yield, with coupling efficiencies com-
parable to those of Fmoc peptide synthesis (>98.5%). Effi-
cient synthesis and the ability to form stable helical structures
make peptoids an excellent platform for mimicry of bioac-
tive molecules that rely on helical structure for proper func-
tion, such as the hydrophobic protein SP-C.

Utilizing design strategies similar to those that were used
in the design of recombinant and synthetic peptide analogues
of SP-C, a variety of nonacylated, sequence-specific peptoid
analogues of SP-C(5—32) have been developed.>'>? The
sequences of the biomimetic analogues were designed to
emulate the key structural features of the native protein, with
a hydrophobic, a-chiral helical region, mimicking SP-C's helix,
and an N-terminal amphipathic achiral region containing side
chains that are largely analogous to those present in human
SP-C. To gain a greater understanding of the structural require-
ments in peptoid-based analogues of SP-C, systematic alter-
ations were introduced in the sequences.®' Two main classes
of mimics were created, containing either a-chiral aromatic- or
o-chiral aliphatic-based helices that contained 8, 11, and 14
residues to determine both the side chain preference and the
optimal helix length for a peptoid-based mimic of SP-C. Cir-
cular dichroism spectroscopy showed that the analogues were
predominantly helical in solution with the longer mimics hav-
ing the highest helical propensity. In addition to being highly
helical, the analogues were stable and not prone to misfold-
ing in solution over time.

When combined with a synthetic phospholipid formula-
tion, the peptoid-based SP-C mimics all showed improvement

NH,
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in surface activity over the lipid system alone; however, the
mimics containing the more rigid aromatic helix yielded supe-
rior surface activity in comparison to the more biomimetic ali-
phatic-based mimics. The optimal surface activity of the SP-C
mimics was also dependent on the presence of a helical
region of 14 peptoid monomers in length (~28 A), which is
similar in length to the polyvalyl region of native SP-C (26 A).
In a lipid film, the aromatic-based mimic altered the surface
pressure—area isotherms (obtained on a Langmuir—Wilhelmy
surface balance) in a manner similar to a synthetic SP-C pep-
tide. Film morphology studies revealed that the presence of
the aromatic-based mimic but not the aliphatic-based mimic
resulted in the nucleation of bright vesicle domains, likely
three-dimensional structural changes in the film, at higher sur-
face pressures, similar to SP-C. In a pulsating bubble surfacto-
meter, the aromatic-based mimic also accelerated surfactant
adsorption to the air—liquid interface as well as greatly
reduced the minimum and maximum surface tensions, all of
which properties were similar to the SP-C peptide.

These results were somewhat surprising, because the native
protein contains only aliphatic side chains in the helical
region; however, it is believed that the aromatic monomers
more effectively constrain the peptoid backbone into the
polyproline type I like helical conformation because it exhib-
its both steric repulsions between bulky side chains and elec-
tronic repulsions between aromatic = and carbonyl lone-pair
electrons.*® This indicates that it is more important to cap-
ture the extreme hydrophobicity and highly helical structure
of SP-C rather than its exact side chain chemistry, which is
consistent with previous studies of peptide analogues.>*

Given these properties, peptoid-based mimics of SP-C seem
very promising, since they exhibit in vitro biophysical activi-
ties highly similar to that of the SP-C peptide. It was also found
that the same design considerations occurring in SP-C pep-
tide variants are applicable in the development of peptoid-
based mimics of SP-C. Therefore, the results observed seem to
provide a basis for the development of a peptoid-based bio-
mimetic SRT for the treatment of RDS or other medical appli-
cations, and this work is ongoing.

Concluding Remarks

While current SRT formulations are highly efficacious in the
treatment of nRDS, there are still drawbacks associated with
their use, which has prompted researchers to devise synthetic
sources of the surface-active material, specifically creating
mimics of the hydrophobic surfactant proteins, SP-B and SP-C.
The importance of SP-C as a functional constituent of a bio-
mimetic SRT is evidenced not only by its inclusion in natural
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exogenous surfactant formulations, but also by its ubiquitous
expression in mammalian airways and its uniqueness, lack-
ing any known sequence homologues. Howevet, isolation and
storage of either the native SP-C protein or sequence-identi-
cal analogues is extraordinarily difficult due to its extreme
hydrophobicity and metastable secondary structure. As a
result, researchers have drawn inspiration from Nature in rede-
signing the naturally selected protein to overcome these dif-
ficulties. Utilizing detailed structural information and
biophysical insight about native SP-C, coupled with protein
folding preferences, investigators have created a number of
novel peptide and peptoid-based analogues that mimic SP-
C's key molecular and structural motifs but, because of their
side chain chemistry, their unique backbone structure, or both,
reduce or eliminate many of the difficulties associated with the
native protein and sequence identical analogues. Utilizing syn-
thetic approaches, it is also conceivable that future SP-C ana-
logues may contain other non-natural sequence modifications
that further improve stability and activity in comparison to the
native and recombinant species. Further improvements in bio-
mimetic SRT efficacy will also likely involve the inclusion of a
SP-B mimetic because both constituents play a critical role in
surfactant homeostasis. With improved stability, greater pro-
duction potential, and elimination of possible pathogenic con-
tamination, not only do biomimetic SRTs offer the potential to
improve the treatment of nRDS, but they may also see wider
application in the treatment of other more prevalent respira-
tory-related disorders where greater quantities of the surface-
active material are required, such as in the treatment of acute
RDS.
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he potential of peptides as drug candidates is limited by their poor pharmacokinetic properties. Many peptides have a

short half-life in vivo and a lack of oral availability. Inspired by the excellent pharmacokinetic profile of cyclosporine, a
natural, multiply N-methylated cydlic peptide, we envisioned multiple N-methylation as a promising way to rationally improve
key pharmacokinetic characteristics. In this Account, we summarize our efforts toward modulating the properties of pep-
tides by multiple N-methylation.

As a first step, we simplified the synthesis of N-methylated amino acids in solution, by employing very mild conditions
that could be tolerated by the diverse protecting groups required when working with naturally occurring amino acids. We
also report the rapid and inexpensive syntheses of N-methylated peptides on a solid support; this facilitated the N-methyl
scanning of bioactive peptides. Because of a lack of information regarding the conformational behavior of multiply N-me-
thylated peptides, a complete library of N-methylated cyclic alanine pentapeptides was synthesized. The library provided
valuable insight into the conformational modulation of cyclic peptides by N-methylation. This information is extremely valu-
able for the design of bioactive peptides and spatial screening of cyclic N-methylated peptides.

To demonstrate the applicability of N-methylation to highly active but poorly bioavailable peptides, we performed a full
N-methyl scan of the cyclopeptidic somatostatin analog cyclo(-PFWKTF-), known as the Veber—Hirschmann peptide. We show
here for the first time that the simple approach of multiple N-methylation can drastically improve the metabolic stability
and intestinal permeability of peptides, for example, resulting in 10% oral bioavailability for a tri-N-methylated
Veber—Hirschmann peptide analog. In addition, we also describe a designed approach to N-methylated peptide library syn-
thesis, which can accelerate the screening of N-methylated bioactive peptides. Finally, we find that multiple N-methylation
of a cydlic hexapeptide integrin antagonist of GPIIb-llla (allbj33 integrin), cyclo(-GRGDfL-), increases the selectivity of this
peptide toward different integrin subtypes. This result demonstrates the utility of multiple N-methylation in elucidating the
bioactive conformation of peptides.
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Introduction

Peptides have found tremendous attention in diverse aspects
of science ranging from rational drug design' to nanomateri-
als.? These diverse applications are due to their distinctive
properties, such as ease of synthesis and characterization,
introduction of chemical diversity by simple amino acid sub-
stitution, and modulation of 3D structure by chemical modi-
fication. The application of peptides as drugs stems from their
key role in many signal transduction pathways, which makes
them an attractive avenue to target diseases. Despite the high
activity and receptor selectivity of naturally occurring bioac-
tive peptides (or active protein fragments), they have distinct
disadvantages for practical application in medicine, such as
short half-life in vivo and lack of oral availability. The initial
step in drug research of peptides is usually simplification (e.g.,
reduction in size), followed by peptidomimetic approaches to
ensure metabolic stability, with the final goal of an orally avail-
able, highly active, and selective drug. Whereas the prelimi-
nary steps can be done in a rational way with relatively high
probability of success, the final, crucial step of conversion from
peptide into a drug is often more problematic.

Not all of the amino acids in a peptide sequence are essen-
tial to achieve the biological effect. The initial identification of
the “bioactive sequence”, the minimal sequence? required to
achieve the biological activity, is often done by alanine scan-
ning. This is the systematic substitution of each amino acid by
alanine to identify the key residues, that is, those whose sub-
stitution results in reduced activity. The next important factor
is the conformation of the peptide. In the majority of such pep-
tides, @ major obstacle in the study of the “bioactive sequence”
is intrinsic flexibility. Thus, the active sequence must be rigid-
ified in a defined conformation in order to achieve the desired
activity and selectivity. Reduction of conformational space can
be achieved by cyclization, resulting in highly active and selec-
tive derivatives when the bioactive conformation is matched.*

&gigF P

This search of matching is done by “spatial screening”.®
Another major problem in developing peptidic drugs is their
enzymatic degradation in vivo, which eventually results in the
lowering of the pharmacokinetic profile (half-life, bioavailabil-
ity, etc.). Medicinal chemists have developed an array of strat-
egies over the years to confront this problem, such as
incorporating peptide bond isosters,® peptoids,” retro-inverso
peptides,® and peptidomimetics.® Although these strategies
have elegant properties of their own, they demand careful
design with challenging syntheses.

Here we envisage the minimalist approach of N-methy-
lation to overcome various obstacles of peptides as a “ratio-
nal” way toward drug development. Mono-N-methylation
has been used for years to change phamacological proper-
ties of peptides.'® However, due to difficulties in synthe-
sis'' and the expectation of losing activity, multiple
N-methylation has seldom been used.'? Although, there are
prominent examples of multiply N-methylated natural cyclic
peptides,'® cyclosporine, omphalotin, etc. (Figure 1), with
remarkable biological and pharmacological profile.
Cyclosporine A, with its seven N-methylated peptide bonds,
violates all the Lipinski rules for oral availability'* but is
marketed as an orally available (oral bioavailability 28% =+
18%) immunosuppressive drug. Thus, in recent years, we
have introduced multiple N-methylation into cyclic peptides
to characterize the versatile properties of this modification.
We have developed an efficient and practical synthesis of
N-methylated amino acids in solution'® and on solid
phase'® and showed that multiple N-methylation not only
can dramatically improve the receptor subtype selectivi-
ty'” but also can confer oral bioavailability.'® Here, we
summarize the synthesis, conformational behavior,'®:2°
pharmacokinetic properties and modulation of bioactivity
by multiple N-methylation of cyclic peptides.

Tfﬁ

FIGURE 1. Naturally occurring multiply N-methylated cyclic peptides: (A) cyclosporine A and (B) omphalotine.
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Synthesis of N-Methylated Peptides:
Problems and Solutions

Over the years, multiply N-methylated peptides have failed to
attract the attention of medicinal chemists due to various dis-
advantages encountered in their synthesis. First, a general
approach to the synthesis of the N-methylated amino acids is
a challenging task, and this is followed by the difficult cou-
pling of the preceding amino acids to the sterically hindered
N-methylated site. Synthesis of N-methylated peptides and
cyclic peptides was revolutionized after the groundbreaking
total synthesis of cyclosporin by Wenger.?" The synthesis was
carried out in solution using Boc chemistry, and owing to the
fortunate lack of diversely functionalized amino acids in
cyclosporine, the difficult couplings on the N-methylated termi-
nus could be carried out by the formation of reactive acid chlo-
ride. In solid phase peptide synthesis, easy and fast coupling of
N-methylated amino acids is achieved by using bis(2-oxo-3-0x-
azolidinyl)phosphonic chloride (BOP-Cl),? 2-(7-aza-1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU)/1-hydroxy-7-azabenzotriazole (HOAY),>® and bis-(trichlo-
romethyl)carbonate (BTC).2* We observed that, although expen-
sive, difficult couplings with HATU/HOAt using double coupling
are more efficient than using BTC and BOP-Cl. Although BTC is
an effective reagent, it demands strict anhydrous conditions
(alteration results in cleavage from the resin) and higher equiv-
alents of base, which might lead to racemization.

We prefer solid phase synthesis for all linear precursor pep-
tides. The sequence of amino acids during peptide synthesis
and subsequent cyclization is crucial both for averting side
reactions and for efficient cyclization. A common problem
encountered in the solid phase synthesis of N-methylated pep-
tides is the cleavage from the resin by the formation of dike-
topiperazine due to the higher population of cis peptide bond
(of the tertiary amide bond) when an N-methylated amino acid
or proline are loaded to the resin.'" The cyclization yield of
N-methylated peptides is strongly dependent on the linear
sequence. We always perform the cyclizations in solution
under high dilution conditions (0.1—0.3 mM), because cycliza-
tion on solid phase is often accompanied by cyclodimeriza-
tions due to the relatively high concentration of peptide on the
resin. Linear peptides exhibit a large number of conforma-
tions in solution; hence, any preferred conformation that
brings the C- and N-termini in close proximity enhances the
cyclization yield. We encountered several instances where the
linear peptide completely failed to cyclize owing to the lack of
a preferred conformation in solution: for example, a soma-
tostatin analog cyclo(-P°F’Mew®MeK°T'°MeF''-) (small single-
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letter code denotes p-amino acid) exhibits a SlI'-turn around
p-Trp® and Lys® and a BVI-turn around Phe'' and Pro®, and
we could achieve efficient cyclization by using MeLys® as the
C-terminus and Thr'® as the N-terminus. On the other hand,
when Pro® and Phe” were taken as the C- and N-termini,
respectively, the peptide completely failed to cyclize despite
very high yield of the linear peptide (Figure 2). Thus, termini
for efficient peptide cyclizations should be chosen in a way
that results in the closure of a turn; preferably a SIl/IlI'-turn.

Synthesis of N-Methylated Amino Acids
and Peptides

Solution Synthesis of N-Methylated Amino Acids. When
the goal is the synthesis of libraries of N-methylated peptides,
it is preferable to use N-methylated amino acids directly as
building blocks. Despite a plethora of available methods,?® the
commercially available N-methylated amino acids are still very
expensive. Whereas amino acids with aliphatic side chains
and without functional groups are best synthesized by the

Freidinger method (via the reductive ring opening of the 5-ox-

azolidinone using TFA and triethylsilane),?® the side chains of

functionalized amino acids may react under these conditions.

Hence, we developed an improved method yielding enan-

tiopure N-methylated amino acids quantitatively to be used

directly in Fmoc solid phase peptide synthesis.

The most efficient method for the site-selective N-methy-
lation of peptides to date was developed by Fukuyama?’ and
Miller.?® This is a three-step procedure involving amine acti-
vation by protection with an o-nitrobenzenesulfonyl group
(0-NBS), followed by alkylation and deprotection of the 0-NBS
group on a solid support (Scheme 1A). However, the major
drawback of the procedure is that only small quantities of
N-methylated amino acids can be prepared on the solid phase.
Therefore, for the large-scale synthesis of N-methylated amino
acids in solution, our strategy was to modify this procedure as
follows:
 substitution of the expensive base MTBD (7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene) by a structurally similar inex-

pensive base DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) and
dimethyl sulfate as the methylating agent (Scheme 1B).

« masking the carboxyl group of the amino acid by a methyl
ester for the synthesis of N-methyl-o-NBS-Xaa methyl
esters.

The racemization-free saponification of the N-methyl-o-
NBS-Xaa methyl esters to N-methyl-o-NBS-Xaa was done by
a Sy2 mechanism, because N-methylated amino acids are
infamous for undergoing racemization by base-mediated
saponification due to the absence of an amide proton.*® How-
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FIGURE 2. Choice of the preferred cyclization site in a linear peptide, TMeFPFMewMeK. The yield of the cyclized peptide is given.

SCHEME 1. The Site Selective N-Methylation (A) on solid support and (B) Synthesis of N-Methyl-o-NBS-Amino Acids'®

A NO,
HN SO,CI
’ \)J\ )\W \O CoIIldme

MTBD :(\)N\/j MTBD
T Sy NO,-Ph-SO,Me

NO,

DMF

HSCHZCHZOH

HNQK )\H/

ever, Lil in refluxing pyridine3° yielded a mixture of products
(including cleavage of N-methyl groups due to nonselective
attack of iodine), but the reaction worked well by using reflux-
ing ethyl acetate for 16 h, yielding the corresponding enan-
tiopure N-methyl-o-NBS-Xaa in quantitative yields to be used
directly for solid phase peptide synthesis (SPPS).

