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O: 10.1038/x0xx00000x The supramolecular assembly of amyloid-B into soluble oligomers is critical Alzheimer’s disease (AD) progression. Soluble AB

oligomers have emerged as neurotoxic species involved in AD progression and some A oligomers are thought to be
composed of B-hairpins. In this work, we report the X-ray crystallographic and solution-phase assembly of a macrocyclic B-
hairpin peptide that mimics a B-hairpin formed by ABisss. In the crystal lattice, the peptide assembles into a symmetric
hexamer composed of two identical triangular trimers. In aqueous solution, the peptide assembles to form an asymmetric
hexamer. 'H NMR, TOCSY, and 'H,’>N HSQC experiments establish that the asymmetric hexamer contains two different
species, A and B. >N-edited NOESY reveals that species A is a cylindrin-like trimer and species B is a triangular trimer that
collectively constitute the asymmetric hexamer. Diffusion-ordered NMR spectroscopy (DOSY) suggests that two asymmetric
hexamers further assemble to form a dodecamer. NMR-guided molecular mechanics and molecular dynamics studies
provide a model for the asymmetric hexamer and suggest how two asymmetric hexamers can form a dodecamer. Solution-
phase NMR studies of analogues show that intermolecular hydrogen bonding and the formation of a hydrophobic core help
stabilize the asymmetric hexamer. These NMR and crystallographic studies illustrate how an AP B-hairpin peptide can
assemble to form different well-defined oligomers in the crystal state and in aqueous solution, providing a deeper
understanding of the heterogeneity of Ap oligomers and new structural models of AB oligomers composed of AB B-hairpins.
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Introduction

Supramolecular assembly of amyloid-f (AB) peptide into soluble
toxic oligomers and insoluble fibrils is central to Alzheimer’s disease
(AD) pathogenesis.13 While advances in cryogenic electron
microscopy and solid-state NMR spectroscopy have provided
structural insights into different AB fibril polymorphs, the structures
of soluble AB oligomers remain largely unknown.*? The
metastability and heterogeneity of soluble oligomers have
hampered structural elucidation by high-resolution techniques such
as X-ray crystallography and solution-phase NMR spectroscopy.

B-Hairpins have emerged as building blocks of many soluble AB
oligomers. The B-hairpin conformation was originally postulated by
Pollard and coworkers in 1994 and supported by subsequent in
silico models.10-12 |n 2008, Hard and coworkers reported the first
high-resolution NMR structure of AB1-4 in a B-hairpin conformation
and postulated that the B-hairpin conformation is involved in the
formation of oligomers.3 In a subsequent study, Hard and
coworkers constrained ABi—a0 and APis; into B-hairpin
conformations through intramolecular disulfide linkages and found
that disulfide-stabilized AB B-hairpins exhibited greater propensity
to oligomerize than the unconstrained AP peptides.’* Yu and
coworkers have also demonstrated that ABi—s; can assemble to
form soluble oligomers composed of AB B-hairpins.1> Additional
work by Okumara and coworkers clarified the role of Args in the
formation of B-hairpins for ABi_s0 and APi-s2.16 The multiple
possible B-hairpin registrations reflects the polymorphic nature of
soluble AB oligomers. It is still unclear which B-hairpin registration
is the predominant assembly formed by full-length AB oligomers.
Collectively, these early in silico and experimental studies support
the importance of the B-hairpin conformation in soluble AR
oligomers.

More recently, seminal work by Carulla and coworkers
elucidated the first high-resolution solution-phase NMR structure
of a soluble AB oligomer.l7 This ABi—_s> tetramer contains a six
stranded B-sheet formed by two B-hairpins and two antiparallel B-
strands. Size exclusion chromatography and native ion mobility
mass spectrometry support the formation of an octamer at higher
peptide concentrations consisting of a B-sheet sandwich of two
tetramers. Molecular dynamics (MD) simulations suggest how the
tetramers and octamers may form pores in cell membranes, leading
to cell toxicity. This work underscores how high-resolution
structural studies of AP oligomers shed light on potential
mechanisms of soluble AR oligomers toxicity.

Our laboratory has reported the X-ray crystallographic
structures of several AB oligomer models formed by macrocyclic B-
hairpin peptides designed to mimic native AB B-hairpins.1819 In
these B-hairpin peptides, we constrain amyloidogenic fragments
from the central and C-terminal regions of AB into a macrocycle
using two 6-linked ornithine turn units.2 To prevent uncontrolled
aggregation, we incorporate an N-methyl amino acid that disrupts
intermolecular hydrogen bonding. In studying different AR B-
hairpins peptides, we have observed twisted dimers, triangular
trimers, barrel-like tetramers, compact hexamers, ball-shaped
dodecamers, and annular pore structures, illustrating the numerous
assemblies that AR B-hairpin peptides can form.1819 Several of the
AB B-hairpin peptides that assemble crystallographically have also
been demonstrated to exhibit neurotoxicity and/or have been
recognized by A11, an antibody that recognizes AB oligomers.18.21,22

While X-ray crystallography provides insights into the structures
of oligomers formed by B-hairpin peptides in the crystal lattice, this
technique only provides a static snapshot of the oligomer structure.

