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Abstract: Peptides containing variations of the β-amyloid
hydrophobic core and five-membered sulfamidates derived
from β-amino acid α-methylisoserine have been synthesized
and fully characterized in the gas phase, solid state and in
aqueous solution by a combination of experimental and
computational techniques. The cyclic sulfamidate group
effectively locks the secondary structure at the N-terminus of

such hybrid peptides imposing a conformational restriction
and stabilizing non-extended structures. This conformational
bias, which is maintained in the gas phase, solid state and
aqueous solution, is shown to be resistant to structure
templating through assays of in vitro β-amyloid aggregation,
acting as β-sheet breaker peptides with moderate activity.

Introduction

Cyclic sulfamidates are well-known electrophiles, commonly
used as building blocks to synthesize various chemicals and
biomolecules.[1–9] Particularly, chiral five-membered ring sulfami-
dates derived from hydroxy-α- and β-amino acids have been
extensively used as precursors of chemically modified amino
acids.[10–17] The reactivity of sulfamidate-containing peptides has
been extensively studied,[11] including short peptides incorpo-
rating α-methylisoserine-derived sulfamidate by our group.[18–21]

However, although such chiral scaffolds can be regarded as

structural analogs of cyclic amino acids (Pro or βPro),[22,23] their
structural properties have been much less explored. Analysis of
reported crystallographic[18,24] and quantum mechanical[25] struc-
tures reveals that amide-substituted α-methylisoserine sulfami-
dates show highly conserved conformational features, partic-
ularly at the C-terminal amide bond. We envisioned that these
structural preferences, which mainly originate from an electro-
static interaction between the amide N� H and sulfamidate
endocyclic O atoms,[25] could be transferred to small peptides
incorporating such chiral and conformationally restricted motif.
To test this hypothesis, we incorporated α-methylisoserine
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sulfamidate 1 into the β-amyloid (Aβ) hydrophobic core (Aβ17-
21) in an attempt to produce a so-called β-sheet breaker
peptide[26–33] (BSBP, Figure 1) for the inhibition of Aβ aggrega-
tion.

BSBPs specifically bind to Aβ blocking and/or reversing its
aggregation into β-sheet-rich oligomers and insoluble deposits.
Soto and co-workers pioneered the BSBP strategy by develop-
ing compound 2 (Ac-Leu-Pro-Phe-Phe-Asp-NH2), a small peptide
able to both inhibit amyloid aggregation and disrupt preformed
fibrils,[26,27] in which the β-sheet stabilizing valine[34] in Aβ17-21
is replaced by a proline[35] (Figure 1). Proline is an innate β-sheet
breaker residue owing to its cyclic structure,[22,36] and is often
found in β-turn motifs. Based on this strategy, several BSBP
candidates containing cyclic unnatural residues have been
developed, particularly hybrid α/β-peptides incorporating ho-
moproline (β-HPro),[37] anthranilic acid (Ant)[38] and N-terminal
sulfonamide derivatives (i. e. containing taurine) (Figure 1).

We envisaged that a similar β-sheet breaking effect might
be exerted by the peptide’s N-terminus backbone conformation
-induced by the sulfamidate moiety, which does not match the
backbone dihedral distribution of a β-strand. This mismatch
weakens the hydrogen bond pattern of the growing β-sheet
architecture and prevents recruitment of further Aβ monomeric
units. Of note, it has been suggested that the sulfonamide
moiety contributes to inhibit aggregation by altering polarity
and hydrogen bonding patterns.[39,40] Our sulfamidate moiety 1
is likewise cyclic, and in addition features a sulfamate motif
likely engaged in an intra-molecular interaction[25] which entails
an enthalpic penalty to flexibility (see dashed blue line in
Figure 1).

Here, we present a multi-disciplinary strategy for the
development and complete structural analysis of small peptides
incorporating cyclic α-methylisoserine sulfamidates, by combin-
ing solid-phase synthesis, high-resolution IRID spectroscopy, X-
ray crystallography, circular dichroism, NMR spectroscopy,
computer modeling and in vitro activity. Some of these
compounds showed a comparable or even larger anti-aggrega-

tion activity than proline when embedded in the same peptide
sequence. Finally, a model for amyloid inhibition mechanism is
proposed.

