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Synthesis and structural investigations of N-alkylated b-peptidosulfonamide–
peptide hybrids of the amyloidogenic amylin(20–29) sequence: implications of
supramolecular folding for the design of peptide-based bionanomaterials
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The incorporation of a single b-aminoethane sulfonyl amide moiety in a highly amyloidogenic peptide
sequence resulted in a complete loss of amyloid fibril formation. Instead, supramolecular folding
morphologies were observed. Subsequent chemoselective N-alkylation of the sulfonamide resulted in
amphiphilic peptide-based hydrogelators. It was found that variation of merely the alkyl chain induced
a dramatic variation in aggregation motifs such as helical ribbons and tapes, ribbons progressing to
closed tubes, twisted lamellar sheets and entangled/branched fibers.

Introduction

The incorporation of peptide backbone amide bond isosteres has
a tremendous influence on the folding behavior and biochemi-
cal/biophysical properties of the native peptide sequence. Well
known examples of such amide bond isosteres are, among others:
esters (resulting in depsipeptides),1 peptoids (N-alkyl glycines),2

peptido-ureas,3 peptoid ureas,4 alkene dipeptide isosteres,5 b-
peptidosulfonamides6 and peptoid sulfonamides.7 Recently, we
have shown that replacement of one or more backbone amide
bonds by ester- or peptoid moieties, respectively, within amyloido-
genic peptide sequences abrogated their amyloid fibril-forming
properties.8

Since the seminal publications of b-peptides by Seebach9 and
Gellman,10 this concept has found many applications in the
design of peptide sequences with novel folding characteristics
(foldamers),11 antimicrobial properties and biological activities
as receptor (ant)agonists and enzyme inhibitors.12 Rather un-
expectedly, extension of the backbone within an a-amino acid
residue by a single methylene moiety (thus leading to b-amino
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Fig. 1 Structures of an a-peptide, b-peptide, b-peptide–a-peptide hybrid and b-peptidosulfonamide–a-peptide hybrid.

acids) results in a hydrogen bonding network which stabilizes
the secondary structures of relatively short b-peptides (Fig. 1).10

An attractive feature of b-peptidosulfonamides compared to b-
peptides is the identical number of atoms in each backbone
residue (Fig. 1). This allows unequivocal conclusions regarding
the influence of the sulfonamide moiety in b-peptidosulfonamides
oligomers13 and hybrids of b-peptidosulfonamide–b-peptides and
b-peptidosulfonamide–a-peptides, respectively. In this context
we have shown earlier that the incorporation of a single b-
peptidosulfonamide moiety in a hexameric- or nonameric b-
peptide completely attenuates the helical structure of these b-
peptides,14 thus the b-peptidosulfonamide moiety acts as a helix
breaker entity.

This helix breaker property of the b-peptidosulfonamide moiety
triggered us to study the incorporation of b-peptidosulfonamides
into peptide sequences with a high tendency to form (anti)parallel
b-sheets. Incorporation of a single b-aminoethane sulfonyl amide
moiety in an all a-amino acid peptide sequence introduces
an extra methylene group, thus inducing an out of register
hydrogen bonding network compared to an antiparallel b-sheet.
Moreover, the sulfonamide O-atoms are poor hydrogen bond
acceptors but the increased acidity of the sulfonamide NH
makes it a better hydrogen bond donor compared to a pep-
tide amide moiety.15 This dichotomy of hydrogen bond accep-
tor/donor properties can be used for the design of soluble b-sheet
mimics.
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Recently, we have found that modification of the peptide
backbone of the highly amyloidogenic peptide amylin(20–29) does
not form amyloid fibrils.8 However, due to the increased hydropho-
bicity of these newly designed amylin(20–29) peptides, they self-
assemble into large helical ribbons and peptide nanotubes.8b These
amyloid-based peptides can be used as novel hydrogelators in the
design of bionanomaterials.16 In recent reviews17 some general
properties of molecules, which are thought to act as hydrogelators,
have been defined. To gel a solvent (and in particular, water)
an amphiphilic molecule with a hydrophobic functionality to
promote aggregation and hydrophilic or charged groups to provide
solubility is required.17a As stated above, in b-peptidosulfonamide–
a-peptide hybrids, the increased acidity of the sulfonamide NH
is particularly useful for the chemoselective and regiospecific
alkylation of the peptide backbone.18 This alkylation will result
in two novel properties of these b-peptidosulfonamide–a-peptide
molecular constructs. First, removal of a hydrogen bond donor to
disrupt amyloid formation and second, introduction of an alkyl
chain to tune hydrophobicity and thus to optimize their hydroge-
lation properties for material design based on self-assembly.