2 | J. Name., 2012, 00, 1-3

Crystal lattice formation typically favors a single, homogenous low-
energy structure, that may not reflect the variety of oligomer
structures present in solution. Solution-phase NMR spectroscopy
thus complements X-ray crystallography with insights into the
structures and dynamics of oligomers in aqueous solution.

Here, we set out to characterize the assembly of AB B-hairpin
peptide 1 using solution-phase NMR spectroscopy.1® Peptide 1
contains APis-22 and ABso-3s constrained into a macrocycle by two
8-linked ornithine turn units (*0rn) and an N-methyl group on Pheig
(Figure 1A). This particular alignment between the AB1s-22and APBso-
36 fragments has been proposed Tycko and co-workers based on
cryogenic electron microscopy and solid-state NMR spectroscopy
data of brain-derived APg4o fibrils.>® We previously reported that
peptide 1 assembles in the crystal lattice to form a symmetric
hexamer composed of two identical triangular trimers (Figure 1B).18
In the current study, we found that peptide 1 does not assemble in
solution to form a well-defined oligomer that can be fully
characterized by solution NMR spectroscopy.

Lysis H Valig Me Pheyg H Gluyy H
HSN\)I\/H]/\)J\&]/\)&)\H/\)LJ\WCHZ
HE P otety T o P T 0 Ay T 0 cCH,
HQC o H Metis O 5 Glyss O llesr O CHZ
HZC ){r ){r J\(
N N NH.
V N mﬁ s
Alag,
peptlde 1

Lysie H Valig Me Pheyg H Gluyy
HSN\)J\ /'ﬁ]/"‘\)k /'ﬁrN\)k )\WN\)J\ )\[( “CH,
HC 9 Ootety T Ochae ? 0 Aay T O CH,
:Z(‘C: o H M§t35 o n Gly33 ) H ey O CH,
T T O I J\r L
HoValg 0 HoLelyy 0 M olley, O N Ala
°0mn, peptide 2 5Orn2

Figure 1. Peptides 1 and 2, and X-ray crystallographic structure of peptide 1 (PDB
5WA4H).18 Red side chains highlight the Phe-to-Cha mutation. The two triangular trimer
subunits of the crystallographic hexamer are colored in cyan and grey.

To promote the solution phase assembly of peptide 1 into a
well-defined oligomer, we varied the side chain of Phejs to
cyclohexylalanine (Cha) to better pack the hydrophobic core of the
crystallographic hexamer. The resulting peptide 2 is shown in Figure
1C. We hypothesized that solution-phase assembly is driven by
hydrophobic core formation, and that Phe-to-Cha mutation would
enhance hydrophobic core formation and thus lead to the assembly
of a well-defined oligomer. X-ray crystallography shows that
peptide 2 assembles to form a symmetric hexamer in the crystal
lattice identical to that of peptide 1, whereby two triangular trimers

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12



Page 3 of 12

assemble in a sandwich-like fashion. Solution-phase NMR
spectroscopy reveals that peptide 2 assembles into a well-defined
asymmetric hexamer in solution that differs in structure from the
symmetric hexamer in the crystal lattice. TH NMR, TOCSY, and
1H,15N HSQC experiments establish that the asymmetric hexamer is
composed of two species, A and B. 1°>N-edited NOESY reveals that
species A is a cylindrin-like trimer and species B is a triangular
trimer, akin to the trimer observed crystallographically. Species A
and B come together to form a well-defined asymmetric hexamer.
Diffusion ordered spectroscopy (DOSY), and MD simulations
suggest that two asymmetric hexamers further assemble to form a
dodecamer and that the dodecamer is the predominant assembly
in solution.

Results and Discussion

Peptide 1 does not assemble to form well-defined oligomers in
aqueous solution

In studying the solution-phase assembly of a related class of
macrocyclic peptides, our laboratory has established spectroscopic
hallmarks indicative of well-defined peptide oligomer assembly in
solution.2324 These hallmarks include: new resonances appearing as
the peptide concentration increases that correspond to an
increasing oligomer fraction, downfield shifting of Ha resonances
associated with B-sheet structure, upfield shifting of some of the
aromatic and methyl side chain resonances associated with
hydrophobic packing, a specific reduction in diffusion coefficient
associated with the formation of an oligomer of a specific size, and
the appearance of new NOE crosspeaks that correspond to
intermolecular contacts associated with oligomer formation.