Results and Discussion

Synthesis of BSBPs

To minimize the issues associated to the synthesis of small
peptides incorporating sulfamidate 1 in solution,[18–20] the
coupling of this scaffold to longer peptides was optimized
using microwave-assisted solid-phase synthesis (MW-SPPS,
Scheme 1).[21] First, Fmoc-protected amino acids were consec-
utively attached to a Rink amide MBHA resin using the standard
coupling-deprotection protocol. N-unprotected sulfamidate 1
could be then coupled directly since the reactivity at its
quaternary center (i. e. ring-opening or elimination reactions) is
silenced in the absence of an activating group.[20,25] Several
parameters for the synthesis of peptide 3-resin were optimized
(Supporting Information Table S1), noting that microwave
assistance is pivotal for the coupling to proceed. Part of the
resin was treated with the cleavage cocktail to release the
peptide from the resin and remove the protecting groups,
obtaining peptide 3. Fmoc-protected leucine was then coupled
to peptide 3-resin either at low temperatures to avoid the ring-
opening of the N-functionalized (i. e. activated) sulfamidate with
nucleophilic coupling reagents, or with microwave activation
using non-nucleophilic coupling reagents (Supporting Informa-
tion Table S2), to obtain peptide 4 after cleavage.

However, the final substitution of the N-terminal Fmoc by
an acetyl group could not be achieved under any of the many
conditions assayed (Supporting Information Table S3), obtaining
always deacylated peptide 3 as a sole product upon Fmoc
deprotection. Alternatively, N-acetyl-leucine was coupled to
peptide 3-resin (Scheme 1). Unfortunately, although this strat-

Figure 1. Structures of Aβ hydrophobic core and different β-sheet breaker
peptides (BSBP) comprising cyclic α- and β-amino acids and sulfonamides,
including the minimal motif incorporating α-methylisoserine sulfamidate 1
(inset) presented in this work.

Scheme 1. Synthesis of peptides containing α-methylisoserine-derived sulfa-
midate 1. Reagents and conditions: a) 20% (v/v) piperidine in DMF for Fmoc
deprotection; b) Fmoc-protected amino acid (5 equiv.), Oxyma Pure®, DIC,
and DMF for coupling natural amino acids; c) 1 (5.0 equiv.), Oxyma Pure®
(5.5 equiv.), DIC (20 equiv.), DMF, 75 °C (MW), 20 min; d) TFA/TIS/H2O
(95 :2.5 : 2.5), 25 °C, 1 h; e) Fmoc-Leu-OH, DIPEA (5.5 equiv.), DIC (20 equiv.),
DMF, 75 °C (MW), 20 min for peptide 4, or Ac-Leu-OH, DIPEA (5.5 equiv.), DIC
(20 equiv.), DMF, 25 °C, 16 h for peptide 5.
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egy did allow obtaining peptide 5 after cleavage, two epimers
in a 1 :3 ratio at the terminal leucine were detected and
separated by HPLC, despite using very mild conditions for the
coupling (25 °C without microwave irradiation); this undesired
epimerization reaction is commonly observed when coupling N-
acetyl amino acids.[41] Additionally, when peptide 5 was
dissolved in aqueous phosphate-buffered saline (PBS, pH 7.5),
the N-terminal leucine was again cleaved to form peptide 3, as
confirmed by NMR, MS and HPLC. Therefore, and although
compound 5 would be directly comparable to Soto’s BSBP 2, it
was finally discarded for further studies due to the lack of
complete stereochemical assessment and, more importantly, its
instability in solution.

We then proceeded to synthesize a small library of peptides
containing the sulfamidate moiety at the N-terminal position,
either unprotected or capped as N-acetylsulfamate, and featur-
ing Soto’s FFD (peptides 3 and 6) and the longer native Aβ17-
21 sequences (peptides 7 and 8) (Table 1). For comparison, full-
length Soto’s BSSP and shorter analogues containing a proline
instead of the cyclic sulfamidate (2: Ac-LPFFD-NH2, 9: Ac-PFFD-
NH2, and 10: Ac-PFFAE-NH2), as well as the minimal 1-Phe-Phe-
NH2 motif (peptide 11) were also synthetized.

