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ABSTRACT: The assembly of the β-amyloid peptide Aβ into
toxic oligomers plays a significant role in the neurodegeneration
associated with the pathogenesis of Alzheimer’s disease. Our
laboratory has developed N-methylation as a tool to enable X-ray
crystallographic studies of oligomers formed by macrocyclic β-
hairpin peptides derived from Aβ. In this investigation, we set out
to determine whether α-methylation could be used as an alternative
to N-methylation in studying the oligomerization of a β-hairpin
peptide derived from Aβ. α-Methylation permits the crystallo-
graphic assembly of a triangular trimer and ball-shaped dodecamer,
resembling assemblies formed by the N-methylated homolog.
Subtle differences are observed in the conformation of the α-
methylated peptide when compared to the N-methylated homolog.
Notably, α-methylation appears to promote a flatter and more extended β-sheet conformation than that of N-methylated β-sheets or
a typical unmodified β-sheet. α-Methylation provides an alternative to N-methylation in X-ray crystallographic studies of oligomers
formed by peptides derived from Aβ, with the attractive feature of preserving NH hydrogen-bond donors along the peptide
backbone.

■ INTRODUCTION
Oligomers formed by the β-amyloid peptide Aβ are thought to
play a central role in Alzheimer’s disease.1−4 Our under-
standing of the relationship between Aβ oligomers and their
biological activity in the Alzheimer’s brain, however, is limited
by the absence of any high resolution structures of endogenous
Aβ oligomers. Efforts to study native Aβ oligomers at high-
resolution are frustrated by the heterogeneous, metastable, and
polydisperse nature of these assemblies, and the preference of
Aβ to form insoluble fibrillar aggregates instead.5−8 Chemical
and in silico models of Aβ oligomers have thus emerged as
useful tools in approximating the structures of endogenous
oligomers. The assemblies formed by these model systems
highlight the importance of edge-to-edge backbone hydrogen
bonding in determining the structure and stoichiometry of Aβ
oligomers.9−13

Solution-phase NMR studies by Olejniczak,9 Har̈d and
Hoyer,10 and Ciudad12 have identified Aβ β-hairpins as an
important structural element of Aβ oligomers.14 To gain
insight into potential structures of native Aβ oligomers, the
Nowick laboratory has developed macrocyclic β-hairpin
peptides as synthetic mimics of Aβ β-hairpins. Many of these
macrocyclic β-hairpin peptides comprise two Aβ derived
heptapeptide β-strand segments linked by two δ-linked
ornithine (δOrn) turn units that constrain the peptide to a

macrocycle (Figure 1).15,16 These macrocyclic β-hairpin
peptides can assemble to form well-defined oligomers in the
crystal state, allowing our laboratory to study the assembly of
different Aβ-derived β-hairpins at atomic-level detail using X-
ray crystallography. These studies have revealed a plethora of
Aβ oligomer models that differ in stoichiometry and
structure.17−26

To prevent uncontrolled aggregation of these Aβ-derived β-
hairpin peptides, we typically incorporate an N-methyl amino
acid on one strand of the macrocycle. Backbone N-methylation
controls assembly of the Aβ β-hairpin model system by
preventing fibril formation, enabling crystallization, and thus
the observation of crystallographic oligomers. X-ray crystallo-
graphic studies of oligomers formed by these Aβ derived
macrocyclic β-hairpin peptides have revealed the formation of
dimers and trimers that further assemble to form tetramers,
hexamers, octamers, and dodecamers.16 Peptide 1F20(N‑Me)
illustrates a representative N-methylated macrocyclic β-hairpin
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peptide that we have studied (Figure 1).17 Peptide 1F20(N‑Me)
contains two β-strands comprising Aβ residues 17−23 and
30−36, two δOrn turn units that constrain the peptide to a
macrocycle, and an N-methyl group on Phe20. To improve
solubility, Met35 is replaced by an α-linked Orn. X-ray
crystallography reveals that three monomers of peptide
1F20(N‑Me) assemble to form a triangular trimer (Figure 2a).
Hydrophobic side chain packing and intermolecular hydrogen-
bonding interactions between the backbone amides of the β-
strands containing Aβ17−23 drive assembly and stabilize the
triangular trimer.

To probe the role of the N-methyl group in directing the
assembly of the triangular trimer formed by peptide 1F20(N‑Me),
our laboratory also studied peptide 1G33(N‑Me).