The H NMR spectra of peptide 1 lack many hallmarks of
oligomer assembly, indicating that peptide 1 does not assemble to
form well-defined oligomers (Figure S1). At 1.0 mM, the proton
resonances of peptide 1 are sharp. At 8.0 and 16.0 mM, the 'H NMR
spectra broaden significantly without the appearance of distinct
new resonances associated with the formation of a well-defined
oligomer. The H NMR spectra do not show significant downfield
shifting of Ha proton resonances. Although some aromatic and
methyl side chain resonances shift upfield slightly, these resonances
are broad and not well-defined. The peak broadening in the TH NMR
spectra may reflect exchange between monomer and one or more
oligomeric species at an intermediate rate on the NMR timescale.

DOSY is a valuable tool for comparing the relative sizes of
oligomers and monomers. When well-defined oligomers assemble
in aqueous solution, the diffusion coefficient as measured by DOSY
decreases with increasing peptide concentration. The decrease in
diffusion coefficient reflects the change in equilibrium from
monomer to oligomer. At low peptide concentrations, a single track
appears in the DOSY spectrum corresponding to the monomer. At
intermediate concentrations, multiple DOSY tracks appear that
reflect a change in equilibrium from monomer to oligomer. At high
peptide concentrations, a new track appears in the DOSY spectrum
corresponding to the oligomer, and the diffusion coefficient of the
oligomer remains invariant with further increasing peptide
concentration.

DOSY NMR studies reveal that peptide 1 does not form well-
defined oligomers of a specific size. At 1.0 mM peptide 1, the DOSY
spectrum shows a monomer with a diffusion coefficient of 1.99 x
1010 m2/s. At 8.0 mM and 16.0 mM, the DOSY spectra show a single
track with a diffusion coefficient of 1.42 x 101 m2/s and 0.86 x
1010 m?/s, respectively. The continuous decrease in the diffusion
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coefficient with increasing peptide concentration suggests that
peptide 1is in equilibrium with a variety of species of increasing size
and the oligomers formed by peptide 1 are not discrete and well-
defined.

Peptide 2 assembles to form a hexamer in the crystal state and in
SDS-PAGE

The X-ray crystallographic structure of peptide 1 demonstrated that
the formation of a hydrophobic core is a key driver of hexamer
formation. We hypothesized that mutating Pheis, which
contributes to the hydrophobic core of the peptide 1 hexamer, to
cyclohexylalanine (Cha) would stabilize the hydrophobic interior of
the hexamer and promote the formation of a well-defined oligomer
in aqueous solution (Figure S2). Studies by Nilsson and coworkers
showed how strategic Phe-to-Cha mutations can stabilize fibril
formation of ABis—2, fragments.2> Our laboratory has also used a
Phe-to-Cha mutation to promote the crystallographic assembly of a
related macrocyclic peptide.2® To investigate the effect of the Phe-
to-Cha mutation, we compared peptide 2 (the Chais mutant) to
peptide 1 using X-ray crystallography, SDS-PAGE, and circular
dichroism (CD) spectroscopy.

Peptide 2 afforded crystals suitable for X-ray diffraction in
aqueous HEPES buffer with sodium citrate and isopropanol, nearly
identical to the crystallization conditions for peptide 1 (Table S1).
Elucidation of the X-ray crystallographic structure of peptide 2
reveals that it forms a symmetrical hexamer identical to that of
peptide 1, whereby two triangular trimers pack together in a
sandwich-like fashion (Figure $3). The amide backbones of the two
hexamers overlay with a 0.36 A RMSD.

The interior of the peptide 2 hexamer is packed with the
hydrophobic side chains of Leu;7, Chais, Alays, lless, Glyss, and Metss,
while the exterior of the hexamer is decorated by the side chains of
Lysis, Valis, Pheyo, Gluz,, Alasg, llesy, Leuss, and Valsg. A network of
30 intermolecular hydrogen bonds between the six monomer
subunits stabilize the crystallographic hexamer (Figure 2). At the
vertices of the triangular trimers, three intermolecular hydrogen
bonds stabilize the assembly of the triangular trimers, accounting
for 18 hydrogen bonds. At the interface of the two trimers, four
intermolecular hydrogen bonds form between adjacent monomers,
creating an antiparallel B-sheet, accounting for 12 hydrogen bonds.

side view

front view

Figure 2. X-ray crystallographic structure of the hexamer formed by peptide 2 (PDB
9EEC). The two triangular trimer subunits of the crystallographic hexamer are colored
in cyan and grey. Intermolecular hydrogen bonds are shown in yellow.