Conformational analysis of sulfamidate-containing peptides
in the gas phase

In an attempt to elucidate the intrinsic conformational prefer-
ences of these sulfamidate-containing peptides, we first studied
the gas phase structural properties of the 1-Phe-Phe-NH2 motif
(peptide 11), conserved in all sulfamidate containing peptides
studied here. To this end, conformer-specific and mass-resolved
infrared double resonance ion-dip (IRID) spectroscopy was
used. This strategy allows the structural characterization of
small-to-medium sized molecules and the precise study of
inherent intramolecular interactions without interference from
surrounding species in condensed media (i. e. aqueous sol-
vents), and has been successfully employed to deduce the gas
phase conformational preferences of several biomolecules.[42–45]

In particular, amide N� H stretching vibrational modes are very
sensitive to the strength and pattern of hydrogen bonds, thus
providing information about the low-energy conformations (i. e.
folding) adopted by small peptides in the absence of solvent
effects. For tripeptide 11, an intense absorption band at around

3150 cm� 1, three overlapping bands in the 3350–3450 cm� 1

region, and one distinct band at around 3500 cm� 1 are
observed (Figure 2).

The presence of such well-resolved and separated bands
suggests that only one conformer is present at IRID. The sharp
peaks of the REMPI 1+1’ spectrum (Supporting Information
Figure S2) also suggest this trend. The infrared frequencies
calculated for the lowest-energy conformer I (see Supporting
Information and Table S4) shown in Figure 2 almost perfectly
match those measured experimentally, indicating that such
arrangement is the most populated one in the gas phase.
Conformers III–V calculated quantum mechanically for peptide
11 are all very similar both structurally (i. e. they all are folded)
and spectroscopically (Supporting Information Figure S3-S5)
and could have a residual contribution in the IRID spectrum.
The major conformer I exhibits a completely folded secondary
structure as a result of an intricate hydrogen bond network
involving the sulfamidate N� H, Oexo and Oendo atoms (Figure 2).
As previously reported,[25] the tertiary α-methyl group of the
sulfamidate moiety plays a decisive role to lock the amide bond
in a very stable and unusual arrangement (ψβ �� 137°). As a
result of this conformational lock, the Phe residue attached to
the sulfamidate (i+1 position) is stabilized in an α-helix
conformation (ϕα�� 62°, ψα�� 34°) through the direct N� H to
Oendo interaction, and the consecutive terminal Phe (i+2
position) folds into an inverse γ-turn conformation (ϕ2�� 78°,
ψ2� +89°) through hydrogen bonds between its C=O and N� H
groups with sulfamidate N� H and Oexo groups, respectively. The
non-extended orientation of the two Phe side chains (g� , χ1α�
+50° for Phe1; g+, χ12�� 62° for Phe2) creates a hydrophobic
patch through aromatic C� H/π interactions between the two
nearly perpendicular phenyl rings which encapsulate one the
two sulfamidate Oexo groups. This confirms our initial hypothesis
that this densely functionalized five-membered cyclic amino
acid confers strong bias towards novel non-extended
conformations[46–48] to small peptides in which it is incorporated,
with high potential for disrupting extended β-sheet structures
such as those present in amyloid fibrils.

Table 1. Synthesized sulfamidate and proline-containing peptides.

Peptide Sequence Global yield [%][a]

2 Ac-Leu-Pro-Phe-Phe-Ala-Glu-NH2 80
3 1-Phe-Phe-Asp-NH2 72
6 Ac-1-Phe-Phe-Asp-NH2 51
7 1-Phe-Phe-Ala-Glu-NH2 62
8 Ac-1-Phe-Phe-Ala-Glu-NH2 49
9 Ac-Pro-Phe-Phe-Asp-NH2 71
10 Ac-Pro-Phe-Phe-Ala-Glu-NH2 65
11 1-Phe-Phe-NH2 75

[a] Yield calculated as mmol of HPLC-purified peptide divided by mmol of
resin labelling content.