Here, we describe that the incorporation of a single b-
aminoethane sulfonyl amide moiety in the amylin(20–29) peptide
sequence resulted in a complete loss of amyloid fibril formation,
instead the formation of hydrogels and supramolecular folding
morphologies was observed. Subsequent N-alkylation of the sul-
fonamide resulted in a variety of aggregation motifs such as helical
ribbons and tapes, ribbons progressing to closed tubes, twisted
lamellar sheets and entangled/branched fibers. These desired
properties will be used to design self-assembled bionanomaterials
of amyloid-derived peptides.16

Results

Synthesis

The assembly of the amylin(20–29) peptides 1–4 and the on-
resin Mitsunobu alkylations are shown in Scheme 1. The resin-
bound protected dipeptide H–Ser(t-Bu)–Ser(t-Bu) was treated
with the N-b-Fmoc-protected b-aminoethane sulfonyl chloride
derivative of leucine19 in the presence of N-methylmorpholine in
dichloromethane. These reaction conditions have been recently de-
scribed by us for the synthesis of oligo-b-peptidosulfonamides.13,14

Then, the synthesis proceeded following the Fmoc/t-Bu solid
phase peptide synthesis protocols.20 The final amino acid was
introduced as an N-a-Boc protected derivative (Boc–Ser(t-Bu)–
OH), since the basic conditions during the Mitsunobu alkylations
(vide infra) were not completely orthogonal with an Fmoc
group, moreover, the final peptides should have a free a-amino
functionality.

The increased acidity of the sulfonyl amide NH was used for a
regioselective alkylation of the peptide backbone.18 Electrophiles,
e.g. allylic- or benzylic bromides, were used in the presence of
several bases (DBU, DABCO, K2CO3 and TEA), however, HPLC-
and mass analyses of the resulting peptides were not satisfactory
with respect to purity and identity. Therefore, these alkylations
were carried out by the Mitsunobu reaction,21 thereby broadening
the scope of the possible alkyl chains, since a diverse set of alcohols
can be used. It turned out that the alkylation proceeded smoothly
and a large variety of alcohols could be used (Fig. 2).

After treatment with TFA, to remove all protecting groups
and to detach the peptide from the resin, the N-alkylated b-
peptidosulfonamide–peptide hybrids 4a–l were obtained in good

Scheme 1 Solid phase synthesis of the amylin(20–29) derivatives.
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Fig. 2 Structures of the amylin(20–29) derivatives synthesized in this study.

yields (44–85%). The peptides were purified by HPLC and
characterized by mass spectrometry (Table 1).

The rationale for incorporation of a b-leucine ((S)-3-amino-
5-methylhexanoic acid) residue at position 27 of amylin(20–29)
(compound 2) was based on earlier observations by Moriarty and
Raleigh.22 They found that fibril formation of amylin(20–29) was
particularly sensitive to modifications of the amide of serine 28.
Thus, it was expected that residues at position 27 would affect
the chemical and physical properties of this amine moiety, which
resulted in the design and synthesis of the b-peptidosulfonamide–
peptide hybrid 3 and the corresponding N-alkylated derivatives
4a–l.

Gel formation

Native amylin(20–29) 1 was used as a reference peptide. This
peptide was dissolved in 0.1% TFA–H2O (10 mg mL−1) and rapidly
formed an opaque gel. The presence of amyloid fibrils was verified
by transmission electron microscopy (TEM) (Fig. 3A and 4A)
and b-sheet formation was confirmed by the amide I absorption
at circa 1630 cm−1 in the Fourier transform infrared spectrum
(FTIR)23 (Table 2) and by circular dichroism (CD) (Table 2), either
in a TFA buffer (Fig. 5A) or in a phosphate buffer (Fig. 6A). All
these observations were in agreement with literature data24 and
our earlier experiments.8

