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corresponding peptoid and retropeptoid: Access to both an amyloid
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Abstract—The highly amyloidogenic peptide sequence of amylin(20–29) was transformed into its corresponding peptoid and retro-
peptoid sequences to design a novel class of b-sheet breaker peptides as amyloid inhibitors. This report describes the synthesis of the
chiral peptoid building block of LL-isoleucine, the solid phase synthesis of the peptoid and retropeptoid sequences of amylin(20–29),
and the structural analysis of these amylin derivatives in solution by infrared spectroscopy, circular dichroism, and transmission
electron microscopy. It was found that the peptoid sequence did not form amyloid fibrils or any other secondary structures and
was able to inhibit amyloid formation of native amylin(20–29). Although the retropeptoid did not form amyloid fibrils it had only
modest amyloid inhibitor properties since supramolecular tapes were formed.
� 2007 Elsevier Ltd. All rights reserved.
Uncontrolled protein aggregation which leads to the
formation of amyloid fibrils and amyloidogenic plaques
is a major cause of cell degeneration resulting in cell
death in many well-known incurable diseases such as
Alzheimer’s Disease, Parkinson’s Disease, and late onset
diabetes (type II diabetes).1 The latter disease is charac-
terized by the aggregation of human islet amyloid poly-
peptide (hIAPP) in the insulin producing islet b-cells.1c

Islet amyloid polypeptide, also known as amylin, is a
peptide of 37 amino acid residues, and from structure–
activity relationship studies it is known that the (20–29)
core region is highly amyloidogenic and rapidly forms
amyloid fibrils via a cross b-sheet topology.2 Based on
the seminal papers of Tjernberg et al.3 and Soto
et al.,4 respectively, in which they describe the design
of soluble b-sheet mimics as amyloid fibril inhibitors,5

we6 and others7 used the amylin(20–29) region as a tem-
plate to design backbone-modified amylin derivatives
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that are able to inhibit fibril formation of either the
(20–29) sequence or full length amylin (Fig. 1).

Previously, we have shown that backbone-modified
amylin(20–29) derivatives are promising inhibitors of
amyloid formation of native amylin(20–29).6 Back-
bone-modified amylin(20–29) derivatives in which one
or three amide bonds have been replaced by a-hydroxy
acids, N-butyl amino acids, N-butyl glycines (norleucine
peptoid) or b-aminoethane sulfonamides8 have been
designed and successfully synthesized.

Among these b-sheet breaker peptides, we have shown
that replacement of an amide bond by a norleucine pep-
toid derivative is the most effective approach to obtain
amyloid inhibitors of amylin(20–29).6a Based on these
results we designed and synthesized the peptoid and
retropeptoid sequences of amylin(20–29) as shown in
Figure 2, to study their properties as b-sheet breaker
peptidomimetics.

Peptoids9 are N-alkylated glycine derivatives in which
the amino acid side chains are shifted from the a-carbon
to the a-amino functionality. A variety of applications
in medicinal chemistry10a as protease resistant
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Figure 1. Rationale for design of b-sheet breaker peptides based on the amylin(20–29) sequence. Incorporation of sterical hindrance or removal of

essential hydrogen bond donors will disrupt the hydrogen bond network of the (anti)parallel b-sheet and further growth is arrested.

Figure 2. Amino acid sequence of native amylin(20–29) 1 and the corresponding peptoid 2 and retropeptoid 3 derivatives of amylin(20–29).
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entities,10b antimicrobial agents,10c inhibitors of pro-
tein–protein interactions,10d and artificial protein mim-
ics10e have been described in the literature. Peptoids
are non-chiral peptidomimetics, except for the chirality
of any proline residues or b-carbon atoms of isoleucine
and threonine. Moreover, the absence of hydrogen bond
donors in the peptide backbone (except for glycine) and
the increased flexibility of the backbone due to the
presence of tertiary amides which induce ciscoid confor-
mations should abrogate the tendency to form (anti)par-
allel b-sheets. Translation of a peptide sequence may
result either in a peptoid (direct translation) or in a
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retropeptoid (retrosequence) as is shown in Figure 2. In
the retropeptoid series, the relative orientation of the
carbonyl groups to the side chains is maintained and this
better resemblance to the parent peptide may be respon-
sible for the slightly better biological activities of
retropeptoids.11b

The required Fmoc-protected peptoid building blocks
were synthesized according to the protocols as described
by Kruijtzer et al.11 Chiral Fmoc–NIle-OH12 was syn-
thesized as follows: (S)-(+)-2-aminobutane was reacted
with benzyl bromoacetate in the presence of 1 equiv tri-
Scheme 1. Reagents and conditions: A: (A) benzylbromoacetate, TEA, DCM

B: Solid phase synthesis of peptoid 2.15,16

Table 1.

Peptide ESI-MS mass found (calcd) [M+H]+ H

Amylin (20–29) (1) 1008.55 (1008.50) 1

Peptoid (2) 1050.50 (1050.55) 1

Retropeptoid (3) 1050.15 (1050.55) 1
ethylamine in dichloromethane as solvent. Then, the
benzyl ester was treated with Pd/C in a hydrogen atmo-
sphere and the resulting N-alkylated glycine derivative
was treated with Fmoc–ONSu in the presence of trieth-
ylamine as base to protect the secondary amine resulting
in Fmoc–NIle-OH 6 in 54% overall yield (Scheme 1A).

The solid phase synthesis of the peptoid 2 and retropep-
toid 3 was carried out on 0.25 mmol scale on a Tentagel
Rink Amide resin13 using the Fmoc/tBu protocols as
was described earlier (Scheme 1B).11b Coupling reac-
tions were carried out in the presence of HATU/
; (B) 1—H2, 10% Pd/C, 2—Fmoc–ONSu, TEA, 54% yield over 3 steps.