Figure 2. Top panel: Experimental infrared ion-dip (IRID) spectrum of peptide
11 in the gas phase. Lower panel: Calculated N� H vibrations for lowest-
energy conformer I. The high correspondence between calculated and
observed bands is highlighted with dotted lines. (Right panel) Three-
dimensional structure calculated for conformer I with B3LYP-D3/6-311+

+G(2d,p). Hydrogen bonds are highlighted with dotted lines.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202202913

Chem. Eur. J. 2023, 29, e202202913 (3 of 8) © 2022 Wiley-VCH GmbH

Wiley VCH Donnerstag, 02.02.2023

2309 / 281381 [S. 121/126] 1

 15213765, 2023, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202202913 by U

niversite Paris-Saclay, W
iley O

nline L
ibrary on [29/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Structure of sulfamidate-containing peptides in the solid
state

The next step in assessing the conformational preferences of
peptides featuring sulfamidate 1 was to determine their
structure in the solid state. Fortunately, peptide 11 could be
crystallized layering its solution in acetone with hexane (see
Supporting Information and Table S5). X-ray diffraction analysis
of the obtained monocrystals revealed that traces of water co-
crystallized with the substrate in a 1 :2 stoichiometry (11 · 2H2O)
create a dense intermolecular hydrogen-bond network involv-
ing the sulfamidate and amide groups (Figure 3). These water
molecules intercalate between the sulfamidate and amide
atoms previously described to form direct hydrogen bonds in
the gas phase (Figure 2), yielding a less compact structure
(solvent excluded surface area=378 Å2 in the solid state versus
341 Å2 in the gas phase; probe radius 1.4 Å), although a very
similar folded secondary structure was observed. The sulfami-
date moiety retained the same geometry and hydrogen bond
pattern involving its NH and oxygen atoms, and the tertiary
amide was also locked in the same unusual conformation (ψβ �

� 133°) due to the presence of the α-methyl group and the
conserved N� H to Oendo interaction. Both phenylalanine residues
showed α-helix conformations, the first Phe being slightly
distorted from the canonical dihedral angles (ϕα�� 123°, ψα�

+19° for Phe1; ϕ2�� 55°, ψ2�� 42° for Phe2). In contrast with
the gas-phase conformation, the sidechains of both Phe
residues adopted an extended arrangement to maximize
packing with other peptide molecules in the crystal (g+, χ1α�
� 57° for Phe1; t, χ12�� 176° for Phe2). Of note, a clear
intramolecular C� H/π interaction between the α-methyl group
of the sulfamidate and the phenyl ring of Phe1 was observed.

The non-covalent intermolecular interactions between pep-
tide units in the crystal structure were analyzed quantum
mechanically by subtracting from the charge density of the
bulk that of a fictitious crystal of non-interacting molecules (see

Supporting Information). As expected, two main types of non-
covalent interactions that alternate along crystallographic
direction a were detected: hydrogen bonds involving the polar
N-terminus of the peptide and co-crystallized water molecules
at higher densities, and weaker van der Waals interactions
involving phenylalanine side chains at lower densities (Support-
ing Information Figure S6).

Conformational analysis of sulfamidate-containing peptides
in solution

The conformational preferences of peptides 3 and 6–10 in
aqueous solution were first studied by circular dichroism (CD)
(Figure 4). As expected, CD spectra suggest that longer peptides
have a slightly better-defined structure than shorter variants. Of
note, the characteristic β-sheet profile was not observed for any
of them. Instead, a polyproline-II helix-like conformation is
preferred in all cases.

2D-NOESY NMR experiments and molecular dynamics simu-
lations with time-averaged restraints (MD-tar) were combined
to obtain a detailed representation of the secondary structure
of sulfamidate-containing peptides 3 and 6–8 in aqueous
solution (see Supporting Information). Experimental distances
were deduced from 2D-NOESY cross-peak intensities and were
used as geometrical restrains in the MD-tar simulations. Average
distances obtained from the simulations were consistent with
the experimental ones, confirming that such calculations are
able to correctly capture the structural behavior of these
peptides in water (Supporting Information Figure S7). As
observed in the gas phase and solid state for the minimal 1-
Phe-Phe sequence, the ψβ dihedral angle is locked between
� 120° and � 150° and the interaction between the amide N� H
of the i+1 residue (Phe) and the endocyclic oxygen (Oendo) of
the sulfamidate is conserved for all peptides also in water
(averaged distance ~2.4 Å, Figure 4B and Supporting Informa-
tion Figures S8-S11). Variable-temperature 1H NMR experiments
suggested that such interaction might not be a canonical
hydrogen bond, in agreement with its geometrical features
derived from the MD-tar simulations (Supporting Information
Figure S13). The terminal N-acetylsulfonamide in peptides 6 and
8 is locked into a cis amide bond disposition as confirmed by
medium-size NOE cross-peaks (Ac� HproR and Ac� HproS), which
differs from the normal trans preference in α-proline, and
resembles the behavior observed for β-proline.[49,50]