Optimized Solid Phase Synthesis. \WWhen small amounts
of amino acids are needed, for example, during N-methyl
scanning of bioactive peptides, the simplest strategy is the
direct N-methylation of the desired amino acid on the solid
support during the peptide synthesis. The Miller and Scanlan
procedure?® was chosen, and optimization was done using
DBU as base and the more polar NMP (N-methylpyrrolidone)
as a solvent to reduce the total time (Scheme 2).

DMF

SCHEME 2. On-Resin Synthesis of N-Methyl-Xaa Dipeptides'®
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The optimization of the 0-NBS protection step revealed
completion of the reaction without any racemization in the
surprisingly short time of 15 min in the polar NMP (N-meth-
ylpyrrolidone) using 4 and 10 equiv each of 0-NBS-Cl and col-
lidine, respectively, whereas reactions in THF (>2 h) or DCM
(~1 h) required much longer reaction times.

The subsequent alkylation step in the original procedure,
using MTBD in DMF is completed in 30 min. However, when
3 equiv of the less expensive DBU and 10 equiv of dimeth-
ylsulfate in NMP were used, the reaction was complete in only
5 min. This method was efficient for all the amino acids inves-
tigated, yielding products with >99% purity. The only excep-
tion was His(Trt), which showed N-methylation of the side
chain with the unexpected loss of the trityl protecting group.
To overcome this problem, the Mitsunobu procedure was
used, although it requires the change of solvent from NMP to
THF.3! N-Methylation of the resin bound N*-0-NBS-dipeptide
is performed with 5 equiv of triphenylphosphine, 10 equiv of
methanol, and 5 equiv of diisopropyl azodicarboxylate (DIAD)
in THF. Monitoring the reaction over time revealed that only
10 min is required for the completion of the reaction, and
hence it can be employed as a very fast and efficient method
for N-methylation of peptides on a solid support. It is worth
mentioning that this optimized method of N-methylation is
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also efficient for the introduction of functionalized larger alkyl
groups into peptides.?

The removal of the 0-NBS protection is achieved by the for-
mation of a Meisenheimer complex by reaction of the resin
bound dipeptide with 5 equiv of DBU and 10 equiv of mer-
captoethanol and was optimized to be complete in 5 min,
compared with 30 min in the original procedure. Thus, we are
now equipped with fast and highly efficient methods to pre-
pare large amounts N-methylated amino acids and peptides
to create libraries of multiply N-methylated peptides.

Conformational Impact of Multiple
N-Methylation

Spatial Screening. The conformation of cyclic peptides of
smaller ring size is mainly dictated by the pattern of chirality
(o- or 1) of the amino acids in the peptide sequence.?® Hence,
peptides that consist of only alanine with a fixed pattern of
chirality can be used as template structures for designing bio-
active peptides, where alanine is replaced with appropriate
amino acids (pharmacophores), barring glycine and proline.
N-Methylation introduces another dimension to this “spatial
screening”® (Figure 3) owing to the remarkable property of
conformational modulation. N-Methylation facilitates the
occurrence of a cis peptide bond and blocks potential hydro-
gen bonds, resulting in a long-range impact, especially on the
backbone conformation of cyclic peptides.>?

Peptide sequence
o] B o] D o]
H H H
M A M I A
A T o ¢ H o &

Template for spatial screening

HiC, ~ CHs %, Oy
L
\/_"(/ = HJCO\N Négcm
H:,C’Y\CHS JN;‘]NH&O\
o
HsC
Spatial screening
A B E A D E C D B C
A N .2 N o N ~

E c D B C A B E Al D
S0 aReakealas

FIGURE 3. A peptide with pharmacophoric groups A, B, C, D, and E
can be screened for the spatial orientation in the bioactive
conformation by the synthesis of the five position-shifted cyclic
isomers. In the absence of N-methylation, the five isomers would
have identical constitution but present pharmacophores differently.
In this example, however, the five di-N-methylated peptides with
shifted N-methylated peptide bonds are constitutional isomers.

To elucidate the impact of N-methylation on the backbone
of cyclic peptides, we synthesized a library of 30 N-methy-
lated peptides, based on cyclo(-p-Ala-L-Ala,~) (Figure 4). NMR
analysis of these peptides displayed various populations of
major and minor conformers slowly interconverting on the

N-Methylation Chatterjee et al.

NMR time scale.'® To serve as templates for rational drug
design, we were interested only in those peptides that exhib-
ited a preferred conformation (>80% population of a single
conformer). It should be noted that in these small cyclic pep-
tides, the conformation is dictated primarily by the steric inter-
actions of the bulky —CH; groups (a-methyl or N-methyl),
rather than the internal hydrogen bonds, which have been
overemphasized over the years in stabilizing cyclic peptide
conformation.
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FIGURE 4. The library of N-methylated cyclic alanine peptides.
Numbers in parentheses describe the relative populations of
detectable conformers by NMR (yellow squares denote the
conformationally homogeneous peptides (>98%), and the gray
ones denote the peptides showing a preferred conformation
(>80%) on the NMR time scale).

Template Structures. Out of the 16 peptides selected, 15
are grouped into five different classes by virtue of the site of
their cis peptide bond (10 could not be characterized due to
spectral overlap). It should be noted that cyclic pentapeptides
still have considerable conformational flexibility.>* Flipping of
the plane of the peptide bond by synchronous rotation of
adjacent ® and W angles is often observed and can be fast on
the NMR time scale. Hence, the conformations shown in the
figures are preferred structures.
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FIGURE 5. (A) Classes of N-methylated cyclo(-p-Ala-L-Ala,-) (wavy lines indicate cis peptide bond; a indicates p-Ala’) and (B) superimposed
backbone conformation of the members in each class. Peptides 18 and 26 are in cyan, highlighting differences in peptide bond orientation

caused by the N-methyl group.

Class I consists of six peptides with all trans peptide bonds,
having N-methylation at p-Ala’, Ala?, and Ala® or a combina-
tion of these three sites (Figure 5). Class Il contains peptides
having a cis peptide bond between Ala® and Ala>. Class Il con-
tains the three peptides with a cis peptide bond between Ala*
and Ala®. One notable difference in this class is the orienta-
tion of the p-Ala' N-methyl group in 18, which undergoes a
flip of about 180° from its preferred orientation (projecting
above the plane of the ring in Figure 5) as a consequence of
strong steric clash between the N-methyl group and Ala®
methyl group. Class IV peptides show the characteristics of
both classes Il and IlI, exhibiting two cis peptide bonds
between Ala? and Ala® and Ala* and Ala®. Class V contains a
unique peptide with a cis peptide bond between Ala® and
Ala*. All the other peptides with an Ala>—Ala* N-methylated
peptide bond, that is, 13, 16, 18, 21, and 26, exhibit a trans
peptide bond. This pattern probably arises from the fact that
the parent peptide (4, Figure 4) with the N-methylated
Ala®—Ala* peptide bond exists in a 1:1 equilibrium between
cis and trans conformers by NMR. Thus, N-methylation at Ala®
shifts the equilibrium strongly toward a cis orientation whereas
N-methylation at any other site shifts toward trans.

The Ala®—Ala® region of the cyclic pentapeptide is con-
served, and N-methylation does not introduce cis peptide
bonds. Of the conformationally homogeneous peptides
(>989%), six out of seven have N-methylated p-Ala' and show

a @ angle close to 120°.'° A similar N-methyl scan of a cyclic
hexapeptide cyclo(-0-Ala-L-Alas-) revealed that the N-methy-
lation of p-alanine results in conformational homogeneity, as
has been recently confirmed in designing N-methylated cyclo-
peptidic scaffolds against colon cancer.?> Thus, the turn-in-
ducing property of N-methylated bp-alanine or any
N-methylated p-amino acid (except glycine) is at least equal to
that of p-proline. This will open a new dimension for the
design of B-hairpin conformations® in cyclic protein epitope
mimetics by using NMe-p-Xaa-L-Pro, NMe-p-Xaa-L.-MeXaa, and
NMe-p-Xaa-L-Xaa as templates to induce a gllI'-turn instead of
the conventionally used p-Pro-L-Pro3® (Figure 6). The clear
advantage of this method is the ability to incorporate differ-
ent N-methylated amino acids, providing much greater flexi-
bility in functionalization of the turn-inducing region.

Systematic Modulation. A clear picture of the conforma-
tional modulation by successive N-methylation can be
obtained by classifying these peptides based on their N-me-
thylation site (Figure 7). Starting with 5, N-methylation on
either side of the N-methylated peptide bond results in 15 and
13. N-methylation of p-Ala’ is tolerated in 15 without intro-
ducing any cis peptide bond, whereas N-methylation of Ala*
introduces a cis peptide bond in 13, and this pattern is fol-
lowed upon further N-methylation.

Thus, conformational modulation by N-methylation on
cyclic peptide backbone is defined and not irregular. These
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FIGURE 6. Conventional s-hairpin turn inducer, o-Pro-L-Pro, which could be replaced by NMe-p-Xaa-L-Pro, NMe-p-Xaa-.-MeXaa, and NMe-p-

Xaa-L-Xaa. R and R’ represent amino acid side chains.

FIGURE 7. Modulation of conformation by successive N-
methylation.

described templates can be now used as scaffolds in drug
design by substituting alanine with other amino acids repre-
senting the pharmacophores of interest. The knowledge of the
impact of N-methylation allows the design of N-methylated
biologically active peptides without distorting the (bioactive)
conformation, leading to modification of pharmacokinetic
parameters without loss of biological activity.

Multiple N-Methylation Imparts Oral
Bioavailability to Somatostatin Analogs

To investigate possible improvements in the pharmacokinetic
properties of bioactive peptides by N-methylation, we chose
the well-studied somatostatin system. Somatostatin is a major
endocrine hormone and physiological inhibitor of pancreatic
and gastrointestinal secretion, of growth hormone, glucagons,
and insulin.3” However, somatostatin has a very short plasma
half-life, <3 min, and therefore, there was a need for the

development of metabolically stable analogues. In the
approach taken by Sandoz, higher metabolic stability of soma-
tostatin analogs was achieved by the following modifications,
resulting in the compound dubbed “Sandostatin” (Figure 8):3®
(i) reduction in the size from 14 amino acids to 8; (i) exchange
of Trp® with p-Trp?; (iii) shift of the disulfide bridge closer to
the “active loop” (@amino acids 6—11); (iv) change of the N-ter-
minal phenylalanine into p-phenylalanine and the C-termi-
nal threonine into reduced threoninol to avoid enzymatic
cleavage (Figure 8). This resulted in a dramatically longer half-
life in vivo. However, Sandostatin (octreotide) is not orally
available and must be administered by i.v. injection. Out of a
plethora of somatostatin receptor agonists, the earliest was
cyclo(-PFWKTF-), discovered rationally by the group of
Ralph Hirschmann at Merck Inc. and known as the Veber—
Hirschmann peptide (Figure 8). This peptide was reported to
be selective toward the somatostatin receptor subtypes sst2
and sst5 and showed excellent activity toward the inhibition
of insulin, glucagon, and growth hormone secretion, surpass-
ing the activity of somatostatin itself.>* However, the com-
pound was administered by subcutaneous injection. Although
end-to-end cydlization improved metabolic stability of the pep-
tide in serum, to confer oral bioavailability, the improvement
of intestinal permeability and stability against gut enzymes
and enhanced uptake from the gut to systemic circulation is
necessary. We envisioned that multiple N-methylation of
cyclo(-PFWKTF-) might convey improved pharmacokinetic
properties, making it orally bioavailable.

Library Approach. A library of all possible N-methylated
analogs of cyclo(-PFWKTF-) was synthesized (except the penta-
N-methylated analog), resulting in 30 analogs. Out of these
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FIGURE 8. Truncation of somatostatin into Sandostatin and the Veber—Hirschman peptide. The active analogs resulted from the N-

methylation of the amides shown by arrows.

30, seven analogs showed binding affinity in the nanomolar
range toward sst2 and sst5 receptor subtypes (Table 1). Pre-
liminary tests of S1—S8 by oral administration into rats
showed only S1 and S8 to be significantly taken up into the
blood.

TABLE 1. pK, Values of $1—-88 toward hsst2 and hsst5 Receptors?

peptide N-methylated amino acid  hsst 2 (pKy)  hsst 5(pK)
octreotide  none 9.18 7.71
S1 none 8.01 7.82
S2 Lys® 8.60 8.19
S3 Phe'" 7.93 8.28
S4 D-Trp® 7.61 7.87
S5 Lys®, Phe" 7.96 7.39
S6 D-Trp&, Lys® 7.60 7.19
S7 D-Trp®, Phe" 7.16 7.47
S8 D-Trp8, Lys®, Phe!’ 7.21 7.22

9 Higher pK, corresponds to higher affinity.

Hence, detailed pharmacokinetic experiments were per-
formed. These eight peptides showed a stable profile in the rat
serum; however, a significant difference was found between
S1 and S8 in their stability against gut enzymes, revealing the
stability effect conferred by multiple N-methylation.

The transport mode of these peptides through the intes-
tine revealed interesting facts. We expected multiple N-me-
thylation to confer sufficient lipophilicity to enable the
peptides to cross the membrane via the transcellular mecha-
nism (where the peptides interact with the lipophilic mem-
brane of the en’cerocytes).40 However, no such trend was
observed (Figure 9). All the N-methylated peptides permeate
the membrane by a paracellular mechanism through the tight
junctions (aqueous extracellular route across the epithelia) with
low permeability. Surprisingly a significant increase in the per-
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FIGURE 9. Peptide permeability across Caco-2 monolayer.

meability of S8 was observed, which exceeded even the per-
meability of mannitol (paracellular marker).

Conformational Details. Whereas a gll', VI conforma-
tion was established in one early NMR structure,*> the pres-
ence of a “flat” or “bent” conformation has been an issue of
debate regarding the real bioactive conformation of cyclo-
(-PFWKTF-);*' Goodman et al. suggested that the peptide
exhibits a “bent” conformation,*? with a kink in the backbone
about Phe” and Thr'?, stabilized by the two additional hydro-
gen bonds between Pro®CO—p-Trp®HM and Lys°CO—Phe''HY,
forming two closed y-turns. On the other hand, Veber et al.
suggested the “flat” conformation without the two y-turns to
be the bioactive conformation.*? Interesting evidence was
found while screening the interactions of these eight analogs
with the liposomal model of the cell membrane (Figure 10),
where there was a sudden increase in the liposomal interac-
tion of $2 (the most active analog) despite being mono-N-
methylated.
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FIGURE 10. The effect of N-methyl position on interaction with the
liposomal model of the cell membrane (higher %CR shows higher
interaction).

This is due to the enhanced lipophilicity of S2 compared
with §3 and S4, where a “bent” conformation of S2 is
observed in solution compared with the comparatively “flat”
conformations of $3 and S4 (Figure 11). In the “bent” confor-
mation, the externally oriented amide hydrogens of p-Trp®
and Phe'" are involved in a y-turn with Pro” and Lys® carbo-
nyls, resulting in the solvent shielding of all amide HNs, mak-
ing the molecule more lipophilic. This “bent” conformation is
observed in cyclo(-PFWKTF-) and S2 with N-methylated lysine;
N-methylation of any other site results in partial to complete
loss of this “bent” conformation. Thus, the highest pKy of S2
and the gradual decrease in activity with increasing N-methy-
lations suggests that the “bent” conformation is more active
than the “flat” one, and a successive loss in activity is seen in
moving from “bent” to the “flat” conformer.

A 5-fold difference in the elimination half-life between S1
and S8 (15.5 + 2 and 74 + 6 min, respectively) suggested
reduced proteolytic digestion or low hepatic or renal clear-
ance, which is preferable for a good drug. A 10-fold differ-
ence in the volume of distribution at steady state for $1 and
S8 (0.3 £ 0.1 and 3.7 &+ 1.3 L/Kg, respectively) revealed that
distribution of $8 is not only limited to interstitial fluid and
blood but also to biological membranes. The absolute oral bio-
availability of $8 was found to be 9.9%, which is remarkable
for a peptidic drug obtained by the relatively simple modifi-
cation of N-methylation.

N-Methylation Chatterjee et al.

Multiple N-Methylation Imparts Subtype
Selectivity to Integrin Ligands:

Design Approach. Instead of the commonly used library
approach, we envisioned an approach using designed multi-
ple N-methylation, where only the externally oriented amide
bonds were targeted.'” This was based on our experience of
the somatostatin analogs, where N-methylation of only the
externally oriented amide bonds results in the bioactive ana-
logs, whereas targeting the internally oriented ones distorts
the bioactive conformation. To test our hypothesis, we chose
to N-methylate a cyclic hexapeptide allb$3 integrin receptor
antagonist, cyclo(-G'R2G3D*f°L®-)** (Figure 12, R1) in an
attempt to confer oral bioavailability. allbs3 is the most abun-
dant integrin on the surface of platelets and mediates forma-
tion of thrombi by platelet aggregation. In the final step of
blood clot formation, the activated allb33 binds to the blood
glycoprotein fibrinogen to cross-link platelets in a growing
thrombus. Thus compounds that compete with fibrinogen in
binding to allbs3 can act as potent antithrombotic agents.*>
The preliminary design criterion in this approach is a prior
knowledge of the conformation of the lead peptide. An added
advantage would be knowledge of its active sequence.