17 Peptide
1G33(N‑Me) is a homolog of peptide 1F20(N‑Me), in which the
N-methyl group is on Gly33 instead of Phe20 (Figure 1). X-ray
crystallographic studies of peptide 1G33(N‑Me) revealed the
formation of a nearly identical triangular trimer to the one
formed by peptide 1F20(N‑Me) (Figure 2b). The triangular
trimers formed by peptide 1F20(N‑Me) and peptide 1G33(N‑Me)
primarily differ in how each assembly accommodates the N-
methyl group. In the trimer formed by peptide 1F20(N‑Me) the
N-methyl groups project inward, toward the center of the
trimer, and prevent the formation of three intermolecular

backbone hydrogen bonds. In the trimer formed by peptide
1G33(N‑Me) the N-methyl groups project outward, away from the
center of the trimer, and allow the backbone amide groups of
Phe20 to coordinate three ordered water molecules.

Although the location of the N-methyl group does not affect
the crystallographic assembly of a triangular trimer formed by
peptide 1F20(N‑Me) or peptide 1G33(N‑Me), its presence does
remove an NH hydrogen-bond donor from each monomer in
the trimer. Interactions at the hydrogen-bonding edges of β-
hairpins may have a significant role in directing Aβ oligomer
stoichiometry and conformation. Restoring the hydrogen-
bonding interactions lost by incorporation of an N-methyl
group may allow the assembly of a macrocyclic β-hairpin
peptide derived from Aβ to better mimic endogenous Aβ
oligomers.

Here, we set out to modify the design of a macrocyclic β-
hairpin peptide derived from Aβ17−36 to permit additional
hydrogen bonding interactions that are lost by N-methylation.
We initially attempted to remove the methyl group entirely,
furnishing peptide 1 (Figure 1). Peptide 1 did not form crystals
and instead formed precipitates without any obvious crystalline
structure in the conditions screened, thus precluding character-
ization by X-ray crystallography. To block aggregation, permit
the formation of crystals suitable for X-ray crystallography, and
allow all backbone NH groups to participate in hydrogen
bonding, we replaced the N-methyl group in peptide 1F20(N‑Me)
with a Cα-methyl group, thus furnishing peptide 1F19(α‑Me).
Peptide 1F19(α‑Me) crystallizes, assembling to form a triangular
trimer similar to the one formed by peptide 1F20(N‑Me). In the
triangular trimer formed by peptide 1F19(α‑Me) all backbone NH
groups are available to�and do�form intermolecular hydro-

Figure 1. Chemical structures of macrocyclic β-hairpin peptides
1F20(N‑Me), 1G33(N‑Me), 1, and 1F19(α‑Me). δOrn turn units are shown in
blue and methyl groups are shown in magenta. Peptide 1F20(N‑Me) is an
analog of peptide 1 with an N-methyl group on Phe20. Peptide
1G33(N‑Me) is an analog of peptide 1 with an N-methyl group on Gly33.
Peptide 1F19(α‑Me) is an analog of peptide 1 with a Cα-methyl group
on Phe19.

Figure 2. X-ray crystallographic structures of triangular trimers
formed by N-methylated macrocyclic β-hairpin peptides (a) 1F20(N‑Me)
and (b) 1G33(N‑Me). N-Methyl groups are represented as magenta
spheres. Ordered water is represented as red spheres.
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gen bonds. Differences in β-sheet registration within the trimer
formed by peptide 1F19(α‑Me) contribute to the assembly of a
more compact, ball-shaped dodecamer in the crystal lattice
than the dodecamer formed by peptide 1F20(N‑Me).

■ RESULTS AND DISCUSSION
Peptide Synthesis. Peptides 1F20(N‑Me), 1, and 1F19(α‑Me)

were synthesized using standard Fmoc-based solid phase
peptide synthesis (SPPS), using methods previously reported
by our laboratory.23,27,28 Both Nα-Fmoc-N-methyl-L-phenyl-
alanine and Nα-Fmoc-α-methyl-L-phenylalanine are commer-
cially available as building blocks for SPPS. Briefly, the
synthesis began by installing Fmoc-Orn(Boc)−OH onto 2-
chlorotrityl chloride resin as δOrn2. Then for each peptide, a
fragment extending from Asp23 to the residue following the N-
or α-methylated phenylalanine was coupled by hand.29 The
residue following the methylated phenylalanine was double
coupled using 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HATU) and 1-hydroxy-7-
azabezotriazole (HOAt) as activating agents to increase
coupling efficiency.30 Microwave assisted SPPS, using a CEM
Liberty Blue Automated Microwave Peptide Synthesizer was
used to complete the linear synthesis. Following the final Fmoc
deprotection, each linear peptide was cleaved from the resin
with a solution of 20% 1,1,1,3,3,3-hexafluoroispropanol
(HFIP) in dichloromethane (DCM). The linear peptides
were then cyclized, globally deprotected with trifluoracetic acid
(TFA), and purified by reverse-phase HPLC, furnishing each
peptide as a TFA salt. Additional details and characterization
data are provided in the Supporting Information.
X-ray Crystallographic Studies of Peptide 1F19(α‑Me).