The conformational bias imposed by the cyclic sulfamidate
is transferred to the adjacent amino acids, highlighting the
sulfamidate’s ability to tune the peptide’s secondary structure.
Particularly, the i+1 Phe residue predominantly displays a
folded polyproline-II helix conformation in all studied peptides
(PP-II, ϕα�� 60°, ψα� +150°), with minor populations of
extended β-strand conformations (β, ϕα�� 150°, ψα� +150°,
Figure 4B). These conformational preferences resemble those
described for residues adjacent to cyclic amino acids, for
example residues preceding a proline.[51] On the other hand, the
propensity to adopt PP-II-type conformations decreases with
increasing distance from the N-terminal sulfamidate (Support-

Figure 3. X-ray structure of peptide 11, including two co-crystallized water
molecules (11 · 2H2O). A) ORTEP diagram showing thermal ellipsoids at the
50% probability level. B) Crystal packing showing the asymmetric unit cell
(gray box). Intra- and intermolecular polar interactions within the molecules
in the unit cell (shown in sticks) are shown as green dashed lines;
interactions with molecules outside the unit cell are shown as yellow dashed
lines.
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ing Information Figure S12). These conformational preferences
agree with the CD experiments, which showed a preponder-
ance of folded PP-II-like conformations in water solution, and
hinder the formation of β-sheet structures such as those
occurring at the LVFF hydrophobic core in Aβ.

In vitro amyloid inhibition activity

The kinetics of Aβ1-40 aggregation in the presence of sulfami-
date-containing peptides 3, and 6–8 were monitored and
compared to those of proline-containing peptides 2, 9, and 10.
These experiments were performed in vitro using thioflavin T

(ThT) as a probe, whose fluorescence intensity increases upon
binding to amyloid fibrils.[52–54] Aβ1-40 was incubated in the
absence or presence of 10 molar excess of peptides 2, 3, and 6–
10 at 37 °C for 24 h and ThT fluorescence intensity was recorded
periodically (Supporting Information Figure S14). Reference pro-
line-containing peptide 2 and the sulfamidate-containing
peptide 8 showed statistically significant inhibition of Aβ
fibrillation (74% and 62%, respectively), whereas the other
peptides (3, 6, 7, 9, and 10) showed no inhibition (Figure 5A).

The inhibition of Aβ1-40 aggregation was then evaluated
using lower amounts of peptides (1 : 5 and 1 :2 molar ratios,
Figure 5B and Supporting Information Figures S14, S15), show-
ing that sulfamidate-containing peptide 8 was still able to
significantly inhibit the fibrillation at a 5-molar excess (79%) in
a dose-dependent manner. Another way to qualitatively study
amyloid fibrillation is analyzing the conformation of Aβ1-40 after
incubation by CD in the absence and presence of additives.[55]

When incubating Aβ1-40 with 2 molar excess of peptide 8 at
37 °C for 24 h, the characteristic β-sheet profile shifted to a
random coil, suggesting aggregation inhibition (Figure 5C and
Supporting Information Figure S16). This behavior, which is
consistent with the outcome of the ThT fluorescence experi-
ments, was maintained after incubating for 7 days (Figure 5D
and Supporting Information Figure S17). Overall, these results
suggest that the non-extended conformation of sulfamidate-
containing peptide 8 is conserved in the presence of Aβ1-40,
thus disrupting amyloid aggregation.