Selectivity. The activity and selectivity of the lead com-
pound R1 and seven N-methylated analogs (R2—R?7) are
shown in Table 2. The lead structure was unselective; how-
ever, satisfactory activity and selectivity toward allbg3 was
first obtained in R4, where the Arg® was N-methylated. The
preferred allb3 selectivity is due to the hexapeptidic ligands,
where the -RGD- recognition sequence is part of the gll-turn
(Figure 12B), and particularly by an extended conformation in
this g-turn, such that the guanidine and the aspartic acid
groups are farthest apart (length of binding pocket: allf3 >
a581 > avp3).?”

Absence of selectivity in R1 is due to the conformation of
cyclic hexapeptides of the family cyclo(-p-Xaa-L-Xaas-) (Xaa =
all amino acids except proline and glycine) exhibiting a “pre-
ferred” II' and flexible gll/Al-turn. This flexibility about the rec-
ognition motif RGD results in lower selectivity. However, when

FIGURE 11. Front and side view of the solution conformations of (A) 82 (note the “bend” in the backbone) and (B) $8 (complete loss in the

“bend” by N-methylation).
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FIGURE 12. (A) R1 with two g-turns (solvent exposed amides (red) targeted for N-methylation) and (B) stereoview of cyclo(-GRGDfL-) (R1).
Note the stabilizing y-turns about Asp* and Gly' (similar as that discussed above for the somatostatin hexapeptides).

TABLE 2. IC5, (nM) of the N-Methylated Analogs and Cyclo(-
GRGDfL-) toward Different Integrins®

no. analogue o541 avps3 allbf3  avp3/allbp3
R1 ¢(-GRGDfL-) 740 100 195 0.5
R2  ¢(-GRGDfL") 3900 103 560 0.2
R3 ¢(-GRGDfL-) 4300 490 2000 0.2
R4  ¢(-GRGDfL-) 1200 770 12 64

R5 ¢(-GRGDfL-) >20000 1200 620 2

R6 c(-GRGDfL) ~20000 1300 15 86

R7  ¢(-GRGDfL-) >20000 2730 165 16

R8 (-GRGDfL) >20000 12,200 30 406

“ N-methylated residues are in bold.

Arg? is N-methylated, the flexibility is reduced and the gll/Bl-
turn is presented in an extended orientation, affecting both the
activity and selectivity of the ligand.

ICs values suggest that N-methylation at p-Phe® is not tol-
erated; whereas N-methylation at Leu® is favored and results
in enhanced selectivity of R6. The most surprising result was
the activity and selectivity profile of R8, where all the three
sites are N-methylated, in contrast to R5, where N-methyla-
tion of p-Phe” results in the loss of activity. Thus, one would
also expect a further loss in the activity in R8; instead a tre-
mendous enhancement in the selectivity was observed with a
slight loss in activity.

The solution conformations reveal the reduced flexibility in
the B-turn about Arg? and Gly? in R4; in addition, we observe
a kink in the backbone about Gly' and Asp* in R1 (Figure
12B), a pattern that was also observed in the somatostatin
analogs and is probably typical of the cyclo(-p-Xaa-L-Xaas-)
class of peptides. This kink helps in the formation of a y-turn
about Gly3, preventing an extended conformation in the
B-turn and bringing the side chains of Arg? and Asp* in close
proximity, which is favored for binding to av/33. This Kink is
lost partially by the N-methylation of Arg? resulting in the loss
in binding to av3 in R4 (Figure 13A). A total loss in the Kink
is observed by N-methylation of b-Phe® in R7 and in R8 (Fig-
ure 13B), presenting the peptide in a “flat” conformation.

Docking (Figure 13C) revealed differences in the upper part
of the peptides, where N-methylation of p-Phe® in R8 com-
pared with R4 lowered the z—x interaction between the
phenyl rings with 43-Tyr'2? and a change in the preferred ori-

entation of Leu® carbonyl group to form hydrogen bond with
B3-Arg?'* side chain. Unfortunately, docking could not give a
clear distinction between the binding of the ligands to av3
and allbj3.

FIGURE 13. Conformation of (A) R4 and (B) R8 and (C) docked R4 (yellow) and R8 (pink) in the allbs3 integrin. allb subunit is represented
by the green surface, 53 by the violet, and metal ion by the magenta sphere. Reproduced with permission from ref 17. Copyright 2007

American Chemical Society.
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We have shown that a designed approach to multiple
N-methylation based on the conformation of the stem pep-
tide leads to the development of very potent and receptor sub-
type selective ligands. Unfortunately, these peptides showed
low permeability in the Caco-2 test. Although these peptides
might show enhanced duration of action due to proteolytic
stability, we discontinued the project due to lack of enhanced
permeability.

Summary

Mono- and multiple N-methylations of cyclic peptides were
investigated to elucidate their remarkable conformational
modulation ability by imparting steric constraints in the pep-
tidic backbone and to improve the pharmacokinetic profile of
the peptides in order to be used as drug leads. The develop-
ment of simplified and easily scalable synthesis of N-methy-
lated amino acids in solution and of peptides in solid phase
accelerated the N-methyl scanning technique of peptides. The
elucidation of the conformational impact of N-methylation on
cydlic peptides highly facilitates the design of bioactive pep-
tides by “spatial screening’, wherein the side chains in the
template structures are functionalized by appropriate pharma-
cophores. The improvement of oral bioavailability by multi-
ple N-methylation is a significant advance toward the
development of peptide-based therapeutics, which has ham-
pered over the years due to poor pharmacokinetic proper-
ties. Multiple N-methylation resulted in enhancement in the
activity and selectivity of receptor subtypes using either library
or designed approaches and helps in understanding finer
details of the bioactive conformation. Thus, with these diverse
properties, we foresee a bright future for peptide chemistry by
multiple N-methylation toward their development as a thera-
peutic prototypes.
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What I cannot create, | do not understand.—Richard P. Feynman

-Sheets consist of extended polypeptide strands (5-strands) connected by a network of hydrogen bonds and occur

widely in proteins. Although the importance of S-sheets in the folded structures of proteins has long been rec-
ognized, there is a growing recognition of the importance of intermolecular interactions among j3-sheets. Intermolec-
ular interactions between the hydrogen-bonding edges of j3-sheets constitute a fundamental form of biomolecular
recognition (like DNA base pairing) and are involved protein quaternary structure, protein—protein interactions, and
peptide and protein aggregation. The importance of $-sheet interactions in biological processes makes them poten-
tial targets for intervention in diseases such as AIDS, cancer, and Alzheimer’s disease.

This Account describes my research group’s use of chemical model systems to study the structure and interactions of
p-sheets. Chemical model systems provide an excellent vehicle with which to explore j3-sheets, because they are smaller,
simpler, and easier to manipulate than proteins. Synthetic chemical models also provide the opportunity to control or mod-
ulate natural systems or to develop other useful applications and may eventually lead to new drugs with which to treat
diseases.

In our “artificial -sheets”, molecular template and turn units are combined with peptides to mimic the structures of par-
allel and antiparallel 5-sheets. The templates and turn units form folded, hydrogen-bonded structures with the peptide groups
and help prevent the formation of complex, ill-defined aggregates. Templates that duplicate the hydrogen-bonding pattern
of one edge of a peptide S-strand while blocking the other edge have proven particularly valuable in preventing aggre-
gate formation and in promoting the formation of simple monomeric and dimeric structures.

Artificial 5-sheets that present exposed hydrogen-bonding edges can form well-defined hydrogen-bonded dimers. Dimer-
ization occurs readily in chloroform solutions but requires additional hydrophobic interactions to occur in aqueous solu-
tion. Interactions among the side chains, as well as hydrogen bonding among the main chains, are important in dimer
formation. NMR studies of artificial 5-sheets have elucidated the importance of hydrogen-bonding complementarity, size
complementarity, and chiral complementarity in these interactions. These pairing preferences demonstrate sequence selec-
tivity in the molecular recognition between j-sheets.

These studies help illustrate the importance of intermolecular edge-to-edge interactions between [-sheets in peptides
and proteins. Ultimately, these model systems may lead to new ways of controlling 5-sheet interactions and treating dis-
eases in which they are involved.

Published on the Web 09/18/2008 ~ www.pubs.acs.org/acr Vol. 41, No. 10 = October 2008 = 1319-1330 = ACCOUNTS OF CHEMICAL RESEARCH = 1319
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Introduction

During the past 17 years, my co-workers and | have studied
p-sheet structure and interactions by developing peptide-based
chemical model systems in which synthetic building blocks of
our own design help induce -sheet folding, structure, and
interactions. The studies began with the development of
chemical models of protein 5-sheets in which molecular tem-
plates induce f-sheet structure in attached peptide strands in
chloroform solution. The serendipitous discovery of well-de-
fined dimerization interactions among these structures lead to
an appreciation of the importance of molecular recognition
involving S-sheet interactions among peptides and proteins. A
desire to more closely mimic biological systems, in which sol-
vation plays a key role, lead to systems that fold and inter-
act in water. Ongoing efforts are focused on developing
p-sheet systems that inhibit peptide aggregation and bind pro-
teins through p-sheet interactions.

Our initial efforts began with the development of turn struc-
tures that loosely resemble the amide-based f-turn structures
prevalent in peptides and proteins.' Inspired in part by pep-
tides and proteins and in part by DNA, we developed a urea-
based turn structure, which we termed a “molecular scaffold”.
Like a -turn, the molecular scaffold allows two groups (G,
and G,) to be held in proximity. Unlike peptides and proteins,
the urea-based turn can be concatenated to form triurea
molecular scaffolds and larger organized structures. We ini-
tially focused on structures in which the urea groups are con-
nected by trimethylene chains (-CH,CH,CH,-), because they
form hydrogen-bonded ten-membered rings like those found
in p-turns. We subsequently explored structures in which the
urea groups are connected by dimethylene chains (-CH,CH-)
and found that these structures form hydrogen-bonded nine-
membered rings that are more stable than those of the larger
homologues.*>
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Several key influences set the stage for this work. There
had been considerable interest in mimicking peptide and pro-
tein turn structures, with the goal of duplicating the structural
and functional properties of proteins or creating peptide and

protein analogues with improved pharmacological properties.*
Gellman and co-workers had published a series of fascinat-
ing papers on the formation of turn structures in simple amide
derivatives.® (This work served as the starting point for the
important area that Gellman subsequently termed “foldam-
ers”.?) I had previously developed a xanthene-based molecu-
lar template while a postdoctoral scholar and had become
fascinated by the ability of intramolecular hydrogen bonding
to control structure and reactivity in this system.” I had also
become fascinated with the observation of Shudo and
co-workers that secondary amides with both alkyl and aryl
groups on the amide nitrogen atom prefer a conformation in
which the aryl group is trans to the carbonyl group,® and |
envisioned using this observation to control the conforma-
tion of our oligourea molecular scaffolds.

N-G
il

xanthene
molecular scaffold

Artificial f-Sheets

The resemblance of our urea-based turns to g-turns inspired
us to combine our molecular scaffolds with amino acids to
form structures that we termed “artificial S-sheets”.2~'" In our
first foray into this area, we constructed an artificial g-sheet (1)
composed of two dipeptides attached to a diurea molecular
scaffold with a dimethylene chain. "H NMR spectroscopic stud-
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artificial B-sheet 1

ies showed that the molecule adopts a hydrogen-bonded
f-sheet-like structure in chloroform (CDCl5) solution and that
the phenyl group on the diurea scaffold helps control the rel-
ative orientation of the two dipeptide strands. Unlike natu-
rally occurring g-turns, which form antiparallel 5-sheets, the
urea-based turn structure of 1 forms a parallel 5-sheet.

The formation of hydrogen-bonded f-sheets with well-de-
fined structures proved challenging, even in noncompetitive
solvents such as CDCl5, which facilitate hydrogen bonding.
Artificial S-sheet 1 teeters on an equilibrium between folded
and unfolded states. The equilibrium readily permits the eval-
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uation of the propensities of different amino acids to adopt
p-sheet structures. We subsequently used a related system,
artificial g-sheets 2, to evaluate the propensities of glycine, ala-
nine, valine, and leucine to adopt $-sheet structures.'? The

I O Rg H
INJ\N/'\”/N
HeS M o
:28 )03; My
2%,

" N/HfN‘Me

PoH

Ph 0

artificial B-sheets 2
Ry, Ry = H (Gly), Me (Ala), i-Pr (Val), i-Bu (Leu)
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propensities of these amino acids to adopt -sheet structures
was widely known from their statistical occurrence in protein
secondary structures (commonly referred to as the
“Chou—Fasman parameters”)'® and from empirical studies.'*
Our studies showed that the propensities of valine and leu-
cine to adopt -sheet structure is greater than that of alanine,
which in turn is greater than that of glycine (V, L > A > Q).
These results largely match the established propensities (V >
L > A > C) and demonstrate that even relatively simple model
systems can provide information relevant to the folding and
interactions of larger proteins.

Inspired by artificial 5-sheet 1, my co-workers and I con-
templated constructing larger artificial g-sheets with longer
peptide strands and more peptide strands. We synthesized
artificial g-sheet 3, which comprises two tripeptides, but did
not seriously pursue its characterization because of concerns
about the potential for incomplete folding and aggregation.'>
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artificial B-sheet 3

Instead, we pursued additional tactics to enhance the folding
of our artificial 5-sheets and reduce uncontrolled intermolec-
ular interactions.

To enhance folding and reduce uncontrolled intermolecu-
lar interactions, we introduced a second template that mim-
ics the hydrogen-bonding pattern of one edge of a peptide in
a fB-strand conformation.'®'” The template consists of a
5-amino-2-methoxybenzoic acid amide or hydrazide and
offers the same pattern of hydrogen-bonding groups as one
edge of a peptide pg-strand. We termed the template a
“p-strand mimic.” Artificial g-sheets 4 and 5 illustrate the struc-
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tures of the g-strand mimic and show how it hydrogen bonds
to the adjacent peptide strand. In contrast to artificial f-sheets
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1 and 2, these structures are largely or wholly folded in CDCl5
solution. Also, in contrast to the earlier artificial -sheets, these
compounds mimic the hydrogen-bonding pattern of antipar-
allel p-sheets.

Part of the inspiration for the g-strand mimic came from the
2,8-diaminoepindolidione template developed by Kemp and
co-workers.*® This template provides the same pattern of
hydrogen-bonding groups as one edge of a peptide in a
p-strand conformation and induces a 2-fold symmetrical
p-sheet structure when combined with suitable peptides to
form artificial g-sheet 6. The effectiveness of the template in
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2,8-diaminoepindolidione-templated B-sheet 6

inducing folding demonstrated the benefits of a preorganized
hydrogen-bonding template. In artificial 5-sheets 4 and 5 and
in subsequent systems, we have used 2-methoxybenzoic acid
amide and hydrazide derivatives to create preorganization
through intramolecular hydrogen bonding.
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Our dual-template strategy permitted the preparation of
larger artificial 5-sheets. We explored ways of extending the
template by synthesizing and studying artificial S-sheets
7—9.'819 We extended the dual-template strategy to prepare
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a variety of three-stranded artificial -sheets, including 10a,
10b, 11, and 12.2°22 All of these artificial -sheets exhibit
robust folding in CDCl5 solution.
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Artificial f-Sheets That Dimerize

Relatively little intermolecular interaction occurs among artifi-
cial 5-sheets 1, 2, 4, 5, and 7—12, because most of the hydro-
gen-bond-donor groups are satisfied by intramolecular hydrogen
bonding or blocked by the phenyl group of the molecular scaf-
fold. In preparing and studying artificial 5-sheets 13, we observed
the formation of the well-defined hydrogen-bonded dimers
13-13.23 This observation brought to our attention the impor-
tance of edge-to-edge interactions among S-sheets.

*m ’w e
*mcﬁ

artificial B-sheets 13

13a Ry = Rppe, R2 = Rjje, R3 = Rieu
13b Ry = Rp.nitroPhes B2 = Rval, Ra = Rivet

NC

artificial B-sheet dimers 13¢13

In artificial g-sheets 13, the peptide strand presents an
exposed edge with two hydrogen-bond-donor groups and two
hydrogen-bond-acceptor groups available to form four inter-
molecular hydrogen bonds. In CDCl5 solution at millimolar
concentrations, 13 forms well-defined hydrogen-bonded
dimers through interaction of this exposed edge. Artificial
fp-sheet 13a dimerizes with an association constant of 600
M~ while artificial 8-sheet 13b dimerizes with an associa-
tion constant of 90 M~". This interesting difference between
the two homologues suggests that interactions among the side
chains, as well as hydrogen bonding among the main chains,
are important in molecular recognition between S-sheets.