Table 1 EI-MS, MALDI-TOF and HPLC data of the amylin derivatives

EI-MS [M + H]+ MALDI-TOF [M + Na]+

Peptide Found (calcd) Found (calcd) Rt (TFA buffer)/min Rt (TEAP buffer)/min

1 1008.80 (1008.50) 1030.501 (1030.482) 17.63 (C8) 2.67 (C8)
2 1022.70 (1022.53) 1044.546 (1044.511) 17.22 (C8) 1.58 (C8)
3 1058.17 (1058.49) 1080.645 (1080.472) 17.60 (C8) 2.41 (C8)
4a 1072.70 (1072.51) 1095.470 (1094.492) 18.12 (C8) 3.77 (C8)
4b 1086.60 (1086.53) 1108.471 (1108.511) 18.72 (C8) 6.02 (C8)
4c 1100.70 (1100.54) 1122.586 (1122.522) 18.93 (C8) 6.71 (C8)
4d 1100.70 (1100.54) 1122.522 (1122.522) 19.50 (C8) 8.33 (C8)
4e 1114.90 (1114.56) 1136.528 (1136.542) 20.53 (C8) 10.50 (C8)
4f 1098.80 (1098.53) 1120.519 (1120.512) 19.22 (C8) 7.43 (C8)
4g 1148.60 (1148.54) 1170.470 (1170.522) 21.13 (C8) 11.58 (C8)
4h 1096.60 (1096.51) 1118.518 (1118.492) 18.98 (C8) 6.65 (C8)
4i 1226.85 (1226.68) 1248.563 (1248.662) 24.40 (C4) 17.60 (C4)
4j 1268.70 (1268.73) 1290.549 (1290.712) 24.38 (C4) 20.27 (C4)
4k 1282.85 (1282.75) 1304.591 (1304.732) 26.82 (C4) 21.25 (C4)
4l 1310.75 (1310.78) 1332.538 (1332.762) 26.88 (C4) 22.77 (C4)
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Table 2 Physicochemical properties of the amylin derivatives

Peptide Gel formation Morphology FTIR/cm−1a CDb

1 Yes (<10 min), opalescent Amyloid fibrils 1631 (s) b-Sheet
2 Yes (<10 min), turbid Lamellar sheets 1677 (s), 1639 (s) Min. k 217 nm, max. k 195 nm
3 Yes (∼40 min), turbid Helical ribbons progressing to closed tubes 1679 (s), 1639 (s) Random coil
4a Yes (∼5 h), translucent No aggregates visible 1678 (s), 1645 (s) Random coil
4b Yes (>24 h), translucent No aggregates visible 1670 (s), 1644 (m) N.d.
4c Yes (∼1 h), translucent Twisted double fibers 1676 (s), 1644 (w) N.d.
4d Clear solution Long thin fibers 1676 (s), 1644 (w) N.d.
4e Yes (>24 h), translucent Long broad fibers 1674 (s), 1645 (s) Random coil
4f Yes (∼30 min), turbid Broad branched fibers 1670 (s), 1645 (s) N.d.
4g Yes (∼30 min), turbid Twisted lamellar sheets 1677 (s), 1631 (w) Random coil
4h Yes (∼30 min), translucent Twisted long fibers 1670 (s), 1644 (w) N.d.
4i Yes (∼45 min), translucent Entangled fibers 1674 (s), 1643 (s) Collagen-like triple helix
4j Yes (∼1 h), translucent Entangled fibers 1667 (s), 1644 (s) N.d.
4k Yes (∼20 min), translucent Entangled fibers 1667 (s), 1644 (s) Random coil
4l Clear solution Entangled fibers 1678 (s), 1643 (s) N.d.

a Typical amide I absorption frequency (cm−1) 1630: aggregated b-sheets; 1640: unordered structure; 1675: antiparallel b-sheet, according to ref. 23b. b CD
spectra are shown in Fig. 5 and 6.

Fig. 3 TEM pictures of the amylin(20–29) derivatives. (A) 1; (B) 4c; (C)
4d; (D) 4e; (E) 4f; (F) 4h and (G) 4l. Scale bar represents 100 nm.

Amylin(20–29) Leu27→bLeu 2 did not rapidly dissolve in 0.1%
TFA–H2O (10 mg mL−1) and formed instantaneously a highly
viscous turbid solution/suspension which gelled upon standing
(Table 2). Amyloid fibrils were not observed by TEM, instead,
long slightly twisted lamellar sheets were visible (Fig. 4B). The
absence of amyloid fibrils was corroborated by FTIR (Table 2),
since the characteristic peak at 1630 cm−1 of the amide I absorption
was absent. Also, CD spectroscopy (Fig. 5A and 6A) confirmed
the absence of amyloid fibrils as the predominant supramolecular
structure since it showed a complete different behavior (a mini-
mum at k 217 nm, a maximum at k 195 nm) of 2 compared to native
amylin(20–29). Interestingly, introduction of a single methylene
moiety in the peptide backbone was able to disrupt the hydrogen
bonding network leading to the folding into (anti)parallel b-sheets
and ultimately amyloid fibrils. Apparently, the hydrophobicity and
the intrinsic self-assembly of this peptide was responsible for the
formation of the observed supramolecular assemblies, as recently
described for depsipeptide derivatives of amylin(20–29).8b