Figure 4. Conformational analyses of sulfamidate-containing and natural
peptides in aqueous solution. A) CD spectra for 500 μM solutions of peptides
3 and 6–10 in PBS (50 mM, pH 7.4). B) 100 snapshots ensemble extracted
from MD-tar simulations (500 ns) of sulfamidate-containing peptide 8.
Sulfamidate 1 is shown as lines. Natural amino acids are shown as light gray
ribbon, and the (i+1) Phe residue as pale pink ribbon. Average distance
between the endocyclic oxygen of the sulfamidate and the NH of the Phe
residue (dNH-Oendo), three-dimensional plots of torsional angle distributions
(φβ, ψβ, θβ) around the sulfamidate moiety, and two-dimensional plots of
torsional angle distributions (φ, ψ) of the Phe residues are shown. In the
three-dimensional plots, torsional angle distributions are shown from 0° to
360° as colored spheres and projections onto each axis are shown as grey
dots. In the two-dimensional plots, the torsional angle distributions are
shown from � 180° to +180° as colored dots. Colors range from densely
populated (i. e. stable, ΔE=0.0-1.0 kcal mol� 1, red-green) to scarcely
populated (i. e. unstable, ΔE�1.0-2.0 kcal mol� 1, blue-white) structures.

Figure 5. In vitro activity of peptides 2, 3, and 6–10. A) Relative maximum
fluorescence intensities obtained from the ThT fluorescence assay upon
incubation of Aβ1-40 (15 μM) with and without 10 molar excess of each
peptide at 37 °C for 24 h. B) Relative maximum fluorescence intensities
obtained from the ThT fluorescence assay upon incubation of Aβ1-40 (15 μM)
with and without 2, 5 or 10 molar excess of peptides 2 and 8 at 37 °C for
24 h. All the samples were measured three times and the average value was
used. The asterisks denote statistically significant differences (*p�0.05,
***p�0.001, ****p�0.0001). C and D) Circular dichroism spectra of Aβ1-40

incubated in the absence (grey) or presence of 2 molar excess of peptide 8
(green) at 37 °C for 24 h (C) or 7 days (D).
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Model for amyloid inhibition mechanism

Saturation transfer difference (STD) NMR experiments[56–58] were
performed on sulfamidate-containing peptides in complex with
freshly prepared samples containing a mixture of monomers
and oligomers of Aβ1-42,

[59] in order to determine which residues
of the inhibitors interact with the protein. N-unprotected
peptides 3 and 7 were stable enough under the experimental
conditions to obtain good quality STD NMR spectra and the 2D
spectra required for peptide resonances assignments. According
to STD spectra, these peptides exhibited weak binding mainly
through the aromatic rings of both Phe residues, as well as the
Ala residue in the case of peptide 7 and, to a lesser extent, the
sulfamidate moiety (Supporting Information Figures S18, S19).

With all this experimental information in hand, a computa-
tional model for the interactions between the most active
peptide 8 and Aβ1-40 at early stages of aggregation[40] was
developed (see Supporting Information). Molecular dynamics
(MD) simulations showed that peptide 8 preferably interacts
non-specifically with the hydrophobic C-terminus of the Aβ1-40
monomer (residues 30–35, AIIGLM), mainly through van der
Waals interactions (Supporting Information Figures S20–S21
and Table S6). In agreement with the observations from STD
experiments, this suggests that peptide 8 might not exert its
inhibiting action at the pre-nucleation stage, at which β-pleated
content is lower than in fibrils; at best, it could delay the initial
aggregation by protecting the C-terminus through non-specific
interactions.[60]

We then considered the interaction of peptide 8 with
models of Aβ oligomers, to assess whether the inhibitor can
specifically target the β-rich structure of multimeric Aβ species.
Despite recent advances in NMR and cryo-EM techniques, the
structure of soluble Aβ oligomers is still elusive owing to their
plasticity and polymorphism.[61,62] For this reason, we decided to
study the interaction of peptide 8 with a minimalistic Aβ
aggregate model (Aβ-dim) presenting mixed features of low-
weight Aβ oligomers and high-molecular weight aggregates,
i. e. a pronounced flexibility and parallel β-strand motifs
(Supporting Information Figures S22, S23). We hypothesized
that peptide 8 could bind Aβ-dim through: i) capping, i. e. being
incorporated into an extreme of the β-sheet; ii) intercalation, i. e.
being incorporated in the middle of a β-sheet, breaking to
some extent the oligomer organization; iii) insertion, i. e. a pose
where peptide 8 is perpendicular to the β strands and
sandwiched between the β sheets (Figure 6A). In our simula-
tions, peptide 8 spontaneously assumed the three binding
modes. Intercalation of peptide 8 in the C-terminus region of
Aβ-dim creates a stable hydrogen bond network with Gly38,
Gly39 and Val40 (Figure 6B and Supporting Information Fig-
ure S24), as well as a destabilizing effect which propagates over
the dimer architecture leading to a loss of β content,
particularly in the otherwise highly structured LVFFA sequence
(Supporting Information Figure S25). Capping has been ob-
served in both a parallel (P) and anti-parallel (AP) configuration,
producing hydrophobic interactions between Phe2 and Phe3 of
peptide 8 and the hydrophobic core of Aβ, as well as a salt
bridge between Glu5 of peptide 8 and Lys16 of one of the