This mode of edge-to-edge interaction among S-sheets con-
stitutes a fundamental form of biomolecular recognition.** It
occurs widely in protein quaternary structure, mediates
protein—protein interactions, and is involved in peptide and pro-
tein aggregation. The structure of the interleukin 8 dimer illus-

1319-1330 = October 2008 = Vol. 41, No. 10





trates this mode of interaction in an actual protein.?> In
collaboration with bioinformatics researchers, we have devel-
oped a database of intermolecular 5-sheet interactions among

B-sheet dimer of interleukin 8 (PDB ID 1il8)

proteins, which we have called the “Interchain s-Sheet (ICBS)
Database.”*%”

Amino Acids That Induce f-Sheet Folding
and Dimerization

The syntheses of all of the artificial g-sheets described above
required specialized techniques and methodology because the
peptide strands are attached to the molecular scaffold by urea
linkages. To synthesize these structures, we developed meth-
ods for the preparation of peptide isocyanates (a hitherto unre-
ported class of compounds) and improved methods for the
synthesis of amino acid ester isocyanates.?®3° The isocyan-

o A

o
o:c:N\)’\OR OZC:N\/U\N)\”/R‘R
:H

amino acid ester isocyanate peptide isocyanate

ates were used primarily in solution-phase syntheses of the
artificial 8-sheets; additional methods were developed for the
solid-phase syntheses.?"

A major advance in the design and synthesis of artificial
p-sheets came through the introduction of an unnatural amino
acid “Hao” based on the g-strand mimic of 13.3% The amino
acid is composed of hydrazine, 5-amino-2-methoxybenzoic
acid, and oxalic acid, hence the name Hao, and mimics the
hydrogen-bonding edge of a tripeptide in a g-strand confor-
mation. Because Hao is an amino acid, it can be incorporated
into peptides through standard solid-phase peptide synthesis
techniques. This feature makes Hao-containing peptides faster
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Boc Hao OH (14)

e

Fmoc -Hao-OH (15}

t-Bu

t-Bu

and easier to prepare than other artificial 5-sheets. We devel-
oped both a Boc-protected version of Hao (14) and a version
protected by the 2,7-di-tert-butyl analogue of the Fmoc pro-
tecting group (Fmoc”), which we created to address the poor
solubility of Fmoc derivatives in organic solvents.>®> We have
used the latter version, Fmoc*-Hao-OH (15), extensively in sol-
id-phase synthesis of Hao-containing peptides.

The amino acid Hao promotes S-sheet folding and interac-
tions among peptides that contain it. The peptide i-PrCO-Phe-
Hao-Val-NHBu (16) forms the j-sheet dimer 16-16 in CDCl5
solution.®? The association constant (ca. 1065 M) is far

Behe Rval

Fil et

i-PrCoO- Phe Hao-Val-NHBu (16)

Bw&w@% ALy

Rya O : E RPhe
Rphe Bva

25, wwwm

i-PrCO-Phe- Hao Val-NHBu dimer 1616

greater than that of simple peptides or of artificial 5-sheets 13,
reflecting the preorganization of the Hao amino acid and the
energetic contributions of six intermolecular hydrogen bonds
in a noncompetitive organic solvent. Addition of methanol
(CD50D) weakens the dimer by competitively hydrogen bond-
ing to the monomer; in 10% CD;0D—CDCl;, the dimeriza-
tion constant drops to 900 M.

Bartlett and co-workers have subsequently reported a
clever system based on 1,2-dihydro-3(6H)-pyridinone units,
which they termed “@-tides”, that also induces j-sheet fold-
ing and interactions among peptides.>* The @-tide Ac-Phe-
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Ach-Leu-Ach-lle-NHMe (17), for example, forms hydrogen
bonded S-sheet dimer 17-17 in CDCl; solution. Bartlett and

Ac-Phe- Ach Leu-Ach-lle- NHMe (17)

Rlle b RLeub RPhe
N\)J\ .Me
RPhe g RLeu (mj/ R||e

Ac-Phe-Ach- Leu Ach-lle- NHMe dimer 17+17

co-workers have used the @-tide peptidomimetic system to
study amino acid side-chain interactions within s-sheets and
to bind protein PDZ domains through f-sheet interactions.®

The amino acid Hao lead us to think about studying
p-sheet folding and interactions in purely peptidic systems and
allowed us to rapidly design and synthesize molecules that
participate in these interactions. Another major advance came
through the combination of the S-strand mimic Hao with
another amino acid, ornithine.>® By linking Hao to the
o-amino group of ornithine to create Orn(j-PrCO-Hao), we cre-
ated a hybrid amino acid consisting of both a f-strand mimic
and a turn unit. The 6-linked ornithine in this hybrid struc-

o
HN I,

HZC
H
HgC )H( \@ N i-Pr
Om{i-PrCO-Hao)

o}

H
Fmoc’N:JJ\OH

H
ch )H( Oﬁ‘\ N\n// Pr
Fmoc-Orn(i-PrCO-Hao)- OH (18

ture is akin to the molecular scaffold in our artificial f-sheets
or a -turn in a peptide or protein. The Orn(i-PrCO-Hao) amino
acid can be incorporated into peptides through standard solid-
phase peptide synthesis techniques using Fmoc-Orn(i-PrCO-
Hao)-OH (18).

1324 = ACCOUNTS OF CHEMICAL RESEARCH

Peptides containing Orn(i-PrCO-Hao) fold and dimerize
through f-sheet interactions. The peptide o-anisoyl-Val-Orn(i-
PrCO-Hao)-Phe-lle-Leu-NHMe (19), for example, forms the well-
defined B-sheet dimer 19-19 in CDCl5 solution.?® In this

VaI Phe H Leu

©\)J\ \)J\ )ﬁ( "Me
0 HgC E R||e
Qe HgC )S( \ka \n/:Pr

o-anisoyl-Val-Orn{i-PrC0O-Hao)-Phe-lle-| Leu NHMe (19)

Rty

*r%"? : %%@

Rieu © - : Rval :

Bval Rphe H Leu

@\)k)ﬁ('*zc 5 ° Rdnk&( "

o-anisoyl-Val-Orn(i-PrCO-Hao)-Phe-lle-Leu-NHMe dimer 19¢19

molecule, the i-PrCO-Hao unit acts as a template to enforce
f-sheet structure in the phenylalanine, isoleucine, and leu-
cine amino acids of the adjacent pentapeptide strand. The
i-PrCO-Hao unit helps block one edge of the pentapeptide
strand and prevent the formation of higher oligomers while
preorganizing the other edge to participate in s-sheet dimer
formation.

Studies of Artificial f-Sheets That Dimerize

We have used the robust dimers that form among Orn(i-PrCO-
Hao)-containing peptides to explore molecular recognition that
occurs between the edges of -sheets. The homodimers of
Orn(j-PrCO-Hao)-containing peptides equilibrate slowly on the
NMR time scale, particularly at subambient temperatures. Mix-
ing two different homodimers (shown as 20-20 and 20'-20',
Scheme 1) generates an equilibrium mixture of the
homodimers and the heterodimer (20-20'), which give dis-
tinct 'H NMR resonances associated with the hydrazide and
anilide groups. Quantification of the three species by integra-
tion or curve fitting permits the determination of the equilib-
rium constant (K). The equilibrium interchanges the pairs of
side chains that interact at the interfaces of the f-sheets: in
homodimer 20-20, R; and R: interact; in homodimer
20'-20', R,' and R5' interact; and in heterodimer 20-20', R,
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B-sheet peptide heterodimer 20¢20' V€

and Rs' and R," and Rs interact. The position of the equilib-
rium reflects the difference in interaction energy among the
side chains.

We have used this system to measure the interaction dif-
ferences among various amino acid side chains.>” For exam-
ple, we have used Orn(i-PrCO-Hao)-containing peptides with
valine and threonine groups at the R; and Rs positions
(20a—d) to study the interactions among valine and threo-
nine.>® The studies demonstrated substantial preference for
Thr—Thr and Val—Val pairing over Val—Thr pairing in 10%
CD5SOCD; in CDCl5 solution. Experiments in which the four
peptides were mixed in all six possible binary combinations
demonstrated that a Thr—Thr pair and a Val—Val pair are 0.6
kcal/mol more stable than two Thr—Val pairs. The two mix-
ing experiments that resulted in different side-chain interac-
tions (20a with 20b and 20c with 20d) showed strong
preferences for hetero- and homodimer formation. The four
experiments that resulted in no different side-chain interac-
tions (20a with 20¢, 20a with 20d, 20b with 20¢, and 20a
with 20d) served as controls and showed no significant pref-
erences. Analogous experiments with serine and valine
showed similar but slightly smaller self-pairing preferences
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and demonstrated that a Ser—Ser pair and a Val—Val pair are
0.4 kcal/mol more stable than two Ser—Val pairs.>°

These findings are significant, because they demonstrate
that pairing among f-sheets is sequence selective. These
experiments suggest that hydrogen bonding among the threo-
nine or serine side chains may play an important role in the
observed selectivity. Threonine and serine are self-comple-
mentary and can hydrogen bond together. Interestingly, the
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interaction is not selective in pure CDCl;, suggesting that the
CD5SOCD; may mediate the hydrogen-bonding interaction.*®
In subsequent studies, we have found preferences among the
hydrophobic amino acids alanine, valine, leucine, and isoleu-
cine that suggest size and shape complementarity of the
amino acid side chains are also important in sequence selec-
tivity.3°

Interactions among aromatic amino acids are generally
thought to be important in protein folding and interaction.*'
To test whether these interactions are important in molecu-
lar recognition between S-sheets, we studied the pairing pref-
erences of artificial g-sheets containing phenylalanine and
cyclohexylalanine groups at the R; and Rs positions
(20e—h).*2 We were surprised to find no preference for phe-

Rphe H

Bu :
HaC )S( I Pr
20e Ry = Rpne, Rs = RPhe
20f Ry = Rcha, Rs = Reha
209 Ry = Rphe, Rs = Roha
20h Ry = Rgha, Rs = Rphe
'Y \rﬁNJ\f A k( \n)l
;e\n/NJJ\ B3 K)J\ )\“/ \;

hydrogen -bonded
cross-strand pair

non-| hydrogen -bonded
cross-strand pair

nylalanine pairing with itself in CDCl5 solution, particularly in
light of the established importance of interactions among aro-
matic amino acids in the folding of S-hairpin peptides.*® Sta-
tistical studies of Phe—Phe pairings within protein g-sheets
shed light on this interesting finding: Phe—Phe pairings occur
frequently in the hydrogen-bonded cross-strand pairs of anti-
parallel 5-sheets but not in the non-hydrogen-bonded cross-
strand pairs.?”>¢ Examination of non-hydrogen-bonded cross-
strand Phe—Phe pairs at the interface between antiparallel
p-sheets in the ICBS database showed little significant con-
tact between the aromatic rings. Collectively, these studies
suggest that Phe—Phe interactions within the non-hydrogen-
bonded cross-strand pairs do not appear to mediate interac-
tions between antiparallel g-sheets. Although contact between
aromatic rings is favorable when geometry permits, the ener-
getic penalty of achieving such contact apparently offsets the
energetic benefit in proteins and in this model system.
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Chemical model systems permit the testing of ideas and
relationships that cannot readily be studied with naturally
occurring peptides and proteins. In 1953, Pauling and Corey
speculated on the rippled-sheet structure that might form when
alternate strands of L- and p-polypeptides hydrogen bond
together to form p-sheets.** In contrast to the pleated-sheet
structure of naturally occurring peptides and proteins, which
are composed wholly of homochiral strands (L-polypeptides),*>
the side chains of the adjacent polypeptide strands of the
hypothetical heterochiral structures point in opposite direc-
tions. To test the relative stability of homochiral and hetero-
chiral 5-sheets, we mixed all-L-polypeptide homochiral dimers
20-20 and all-p-polypeptide homochiral dimers ent-20-ent-20
in CDCl; solution and quantified the formation of heterochiral
dimers 20-ent-20 by 'H NMR spectroscopy.*® Homochiral
dimer formation was favored strongly, by 3.1—4.2 kcal/mol,
in the three systems that we studied (20d,i,j and ent-20d,ij).
These results clearly demonstrate that homochiral pleated
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20d, ent-20d Ry = Ry, Rs = Ry

20i, ent-20i Ry =Ry ey Rg = ALy
20j, ent-20j Ry =Ry, Rs =Rl

p-sheets are far more stable than heterochiral rippled g-sheets.
The greater stability of the homochiral g-sheets might result
from favorable nonbonded contacts between side chains of
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the homochiral g-strands, the complementary twisting of
homochiral s-strands, or some other factor.

All of the dimers described thus far involve the formation
of antiparallel g-sheets. Parallel 5-sheet formation, although
less prevalent in protein—protein interaction, is widely
involved in peptide and protein aggregation.*” The aggrega-
tion of peptides and proteins has emerged as the key molec-
ular process in many devastating neurodegenerative diseases,
such as Alzheimer’s, Huntington’s, and the prion diseases, as
well as a variety of other diseases. To study this important pro-
cess, we have developed artificial S-sheets that dimerize
through parallel p-sheet interactions.*® Artificial -sheets 21
consist of two dipeptides that are N-terminally linked with suc-
cinic acid and combined with suitable turn and template units.
The artificial g-sheets form the well-defined dimers 21-21 in

M@NJY r ”vw ﬁ )\m
“2er */@ T

art|f|0|al B-sheets 21
21a Ry = Riey, R2 = Riey, Rz = Riie, Rg = Ryal
21b Ry =Ryiey, R2 = Riey, R3 = Riey, Rga=Rya
21¢ Ry = Riey, B2 = Raja, R3 = Bloy, R4 =Rap
21d l:‘1 = F‘Leu, F‘2 = RLeu. R3 = F{Leu, R4 = I:{Ala
21e Ry = Rppe, R2 = Rieu, R3=Riie, R4 = Raia
211 F{1 = F‘Leu, RZ = F{Phe, RS = l:‘Leu, F{4 = RAIa

parallel B-sheet dimers 2121

CDCl; solution in which the two dipeptides interact by paral-
lel g-sheet formation. In ongoing studies, we are using artifi-
cial g-sheets 21 to investigate interactions among amino acid
side chains in parallel g-sheets.

Artificial f-Sheets That Fold and Dimerize
in Water

Studying the folding and interactions of peptides and proteins in
water is important, because water is ubiquitous in natural bio-
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logical systems. Most small peptides do not adopt well-defined
folded structures in aqueous solution. Hydrogen bonding plays
a smaller role in stabilizing folded structures in water, because
water hydrogen bonds to peptide amide groups. Hydrophobic
interactions are important in folding in water and occur exten-
sively in larger proteins. In smaller peptides, it is difficult to form
the types of extensive hydrophobic structures that are generally
needed for stable folding. Small peptide $-hairpins, which con-
stitute minimal 5-sheet structures, have been created through the
judicious choice of turn and side-chain groups.*® Most of these
structures teeter on the brink of unfolding and do not tolerate
substantial changes in amino acid sequence.

To evaluate the suitability of our d-linked ornithine turn
unit to create f-sheet structures that fold in water, we com-
pared the d-linked ornithine turn to g-turns in a water-solu-
ble B-hairpin peptide.>® Gellman and co-workers had shown
that Arg-Trp-GIn-Tyr-Val-p-Pro-Gly-Lys-Phe-Thr-Val-GIn-NH,
(22) folds into a well-defined B-hairpin structure.>' We com-
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Arg-Trp-GIn-Tyr-Val-D-Pro-Gly-Lys-Phe-Thr-Val-GIn-NH, (TFA salt, 22)
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JKr ey
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Arg-Trp-GIn-Tyr-Val- 8Orn—Lys-Phe Thr-Val-GIn-NH, (TFA salt, 23)

pared this peptide to analogue Arg-Trp-GIn-Tyr-Val-°Orn-Lys-
Phe-Thr-Val-GIn-NH,, (23), in which the p-Pro-Gly turn was
replaced with ¢-linked ornithine (°Orn) and found both pep-
tides to exhibit comparable degrees of g-hairpin folding. °Orn-
peptide 23 showed superior folding to the homologue with a
turn unit based on Asn-Gly, which is also known to form
p-turns and support g-hairpin formation. Peptides in which the
o-linked ornithine turn structure was replaced with é-aminova-
leric acid, d-linked p-ornithine, or e-linked lysine showed lit-
tle or no p-hairpin folding. Collectively, these studies
established that the d-linked ornithine turn is well suited to
creating f-sheet structures that fold in water.