Peptide 1F19(α‑Me) afforded crystals suitable for X-ray
crystallography under the same conditions previously reported
for peptide 1F20(N‑Me). In contrast, peptide 1 formed only
precipitates in the 864 conditions screened. Diffraction data for
crystals of peptide 1F19(α‑Me) were collected to 1.00 Å at the
Stanford Synchrotron Radiation Lightsource. The crystallo-
graphic structure of peptide 1F19(α‑Me) was solved and refined in
the F23 space group, with the asymmetric unit comprising two
monomers of peptide 1F19(α‑Me). The X-ray crystallographic
phases of peptide 1F19(α‑Me) were solved using molecular
replacement with a monomer derived from a covalently
stabilized homolog of peptide 1F20(N‑Me) (PDB 5SUR).20 Table
S1 summarizes the crystallographic properties, crystallization
conditions, data collection, and model refinement statistics for
peptide 1F19(α‑Me). X-ray crystallography reveals that peptide
1F19(α‑Me) folds to adopt a twisted β-hairpin stabilized by eight
intramolecular hydrogen bonds between residues 17−23 and
30−36 (Figure 3a, PDB 9BI3). Peptide 1F19(α‑Me) assembles in
the crystal lattice to form a triangular trimer stabilized by
intermolecular hydrogen-bonds and hydrophobic packing
(Figure 4a). Four trimers of peptide 1F19(α‑Me) further assemble
to form a ball-shaped dodecamer (Figure 4b).

In the X-ray crystallographic structure of peptide 1F19(α‑Me)
Cα-methyl-Phe19 adopts an extended conformation, with Φ
and Ψ angles of ca. −171 and −161°, respectively (Figures 3a
and S1a). When plotted, the dihedral angles of the three Cα-
methyl-Phe19 residues fall at the edge of the Ramachandran
map, on the very edge of the region defining β-strand structure.
The flanking residues (Val18 and Ala21) adopt more typical β-
sheet conformations, with Φ and Ψ angles ranging from −121
to −136° and 138 to 161°, respectively (Figure S1a). In
comparison, residues 18−21 in peptide 1F20(N‑Me) all adopt

Figure 3. Comparison of the X-ray crystallographic structures of the
twisted β-hairpins and Aβ18−21 β-strand segments formed by (a)
peptide 1F19(α‑Me) (PDB 9BI3) and (b) peptide 1F20(N‑Me) (PDB
4NW9). The methyl groups are represented as magenta spheres.

Figure 4. X-ray crystallographic structures of the (a) triangular trimer
and (b) ball-shaped dodecamer formed by peptide 1F19(α‑Me). α-
Methyl groups are represented as magenta spheres.
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typical β-sheet conformations, with Φ and Ψ angles ranging
from −95 to −148° and 114 to 157°, respectively (Figures 3b
and S1b). In turn, the β-strand containing α-methyl-Phe19 is
more extended, with 7.1 Å between the α carbons of Val18 and
Phe20 in peptide 1F19(α‑Me) and 6.5 Å in peptide 1F20(N‑Me).
Notably, the extended Φ and Ψ angles of the Cα-methyl-Phe19
residue in peptide 1F19(α‑Me) bring the CO and NH groups of
Phe19 into proximity (2.1 Å) and allow the formation of an
intramolecular C5 hydrogen bond (Figure S2).31 The steric
bulk of the Cα-methyl group in peptide 1F19(α‑Me) may
promote the extended backbone dihedral angles and
subsequently stabilize the C5 hydrogen-bonding interaction.

Although peptides 1F20(N‑Me) and 1F19(α‑Me) both form
triangular trimers, the trimers differ in the registration of β-
sheet interfaces between the monomer subunits. In the trimer
formed by peptide 1F20(N‑Me), Val18 pairs with Glu22 (Figures
S3b and S4a), while in the trimer formed by peptide 1F19(α‑Me),
Val18 pairs with Phe20 (Figures 4a and S3a). This shift in
registration allows for two pairs of backbone intermolecular
hydrogen bonds at the interfaces of the trimer formed by
peptide 1F19(α‑Me)�between Val18 and Phe20 and δOrn1 and
Glu22. In contrast, there is only one pair of intermolecular
hydrogen bonds at the interfaces of the trimer formed by
peptide 1F20(N‑Me)�between Val18 and Glu22. Further, the shift
in β-sheet registration between the monomer subunits of the
trimer allows for an additional intermolecular hydrogen bond
between the side chains of Glu22 and αOrn35 (Figure S3a).