To preliminarily evaluate the effect of the Cha mutation on
assembly, we used SDS-PAGE, where we ran three different
loadings per lane of peptides 1 and 2 (Figure 3). Peptide 1 migrates
as a comet-shaped band near the 10-kDa standard, consistent with
the molecular weight of a hexamer (10.6 kDa). The upper bounds of
the peptide 1 bands decrease with decreasing peptide
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concentration. The concentration dependence and downward
streaking of the peptide 1 bands suggest that the hexamer is in
equilibrium with lower molecular weight species. Peptide 2 also
migrates as hexamers in SDS-PAGE, running as tighter bands that
streak less than those of peptide 1. As the loading of peptide 2
decreases, the upper bounds of the peptide 2 bands decrease less
than those of peptide 1, suggesting the hexamer formed by peptide
2 is more stable than that formed by peptide 1.
kDa
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Figure 3. SDS-PAGE and CD spectra of peptides 1 and 2. SDS-PAGE was performed in
Tris buffer (pH 6.8) with 2% (w/v) SDS on a 16% polyacrylamide gel with 2.5, 1.5, and
0.5 pg of peptide per lane and visualized by silver staining. CD spectra were run with
100 puM peptide in 10 mM phosphate buffer at pH 7.4. The contrast of the image of the
SDS-PAGE was uniformly adjusted for clarity (Figure S4).

We evaluated the secondary structure of peptides 1 and 2 by CD
spectroscopy. Peptide 1 shows a strong negative band at ca. 214 nm
and a positive band at ca. 190 nm. Peptide 2 displays a strong
negative band at ca. 221 nm and a positive band at ca. 196 nm.
Although the CD spectra of both peptides show B-sheet structure,
peptide 2 appears to reflect a higher degree of folding, as evidenced

11.0 mM
, monomer
m species A Phe,,
4 species B o-CH

HOD

by the narrower negative band ca. 221 nm and positive band at ca.
196 nm.

X-ray crystallography, SDS-PAGE, and CD spectroscopy studies
show that peptide 2 assembles into hexamers in the solid state and
in SDS-PAGE, and that it exhibits enhanced B-sheet folding in
aqueous solution. Collectively, these studies demonstrate that
mutation of Phejg to Chaig does not impact the ability of peptide 2
to form hexamers, and may better stabilize hexamer formation.

Peptide 2 assembles into well-defined oligomers in aqueous
solution

The IH NMR spectra of peptide 2 exhibit many of the hallmarks of
well-defined oligomer assembly, such as the appearance of new
resonances at higher peptide concentrations associated with
oligomer and disappearance of the resonances associated with
monomer (Figure S5). At 1.0 mM, the 1H NMR spectrum of the
peptide 2 monomer is sharp, with notable features including the
Chaje Ha proton at 5.68 ppm, aromatic resonances from Phey at
7.22-7.36 ppm, and methyl resonances from Leu, lle, and Val at
0.74-1.08 ppm (Figure 4). At 6.0 mM, oligomeric resonances appear
that are roughly equal in intensity to those of the monomer. At 11.0
mM, the oligomeric resonances predominate (Figure 4).

NH and Ha peak assignments generated through TOCSY and
ROESY experiments (further discussed in the subsequent section)
reveal that the oligomer appears as two sets of resonances of equal
integration, which we term species A and B. For example, the Chaig
Ha proton shows two oligomer peaks at 5.77 and 5.92 ppm
increasing in intensity with increasing peptide concentration as the
Cha;s Ha monomer peak at 5.68 ppm decreases in size and
broadens. The peak broadening of the monomer may reflect
chemical exchange with the oligomer.2?” Numerous downfield
shifted Ha resonances appear for both oligomer species, between
4.91 and 5.92 ppm. Phe,o shows one ortho proton resonance for the
monomer at 7.25 ppm and two resonances for the oligomer at 7.12
and 7.17 ppm. At 11.0 mM, one of the Leuss methyl resonance
appears upfield, at 0.48 ppm, suggesting packing against the Phey
aromatic ring in the oligomer. Thus, the 'H NMR spectra of peptide
2 show many hallmarks associated with the formation of a well-
defined oligomer.