A limitation of existing S-hairpin structures is that specific
amino acid sequences are required to achieve -sheet fold-
ing. We envisioned that -sheets that fold in water without
requiring specific amino acid sequences would be particularly
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well suited to studying and controlling the types of intermo-
lecular interactions between f-sheets that occur among pro-
teins and in peptide and protein aggregation. Such
preorganized -sheets would allow us to explore the effects of
different amino acid side chains and sequences upon inter-
molecular interactions without having to account for the dif-
fering propensities of different amino acids to adopt -sheet
structures.

To create S-sheets that do not require specific amino acid
sequences to fold in water, we developed macrocyclic struc-
tures 24, which comprise two d-linked ornithine turns, the Hao
amino acid g-strand mimic, a pentapeptide strand, and two
additional amino acids.>* We termed the 42-membered ring

HSNQLJ\WJLJ\WJLJ\W o
Hzc )J\A/\flﬂ)kff@fk \H/\NH3

cyclic modular B-sheets 24 (TFA salt) Me
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24e R1=Rpja, R2=Rje, R3=Riie, R4=Rala, R5=RLeu, Re=RLeu, R7=RLys
24f R1=Raja, Ro=Rye, R3=Rie, R4=Rphe, Rs=RLeu: Re=RLeu, R7=Riys
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macrocycles “cyclic modular s-sheets”. Cyclic modular -sheets
24 tolerate a variety of peptide sequences while generally
maintaining well folded or at least moderately folded S-sheet
structures. The °Orn turn and Hao template units help main-
tain a fS-sheet conformation in the pentapeptide strand and
block one edge of the pentapeptide while leaving the other
edge available to participate in intermolecular g-sheet inter-
actions. The macrocycles can be connected through the
a-amino groups of the °Orn turn units to create multivalent
p-sheet structures with more than one g-sheet domain, such
as linked cyclic modular g-sheet 25.

We hypothesized that macrocyclic g-sheets that present a
larger p-sheet edge might form dimers in water and tested this
hypothesis with macrocyclic -sheets 26.> Macrocyclic 8-sheets
26 comprise two o-linked ornithine turns, two Hao amino acids,
a heptapeptide strand, and one additional amino acid in a
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54-membered ring. Most of the variants of these 54-membered
ring macrocycles that we prepared and studied form well-de-
fined S-sheet dimers 2626 through edge-to-edge interactions in
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water at millimolar concentrations. The dimers further self-as-
semble to form dimers of dimers (tetramers), or in some cases
higher oligomers, through hydrophobic face-to-face interactions.
Macrocydlic peptide 26a, for example, forms dimer of dimers
26a-26a—26a-26a, in which the phenylalanine and tyrosine
groups at the R3 and Rs positions create a hydrophobic core that
stabilizes the hydrogen-bonded dimers. This tetramer is reminis-
cent of a B-sandwich protein, which has a hydrophobic core
between two S-sheets.

The free dimers 2626 are never observed, and those vari-
ants of 26 that do not self-assemble to form higher oligomers
at millimolar concentrations do not dimerize. The requirement
that the dimers further self-associate and that the resulting oli-
gomers form a hydrophobic core suggests that hydrogen
bonds alone are not generally sufficient to stabilize -sheet
structure and interactions in water and that additional hydro-
phobic interactions are necessary. In ongoing investigations,
we are studying related macrocyclic g-sheets that bind a small
protein through edge-to-edge (-sheet interactions and appro-
priate additional contacts.

Conclusion

By using a bottom-up approach to create molecules that
mimic S-sheets, we have learned about the structure and inter-
actions of 5-sheets. Molecules that fold to form S-sheet struc-
tures in chloroform solution can be created by combining
suitable turn, template, and peptide units. If the molecules
present a preorganized -sheet edge, the molecules form well-
defined hydrogen-bonded dimers. These types of edge-to-
edge interactions among S-sheets are important in protein
quaternary structure, protein—protein interactions, and pep-
tide and protein aggregation. Molecules that fold to form
[-sheet structures in water are harder to create but can be
formed by combining suitable turn, template, and peptide
units to make macrocycles. Macrocyclic 5-sheets can interact
through edge-to-edge interactions in water if additional face-
to-face hydrophobic interactions permit higher oligomer for-
mation. Ongoing studies are focused on the interaction of
macrocyclic g-sheets with g-sheet proteins and peptides that
aggregate through -sheet formation. Through these studies,
we aim to continue to learn how to control g-sheet interac-
tions in biological systems.

I am deeply indebted to all of my co-workers, named in the ref-
erences, who have done the experimental research described in
these studies. We thank the National Institutes of Health (Grant
GM-49076) and the National Science Foundation for financial
support.
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U nlike a-amino acids, peptides formed from S-amino acids (5-peptides) display stability toward enzymatic deg-
radation and may form turns and helices with as few as four residues. Because both the C, and C; of the
p-amino acid may bear substituents, a large number of $-amino acids can be synthesized. 3-Peptides form various
well-defined secondary structures, including 14-helix, 12-helix, 10/12-helix, 10-helix, 8-helix, turn structures, sheets,
and hairpins. For all of these reasons, -amino acids have been increasingly used as building blocks for molecular
design and pharmaceutical applications.

To explain the conformational features of S-peptides, several quantum mechanics and molecular dynamics stud-
ies that rationalize the observed conformational features have been reported. However, a systematic account that uni-
fies various factors critical to the conformational features is still lacking. In this Account, we present a detailed analysis
of the conformational features of various S-peptides. We start by studying the basic local conformational features of
p-peptides using di- and tripeptide models. Then, various secondary structures of unsubstituted S-peptides with dif-
fering numbers of residues are investigated using a repeating unit approach to derive the intrinsic backbone confor-
mational features.

We find that the 10/12-helix is intrinsically most stable for the S-peptide backbone. The 14-helix, 12-helix, and
10-helix structures have similar stabilities for S-peptide backbones of four to six residues. The substituent effects on
the stabilities of S-peptide secondary structures are then analyzed. Combined with the substituent effect and the intrin-
sic backbone preferences, all experimental observations of secondary structure formation can be understood. For exam-
ple, the 10/12-helix is favored for like-32/53-peptides, unlike-3>/33-peptides, and 3/5-hGly-peptides because these
substitution patterns do not cause steric problems for the 10/12-helix. 53-Peptides, 3>-peptides, and 5*3-peptides favor
the 14-helix because the substituents in these peptides benefit the 14-helix the most but significantly destabilize the
10/12-helix. Because the 10/12-helix is intrinsically favored and has two favorable positions in each residue for sub-
stituents, many more hybrid S-peptides are predicted to exist in this secondary structure, which suggests the need
for further experiments. These results are valuable for determining the best use of these building blocks in the design
of well-structured molecules with desirable chemical functions.

Introduction decade.' 3 Several major findings have been made:

The 8-Peptide, formed by A-amino acids (3-AAs), has (1) f-Peptides can form various well-defined second-
been a subject of intensive study in the past  ary structures.* ® Unlike a-peptides, B-peptides as
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FIGURE 1. Schematics of oc-amino acids and -amino acids.

short as four residues may form helical or turn structures in
hydroxylic solvents, allowing structure-based molecular design.
(2) In contrast to a-peptides, -peptides normally display stabil-
ity toward enzymatic degradation,” such as proteolytic® and
metabolizing enzymes in microorganisms,® insects,'® and mam-
mals."" This makes -amino acids useful building blocks in pep-
tidomimetic drug design. (3) Significant progress has been made
in using B-peptides to mimic biological functions of o-peptidic
secondary  structures. These include antibiotic,'>~'*
anticancer,'>~ '8 and anti-HIV functions,’®2° DNAZ"22 and RNA23
binding, and cell penetration.?*

Since a -amino acid can have substituent(s) at both C, (C5)
and C; (C) positions, in principle, a f-amino acid has much
richer possible derivatives than an a-amino acid. Indeed,
many methods have been developed for the synthesis of
B-AAs.>>~28 Given in Figure 1 are some B-AAs. The parent
B-AA is often called B-hGly or g-Ala. f-AAs and f33-AAs have
a substituent at the C, and C; positions, respectively. When
both C, and C; are alkyl-substituted, we can have like [(RR) or
(S,5) configuration] and unlike [(R,S) or (S,R)] 5>3-AAs. Other
types of di- and trisubstituted -AAs are defined in a similar
way. It is expected that the bank of s-peptide derivatives is
very rich by combining different types of -AAs to form amide
bonds.

As shown in Figure 2, a -peptide can form various differ-
ent patterns of hydrogen bonds, which result in various sec-
ondary structures. The stereoviews of these secondary
structures are shown in Figure 4a. A 14-helix is formed by
contiguous 14-membered ring (14-mr) hydrogen bonds
between the N—H of the ith residue and the C=0 of (i + 2)th
residue. In a similar way, a 12-helix is formed by contiguous
12-mr hydrogen bonds between the C=0 of the ith residue
and the N—H of (i + 3)th residue. A 10-helix has contiguous
10-mr hydrogen bonds. If contiguous 8-mr and 6-mr hydro-
gen bonds are formed, these structures are called 8-helix (or
2g-tibbon) and Cg-ribbon, respectively. A special helical struc-
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ture with alternate 10-mr hydrogen bonds and 12-mr hydro-
gen bonds is named 10/12-helix. Different from other helical
structures, which have all the carbonyl groups oriented in the
same direction, the 10/12-helix has adjacent C=0 groups in
alternate up and down orientations. Of course, a $-strand is
also possible, which has all the carbonyl groups oriented in
nearly the same plane, allowing intermolecular hydrogen
bond formation to form sheet structures.

While the secondary structures of a-peptides are signifi-
cantly affected by side chain properties, the secondary struc-
tures of S-peptides appear to be mainly determined by the
substitution patterns. The groups of Gellman and Seebach dis-
covered the 14-helix at about the same time.?° While Gell-
man’s group studied g-peptide formed by (S,S)-2-amino-
cyclohexane carboxylic acid (trans-2-ACHC),?°33 a special
class of f>3-peptide with a six-membered backbone ring, See-
bach’s group studied 5% and 3-peptides.?93437 Later, See-
bach et al. found that (5,5)-5%3-amino acids can also form
14-helix.?® In the case of trans-2-ACHC, peptides as short as
five to six residues can exist in the 14-helix. Shortly after the
discovery of the 14-helix, Seebach’s group reported the for-
mation of the 10/12-helix by like-32/3-peptides with alter-
nate 52- and 3-AAs in the same configuration,34° (like- is
dropped hereafter). Later, unlike-33/3>-peptides*' and 83/p-
hGly-peptides were also found to form the 10/12-helix.*'
Thus, the 10/12-helix appears to be formed by alternate -AA
units. The report by Gellman’s group of the formation of
12-helix by p%3-peptides composed of trans-2-aminocyclo-
pentanecarboxylic acid (ACPC) and trans-3-amino-pyrrolicine-
4-carboxylic acid (APC) is very interesting because these 5-AA
units have five-membered ring backbones.*>~*> A 10-helix
was reported by Fleet et al. for the g-peptide formed by mono-
mers with a four-membered ring constraint.*® The structural
features of f22-peptides were also studied. While the solu-
tion structure of 4%2-peptides by dimethyl substitutions could
not be determined with certainty,*” the 8-helix was found
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FIGURE 3. Conformational features of the parent s-dipeptide and S-tripeptide models. Relative free energies are in kcal/mol.

when the g-peptide has a cyclopropane ring at the C, posi-
tion.*® An 8-helix structure was found for oxanornene -pep-
tide with constraint of C,—C, dihedral angle to about 120°*°
and S-peptide consisting of (2R,35)-3-amino-2-hydroxy acid
residues.®® In addition, g-turns,*”>" hairpin®2~>¢ and parallel-
pleated sheet>” structures were also found for -peptides.
Many theoretical studies of p-peptides have been
reported.*®>8~77 We>8"°2 and Hoffmann’s group®?~°” have
carried out extensive quantum mechanics studies of short
p-peptides both in the gas phase and in solution. Van Gun-
steren and Seebach reported a series of molecular dynamics

1420 = ACCOUNTS OF CHEMICAL RESEARCH

studies on the conformational distributions and dynamic fea-
tures of S-peptides.®® 77 These studies in general reproduce
the observed structural features well. In some cases, predic-
tions were made that were Iater confirmed by
experiments.*9>9%3 However, a systematic account of the con-
formational features of these peptides, especially systematic
evaluation of the substituent effects on secondary structure
formation is still lacking.>?®> This paper summarizes the
results from quantum mechanics studies and provides a sys-
tematic analysis of the conformational features of these pep-
tides for a more detailed understanding of the observed
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FIGURE 4. The stereoviews and energetics of various secondary structures of 5-peptides

conformational features of these peptides. A summary on the
molecular dynamics studies can be found in ref 5.

Conformational Features of Unsubstituted
p-Dipeptide

A study of a dipeptide model 1 is useful to obtain the local
conformational features of 5-peptide. Several stable confor-
mations of 1 are shown in Figure 3. Calculations indicate that
the most stable conformation is a C6 structure (1a).>® Based
onalong (N)H- - - O distance of 2.46 A and a small N—H---O
angle of 108°, this structure has only a weak hydrogen bond.
The second most stable conformation is 1b, which has a
strong 8-mr hydrogen bond. This structure is less stable than
Ta by about 1.2 kcal/mol in methanol. This conformational
preference of unsubstituted g-dipeptide is very different from
that of a-aminoxy dipeptide.”® As shown in Scheme 1, a-ami-
noxy peptide can be considered as derived from -peptide by
replacing C; (C5) with O (X = O). This type of peptide has been
found to show a characteristic tendency to form eight-mem-
bered ring hydrogen-bond local structure, leading to 8-helix
(or 2g-ribbon) structure for homologous peptides.”® An a-ami-
noxy-dipeptide can also have C6 and C8 conformations, but
its C8 structure is calculated to be more stable than the C6
structure by about 2.2 kcal/mol in methanol. The dramatic dif-

SCHEME 1. Backbone Conformational Preferences of a-Aminoxy
Peptide and p-Peptide
R., R""',-—-—o
H—N 5' -\ CNXC, favors
\X T X Perpendicular
6" N 8" NXC,C favors Gauche
0OC,C=0 favors anti
CpCyC=0 favors syn
/ \H
X=0 0.0 2.2 kcal/mol
X=CH 1.2 keal/mol 0.0

ference in the conformational features between S-peptide and
o-aminoxy-peptide can be mainly attributed to the conforma-
tional preference of the O=C—C,—X dihedral angle. For
a-aminoxy-peptide (X = 0), 0=C—C,—O strongly favors to be
anti (@about 180°) instead of syn (about 0°), because the syn
conformation would have considerable electrostatic repulsion
between the two oxygen atoms. Thus, the C6 structure, which
has syn O=C—C,—0, is destabilized. On the other hand, for
p-peptides (X = CH,), there is a preference for 0O=C—C,—C;
to be syn, also because of electrostatic reasons. Therefore, the
C6 conformation is favored over the C8 conformation.

For the f-dipeptide, the conformations corresponding to
those in 10/12-helix (1d) and 14-helix (1e) (Figure 3) are
found to be local minima, although they are less stable than
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TABLE 1. Calculated Geometrical Parameters (Experimental Data in Parentheses) of Secondary Structures of 5-Peptides?

structure residues/turn rise (A) pitch (A) ¢ (deg) u (deg) ¥ (deg)
Cgribbon 1.7 4.0 6.8 99.2 62.9 175.8
B-strand 49 180.0 180.0 180.0
10/12-helix 2.7 2.1 57 —99.3/89.5 61.3/65.9 89.9/-110.6
14-helix 3.1(3.0) 1.7 (1.6) 5.2(5.0) -141.6 59.9 -133.3
12-helix 2.7 (2.5) 2.2(2.1) 5.9(5.6) —88.5 89.3 -111.4
10-helix 2.6 2.3 6.0 735 51.3 73.6
2g-ribbon 2.2 3.0 6.7 -111.5 68.6 13.9

9 See Figure 4 for structures.

the C6 conformation. It is noted that these structures, along
with the C6 and C8 structures, all have a gauche
N—C;—C,—Csp2 dihedral angle. We believe that this gauche
conformation is stabilized by electrostatic interactions between
the negatively charged N and partially positively charged
Csp2, as shown in Scheme 1. Since such a gauche conforma-
tion is required for helical structures, we propose that this is
one of the reasons why g-peptides tend to form various heli-
cal structures.

A conformational study of unsubstituted g-tripeptide model
2 (Figure 3) reveals further interesting conformational features
of f-peptides. While the conformation with two consecutive C6
units (2a) is still most stable, and conformations with two con-
secutive C8 units are unstable (not shown),”® three structures
with 10-mr and 12-mr hydrogen bonds (2b—d) are found to
be reasonably stable, as shown in Figure 3.