strands (Supporting Information Figures S26–28). Finally, in the
insertion binding pose, the aromatic rings of peptide 8 interact
with the hydrophobic zipper, competing for the non-polar
contacts between the two β-sheets and weakening the β
structure in the C-terminus region of Aβ-dim, particularly
between residues 30 and 35 (Supporting Information Fig-
ure S29).

Stronger binding affinities have been estimated for the
capping and intercalation modes (Supporting Information
Table S7), suggesting that inhibition takes place through a
combination of these two mechanisms that hinder templating
and recruitment of further Aβ units.

Conclusion

The five-membered cyclic sulfamidate derived from α-meth-
ylisoserine, when incorporated in small peptides, confers a
conformational rigidity to the adjacent residues. The resulting
peptides adopt mostly folded conformations in the gas phase,
solid state and in aqueous solution due to electrostatic
interactions involving the sulfamidate moiety. The stability of
this non-extended conformation was proven in vitro by assays
of Aβ aggregation inhibition, demonstrating the β-sheet break-
er capacity of sulfamidate-containing peptide 8. Finally, an
inhibition mechanism has been proposed to elucidate how
sulfamidate-containing peptides might exert β-sheet breaker
activity preventing the recruitment of further Aβ into the
growing fibril.

Experimental Section
General protocol for microwave-assisted solid-phase peptide
synthesis (MW-SPPS): The synthesis of all the peptides was
automatedly performed in a Liberty Microwave (CEM Corporation,
Mathews, NC) synthesizer. Rink Amide MBHA resin (0.05, 0.10, or

Figure 6. MD simulation of the 8-Aβ-dim system. A) Schematic representa-
tion of the three hypothesized mechanisms of inhibition. B) Structural model
of peptide 8 intercalated into Aβ-dim extracted from the simulation.
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0.25 mmol) was dwelled with N,N-dimethylformamide for 5 min.
DIC/Oxyma Pure® were used as coupling agents, a 20% (v/v)
solution of piperidine in DMF for Fmoc deprotection, and a 1 :2
mixture of acetic anhydride (Ac2O) and pyridine for the final
acetylation. Natural Fmoc-protected amino acids (5.0 equiv.) were
coupled using the standard protocol. Sulfamidate building block 1
(5.0 equiv.) was coupled using Oxyma Pure® (5.5 equiv.) and DIC
(20.0 equiv.) in DMF (2 mL) assisted by microwave radiation at 75 °C
for 20 min. Fmoc-Leu-OH was manually coupled to the N-terminus
of sulfamidate 1 using the optimized conditions shown in Table S2
(entry 3). Ac-Leu-OH was manually coupled to the N-terminus of
sulfamidate 1 using DIC/DIPEA in DMF at 25 °C for 16 h. Peptides
were detached from the resin and acid-sensitive sidechain protect-
ing groups were cleaved by using a solution of trifluoroacetic acid
(TFA)/triisopropylsilane (TIS)/H2O (95 :2.5 :2.5) for 1 h at 25 °C.
Peptides were then precipitated with cold diethyl ether and
centrifuged, to afford the crude derivatives. Reaction mixtures were
analysed using a Waters 1525 system equipped with a diode array
detector (210/254 nm) using the analytical Phenomenex Luna®
C18(2) column (5 μm, 250 mm×4.6 mm) with a flow rate of 1.0 mL/
min (linear gradient 5–95% B over 60 min). Peptides were purified
using a Waters 2695 system equipped with a dual absorbance
detector (210/254 nm) using the semi-preparative Phenomenex
Luna® C18(2) column (10 μm, 250 mm ×21.2 mm) and, with a flow
rate of 10 mL/min (linear gradient 2–80% B over 40 min or 2–100%
B over 50 min). A: H2O+0.1% TFA. B: MeCN.