Met,,
&-CH,
[ ]

1.0 mM I [ |
11 [ |
11 (N |
1 ot |
[l P! |
L P! I
I P! I
L s w
—J\_)LL)L_A_A M
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0

Figure 4. 'H NMR spectra of peptide 2 at 1.0, 6.0, and 11.0 mM in D,0 at 600 MHz and 298 K. Dashed lines highlight key resonances associated with monomer (grey circles),
oligomer species A (blue squares), and oligomer species B (orange triangles). Peaks at 7.5-10 ppm are amide NH resonances that have not fully exchanged with D,0.
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1H,15N HSQC, TOCSY, and ROESY NMR verify the presence of two
species, A and B

To corroborate that the oligomer is composed of two distinct
species, we introduced an >N label at Glyss and examined the
1H,15N HSQC spectra of the resulting peptide 2a. The greater
dispersion afforded by the 15N dimension distinguishes each species
as a unique crosspeak. At 1.0 mM, the 1H,>N HSQC spectrum of
peptide 2a shows a single crosspeak associated with the monomer
at 8.62 ppm in the 'H dimension and 111.4 ppm in the >N
dimension (Figure 5A). At 11.0 mM, the 'H,15N HSQC spectrum of
peptide 2a shows two crosspeaks at 9.60 and 8.84 ppm in the 1H
dimension and 109.9 and 104.7 ppm in the >N dimension

A 1.0 mM "H,"N HSQC

ARTICLE

corresponding to species A and B (Figure 5B and Table S2). The
1H,15N HSQC experiments confirm the peptide 2 oligomer is
composed of two spectroscopically distinct species A and B.

To assign the NH and Ha resonances of the monomer, species
A, and species B, we analyzed the TOCSY and ROESY spectra of
peptide 2. At 1.0 mM, peptide 2 exhibits a single set of resonances
associated with the NH and Ha of the monomer in the TOCSY
spectrum (Figure 5C). At 11.0 mM, peptide 2 exhibits two sets of
resonances associated with the NH and Ha of species A and B in the
TOCSY spectrum (Figure 5D). The sequential peak assignments are
shown in Figures S6 and S7 and are further described in the
Materials and Methods section of the Supporting Information.

B 11.0 mM 'H,"SN HSQC

ppm ppm
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110 = species A 10
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120 120
. . 130 . . 130
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Figure 5. 'H,>N HSQC spectra of peptide 2a at 1.0 mM (A) and 11.0 mM (B). TOCSY spectra of peptide 2 at 1.0 mM (C) and 11.0 mM (D). Glycine crosspeaks, indicated by an
asterisk (*), refer to the pro-R Ha. Dashed lines are shown to correlate the glycine crosspeaks of the 'H,’>N HSQC and TOCSY spectra. 1H,'>N HSQC spectra were recorded at 800
MHz. TOCSY spectra were recorded at 600 MHz. All spectra were recorded in 9:1 H,0/D,0 at 298 K.
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Peptide 2 folds into a B-hairpin conformation in aqueous solution

To investigate the secondary structure and folding of peptide 2 in
aqueous solution, we analyzed the chemical shifts of Ha protons,
magnetic anisotropy of the diasterotopic ®Orn protons, and
intramolecular NOEs associated with B-hairpin formation. The
resonances of the peptide 2 Ha protons of the monomer, species
A, and species B are downfield of those that would occur for amino
acids in a random coil conformation (Figure 6A and Table $3). This
downfield shifting of Ha protons is characteristic of B-sheet
secondary structure. The Ha protons of the peptide 2 monomer
show an average downfield shift of 0.38 ppm. By comparison,
species A Ha protons show an average downfield shift of 0.78 ppm
and species B Ha protons show an average downfield shift of 0.50
ppm. The greater downfield shifting of the oligomer compared to
that of the monomer may reflect cooperativity between folding
into a B-sheet and oligomerization.

Previous studies have demonstrated that the magnetic
anisotropy of the diasterotopic 0rn protons reflects the extent of
folding of the Orn turn unit.20232¢ |n a completely folded
macrocyclic B-hairpin peptide, the pro-S *Orn protons appear 0.6—
0.7 ppm downfield of the pro-R ®Orn protons. In the peptide 2
monomer, °0rn; is well folded, while ®Orn; is partially folded (Figure
6B). In the peptide 2 oligomer, both 20rn turn units are well folded.
The better folding of the turn units further reflects cooperativity
between folding into a B-hairpin and oligomerization.