Structures 2b and 2c have 12-mr and 10-mr hydrogen
bonds, respectively. They have similar stabilities in CH;0H
solution, both being about 1 kcal/mol less stable than 2a. Both
of them have alternate up and down carbonyl groups. The six
dihedral angles from ¢, to v, are almost symmetrical, espe-
cially in 2c (77.9°,61.9°, —110.5°, —90.8°, 59.2°, and 81.4°).
Most importantly, ¢,, u,, and vy, of 2b are almost the same
as ¢, u, and y, of 2¢, and vice versa. These observations
indicate that if an additional p-peptide residue extends at
either end of structure 2b or 2¢, a new 10-mr or 12-mr sta-
ble hydrogen bond will form, resulting in a repeating unit of
the 10/12-helix. The results indicate that the 10/12-helix may
be intrinsically favorable for the g-peptide backbone.

Structure 2d is also in a 10-mr strongly hydrogen-bonded
structure. It is a perfect turn structure. We predict that in
CH5OH this structure is only about 0.3 kcal/mol less stable
than 2a.>° This suggests that a f-hGly-8-hGly unit might be a
potential g-turn promoter in designing a hairpin structure.
Indeed, this unit is found in many cyclic peptides and has
been suggested to form a turn structure. Both 2c and 2d have
been found to be turn structures of p-peptides.>'—>°

10/12-Helix Is the Intrinsically Most
Favorable Secondary Structure of
Unsubstituted f-Peptide

To have a better understanding of the secondary structure for-
mation of s-peptides, we followed the strategy of studying the
intrinsic backbone preference first, followed by further consid-
eration of the substituent effects of various substitution pat-
terns on the stabilities of secondary structures. Therefore, by
using a simple repeating unit method, we theoretically stud-
ied the preferences for C6-ribbon, g-strand, 8-helix, 10-helix,
12-helix, 14-helix, and 10/12-helix structures of a series of
poly-B-hGly models, Ac-(8-hGly),-NH,, with n up to nine resi-
dues.®°

Geometry. Figure 4a shows fragments of the seven sec-
ondary structures. Some geometrical parameters are given in
Table 1. The C6-ribbon has a long O- - -H(N) distance of 2.35
A but a very small O---H—N angle of 103°. Therefore, there
is no strong hydrogen bonding. Each residue rotates by about
240°, and about 1.5 residues finish a turn. The 8-helix is very
similar to the C6-ribbon, but the larger ring is relatively more
flexible and thus has stronger hydrogen bonds. The g-strand
has all the carbonyl groups on one side. Each residue extends
about 5 A. However, the carbonyl groups form a convex struc-
ture instead of being perfectly parallel. This is because the
0=C-C, and O=C—N angles are about 122.5°, while the
C,—C—N angles are only about 115°. The 10/12-helix has
alternate 10-mr and 12-mr hydrogen-bonded structures and
features alternating up and down dipoles. Therefore, the
10/12-helices have small dipole moments. The 12-mr has a
larger O---H—N angle (163°) than the 10-mr (138°) has. We
expect that the 12-mr possesses somewhat larger stability
than the 10-mr does. The 10-mr in the 10-helix structure is
different from the 10-mr in the 10/12-helix structure. The
three dihedral angles (¢, u, ) all have positive values (74°,
51°, 74°). Compared with the 14-helix structure, the 12-helix
structure has shorter O - - H(N) distances and larger O---H—N
angles for the hydrogen bonds. As shown in Table 1, the cal-
culated values of the ¢, u, and vy dihedral angles for these
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FIGURE 5. Estimated substituent effects on the stabilities of various secondary structures of -peptides. All structures are in right-handed
rotation. The values are relative energies of methyl substituents with respect to the methyl substituent at the 32 of C6-ribbon.

structures are in close agreement with reported X-ray crystal
structures.3%42

Relative Stabilities in the Gas Phase. Figure 4b gives the
plots of the calculated relative energies of these secondary
structures with respect to the C6-ribbon structure in the gas
phase.®® Several features are apparent. (1) The C6-ribbon is
the most stable when n = 1-2. (2) The energy of the 8-helix
is almost parallel and very close to the energy of the C6-rib-
bon. (3) The relative energy of the -strand linearly increases
with respect to the C6-ribbon. Each residue of the g-strand is
about 6 kcal/mol less stable than that of C6-ribbon. This large
distabilization is apparently due to repulsions between neigh-
boring dipoles. (4) The 10-helix and 12-helix have similar sta-
bilities, and they are stabilized with respect to C6 when n is
increased. (5) The 14-helix is the least stable helical struc-
ture in the gas phase, and it is about 7—9 kcal/mol less sta-
ble than the 10-helix and 12-helix. As will be shown later, this
situation changes in methanol solution. (6) For peptides with
more than two residues, the 10/12-helix is the most stable.
The preference for this helical structure over the other sec-
ondary structures increases significantly when the peptide
becomes longer. This clearly indicates a large intrinsic prefer-
ence for a 5-peptide to adopt the 10/12-helical structure in the
gas phase.

Relative Stabilities in Methanol Solution. SCIPCM model
calculations of the effects of methanol solvent on the stabili-
ties of the secondary structures indicate that the g-strand and
14-helix benefit significantly from the solvent effect. The
10-helix and 12-helix are stabilized to a smaller extent. The
C6-ribbon and 8-helix are even less stabilized because of their

reduced dipole moments compared with the 14-helix. The
10/12-helix, which has the smallest dipole moment, is least
stabilized by the polar solvent.

The calculated relative energies of the seven secondary
structures in methanol solution are plotted in Figure 4c. The
10/12-helix is still the most stable structure for peptides with
more than two residues. The f-strand is still the least stable,
but its destabilization is significantly reduced. The most inter-
esting feature is the relative stability of the 12-helix and
14-helix. In the gas phase, the 12-helix is more stable than the
14-helix by about 6—8 kcal/mol, while in methanol solution,
the 14-helix becomes more stable for peptide models with
more than four residues.

Substituent Effects on the Stabilities of
Various Secondary Structures of f-Peptides

The substituent effects on the stabilities of these secondary
structures were studied by adding methyl groups at different
positions of these structures. Shown in Figure 5 are the repeat-
ing units of the seven secondary structures of g-peptide. These
structures are arranged in right-handed rotation for consis-
tency. For each structure, the favored substitution positions are
indicated by large circles. The numbers given to different posi-
tions are the estimated relative stabilities for methyl substitu-
tions at those positions with respect to the methyl substitution
at the C, of the C6-ribbon. The positions without a number
indicate that methyl substitutions cause significant destabili-
zation and can be ruled out.

The results indicate that for a 42-amino acid with a methyl
substituent at C,, the most favored positions are (R)-3* of the
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FIGURE 6. Predictions of hybrid s-peptides that may adopt 10/12-
helix secondary structure based on the results in Figure 5.

14-helix (—1.3 kcal/mol) and (S)-52 of unit 2 of the 10/12-
helix (—1.2 kcal/mol). For a 83-amino acid with a methyl sub-
stituent at Cg, the most favorable positions are (R)-8> of the
14-helix (—3.6 kcal/mol) and (S)-53 of unit 1 of the 10/12-
helix (—2.7 kcal/mol). Of course, these results can also be
applied to left-handed helices by changing (R) to (S) and vice
versa.

R{=CHj or R,=CH; or R|=R,=H

Analysis of Secondary Structure
Preferences of f-Peptides

By combining these substituent effects with the intrinsic sta-
bilities of the secondary structures, we can predict the favored
secondary structures for g-peptides with various substitution
patterns.

10/12-helix. Since the 10/12-helix has a significant intrin-
sic preference over all the other secondary structures, a 5-pep-
tide should exist in this structure if the substituents do not
cause significant destabilization to the structure. The three
p-peptides with the 10/12-helix shown in Figure 2 are such
cases. First of all, 83/B-hGly-peptides should favor the 10/12-
helix because this type of peptide has an (S)-3> substituent in
its unit 1 and no substituent in its unit 2 (Figure 5). 3%/8>-pep-
tides should prefer the 10/12-helix because substituents take
the (S)-B2 position of unit 2 and the (S)-> position of unit 1;
both positions are favorable. The unlike-33/83-peptides also
favor the 10/12-helix because the (S)-83 in unit 1 and the
(R)-p? in unit 2 are favorable positions.

Since the 10/12-helix has four favorable positions for sub-
stitutions, namely, (S)-3% and (R)-3> positions of unit 1 and
(R)-p? and (S)-B2 positions of unit 2, the types of B-peptides
that can exist in this secondary structure may not have been
fully realized. Shown in Figure 6 are some other S-peptides
that we predict to potentially favor the 10/12-helix. All these
p-peptides are in hybrid fashion. These predictions suggest the

(@)

AE(kcal/mol)

-180 -120 -60 0 60 120 180

FIGURE 7. Calculated potential energy surfaces of 2,2-
dimethylpropanamide and 2-methylcyclopropane carbamide.

need for further experimental studies. In this connection, it is
remarkable that Kessler et al. reported a 10/12-helix for com-
pound 3.8° The hybrid s-peptide is formed by alternative

trans-5-mr S-amino acid and p-hGly.
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14-Helix. In the cases of 33/3-hGly-peptides and %/33-
peptides, the substituent effects are actually somewhat more
favorable for the 14-helix over the 10/12-helix. Nevertheless,
the 14-helix is not observed because it is intrinsically less sta-
ble than the 10/12-helix. However, the experimental obser-
vations that g%-peptides, 33-peptides, and >3-peptides exist
in the 14-helix are supported by the theoretical study. The
substituents in these g-peptides significantly stabilize the
14-helix over the other secondary structures as indicated by
the results in Figure 5. For example, all these substitution pat-
terns significantly destabilize the 10/12-helix because some
substituents will have to be in very unfavorable positions.

12-Helix. Although the 12-helix has a small intrinsic pref-
erence over the 14-helix for the unsubstituted S-peptides (Fig-
ure 4), the substituent effects considerably favor the 14-helix
over the 12-helix. Therefore, the 12-helix is normally unfa-
vorable. However, distinct from other secondary structures, the
12-helix requires a u-dihedral angle of about 90°. This can be
achieved perfectly with a trans-ACPC unit with a 30° dihedral
angle for the two substituent bonds in the cyclopentane ring.>”
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10-Helix. While other secondary structures favor a u-di-
hedral angle of larger than 60°, the 10-helix requires a smaller
u-dihedral angle. This can be achieved by a cis four-mem-
bered-ring substitution pattern.*®

8-Helix. Figure 5 shows that simple alkyl substituents do
not favor the 8-helix. However, this is the only structure with
the amide carbonyl group gauche to the two C,—H bonds.
When a cyclopropane ring is introduced, there is a strong pref-
erence for the C=0 to bisect the cyclopropane ring. As shown
in Figure 7, two simple amide systems were calculated, one
modeling dimethyl substitution and the other modeling cyclo-
propane substitution. The calculated potential energy surfaces
are very different. With dimethyl substitution, there is little
conformational preference and the dihedral angle should be
very flexible. However, in the cyclopropane case, there is a
large preference for the carbonyl group to bisect the cyclopro-
pane ring, which is required for the formation of the 8-helix
(see Scheme 1). This conformational preference is mainly due
to a hyperconjugative interaction between the cyclopropane
and the carbonyl group, instead of due to steric effect.

B-Strand and Pleated Sheets. In unlike-3%>-peptides,
namely, peptides formed by (2R,3S) or (2S,3R) type -amino
acids, all helical structures are destabilized because one of the
two substituents has to take an axial position, which inter-
feres with the helix formation. The -strand, however, does
not suffer from this problem.62 In this case, the two substitu-
ents take the two sides of the backbone and are nearly per-
pendicular to the backbone. Conformational analysis clearly
indicates that this is the most favorable conformation.®'-¢2

Calculations using dipeptide models indicate that the intrin-
sic hydrogen bond strength is large for both parallel and anti-
parallel sheets and affected little by substituents. However,
unlike-3*3-peptides have much stronger sheet-forming abili-
ties because their backbones are locked in an ideal confor-
mation for sheet formation. Calculations also suggest that
sheets have to adopt a twisted geometry (Figure 8a), that is,
the p-strand has to be pleated asymmetrically (y being larger
than ¢), similar to the j-sheets of a-peptides. This is because
a planar or ideally pleated g-strand has a concave geometry
(see Figure 4A), which is unfavorable for the formation of
sheets. Another interesting finding from the calculations is that
there is a large cooperativity in the formation of sheets by
p-peptides. This is because all carbonyl groups must be
arranged in the same direction, which leads to attractive
dipole—dipole interactions between each pair of dipoles as
long as they are in different g-strands, as illustrated in Figure
8b. This explains why 3%2-peptides are observed to be in non-
hydrogen-bonded sheet structures in the solid state.?’
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FIGURE 8. The calculated parallel sheet structure of s-peptide and
an illustration of cooperativity due to dipole—dipole interactions.

Concluding Remarks

In this paper, the structural features of g-peptides have been dis-
cussed. p-Peptides have a strong preference for a gauche
N—C;—C,—C(=0) dihedral angle due to the electrostatic attrac-
tion between N and C(=0). This is an important reason why
p-peptides tend to form helical and turn structures. In contrast to
o-aminoxy-peptides, 5-peptides do not favor an 8-mr hydrogen-
bonded local conformation; this allows the formation of 10-, 12-,
and 14-mr hydrogen bonds, leading to various secondary struc-
tures. The secondary structures of various types of S-peptides
were analyzed based on intrinsic backbone conformational pref-
erences and substituent effects. Experimentally observed second-
ary structures can be well understood. In addition, since the
10/12-helix is found to be the most favorable for the S-peptide
backbone, several hybrid peptides shown in Figure 6 are pre-
dicted to favor this secondary structure. This should stimulate fur-
ther experimental studies.
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CONSPECTUS

N aturally occurring peptides serve important functions as
enzyme inhibitors, hormones, neurotransmitters, and
immunomodulators in many physiological processes includ-
ing metabolism, digestion, pain sensitivity, and the immune
response. However, due to their conformational flexibility and
poor bioavailability, such peptides are not generally viewed
as useful therapeutic agents in dinical applications. In an i 7w
effort to solve these problems, chemists have developed pep-
tidomimetic foldamers, unnatural oligomeric molecules that
fold into rigid and well-defined secondary structures mim-
icking the structures and biological functions of these natu-
ral peptides. We have designed peptidomimetic foldamers
that give predictable, backbone-controlled secondary struc-
tures irrespective of the nature of the side chains.

This Account presents our efforts to develop a novel class of peptidomimetic foldamers comprising o-aminoxy acids and
explore their applications in the simulation of ion recognition and transport processes in living systems. Peptides con-
structed from o-aminoxy acids fold according to the following rules: (1) A strong intramolecular eight-membered-ring hydro-
gen bond forms between adjacent o-aminoxy acid residues (the o N—O turn). The chirality of the a-carbon, not the nature
of the side chains, determines the conformation of this chiral N—O turn. (2) While homochiral oligomers of o-aminoxy acids
form an extended helical structure (1.84 helix), heterochiral ones adopt a bent reverse turn structure. (3) In peptides of alter-
nating a-amino acids and o-aminoxy acids, the seven-membered-ring intramolecular hydrogen bond, that is, the y-turn, is
initiated by a succeeding oo N—O turn. Thus, this type of peptide adopts a novel 7/8 helical structure.

In investigating the potential applications of o-aminoxy acids, we have found that the amide NH units of o-aminoxy
acids are more acidic than are regular amide NH groups, which makes them better hydrogen bond donors when interact-
ing with anions. This property makes o-aminoxy acids ideal building blocks for the construction of anion receptors. Indeed,
we have constructued both cydic and acydlic anion receptors that have strong affinities and good (enantio-)selectivities toward
chloride (CI™) and chiral carboxylate ions. Taking advantage of these systems’ preference for CI~ ions, we have also employed
o-aminoxy acid units to construct a synthetic CI~ channel that can mediate the passage of CI™~ ions across cell mem-
branes. Continued studies of these peptidomimetic systems built from o-aminoxy acids should lead to a broad range of appli-
cations in chemistry, biology, medicine, and materials science.

A NH HN, !
07 \—0' 0{ °

acyclic chloride receptor
&CI channel-forming compound

a-aminoxy acid R

1.8 helix
cyclic chloride receptor __ H -0 J

Introduction
In Nature, most of the biologically relevant func-
tions carried out by proteins and peptides (such as

knowledge on the relationship between protein/
peptide structure and function, the design of pep-
tide-based molecules that bind to therapeutically

molecular recognition, catalysis, and electron
transfer) are related to their unique three-dimen-
sional structures that are characteristically stable
and well-ordered. With the accumulation of
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important biological targets with high affinity and
selectivity has become an arena of intense
research in drug discovery." However, there are
two major concerns about the intrinsic properties
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of native peptides, which limit their utility in clinical applica-
tions, namely, (1) conformational flexibility, which undermines
the affinity and specificity of a peptide binding to its target,
and (2) degradation by many naturally specific or nonspecific
peptidases under physiological conditions. These have galva-
nized researchers’ interest in developing peptidomimetics with
more rigid conformation and enhanced biostabilities.