Amylin(20–29) Leu27→LeuW[CH2SO2] 3 was dissolved in
0.1% TFA–H2O and the turbid solution was gelled after 40 min.
This b-peptidosulfonamide–peptide hybrid aggregated into helical
ribbons and some of these ribbons progressed into closed peptide
nanotubes of up to 12 lm in length, as judged by TEM (Fig. 4C).
Based on the FTIR and CD data (Table 2) it was concluded that
3 was present as a random coil. The absence of any secondary
structure resulted from the ability of the sulfonamide moiety to act
as a structure-breaker as was observed earlier in helical hexameric-
and nonameric b-peptides.14 However, the intrinsic chirality of
the peptide backbone and the presence of hydrogen bond donors
and the p–p stacking of the aromatic phenylalanine side chains25

resulted in the formation of supramolecular helical ribbons.
The N-alkylated sulfonamides 4a (methyl) and 4b (ethyl) rapidly

dissolved in 0.1% TFA–H2O and the clear solution formed a
translucent gel after standing for 5 and 24 h, respectively. How-
ever, neither the presence of amyloid fibrils nor supramolecular
aggregates was observed by electron microscopy. This was rather
unexpected since gelation or an increased viscosity was always
accompanied with the presence of aggregates (amyloid fibrils,
supramolecular assemblies).8 These peptides were the first two
examples in which the essential amide of serine 28 was not able to
form an hydrogen bond (vide supra). On the other hand, both alkyl
groups had a small contribution to the overall hydrophobicity of
the peptide, which did not result in a pronounced amphiphilic
character. Thus, the absence of the essential hydrogen bond
abrogated any form of aggregation. This was confirmed by FTIR
(Table 2) and CD (Fig. 5B and 6B), which showed the typical
spectra of a random coil conformation with respect to 4a and 4b.

The N-alkylated sulfonamides 4c (propyl) and 4d (isopropyl)
were dissolved in 0.1% TFA–H2O and the clear solution of 4c
formed a translucent gel within 1 h. However, a solution of 4d
did not form a gel and remained clear. As visualized by TEM,
both peptides formed fibers (Fig. 3B and C) with a different
morphology. Fibers formed by 4c were twisted in contrast to
those formed by 4d which were long, thin and non-twisted.
An identical gelation behavior was found for the N-alkylated
sulfonamide 4e (butyl); after 24 h a translucent gel was obtained.
As judged by electron microscopy, long and broad fibers were
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Fig. 4 TEM pictures of the amylin(20–29) derivatives. (A) 1; (B) 2; (C) 3 and (D) 4g. Scale bar represents 500 nm.

observed (Fig. 3D). These longer alkyl chains increased the overall
hydrophobicity substantially which apparently was responsible
for the observed fiber formation. Both FTIR and CD spectra
confirmed that this aggregation process was not based on amyloid
fibril formation (absence of the characteristic peak at 1630 cm−1

of the amide I absorption), since these measurements strongly
support a random conformation (Table 2 and Fig. 5B and 6B).

The N-alkylated sulfonamides 4f (allyl), 4g (benzyl) and 4h
(propargyl) were synthesized to study the presence of either an
alkenyl/alkynyl chain or an aryl moiety on their gelation behavior.
These amylin derivatives gelled the solution rapidly (within 30 min)
and only in the case of 4h was a clear gel formed. Sulfonamide 4f
aggregated into broad branched (or intertwined) fibers (Fig. 3E)
although it did not adopt a secondary structure as shown by FTIR
(Table 2). Also sulfonamide 4h was unstructured in solution as
judged by FTIR (Table 2), but here long twisted fibers were visible
(Fig. 3F). This was in sharp contrast to the N-benzyl sulfonamide
4g, which showed twisted lamellar sheets and in some cases they

were visible as closed tubes (Fig. 4D). However, 4g did not adopt
any secondary structure in solution as was clear from FTIR-
(Table 2) and CD-measurements (Fig. 5B and 6B). From the
literature is it known that aromatic moieties e.g. benzyl groups (side
chain of phenylalanine: p–p stacking) are important determinants
of supramolecular folding either into amyloid fibrils or peptide
nanotubes.25,26