A
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AdHa (ppm)
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o ® O
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Leu Val

=species A -species B
Cha,, Phe,, Ala

Lys16 17 18 20 21 G|u22
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= species A
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0.71 0.70
0.69 0.87

= species B
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= monomer
Met,, Leu,, Gly,,
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36 35 30

pro-S species A
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pro-R

Figure 6. (A) Chemical shift differences between the peptide 2 Ha protons and random
coil values reported by Wishart and Sykes.?8 Cha;g was excluded from chemical shift
differences analysis because it is a noncanonical amino acid. The chemical shifts of the
monomer were recorded at 1.0 mM, and the chemical shifts of the oligomer were
recorded at 11.0 mM. (B) Molecular model of the 6-linked ornithine turns unit and
magnetic anisotropies of the pro-R and pro-S protons observed for peptide 2.
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Networks of intramolecular NOEs involving the NH and Ha
protons are a spectroscopic hallmark of well-folded B-hairpins. The
peptide 2 monomer shows a network of NOEs consistent with B-
hairpin folding (Figure 7 and S8). When peptide 2 is predominantly
oligomeric (11.0 mM), the *H NMR spectrum is complex, because
resonances corresponding to species A and B are broadened and
many are overlapping. Despite the overlap, the NOESY spectra show
a network of strong NOEs consistent with well-folded B-hairpins for
both species A and B (Figure S9). The NOESY spectra shows
interstrand NOEs consistent with all 26 of the expected interstrand
contacts associated with folding for both species A and B. Ten of the
26 NOEs are ambiguous because of heavy spectral overlap.

O Lysis O Vahg Me O Pheg O Gluy

H

H

H Leusy O (¢] H Alazy

monomer

H Val 0 lles,

H Lets, O o

species A

H Vals 0 lles;

H o Alag,

H Lets, O o
species B

<> ambigious (overlap)

H vals 0 lles,

<~— observed

Figure 7. Key intramolecular NOEs for the peptide 2 monomer and oligomer species A
and B. Ambiguous NOEs are indicated by dashed lines. NOEs were identified in the
NOESY spectra at 1.0 and 11.0 mM in D,0 and 9:1 H,0/D,0 at 600 MHz and 298 K.

2H and *>N labeling distinguishes key intermolecular contacts
from intramolecular contacts

The NOESY spectra for the peptide 2 oligomer contain many
additional NOEs consistent with intermolecular contracts and
inconsistent with intramolecular contacts (Figure $10). However,
many of these intermolecular NOEs are ambiguous due to heavy
overlap. To corroborate the assignments of key intermolecular NOEs
involving amide NH and Ha protons, we prepared isotopologues 2b—
d that contain selectively incorporated 2H and >N labels.

To corroborate the assignments of key Ho-to-Ha
intermolecular NOEs, we prepared isotopologue 2b, in which Pheyo
is deuterated, and isotopologue 2c, in which both Phe,o and Alasg
are deuterated. In the NOESY spectrum for the peptide 2 oligomer,
we observe strong NOEs between Lys;¢ Ha (species A) and Leuss Ha
(species A), Alasg Ha (species A) and lles; Ha (species B), Alasg Ha
(species B) and Pheyo Ha (species A), Lysi¢ Ha (species B) and Pheyg
Ha (species B) (Figure 8). When the Ha protons involved in
intermolecular contacts are replaced with deuterium, the
corresponding NOEs should disappear, and this is what is observed
in the NOESY spectra of peptides 2b and 2c (Figure S11). The
disappearance of the NOEs involving the Pheyo and Alazo Ha protons
supports the assignments of these heavily overlapped NOE
crosspeaks.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




-
g

Journal Name

r4.0 ppm
+4.5
==—m_a——( s 4

F5.0

0 0 +5.5

6
(6 ®
+6.0
=species A -species B
6.0 55 5.0 45 4.0 ppm

Figure 8. Key Ha-to-Ha intermolecular NOEs in the NOESY spectrum of the peptide 2
oligomer. The spectrum was recorded at 11.0 mM peptide in D,0 at 600 MHz and 298
K.

To corroborate the assignments of key amide NH intermolecular
NOEs, we prepared isotopologue 2d, with >N labels in the outer
facing amide NHs of Leus7, Alay, lles;, and Metss (Figure 9A). 1H,15N
NOESY-HSQC spectrum of peptide 2d was acquired with one
increment in the >N dimension (f,) and the typical NOESY
parameters in the 'H dimensions (f; and f3). The resulting °N-
edited NOESY-HSQC spectrum only shows NOEs involving the 1>NH
protons. The spectrum exhibits eight distinct vertical tracks, four of
which correspond to species A and four of which correspond to
species B (Figure 9B and 9C). We assigned the intermolecular NOEs
by first assigning the expected intramolecular NOEs and then
identifying the remaining intermolecular NOEs — seven 15NH to NH,
seven 1°NH to Ha, and three >NH to N-Me NOEs. These NOEs
support the assignments of the key amide NH intermolecular
contacts. A copy of the fully annotated 15N-edited NOESY spectra is
shown in Figure S12.