A current guiding principle is that a peptidomimetic mole-
cule with a preconstrained secondary structure (which mim-
ics the biologically active conformation of a flexible native
peptide upon binding to its macromolecular target) will have
higher affinity and improved selectivity profiles, because the
preorganized molecule is predicted to pay a lower entropic
cost upon complexation.? Therefore, one general strategy for
designing peptidomimetics is to generate unnatural oligomeric
molecules that fold into rigid and well-defined conformations.
This subject has been the focus in the rapidly evolving field of
peptidomimetic foldamers.>~> Recent research into peptido-
mimetic foldamers has already given birth to a diverse array
of functionally interesting molecules capable of binding specif-
ically to various targets including proteins,®~'" RNA,'? carbo-
hydrates,'2 and lipids,'*~'? often with affinities close to or
even higher than those of natural peptides or proteins.

On the other hand, the side chains of a peptidomimetic
molecule are known to contribute significantly to specificity
and affinity when it binds to a macromolecule. This is in part
because some of these side chains are involved in the direct
surface interactions between the peptide and the macromol-
ecule. More importantly, the side chains control and affect the
secondary structures of the backbone, which in reverse deter-
mines the spatial orientations of the side chains themselves
for the fitness with a macromolecular surface. For synthetic
chemists, it remains an intriguing challenge as to how to
design peptidomimetic foldamers that possess side-chain-in-
dependent backbones capable of projecting any desired side
chains in defined orientations. To this end, we have initiated
a program to explore a novel class of peptidomimetic foldam-
ers comprising a-aminoxy acids that display backbone-con-
trolled secondary structures.?® This Account will summarize a
set of folding rules for peptides based on a-aminoxy acids and
propose their novel applications as building blocks for the con-
struction of anion receptors and channels.

Monomers of a-Aminoxy Acids

o-Aminoxy acids are analogs of g-amino acids in which the
p-carbon atom in the s-amino acid backbone is replaced with
an oxygen atom. In 1996, our group first reported a novel
turn structure in the peptides containing o-aminoxyacetic
acids.?" To illustrate, theoretical calculations on a-aminoxy

a-Aminoxy Acids Li et al.

2.31A
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FIGURE 1. Calculated structures of c-aminoxy amide 1. The values
of G, (kcal/mol) were calculated by using the HF/6-31G*, (MP2/6-
31G*), and [HF/6-31G* CHCl; solvation] models.
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diamide 1 suggest that it adopts a rigid eight-membered-ring
hydrogen-bonded structure (so-called oo N—O turn) in its most
favorable conformation 1a (Figure 1). The strong hydrogen
bond in 1a is indicated by the short O- - -H distance (2.02 A)
and the near-linear geometry of the O---H—N bond angle
(159°). Our conformational studies of a-aminoxy peptides
2—4 in dichloromethane using FT-IR and 'H NMR spec-

j/OCHS

PhH,CO

OHT S o
’mﬁ 4 'y

3

troscopies confirmed the calculated intramolecularly hydro-
gen-bonding pattern in 1a.?

For peptides of a-amino acids, the propensity of turn for-
mation is contingent on the nature, position, and relative con-
figuration of amino acid residues. Therefore, it is interesting to
know whether the oo N—O turns are still favored when side
chains are introduced into a-aminoxyacetic acid. We con-
ducted ab initio molecular orbital calculations on L-o-aminox-
ypropionic acid diamide 5.*% Four lowest-energy conformers
5a—d were found to contain eight-membered-ring hydrogen
bonds (Figure 2). The hydrogen-bonding pattern of 5a and 5b
allows a left-handed turn, while that of 5¢ and 5d results in
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FIGURE 2. HF/6-31G*-optimized structures of diamide 5 and their relative free energies in CH,Cl, solution.

a right-handed turn. The ab initio calculation results suggest
that chiral L-a-aminoxy acids would probably prefer a left-
handed chiral N—O turn (5a or 5b). Furthermore, the o-methyl
group was anti to the N—O bond in 5a but gauche in 5b, thus
making 5a the most stable conformation.

To probe the effect of side chains on the N—O turn struc-
ture, we characterized the conformations of chiral p-configu-
ration o-aminoxy diamides 6—10 with different side chains
through a combination of experimental techniques.?*2*

cl
cl ot /©/ 6 R =CH,CH(CHs)
% ?\1 7 R=CH;
H.N_ o 8 R =CHyPh
© 9 R =CH(CHs),
R
6-10 10 R = CH(CH3)CH20H3

"H NMR dilution®®> and DMSO-d42° titration studies in
CDCl; revealed that in diamides 6—10, NH,, forms a strong
intramolecular hydrogen bond whereas NH, is solvent-acces-
sible and not intramolecularly hydrogen-bonded. We also
applied 2D NMR methods to investigate the conformations of
diamide 6 in the solution phase. The two-dimensional rotat-
ing-frame Overhauser effect (2D-ROESY) spectrum of 6 sug-
gests that a strong nuclear Overhauser effect (NOE) exists
between the NH, and C,H groups, whereas only a weak NOE
exists between the NH, and C,H groups, indicating that this
compound adopts a folded structure that agrees well with the
most stable calculated conformer 5a, in which the distance
between NH, and C,H was 2.7 A, compared with a corre-
sponding distance of 3.4 A between C,H and NH,.

We also used CD spectroscopy?” to study the solution con-
formations of diamides 6—10. The CD spectra of diamides
6—10, which feature different side chains, exhibited strong
positive exciton coupling with nearly identical maxima and
minima in dichloromethane. Furthermore, diamide 6 also

showed similar CD curves in different solvents like cyclohex-
ane, dichloromethane, dioxane, acetonitrile, and methanol.
This strongly indicates that, in the b-configuration, our
designed diamides all adopt right-handed o N—O turn struc-
tures, irrespective of the nature of their side chains and regard-
less of the solvents.

The a N—0O turn structure can also be observed in the solid
state. Figure 3 shows the X-ray structure of diamide 6. An
intramolecular  eight-membered-ring hydrogen bond
NH---O=C was found in the X-ray structure by the short
H---O distance (2.12 A). The dihedral angle ONOC,C(=0) was
+78.5° in the X-ray structure, in excellent agreement with the
calculation result of +78.4°, which suggests that the diamide
6 adopts a right-handed turn conformation. The isobutyl group
is almost anti to the N—O bond, which agrees well with the
calculation and 2D NMR studies.

Based on experimental evidence, it can be inferred that the
formation of the ae N—O turn is independent of side chain vari-
ation. According to the calculation result, the orientation of the
o N—O turn is determined exclusively by the configuration of
the a-carbon atom. Thus, by changing the chirality of the
o-carbon atom from the p configuration to the L configura-
tion, the oo N—O turn would be switched from a right-handed
to a left-handed structure. Figure 3 shows the solid-state struc-
tures of diamides 6 and 11, in which their backbones are mir-
ror image of each other. The side-chain independence of these
o N—O turn structures indicates that these systems are sub-
ject to backbone-based control. Collectively, these results allow
us to construct well-defined secondary structures using a vari-
ety of side chains.

Oligomers of a-Aminoxy Acids

Helix. The formation of a rigid oo N—O turn structure in c-ami-
noxy diamides has inspired us to investigate the conforma-
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FIGURE 3. X-ray crystal structures of 6 with right-handed oo N—O turn and 11 with left-handed o N—O turn.

tional features of oligomers of a-aminoxy acids. We
hypothesized that in the homochiral oligomers of a-aminoxy
acids, the eight-membered-ring intramolecular hydrogen
bonds should occur between the adjacent residues and the
consecutive homochiral N—O turns should lead to a helical
structure. Accordingly, we synthesized compounds 12—15
and subjected them to conformational studies as performed
previously for a-aminoxy diamides.?*2* Both the FT-IR and 'H
NMR spectroscopies suggest that in compounds 12—15,
intramolecular hydrogen bonds form between the amide NH
groups at the i + 2 position and the carbonyl oxygen atoms
at the i position. Furthermore, we found that the CD curves of
the oligomers 12—15 in 2,2 2-trifluoroethanol were almost
superimposable, with a maximum at 195 nm, a minimum at
225 nm, and a zero crossing in the range of 215—222 nm,
indicating that their secondary structures are very similar (Fig-
ure 4). The similar CD absorptions of tetramers 13 and 14,
which possess different side chains, suggest that the helix for-
mation is controlled by the nature of the backbone but inde-
pendent of the nature of the side chains.

We also found helical structures in the crystal structures of
oligomers of a-aminoxy acids as short as dimers 16 and 17
(Figure 5).2829 Although they have different side chains and
terminal groups, the backbones of dimers 16 and 17 adopt
almost identical conformations, indicating the negligible effect
of the side chains on the formation of helix. Notably, the crys-
tal structures of 16 and 17 illuminate several features of the

& . 0 B
H \N/OWO H\N/ Tfo

N
7&\0--4{ o)

novel helix: (1) the helix contains consecutive homochiral
eight-membered-ring intramolecular hydrogen bonds, which

Vol. 41, No. 10 = October 2008 = 1428-1438 = ACCOUNTS OF CHEMICAL RESEARCH = 1431





o-Aminoxy Acids Li et al.

50000 -

40000 -

dmol_1

30000 -

-1

20000+

10000 -

[6] (degree cm

04
190 200 210 220 230 240 250
Wavelength (nm)

FIGURE 4. CD spectra of diamides 12—15 (0.4 mM) in 2,2,2-
trifluoroethanol, normalized with respect to the number of potential
N-O turns.
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line up along the helical axis. (2) The amide carbonyl group
at position i + 2 is twisted +31° from the one at the i posi-
tion, suggesting a twisted 1.8 helix. Compared with other
helices of conventional spiral shape (such as a-helix,*° 3,
helix,>" and newly discovered 2.5,,32 and 3,33 helices in
p-peptides), the new helix of small intramolecularly hydrogen-
bonded rings is fairly flat when viewed in profile. (3) The back-
bone of the p-o-aminoxy acid oligomers forms a right-handed
helix with a positive dihedral angle CINOC,C, in each N—O
turn. (4) The side chains are located alternately on the oppo-
site sides of the helix, resembling the side-chain orientation
found in parallel -sheets of a-peptides; (5) the distances
between NH; and C_H; in 16 and 17 are much shorter than
those between NH; and C_H,_,, which concurs well with the
NOE pattern observed in NOESY spectra of these compounds
in CDCl5. This suggests that the solid-state conformation of oli-
gomers is almost identical to their solution conformation.

Reverse Turn. Our studies have established that p-o-ami-
noxy acids induce a right-handed oo N—O turn while the
L-enantiomers induce a left-handed N—O turn. As discussed
before, the homochiral oligomers of a-aminoxy acids can
adopt a helical structure. It is certainly worthwhile to charac-
terize the conformations of heterochiral oligomers of a-ami-
noxy acids. Theoretical calculations reveal that for dipeptide
18 with two consecutive o-aminoxy acids of the same con-
figuration, the backbone folds into an extended helical struc-
ture with two homochiral o N—O turns, while dipeptide 19
with two heterochiral a-aminoxy acids bends backward to pro-
duce a loop conformation (Figure 6).3*

The X-ray crystal structure of triamide 20 confirms the pre-
dicted loop conformation with two heterochiral oo N—O turns
(Figure 7).3>* The short NH---O=C distances and the ideal
N—H---0 angles of the two intramolecular hydrogen bonds
in 20 (2.14 A/156° for the first hydrogen bond from the N-ter-

FIGURE 5. X-ray crystal structures of 16 and 17.

0 0 0 0 0 0
)J\”,O\LE)LN,O\LE)J\NH2 )L”,O\Lé/”\u,oﬁ)l\wz
19

18

FIGURE 6. Calculated most-stable conformations of 18 and 19.

minus and 2.04 A/157° for the second one) are comparable
to those observed in two consecutive homochiral @ N—0O
turns. The looplike structure was further identified as a pre-
dominant solution conformation adopted by triamide 20 in
CDCl5 by using 2D NOESY spectroscopy. This loop segment
was also used to constrain tetrapeptides 21 and 22 to form a
reverse turn structure. Conformational studies indicate that in
a nonpolar solvent, tetrapeptides 21 and 22 fold into reverse-
turn conformations featuring a head-to-tail 16-membered-ring
intramolecular hydrogen bond as shown in quantum mechan-
ics calculations of model pentamide 23 (Figure 8).3*

Peptides of Alternating o-Amino and o-
Aminoxy Acids

The o/f-hybrid peptides have been extensively studied in
recent years,>>~*' and studies by Gellman’s group have
amply emphasized their biological implications>32 and self-
assembly into quarternary helix bundles.?®4° In exploring the
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FIGURE 7. X-ray crystal structure of 20.
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FIGURE 8. Proposed conformations of 21 and 22 in CDCl; in NMR

spectroscopy and HF/6-31G**-optimized lowest-energy

conformation of model pentamide 23.

v

conformations of hybrid peptides containing a-amino acids
and o-aminoxy acids, we have found that in peptides of alter-
nating p-a-amino acids and L-a-aminoxy acids, such as com-
pounds 24—-26, the seven-membered-ring intramolecular

A N 7 v N
N7 4 /\(
/\ﬁ }O /N\ \/2/\< }O
%/k\ o, H o \O H’N\O 4

O--H H
24 /\ /—/ 25

Nf\(/ jN\ ) /\ j;\\/

/\ o~ f‘ 26

hydrogen bond (i.e., y-turn) is initiated by a succeeding o N—O
turn.*? Although y-turns are observed less frequently than
p-turns in proteins, they play vital roles in molecular recogni-
tion in biological systems. In addition, the alternating oo N—O
turns and y-turns constitute a novel 7/8 helical structure in this
type of peptide, which has also been proven the most stable
conformation in the theoretical calculations on model pep-

a-Aminoxy Acids Li et al.

FIGURE 9. Calculated most-stable conformation of tripeptide 27 in
CH,Cl,.

tide 27 (Figure 9).%* It signifies a new strategy to induce y-turn
at specific sites of short peptides by incorporating an a-ami-
noxy acid immediately after a particular c-amino acid of
interest.

Construction of Anion Receptors and
Channels with o-Aminoxy Acids as Building
Blocks

Host—guest chemistry of ionic species represents a central
field in supramolecular chemistry. However, anion coordina-
tion has received less attention compared with the coordina-
tion chemistry of cations. Since mechanistic understanding
about the roles played by anions has profound implications in
both biology and medicine,*® simulations of the recognition,
binding, and transport processes of physiologically important
anions have deservedly attracted growing interest that drives
the development of artificial anion receptors**~*° and
channels.>°~>2

Notably, chloride (CI7) ions are the most abundant anions
found in organisms. The CI™ channels, unique anion chan-
nels that mediate the transfer of CI~ ions across cell mem-
branes, play crucial roles in controlling membrane excitability,
transepithelial transport, cell volume, and intracellular pH.>3>*
In fact, dysfunctional CI~ channels are responsible for many
severe human diseases, including cystic fibrosis, inherited kid-
ney stone diseases, myotonia, and epilepsy.>*>> These con-
texts have provided the inspirations for us to create synthetic
systems that mimic biological functions of natural CI~ chan-
nels. In Nature, the high specificity of CI~ channels stems from
recognition sites in which the anion is completely desolvated
and bound exclusively through hydrogen bonds.>®>7 Design
of artificial CI™ receptors to simulate such a chloride recogni-
tion process has therefore been our first consideration in
developing our synthetic CI~ channels.

In investigating the potential applications of a-aminoxy
acids, we noticed that the amide NH units of c-aminoxy acids
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are more acidic than are regular amide NH groups, which
makes them more efficient hydrogen bond donors during
interactions with anions. This property renders aminoxy acids
excellent building blocks for the construction of anion
receptors.

Cyclic Anion Receptors. Since a relatively rigid preorga-
nized conformation is a general requirement of host mole-
cules in supramolecular chemistry, cyclic peptides, in
comparison with linear ones, are considered more appropri-
ate as anion receptors. In our previous studies of a-aminoxy
peptides, we found that while the homochiral oligomers of
o-aminoxy acids adopt a linear helical conformation by form-
ing consecutive homochiral N—O turns, the heterochiral ones
favor a curved conformation comprising heterochiral N—O
turns (Figure 6). Thus, the preorganized arch-like conforma-
tion adopted by linear heterochiral oligomers of a-aminoxy
acids makes their C-terminus and the N-terminus quite close
to each other. As a result, the corresponding cyclic peptides
can be constructed with relative ease.