The N-alkylated sulfonamides 4i (C12, dodecyl), 4j (C15,
pentadecyl), 4k (C16, hexadecyl) and 4l (C18, octadecyl) were
insoluble in 0.1% TFA–H2O. Therefore, 1.0 mg of each derivative
was dissolved in 10 lL DMSO (clear solution) and diluted with
90 lL 0.1% TFA–H2O. The obtained clear aqueous solutions
formed a translucent gel within 1 h, except sulfonamide 4l
which remained as a clear solution (even after 24 h). Gener-
ally, these fatty alcohol peptide amphiphiles formed fibers as
shown (only for the C18 derivative, 4l) in Fig. 3G. Due to the
presence of the saturated lipid moieties, the driving force of
self-assembly of these alkylated sulfonamides was changed from
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Fig. 5 CD spectra of the amylin(20–29) derivatives in 0.1% TFA–H2O.
(A) Upper frame �: 1; �: 2; �: 3. (B) Lower frame �: 3; �: 4a; �: 4e; �:
4g; �: 4i and �: 4k.

peptide-driven (hydrogen bonding, hydrophobic side-chain–side-
chain interactions) to lipid-driven. Typical amide absorption
peaks, characteristic for strong hydrogen bonding-based peptide–
peptide interactions, were absent in the FTIR spectra. Represen-
tative examples of lipid-driven self-assembly have been published
by Fields and coworkers27a and others.27b Fields et al. described
the design and synthesis of small peptide collagen mimics by
N-terminal derivatization of proline-rich peptide sequences with
saturated fatty acid acyl chains.28 Furthermore, evidence for the
lipid-driven self-assembly of compound 4i was found in its typical
CD spectrum (Fig. 5B), showing a maximum at k 227 nm and
a minimum at k 207 nm. However, increasing the length of
the acyl chain (4k) strongly determined the overall folding and
nullified apparently any contribution of specific peptide–peptide
interaction.

Discussion

Amyloid fibrils are characterized by the (anti)parallel organization
of b-pleated sheets,29,30 which lead to a reduced solubility of the
protein and to the formation of deposits of amyloid plaques.
On one hand amyloid formation in living organisms is a highly
undesirable process and is a (co)causitive factor in several diseases
e.g. Alzheimer’s disease (AD), Parkinson’s disease (PD), transmis-
sible spongiform encephalopathies (scrapie, BSE and Creutzfeldt–
Jakob disease) and late onset diabetes (diabetes type II).31 On
the other hand, amyloid formation can also be exploited in the

Fig. 6 CD spectra of the amylin(20–29) derivatives in phosphate buffer
at pH 7.4. (A) Upper frame �: 1; �: 2; �: 3. (B) Lower frame: �: 3; �:
4a; �: 4e; �: 4g.

design of self-assembled bionanomaterials. In our studies we used
as a model peptide the 20–29 sequence of amylin (H–Ser–Asn–
Asn–Phe–Gly–Ala–Ile–Leu–Ser–Ser–NH2), which is known as
an amyloidogenic sequence from native amylin,32 which itself is
involved in type II diabetes.33 Here, we describe our efforts in
the design of material-like properties of peptide nanotubes and
hydrogelators, based on the intrinsic self-assembly of an amyloid-
derived peptide.

A characteristic hydrogen bonding network of an antiparallel
b-sheet is shown in Fig. 7A. As shown by FTIR (Table 2),
TEM (Fig. 3A and 4A) and CD (Fig. 5A and 6A), amylin(20–
29) 1 formed amyloid fibrils as expected. Based on this H-
bonding network, several models of how helical tapes, ribbons and
fibrils/fibers are formed have been postulated in the literature.34,35

Also, rationally designed peptide nanotubes36,37 helical pores,38

peptidomimetics of cross b-sheet assemblies39a,b and de novo
designed b-sheet-forming strands,39c short tau peptides,40 amyloid
fibril mimics41 or amino acid-/peptide-derived organo-42 and
hydrogelators17,43 are based on this model of antiparallel b-sheet.

The substitution of Leu27 by (S)-3-amino-5-methylhexanoic
acid (b-leucine) in amylin(20–29) resulted in b-peptide–a-peptide
hybrid 2, which did not fold into characteristic amyloid fibrils
(vide supra). The absence of amyloid fibrils may be explained by
the out of register hydrogen bonding pattern as induced by the
incorporation of an extra methylene moiety (Fig. 7B). However,
this peptide was found to be a hydrogelator and the lamellar sheets
observed by TEM were somewhat surprising. Apparently, the
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Fig. 7 Structural representation of a b-pleated sheet: (A) native amylin(20–29) 1; (B) incorporation of a b-peptide: 2; (C) replacement of an amide bond
by an sulfonamide moiety: 3; (D) alkylation of the sulfonamide NH: 4a–l.

driving force to form these sheets is merely based on hydrophobic
side chain interactions8 rather than hydrogen bonds, which is in
line with the FTIR (Table 2) and CD (Fig. 5A and 6B) data.