Synthesis of compound 8: Peptide 8 (Ac-1-Phe-Phe-Ala-Glu-NH2)
was synthesized and purified following the general protocol
described above (18 mg, 0.025 mmol, 49% global yield from
0.05 mmol resin). Semi-preparative HPLC retention time: 30.03 min.

Spectral data for compound 8: HRMS (ESI) m/z=739.2369,
calculated for C32H40N6O11SNa (MNa

+)=739.2368. 1H NMR (300 MHz,
CD3OD) δ (ppm): 1.37 (d, 3H, J=7.2 Hz, CH3 of Ala), 1.46 (s, 3H, CH3),
1.91–2.07 (m, 1H, CH2β of Glu), 2.09–2.24 (m, 1H, CH2β of Glu), 2.35
(s, 3H, Ac), 2.39–2.49 (m, 2H, CH2γ of Glu), 2.80–3.03 (m, 2H, CH2 of
Phe1, CH2 of Phe2), 3.13–3.25 (m, 2H, CH2 of Phe1, CH2 of Phe2),
3.97 (d, 1H, J=10.7 Hz, CH2 of 1), 4.29 (q, 1H, J=7.1 Hz, CHα of Ala),
4.34–4.41 (m, 1H, CHα of Glu), 4.55 (d, 1H, J=10.7 Hz, CH2 of 1),
4.58–4.65 (m, 1H, CHα of Phe2), 4.68–4.79 (m, 1H, CHα of Phe1),
7.13–7.37 (m, 10H, Arom). 1H NMR (400 MHz, H2O/D2O 9 :1, pH 5.7,
amide region) δ (ppm): 7.84 (d, 1H, J=7.5 Hz, NH of Phe2), 8.07–
8.15 (m, 2H, NH of Glu, NH of Ala), 8.74 (d, 1H, J=8.2 Hz, NH of
Phe1). 13C{1H} NMR (75 MHz, CD3OD) δ (ppm): 16.2 (CH3 of Ala), 21.1
(Ac), 22.0 (CH3), 26.9 (CH2β of Glu), 29.9 (CH2γ of Glu), 36.7 (CH2 of
Phe2), 36.9 (CH2 of Phe1), 49.5 (CHα of Ala), 52.1 (CH2 of 1), 52.5
(CHα of Glu), 54.8 (CHα of Phe1), 55.0 (CHα of Phe2), 85.6 (NHCH2C),
126.4, 126.5, 128.0, 128.2, 128.9, 129.0, 136.8, 166.9, 168.6 (Arom),
171.6, 171.9, 173.3, 174.8, 175.1 (CO).

Synthesis of compound 11: Peptide 11 (1-Phe-Phe-NH2) was
synthesized and purified following the general protocol described
above (89 mg, 0.188 mmol, 75% global yield from 0.25 mmol resin).
No purification step was needed.

Spectral data for compound 11: HRMS (ESI) m/z=475.1648,
calculated for C22H26N4O6S (MH+)=475.1646. 1H NMR (300 MHz,
CD3OD) δ (ppm): 1.39 (s, 3H, CH3 of 1), 2.77–3.01 (m, 2H, CH2 of
Phe1, CH2 of Phe2), 3.10–3.20 (m, 2H, CH2 of Phe1, CH2 of Phe2),
3.38 (d, 1H, J=12.5 Hz, CH2 of 1), 3.87 (d, 1H, J=12.5 Hz, CH2 of 1),
4.57–4.69 (m, 2H, CHα of Phe2, CHα of Phe1), 7.12–7.34 (m, 10H,
Arom). 13C{1H} NMR (75 MHz, CD3OD) δ (ppm): 21.8 (CH3 of 1), 37.1
(CH2 of Phe2) 37.5 (CH2 of Phe1), 51.5 (CH2 of 1), 54.4 (CHα of Phe1),
54.7 (CHα of Phe2), 89.4 (NHCH2C), 126.4, 126.5, 128.1, 129.0, 136.6,
137.0 (Arom), 170.8, 171.4, 174.4 (CO).

Deposition Number 2203474 (for 11) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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