Molecular model of the solution-phase asymmetric hexamer

We used PyMOL and MacroModel to construct a constrained NMR-
based molecular model consistent with the observed
intermolecular contacts and symmetry requirements for the A and
B species (Figure 10). The A-B intermolecular contacts in
conjugation with the A-A and B-B intermolecular contacts indicate
one asymmetric oligomer composed of species A and B, rather than
two oligomer species corresponding to species A and B (Table 1).
The equal integration of the resonances associated with species A
and B suggest that the oligomer contains both species in a 1:1 ratio.
The observation of two distinct species in the NMR spectrum rule
out the possibility of a symmetric oligomer, such as that observed
crystallographically. As we will describe in detail below, the
oligomer that best fulfills these requirements and best explains key
intermolecular NOEs is an asymmetric hexamer composed of a
cylindrin-like trimer (species A) and a triangular trimer (species B).2°
Additional models that proved inconsistent with the NMR data are
further described in Figure S13.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. Chemical structure of peptide 2d, highlighting the >N labels at Leuy, Alay;,
lles;, and Metssin red (A). 5N-edited NOESY-HSQC spectrum of peptide 2d showing
key intermolecular NOEs to either Ha or N-Me (B) and NH protons (C). The spectrum
was recorded at 11.0 mM in 9:1 H,0/D,0 at 800 MHz and 298 K.

Species B exhibits six intermolecular B-B NOE contacts that are
consistent with the intermolecular contacts at the interior vertices
of the triangular trimers that comprise the peptide 2
crystallographic hexamer. Table 1 summarizes these six
intermolecular contacts centered around the strong NOE between
Lysis Ha and Pheyo Ha shown in Figure 10A. We excluded the
possibility of the observed B-B NOEs arising from an antiparallel B-
sheet dimer, in which Lys;¢ and Pheyo form a hydrogen-bonded pair,
because the N-methyl group on Chais would disrupt hydrogen
bonding at the dimer interface.
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Table 1. Key intermolecular contacts observed for the peptide 2 oligomer.2b

Journal Name

Lysis Ha to Phezo Ha (s)?

Lysis Ha to Leuss Ha (m)?
Lysis Ha to Metss NH (m)? Lysis Ha to Alazi NH (m)?
Leus7 NH to Glyss NH (s)? Leus7 NH to Chais N-Me (m)?
Leus7 NH to Leuss Ha (w)? Leus7 NH to Phezo Ha (s)?
Leu17 NH to Metss NH (w)? Leu17 NH to Phezo Ar (m)?
Valig Ha to lles2 Ha (m)? Leui7 NH to Alazi NH (m)?
Valis Ha to Glyss NH (m)?
Chaig N-Me to lles; NH (w)?

Chais N-Me to llesz Ha (m)?

Chais N-Me to lles; NH (m)? lless NH to lles; Ha (m)?

Chais N-Me to lles; Ha (w)? lles1 NH to Glyss NH (m)?
Phezo Ha to Alaso Ha (s)? Alazo Ha to lles2 Ha (s)?
Phex Ha to lless NH (m)? Alaszo Ha to Glyss NH (w)?
Phezo Ar to lless NH (m)?
Alazi NH to Alaso Ha (w)?

Alaz1 NH to lless NH (m)?

aLetters in parentheses indicates the strength of the NOE as strong (s), medium (m), or weak (w).

bNumber in parentheses indicates the two A-B interfaces.

Species A and B exhibit eleven intermolecular A-B NOE contacts
that reveal how species A interfaces with the species B triangular
trimer. These NOEs reflect two distinct interfaces between the A
and B species. Seven of the NOEs involve a locus of contacts
centered around the strong NOE between Alaz, Ha (species B) and
Phe,o Ha (species A). Four of the NOEs reflect a locus of contacts
centered around the strong NOE between lles; Ha (species B) and
Alasp Ha (species A). The observed pattern of A-B intermolecular
contacts indicates that one molecule of species A forms
intermolecular contacts with two adjacent molecules of species B
as shown in Figure 10B. The 1:1 integration between species A and
B in conjunction with the two observed A-B interfaces suggest that
species A assembles into a cylindrin-like trimer.

A

Species A exhibits a network of nine intermolecular NOEs
consistent with the expected A-A intermolecular contacts within
the cylindrin-like trimer (Table 1). In the cylindrin, the KLVFFAE B-
strand of each molecule forms an antiparallel interface with the
AlIGLMV  B-strand of the adjacent molecule. The nine
intermolecular NOEs involving outer facing NH, Ha, and N-methyl
protons of these two strands are consistent with orientation of the
strands shown in Figure 10B. Especially notable is a strong NOE
between Leu;; NH and Glyss NH, which is consistent with the
contact between Leuy7 and Glyss shown in Figure 10C. Collectively,
these contacts between the KLVFFAE and AIIGLMV strands are
consistent with the cylindrin-like trimer structure and are distinct
from those that would be expected from a triangular trimer, such
as that observed in the crystallographic hexamer.