Indeed, cyclization of the linear oligomers 28 and 29 can
produce cyclic tetrapeptide 30 and hexapeptide 31, respec-
tively.>® The conformations of 30 and 31 are novel in pep-

g gk

(o}
N’o N'o Y
H H =

tide chemistry. Solution-phase conformational studies by FT-IR,
'H NMR, and 2D NMR spectroscopies demonstrate that in
agreement with the calculated structures of model cyclic tet-
rapeptide 32 and hexapeptide 33, respectively, cyclic pep-
tides 30 and 31 adopt highly symmetrical bracelet-like
conformations, wherein all of the amide NH units and carbo-
nyl groups are involved in the eight-membered-ring intramo-
lecular hydrogen bonds (Figure 10).

Because 30 and 31 have preorganized symmetrical con-
formations with cylindrical cavities inside, they meet the gen-
eral requirements of host molecules. The van der Waals
diameter of the cavity in model cyclic hexapeptide 33 is 3.22
A, which would probably be suitable for binding some small
ions, whereas the internal cavity in model cyclic tetrapeptide
32 is too small to be useful (1.28 A in van der Waals diame-
ter). Indeed, cyclic hexapeptide 31 shows affinities for halide
anions with very high selectivity for CI™ ions (association con-

33

FIGURE 10. Top views and side views of HF/6-31G*-optimized
lowest-energy conformations of model cyclic tetrapeptide 32 and
cyclic hexapeptide 33.

«
FIGURE 11. Top view and side view of HF/6-31G*-optimized
lowest-energy conformation of 33-ClI~ complex.

stantK, = 11880 M~ in CD,(l,).>® The HF/6-31G"-optimized
lowest-energy conformation of complex 33-Cl™ is shown in
Figure 11. The CI™ ion at the center of 33 is hydrogen bonded
to six NH protons simultaneously. The calculated H- - - Cl dis-
tance and N—H- - - Cl angle are 2.40 A and 154°, respectively.

To extend the scope of our inquiry beyond peptides com-
posed of only aminoxy acids, we synthesized cyclic hexapep-
tide 34 comprising alternating p-a-aminoxy acids and p-a-
amino acids to further explore the potential of a-aminoxy
acids in constructing anion receptors.>® Conformational stud-
ies by both experimental and theoretical methods reveal that
34 adopts a C5-symmetric conformation with alternate seven-
membered ring (y-turn) and eight-membered ring (N—O turn)
hydrogen bonds (Figure 12).>° Quantitative assessments of the
anion-binding affinities of 34 in CD,Cl, suggest that 34 is not
only effective in forming a 1:1 complex with anions but also
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FIGURE 12. Top view and side view of HF/6-31G*-optimized
lowest-energy conformation of 34.

TABLE 1. Association Constants for the Binding of 31, 34, and 35
with Anions?

anions 31 34° 35¢

c 11 800 15000 >100 000
Br— 910 18 000
I~ 51 1500
NO;™ 440 1100
H,PO,~ 1400

“ Anions were added as their tetrabutylammonium salts. In all cases, 1:1
receptor/anion stoichiometry was observed. Errors were estimated to be no
more than 410%. ” Determined in CD,Cl,. € Determined in CDCl.

FIGURE 13. Top view and side view of HF/6-31G*-optimized
lowest-energy conformation of the cyclic hexapeptide 34-ClI™
complex.

highly selective for chloride ions (association constant K, =
15000 M~ in CD,Cl). Compared with cyclic hexapeptide 31
comprising p,L-a-aminoxy acids, the cyclic hexapeptide 34,
which has fewer aminoxy amide NH units, shows enhanced
binding toward various anions while maintaining high selec-
tivity toward the chloride ion (Table 1).

As shown in Figure 13, upon binding with a CI™ ion, all six
of the hydrogen bonds initially present in 34 are disrupted.
The backbone of 34 is rearranged into a flat conformation
with all of the amide NH hydrogen atoms pointing inward.
The CI™ ion sits above the plane of the peptide backbone and
forms strong hydrogen bonds with the three O—NH hydro-
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FIGURE 14. The designed acyclic anion receptors and assumed
anion-binding pattern (A~, anions).
gen atoms, as indicated by a Cl- - -H distance of 2.21 A. While
the three regular amide NH groups do not show strong bind-
ing with the CI~ ion (Cl- - - H distance is 3.00 A), these hydro-
gen atoms are positioned close to the backbone O atom of the
adjacent N—O unit (O- - -H distance is 2.13 A), possibly form-
ing a weak five-membered-ring hydrogen bond.

Acyclic Anion Receptors. Since low overall yields in the
synthesis of cyclic peptides have limited the subsequent stud-
ies on their chloride transport properties, we have also devel-
oped acyclic anion receptors based on a Cy,-symmetric
isophthalamide scaffold, featuring two o-aminoxy acid units.
Based on comparisons of anion binding abilities between
cyclic hexapeptides 31 and 34, we believe that removing the
constraint of original intramolecular hydrogen bonds involv-
ing the aminoxy amide NH units can increase the receptors’
binding affinities for anions. Therefore, unlike the case of their
counterparts in cyclic peptides, the aminoxy amide NH units
are not involved in any intramolecular hydrogen bonds in the
new designed acyclic receptors, which make them capable of
binding to anions directly (Figure 14).

Analyses of anion-binding properties of 35 with respect to
different anions suggest that 35 is not only an effective 1:1

T oo
N N 7 N
N, N,
0)\:/0’ H H O o
>/ 35

anion-binding agent in solution but also a selective one that
shows a remarkable preference for CI™ relative to other anions
(Br—, 17, NO5~, and H,PO,") (Table 1).°° Compared with cyclic
peptides 31 and 34, the less rigid receptor 35 displays impres-
sive strong binding abilities for many anions while maintain-
ing significant selectivity for chloride ions.

In view of the biological and pharmaceutical significance of
chiral carboxylates, we have been interested in discovering
anion receptors for enantioselective recognition of chiral mol-
ecules containing carboxylate groups. We designed C,-sym-
metric receptor 36 to gauge the effect of the receptor on
enantioselective recognition for chiral carboxylates.®! We
found that 36 bound two enantiomers of mandelate with dif-
ferent binding affinities (association constants for (R)-mande-
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FIGURE 15. The C,H region of overlaid "H NMR spectra of racemic mandelic acid and the 1:1 mixtures of racemic tetrabutylammonium

mandelate with receptor 36.
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FIGURE 16. (a) Single-channel recording traces obtained at —60 mV with 35 and (b) current—voltage relationships for the channels formed
by 35. The conductances of the channels were 54 (a) and 108 pS (M), respectively. Reprinted from ref 60. Copyright 2007 American

Chemical Society.

late K, = 4300 M~ ! and (S)-mandelate K, = 8100 M~ in
CDCls). As shown in Figure 15, the addition of 1 equiv of 36
to a racemic mixture of mandelates induced a large enough
chemical shift nonequivalence (AAd) of 0.10 ppm for the
methine proton of each enantiomer, resulting in an excellent
baseline resolution for accurate integrations of the proton sig-
nals. Thus we utilized receptor 36 as a chiral shift reagent for
the determination of enantiomeric purities of a broad variety
of chiral carboxylic acids by '"H NMR.

Synthetic Chloride Channel. Impressed by the effective-
ness of chloride-selective anion receptor 35, we moved on to
test the ability of receptor 35 in facilitating CI™ transport across
lipid bilayer membranes in liposomes.®® We prepared lipo-
somes encapsulating sodium nitrate (NaNO5) and suspended
them in a sodium chloride (NaCl) bulk solution. We studied the
CI™ influx into liposomes by monitoring the fluorescence
intensity of an entrapped Cl™-sensitive indicator, 6-methoxy-
N-(3-sulfopropyl)quinolinium (SPQ). Addition of receptor 35 to
such liposome suspensions induced a rapid drop in SPQ flu-
orescence level, indicating that 35 did, in fact, transport CI™
into the liposomes. Single-channel recording by patch-clamp
techniques is the most critical test for distinguishing ion chan-
nels from other ion transport mechanisms such as ion carri-
ers. The characteristic single-channel currents that we

observed for 35 in giant liposomes indicated that 35 can form
functional ion channels (Figure 16). Furthermore, results of the
SPQ fluorescent assay in Madin—Darby canine kidney (MDCK)
cells reveal that 35 partitions into plasma membranes of liv-
ing cells and therein mediates CI™ transport by increasing
anion permeability. Thus, compound 35 represents the small-
est synthetic molecule that can mediate CI™ transport effi-
ciently in the plasma membranes of living cells.

Conclusions and Outlook

Since our first report in 1996, we have been extensively
exploring the rigid secondary structures induced by o-ami-
noxy acids. As analogs of f-amino acids, c-aminoxy acids
have received less attention in the arena of peptidomimetic
foldamers. However, by virtue of their rigid, side-chain-inde-
pendent backbone conformations, a-aminoxy acids have
proven their versatility as building blocks in the construction
of peptidomimetic foldamers. We have discovered a broad
variety of well-defined secondary structures within the fam-
ily of a-aminoxy acids and established a clear set of folding
rules for oligomers of a-aminoxy acids. On the other hand, by
taking advantage of the aminoxy amide NH groups as excel-
lent hydrogen bond donors, we have also used a-aminoxy
acids as building blocks to construct anion receptors and chan-
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nels to mimic anion recognition and transport processes in liv-
ing systems. We expect applications of a-aminoxy acids in
creating functional foldamers capable of binding specifically to
various biological targets and transmembrane ion channels
that can mediate the flow of specific ion species across cell
membranes will continue to drive this work forward. We
believe that focused research into these versatile molecular
systems will, in time, lead to a broad range of new applica-
tions in chemistry, biology, medicine, and materials science.
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GUEST EDITORIAL

Peptidomimetics

The rubric “peptidomimetics” covers a large and
expanding field of research that has achieved pro-
found successes and offers fascinating new challeng-
es.! Biologically oriented chemists have been
interested in peptidomimetic molecules for over a
quarter century.? In a widely cited 1993 review,?
Giannis and Kolter offered a purely functional defi-
nition: “a peptidomimetic is a compound that, as the
ligand of a receptor, can imitate or block the biolog-
ical effect of a peptide at the receptor level.” Wiley
and Rich* gave a related definition in the same year,
“chemical structures designed to convert the infor-
mation contained in peptides into small nonpeptide
structures.” In 1994, Gante® provided a definition
that explicitly invokes both structure and function: “a
peptidomimetic is... a substance having a secondary
structure as well as other structural features analo-
gous to that of the original peptide, which allows it
to displace the original peptide from receptors or
enzymes.” Each of these definitions and virtually all
of the early literature on this topic reflect the medic-
inal motivation for interest in peptide mimicry. Pep-
tides display remarkable biological activities, but
problems associated with proteolytic degradation and
delivery hinder pharmaceutical application. Thus, the
classical goal of peptidomimetic research has been to
identify small, drug-like molecules that can mimic
peptide function, as explicitly stated by Wiley and
Rich.*

The evolution of the field now identified with the
term “peptidomimetics” over the past decade is
charted by the Accounts in this special issue. These
Accounts can be loosely grouped into three sets. One
set shows that classical medicinal goals remain sub-
jects of avid pursuit and how the nature of these
goals has diversified in recent years. The other two
sets illustrate new goals that involve both structure
and function. One set of Accounts highlights efforts
to coax a-amino acid backbones to behave in new
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ways, and another set focuses on non-natural oligo-
meric backbones that display conformational behav-
ior akin to that of peptides and proteins.

The vitality and breadth of medicinally oriented
peptidomimetic research is illustrated in the Accounts
of Tsantrizos, Chatterjee et al., Sun et al., Lai et al.,
and Hanessian and Auzzas. Tsantrizos provides a
very accessible overview of efforts to develop thera-
peutically useful protease inhibitors, which has been
a long-term goal in the field. Nonspecialist readers
will value her concise summary of HIV protease
development, since this story represents a fine con-
temporary example of chemistry improving the
human condition. The discussion of hepatitis C virus
NS3/4A protease inhibitor development nicely illus-
trates how challenging protease targets can be and
how creatively medicinal chemists can respond to
such challenges. Sun et al. highlight exciting recent
progress in blocking protein—protein interactions;
they show that a “classical” peptidomimetic approach
is particularly well suited for inhibiting Smac—IAP
interactions because binding is focused on a very
short N-terminal segment of Smac. Lai et al. discuss
larger peptide epitopes for mimicry, amphiphilic con-
formations adopted by antibacterial peptides. These
workers describe the very imaginative use of the bile
acid skeleton to achieve functional mimicry. Hanes-
sian and Auzzas summarize the synthesis of cycli-
cally constrained amino acids that can be used to
construct unnatural peptides.

The Accounts of Chatterjee et al., Durani, Patgiri et
al.,, Nowick, Robinson, and Takahashi and Mihara
represent a departure from the focus on “translat-
ing” peptides into small, drug-like molecules. These
Accounts deal with molecules that are largely or
entirely comprised of a-amino acid residues. This
aspect of modern peptidomimetic research reflects
expansion beyond the very important practical goal
of developing orally active pharmaceutical agents to

Vol. 41, No. 10 = October 2008 = 1231-1232 = ACCOUNTS OF CHEMICAL RESEARCH = 1231





Guest Editorial

include features of peptides that transcend the scope of small
molecule chemistry. In some cases, the effort is very much in the
original spirit of drug discovery, as nicely seen in the contribu-
tion of Chatterjee et al. These authors describe profound advan-
tages that a seemingly simple modification, backbone amide
N-methylation, can confer on biologically active cyclic peptides.
The Account of Robinson, too, discusses cyclic peptides and inter-
esting biological activities, including a remarkable example in
which a g-hairpin (two-stranded S-sheet) conformation function-
ally mimics an o-helix. Stabilization of s-strand conformations and
concomitant promotion of 5-sheet formation can be achieved with
carefully designed buttressing segments, as illustrated by Now-
ick. Patgiri et al. show how an o-helical conformation can be sta-
bilized in relatively short peptides via carefully crafted cross-
linking units. Durani highlights the profound conformational
effects that can be achieved by using heterochiral peptides.
Thoughtful design of both side chain and configuration sequences
leads to remarkable folding patterns. Takahashi and Mihara
describe the use of short peptides to control amyloid formation
by larger peptides.

The remaining Accounts focus on oligomers constructed
largely or entirely of subunits other than c-amino acid residues.
These alternative building blocks are intended to lead to well-
defined conformational propensities in the resulting oligomers,
which have been dubbed “foldamers”. Both editors of this issue
have been engaged in this type of research for some time, and
the Accounts in this area, collectively, can be seen as our effort
to make the case that foldamer science is a logical outgrowth of
the original peptidomimetic concept.

Li et al. describe the study of aminoxy acid oligomers, one of
the first examples of foldamers. These peptide-like molecules dis-
play distinctive conformational propensities, which have been
used to engineer interesting functions. The interplay between
structure and function is a recurring theme in the foldamer field.
This interplay can be seen in the review of experimental s-pep-
tide studies provided by Seebach and Gardiner, and the comple-
mentary review of computational s-peptide analysis contributed
by Wu et al. Brown et al. share a very exciting story from the
realm of “peptoids”, oligomers of N-substituted glycines. These
peptidic foldamers lack backbone H-bond donors but neverthe-
less fold in specific ways. Brown et al. have developed peptoids
that mimic the function of vital natural proteins, those that make

up the lung surfactant system. Gong describes imaginative fol-
damer designs that depart significantly from the peptide proto-
type: these backbones are rich in aromatic rings, which confer
intrinsic rigidity. Li et al. extend this theme and show how the
resulting foldamers can be used for molecular recognition. The
theme of backbone rigidification can be taken even farther, by
using two-point connections between adjacent subunits, as dis-
cussed by Schafmeister et al. Horne and Gellman outline a rela-
tively new theme in foldamer science, the use of backbones that
contain more than one type of subunit. The contribution from
Sakai et al. shows how far the foldamer concept can be pushed
by an imaginative mind. The functional goal, creation of artifi-
cial ion channels, is inherently complex, and the molecules that
perform this task are complex as well, containing both peptide
and nonpeptide elements. The Account from Sakai et al. and a
few others introduce an emerging theme in the field, an expan-
sion from peptidomimetics to molecules that mimic structure and
function at levels typically manifested by full-fledged proteins.
Our collection of Accounts illustrates the enduring significance
of the original peptidomimetic concept, and the versatility of this
concept as it has grown to encompass science not explicitly con-
sidered by the early practitioners. Because peptides and proteins
display such a vast array of interesting structures and functions,
this broad area of research should remain vibrant indefinitely.

Yun-Dong Wu
and Sam Gellman

The Hong Kong
University of Science
& Technology and
the University of
Wisconsin—Madison
Guest Editors
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