Substitution of a peptide amide bond by a sulfonamide, to ob-
tain b-peptidosulfonamide–peptide hybrid 3, introduces a stronger
hydrogen bond donor but a weaker hydrogen bond acceptor. As
viewed by TEM (Fig. 4C), this amylin(20–29) derivative was found
to form helical ribbons and closed peptide nanotubes. As is the
case with b-peptide–a-peptide hybrid 2, b-peptidosulfonamide–
peptide hybrid 3 cannot form an ideal hydrogen bonding network
as depicted in Fig. 7C. Although, the FTIR spectra of 2 and
3 are almost identical, which may imply that the sulfonamide
moiety plays a minor role in the formation of the observed
peptide nanotubes, due to its dichotomy as hydrogen bond donor
and/or acceptor (vide supra)14 it is surprising to observe the
lamellar twist of this derivative as opposed to 2. Recently, a similar
supramolecular morphology has been reported by us in the case
of amylin(20–29) peptides, in which all important hydrogen bonds
involved in amyloid formation have been removed.8b Formation
of the peptide nanotubes has been explained as an interplay of
an increase of the overall hydrophobicity of the peptide construct
and side-chain–side-chain interactions.

Alkylation of the sulfonamide NH (4a–l) induces sterical
hindrance and removes a strong hydrogen bond donor, these
simultaneous alterations of the amide bond properties make the
antiparallel alignment into a b-sheet motif highly unfavorable
(Fig. 7D). The concept of N-methylation has successfully been
applied in the design of soluble b-sheet mimics that inhibit amyloid
formation.44 The absence of fibrils (TEM) in case of the N–Me
and N–Et sulfonamides 4a and 4b, respectively, was in agreement
with data from the literature. However, incorporation of longer

alkyl chains, generally increases the hydrophobicity and ultimately
leads to the formation of a peptide amphiphile. The aggregation
behavior of the peptide amphiphiles (4c–4l) is determined by the
hydrophobicity and length of the alkyl chain (lipid-driven) since
the morphology of the aggregates is generally the same (Fig. 3B–
G). There is, however, one exception: N-benzyl sulfonamide 4g,
which self-assembles into twisted lamellar sheets and (closed)
peptide tubes (Fig. 4D). Represented as an antiparallel b-sheet,
the side chain of phenylalanine can be oriented co-planarly to
the sulfonamide N-benzyl for optimal p–p stacking interactions
(Fig. 8A). Recently, these p–p stacking interactions have been
defined as important determinants in supramolecular folding
either into amyloid fibrils or peptide nanotubes.25,37 Moreover,
a piece of indirect evidence for these p–p stacking interactions
(as oriented in an antiparallel b-sheet) in the case N-benzyl
sulfonamide 4g, is the presence of a signal at 1631 cm−1 in the
FTIR spectrum, since in all other N-alkylated sulfonamides this
signal is absent.

In conclusion, we describe here the successful synthesis of
backbone-modified amylin(20–29) derivatives in which one amide
bond is replaced by a sulfonamide functionality. The sulfon-
amide moiety is regiospecifically alkylated with a diverse set
of alcohols featuring the Mitsunobu reaction on the solid
support. These amylin derivatives did not form amyloid fib-
rils, however, they self-assembled into diverse supramolecular
assemblies such as lamellar sheets, helical ribbons, peptide
nanotubes and close networks of entangled fibers. The com-
pounds describes here will find application as hydrogelators and
newly designed bionanomaterials (insulated wires, drug delivery
devices, nanoreactors) based on small peptides and peptido-
mimetics.
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Fig. 8 (A) Structural representation of a b-pleated sheet in the case of sulfonamide 4g; strong influence of p–p interactions as determinants of the
supramolecular folding morphology. (B) Pictorial respresentation of the lipid-driven self-assembly of the peptide amphiphiles.

Material and methods

General

Chemicals were obtained from commercial sources and used
without further purification, unless stated otherwise. Peptide grade
solvents used for solid phase peptide synthesis were purchased
form Biosolve and were stored on 4 Å MS. Peptides were
synthesized on a Applied Biosystems 433A peptide synthesizer.
Analytical HPLC runs were performed on a Shimadzu automated
HPLC system equipped with a UV/VIS detector operating at
220/254 nm and an evaporative light scattering detector (Polymer
Laboratories ELS 1000). Peptides were purified using a Gilson
HPLC workstation. Infrared spectra were recorded on a BioRad
FTS6000 spectrometer. CD-spectroscopy was performed on a Olis
RSM-1000 spectrometer.