PLC analysis tR (min)16 Yield (%) after HPLC purification

7.66 nd

6.65 20 mg (8)

6.53 31 mg (12)
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HOAt/DIPEA14 to ensure complete acylation of the ste-
rically hindered secondary amines (Scheme 1B). After
completion of the synthesis, the peptoid derivatives were
deprotected and detached from the resin by treatment
with TFA in the presence of TIS and H2O as scaveng-
ers.15 Finally, compounds 2 and 3 were purified by pre-
parative HPLC and characterized by mass spectrometry
(Table 1).16
Figure 3. CD spectra of native amylin(20–29) 1 and the peptoid 2,

respectively, the retropeptoid 3 of amylin(20–29) at a concentration of

1 mg/mL in 0.1% TFA/H2O and aged for 4 days at 4 �C prior to

analysis. Trace 1 + 2: an equal amount (1:1 w/w) of native amylin(20–29)

1 and peptoid 2 was mixed and dissolved in 0.1% TFA/H2O (final

concentration: 2 mg/mL). This mixture was stored for 4 days at 4 �C

prior to analysis.

Figure 4. Aggregation curves. Curve 1, amylin(20–29) 1; curve 2, amylin(20–

(1:1 w/w).
As a control, native amylin(20–29) 1 was prepared. This
peptide slowly dissolved in 0.1% TFA/H2O and rapidly
formed an opalescent gel (within 10 min at a concentra-
tion of 10 mg/mL). Typical amyloid fibrils were visible
by transmission electron microscopy (TEM).6a,8 These
fibrils consisted of a cross b-sheet topology as evidenced
by Fourier transform infrared spectroscopy (FTIR)
since the typical type I amide absorption was clearly vis-
ible at m 1630 cm�1. Moreover, circular dichroism spec-
troscopy (CD) showed the characteristic curve of a
b-sheet with a minimum at k 227 nm and a maximum
at k 205 nm (Fig. 3).

The peptoid derivative 2 rapidly dissolved in 0.1% TFA/
H2O (10 mg/mL) and the clear solution remained fluid
for at least three weeks at 4 �C. An intense absorption
at m 1668 cm�1 was observed by FTIR while the
1630 cm�1 absorption was clearly absent indicating a
random coil conformation. The absence of any second-
ary structure was independently confirmed by CD
(Fig. 3) and TEM, since no amyloid fibrils or other
aggregates were visible.

To test the efficiency of peptoid 2 as a b-sheet breaker,
an equal amount (w/w) of native amylin(20–29) 1 was
mixed with this peptoid analog and dissolved in 0.1%
TFA/H2O. The turbidity of the resulting solution was
monitored in time (Fig. 4, curve 2).17 This experiment
showed that peptoid 2 was a good inhibitor of amyloid
formation of 1, since the turbidity of the solution was re-
duced to �20% compared to a solution/gel of 1 (Fig. 4,
curve 1). A mixture, containing an equal amount (w/w)
of 1 and 2, was dissolved in 0.1% TFA/H2O and the ob-
tained solution was analyzed by CD. As can be seen in
Figure 3, this solution (trace 1 + 2) did not show the
29) 1 + peptoid 2 (1:1 w/w); curve 3, amylin(20–29) 1 + retropeptoid 3
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typical b-sheet curve (trace 1), indicating that peptoid 2
was indeed able to inhibit/retard amyloid formation of
amylin peptide 1, at least for 4 days.

The retropeptoid 3 also rapidly dissolved in 0.1% TFA/
H2O to give a clear and fluid solution which was stable
for at least three weeks at 4 �C. Despite the absence of
any secondary structure as judged by FTIR and CD
(Fig. 3), this derivative was only moderately active in
inhibiting amyloid formation of peptide 1 (Fig. 4, curve 3)
and the turbidity was reduced to only �50%, which
was quite unexpected.

Surprisingly, TEM analysis showed that retropeptoid 3
was able to form supramolecular assemblies like ribbons
and tapes (Fig. 5A) and some of these progressed into
closed nanotubes (Fig. 5B).

The formation of supramolecular folding assemblies was
rather unexpected since nearly all hydrogen bond do-
nors were absent. Apparently, the intrinsic self-assembly
of 3 was driven by the correct side chain to carbonyl
group orientation and thus hampered an efficient inhibi-
tion of amyloid formation of 1. The morphology of the
supramolecular folding assemblies was significantly dif-
ferent from typical amyloid fibrils as formed by 1. The
observed tapes had a diameter of �40 nm and the
formed nanotubes (diameter �55 nm) had a right-hand-
ed helical twist and could be 4 lm long.
Figure 5. TEM image of retropeptoid 3. (A) An aggregate of

supramolecular ribbons and tapes; (B) enlargement of a ribbon

progressing into a nanotube. Scale bar represents 500 nm in both

figures.
In conclusion, we have shown that the peptoid and ret-
ropeptoid peptidomimetics of the amyloidogenic amy-
lin(20–29) sequence are synthetically accessible in
acceptable yields. These mimetics can be used as inhibi-
tors of amyloid fibrillogenesis of amylin (20–29), show-
ing that the peptoid is more potent than the
retropeptoid. Removal of hydrogen bond donors in
the backbone and the increased tendency to form ciscoid
conformations may have led to the absence of any de-
fined secondary structures of the (retro)peptoid in solu-
tion. Nevertheless, the retropeptoid was capable of
forming supramolecular tapes, ribbons, and closed
nanotubes via self-assembly, possibly driven by the cor-
rect side chain to carbonyl group orientation.
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