Four trimers of peptide 1F19(α‑Me) further assemble in the
crystal lattice to form a ball-shaped dodecamer (Figure 4b),
similar to the dodecamer observed in the crystal lattice of
peptide 1F20(N‑Me) (Figure S4b). The dodecamer formed by
peptide 1F19(α‑Me) is more compact and spherical than the
dodecamer formed by peptide 1F20(N‑Me). The dodecamer
formed by peptide 1F19(α‑Me) is further differentiated by the
presence of additional backbone hydrogen bonds at the edges
of each trimer�between Ile31 and Gly30 and δOrn2 and αOrn35,
forming an additional type of trimer (Figure 5a). The
dodecamer may also be thought of as containing four
additional trimers formed at the interfaces of the primary
triangular trimers (Figure 5b). The additional trimers formed
by peptide 1F19(α‑Me) are as closely packed and hydrogen
bonded as the primary triangular trimers. The greater
hydrogen bonding and more compact assemblies formed by
peptide 1F19(α‑Me) suggest that α-methylation may allow the
formation of more stable oligomers than those permitted by N-
methylation.
SDS-PAGE of Peptides 1, 1F20(N‑Me), and 1F19(α‑Me). The

formation of oligomers in SDS-PAGE is a hallmark of both
endogenous and synthetic full-length Aβ.32−36 Thus, peptide 1
exhibits a series of bands in SDS-PAGE: a strong band below
the 4.6 kDa molecular weight marker that corresponds to the
monomer and a series of weaker bands at higher molecular
weights (Figure 6). In contrast, neither peptide 1F20(N‑Me) nor
peptide 1F19(α‑Me) form oligomers in SDS-PAGE, migrating as
monomer bands just below the 4.6 kDa molecular weight
marker. The differences in self-assembly between peptide 1
and peptides 1F20(N‑Me) and 1F19(α‑Me) demonstrate that α-
methylation is an acceptable alternative to N-methylation in
impeding solution-phase oligomerization.

■ CONCLUSIONS
α-Methylation controls the assembly of a macrocyclic β-hairpin
peptide derived from Aβ17−36, enabling the crystallographic

assembly of a triangular trimer and ball-shaped dodecamer.
The trimer and dodecamer resemble those formed by an N-
methylated homolog, although with subtle differences in
supramolecular assembly. These differences may arise from
the extended β-strand conformation at the site of α-
methylation, creating a flatter sheet structure than that formed
by N-methylation or in a typical β-sheet. Alternatively, these

Figure 5. X-ray crystallographic structure of the secondary triangular
trimer formed by peptide 1F19(α‑Me) and its assembly in the ball-
shaped dodecamer. (a) View highlighting the secondary trimer
formed at the interface of three triangular trimers (green, cyan, and
magenta). (b) The dodecamer, which contains four of these
additional trimers.

Figure 6. Silver stained SDS-PAGE of peptides 1F20(N‑Me), 1, and
1F19(α‑Me). SDS-PAGE was performed in Tris buffer at pH 6.8 with 2%
(w/v) SDS on a 16% poly(acrylamide gel) with 50 μM solutions of
peptide in each lane.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.4c02344
J. Org. Chem. 2025, 90, 394−400

397

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c02344/suppl_file/jo4c02344_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c02344?fig=fig6&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c02344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


differences may reflect subtle differences in crystal packing,
rather than inherent differences in supramolecular stability or
peptide alignment.20 Both α-methylation and N-methylation
permit the crystallization of a macrocyclic β-hairpin peptide
derived from Aβ which would otherwise aggregate. α-
Methylation affords the attractive feature of preserving all
NH hydrogen-bond donors along the peptide backbone.

Several other backbone-modification strategies have been
developed to control Aβ assembly, mostly commonly by
inhibiting Aβ fibrilization. Doig and co-workers have reported
that N-methylated peptide fragments derived from Aβ inhibit
Aβ fibrilization and toxicity.37,38 Hammer and Garno
developed peptides containing α,α-disubstituted amino acids
that inhibit Aβ fibril formation and instead promote the
formation of globular Aβ assemblies.39,40 Del Valle and co-
workers developed N-aminated amino acids that induce a β-
strand conformation and have used Aβ-derived N-aminated
peptides to inhibit Aβ fibrilization.41−43

α-Aminoisobutyric acid (Aib)�perhaps the most com-
monly studied α,α-disubstituted amino acid�is known to
strongly promote helical structures and can act as a β-breaker
by disfavoring β-sheet formation.44−46 Although the α-methyl-
L-phenylalanine residue introduced here has a superficial
resemblance to Aib, the bulkiness of its benzyl group promotes
β-sheet formation. To this end, Toniolo, Lengyel, and Horne
have shown that α,α-disubstituted amino acids with bulkier
substituents can adopt extended dihedral torsions that support
β-sheet conformations.47−52 We envision that other α-
methylated amino acids with bulky side chains, such as α-
methyl-L-valine and α-methyl-L-leucine, should also be useful
for controlling β-sheet aggregation and permitting the
crystallographic observation of assemblies formed by other
amyloidogenic peptides.
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