Peptide synthesis

Peptides 1 and 2 were synthesized using the FastMoc protocol
on a 0.25 mmol scale20 on Argogel R© Fmoc-Rink-Amide resin
to obtain the C-terminally amidated peptides.45 Each synthetic
cycle consisted of N-a-Fmoc removal by a 10 min treatment
with 20% piperidine in NMP, a 6 min NMP wash, a 45 min
coupling step with 1.0 mmol of preactivated Fmoc amino acid
in the presence of 2 equivalents DIPEA, and a 6 min NMP wash.
N-a-Fmoc Amino acids were activated in situ with 1.0 mmol
HBTU–HOBt (0.36 M in NMP)46 in the presence of DIPEA
(2.0 mmol). The peptides were detached from the resin and
deprotected by treatment with TFA–H2O–TIS 95 : 2.5 : 2.5 v/v/v
for 3 h. The peptides were precipitated with MTBE–hexane 1 : 1
v/v at −20 ◦C and finally lyophilized from tert-butanol–H2O 1 :
1 v/v.
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Synthesis of b-peptidosulfonamide–peptide hybrid 3

Fmoc–Ser(t-Bu)–Ser(t-Bu)–NH-Rink-Amide resin (0.25 mmol)
was washed with CH2Cl2 (3 × 2 min, 10 mL) and NMP (3 ×
2 min, 10 mL) then treated with 20% piperidine–NMP (3 × 8 min,
10 mL) to remove the Fmoc group. After washing the resin with
NMP (3 × 2 min, 10 mL), the solvent system was changed into
CH2Cl2 by extensive washing with CH2Cl2 (6 × 2 min, 10 mL).14

Then, Fmoc–LeuW[CH2SO2]Cl19 (422 mg, 1.0 mmol, 4 equiv.)
was coupled to the a-amino group with NMM (165 lL, 1.5 mmol.
6 equiv.) as base in CH2Cl2 (10 mL). The coupling was followed
by the Kaiser test47 and the bromophenol blue test (BPB)48 and
was found to be complete after 3 h. The resin was washed with
CH2Cl2 (3 × 2 min, 10 mL) and NMP (6 × 2 min, 10 mL). Peptide
synthesis was continued following the Fmoc–t-Bu solid phase
peptide synthesis protocols. The final amino acid was coupled as its
N-a-Boc protected derivative (Boc–Ser(t-Bu)–OH). Subsequently,
a small portion of the resin was treated with TFA–TIS–H2O 95 :
2.5 : 2.5 v/v/v to remove all protecting groups and to detach the
peptide form the resin. The b-peptidosulfonamide–peptide hybrid
3 was precipitated with MTBE–hexane 1 : 1 v/v at −20 ◦C and
finally lyophilized from tert-butanol–H2O 1 : 1 v/v.

N-Alkylation of the sulfonamide on the solid phase

Alkylation of the sulfonamide moiety, to obtain the N-alkylated b-
peptidosulfonamide–peptide hybrids 4a–l, was performed on the
solid phase in the presence of DIAD (4 equiv.), triphenylphosphine
(4 equiv.) and the alcohol (8 equiv.) in freshly distilled THF. As a
typical example, for the synthesis of 4i, resin-bound fully protected
peptide 3 (200 mg, 0.06 mmol) was washed with CH2Cl2 (3 ×
10 mL, 2 min) followed by THF (3 × 10 mL, 2 min). Then, the
resin was treated with triphenylphosphine (63 mg, 0.24 mmol), 1-
dodecanol (90 mg, 0.48 mmol) and DIAD (47 lL, 0.24 mmol)
in THF (10 mL) for 16 h. Finally, the resin was extensively
washed with THF (3 × 10 mL, 2 min) and CH2Cl2 (3 × 10 mL,
2 min). The N-alkylated b-peptidosulfonamide–peptide hybrids
were deprotected and cleaved from the resin with TFA–TIS–H2O
95 : 2.5 : 2.5 v/v/v for 3 h. The crude b-peptidosulfonamide–
peptide hybrids were precipitated in cold MTBE–hexane 1 : 1 v/v
at −20 ◦C and lyophilized from tert-BuOH–H2O 1 : 1 v/v.

Peptide purification

Preparative HPLC runs were performed on a Gilson HPLC
workstation equipped with an UV/VIS detector operating at
220/254 nm. Columns used for preparative peptide purification
were either a LiChroCART 250–20 CN (10 lm particle size, 100 Å
pore size, l: 250 mm, i.d.: 10 mm) semipreparative column running
at a flow rate of 5 mL min−1 or an Adsorbosphere XL C8 (10 lm
particle size, 90 Å pore size, l: 250 mm, i.d. 22 mm) column running
at a flow rate of 10 mL min−1. The buffer used was 0.1% TFA in
H2O (buffer A) and 0.1% TFA in CH3CN–H2O 95 : 5 v/v (buffer
B) using a linear gradient from 100% buffer A to 100% buffer B
in 60 min.

Peptide characterization

Analytical HPLC runs were performed on a Shimadzu automated
HPLC system equipped with a UV/VIS detector operating at

220/254 nm and an evaporative light scattering detector (Polymer
Laboratories ELS 1000). Columns used for purity analyses were
either an Adsorbosphere XL C8 (5 lm particle size, 90 Å pore
size, l: 250 mm, i.d.: 4.6 mm) column or an Adsorbosphere XL
C4 (5 lm particle size, 300 Å pore size, l: 250 mm, i.d.: 4.6 mm)
column using a linear gradient from 100% buffer A to 100% buffer
B in 40 min at a flow rate of 1 mL min−1. Two buffer systems
were used, the first buffer system was: buffer A: 0.1% TFA in
H2O and buffer B: 0.085% TFA in CH3CN–H2O 95 : 5 v/v and
the second buffer system was: buffer A: 50 mM triethylamine–
H3PO4 in H2O–CH3CN (8 : 2 v/v) pH 2.25 and buffer B was
50 mM TEA–H3PO4 in CH3CN–2-propanol–H2O (10 : 9 : 1 v/v/v)
pH 2.25. Peptides were characterized using electrospray mass
spectrometry (EI-MS) and was performed on a Shimadzu LCMS-
QP8000 single quadruple bench top mass spectrometer operating
in a positive ionization mode and MALDI-TOF analyses on a
Kratos Axima CFR apparatus, with human angiotensin II as
external reference (monoisotopic (M + H)+: 1046.542) and a-
cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic acid as
matrices.

Gelation experiments

Each peptide sample (10 mg) was dissolved in 0.1% TFA–H2O
(1 mL) at 25 ◦C. The aggregation state was determined by eye
at regular time intervals by tilting the test tube and check if the
solution still flowed. If no flow was observed, gelation was said to
have taken place.

Transmission electron microscopy

A peptide gel/solution (10 mg peptide per mL in 0.1% TFA–H2O)
aged for three weeks (10 lL) was placed on a carbon coated copper
grid. After 15 min, any excess of peptide was removed by washing
the copper grid on a drop of demi-water (this was repeated four
times) Finally, the samples were stained by methylcellulose–uranyl
acetate and dried on air. The samples were visualized under a Jeol
1200 EX transmission electron microscope operating at 60 kV. The
magnification ranged from 10 000 to 60 000 times.

Fourier transform infrared spectroscopy

A peptide gel solution (10 mg peptide per mL in 0.1% TFA–H2O)
aged for three weeks (100 lL) was lyophilized and subsequently
resuspended in D2O (150 lL) and lyophilized. This treatment was
repeated twice. The lyophilized peptides were dried over P2O5

in high vacuum for 24 h. A peptide sample was mixed with
KBr and pressed into a pellet. The optical chamber was flushed
with dry nitrogen for 5 min before data collection started. The
interferograms from 1000 scans with a resolution of 2 cm−1 were
averaged and corrected for H2O and KBr. The experimental FTIR
spectra were correlated with data from the literature.23

Circular dichroism spectroscopy

CD spectra were measured at 1.0 nm intervals in the range of 195–
250 nm as the average of 20 runs using a spectral band width of
2.0 nm in 0.5 mm cuvettes thermostated at 20 ◦C with the optical
chamber continually flushed with dry N2 gas. The spectra were
measured in 0.1% TFA in H2O. The concentrations (1 mg mL−1)
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were determined on the basis of the calculated molecular mass
of the purified lyophilized peptides as the TFA salt. A peptide
sample was dissolved in 0.1% TFA in H2O and stored for 4 d at
4 ◦C prior to analysis. A second buffer system49 was used in the CD
experiments (1.8 mM NaH2PO4, 8.2 mM Na2HPO4 in 100 mM
NaCl at pH 7.4) at the same concentration and conditions as
described for the TFA buffer.
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