Figure 10. NMR-based molecular model of the asymmetric hexamer formed by peptide 2. Species A is shown in blue and species B is shown in orange. (A) Top view of triangular
trimer subunit formed by species B illustrating contacts between Lys;s and Pheyo within species B. (B) Side view of the hexamer illustrating contacts between Phey of species A
and Alas, of species B and between Alas, of species A and lles; of species B. (C) Top view of the hexamer illustrating contacts between Leu;; and Glyss within species A. The subunit
formed by species A (blue) constitutes a cylindrin-like trimer.
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DOSY NMR suggests two asymmetric hexamers further assemble
to form a dodecamer

We used DOSY NMR to further assess the oligomerization state of
the asymmetric hexamer and found — to our surprise — that peptide
2 assembles into a well-defined oligomer that is larger than a
hexamer (Figure S14). At 1.0 mM, the DOSY spectrum of peptide 2
shows one track associated with the diffusion coefficient of the
monomer (1.98 x 1010 m2/s). At 6.0 mM, the DOSY spectrum shows
multiple tracks corresponding to slow exchange on the NMR
timescale between monomer and oligomer. At 11.0 mM, the DOSY
spectrum shows one track associated with the diffusion coefficient
of a well-defined oligomer (0.90 x 10-10 m?/s).30

Our laboratory has previously characterized a variety of well-
defined peptide tetramers using DOSY NMR and has consistently
observed that the ratio of the diffusion coefficients of the oligomer
and monomer reflects the oligomerization state in solution.?3:24:31-33
For compact structures, the diffusion coefficient scales as the
negative cube root of the molecular weight. We have thus observed
that the diffusion coefficients of tetramers are about 0.6 that of the
monomers. For a hexamer, a ratio of 0.55 would be expected, and
for a dodecamer, the ratio should be about 0.44. For peptide 2, we
observe a ratio of 0.46, which is too low to be consistent with a
hexamer but is more consistent with that expected for a dodecamer.
Other oligomers ranging from an octamer to a tetradecamer should
have diffusion coefficients ratios ranging from 0.50 to 0.42, and thus
cannot be rigorously distinguished by DOSY alone. The observed 1:1
integration ratio of NH and Ha proton resonances associated with
species A and B in the 'H NMR spectra rules out all odd-numbered
oligomers. Additionally, our laboratory has observed multiple
crystallographic assemblies of dodecamers formed by similar
macrocyclic B-hairpin  peptides.2234 Thus, the DOSY spectra,
integration of both oligomer species, and crystallographic
precedence collectively suggest that peptide 2 assembles into a
dodecamer composed of two hexamers, rather than a single
hexamer.

The solution-phase asymmetric hexamer shown in Figure 10 has
multiple exposed hydrophobic surfaces, which could promote
further assembly through hydrophobic interactions. The
hydrophobic contacts between a pair of hexamers must be
sufficiently rapid on the NMR timescale to allow the three A
molecules of each hexamer to remain chemically equivalent to each
other and the three B molecules of each hexamer to remain
chemically equivalent to each other. The observation of a single track
in the DOSY spectrum of peptide 2 at 11.0 mM supports that the
exchange between the two hexamers is rapid on the NMR timescale.

Molecular dynamics simulations on a pair of hexamers

To better understand the structure of the putative dodecamer
suggested by the DOSY NMR studies, we performed a series of MD
simulations on pairs of hexamers using Amber22 with the ff19SB
force field. The initial coordinates of the hexamers were generated
from the constrained NMR-based molecular model. The MD
simulations were performed without constraints within the

hexamers for 500 ns in an NVT ensemble using a periodic box of
explicit water. The MD simulations suggest that the asymmetric
hexamers are stable and retain the same overall topology shown in
Figure 10. The asymmetric hexamers observed in the MD simulations
are looser than the constrained NMR-based molecular model by
about 3 A backbone RMSD, reflecting the release of the constraints
in the MD simulations (Figure S15). Intermolecular distances
observed during MD simulations associated with key intermolecular
NOEs are largely consistent with the NMR-based molecular model of
the asymmetric hexamer (Figure S16).

The MD simulations reveal that the interactions between two
asymmetric hexamers are dynamic. In three of the MD simulations
the two hexamers remain in contact as a loose dodecamer, while in
the other two MD simulations the loose dodecamer either comes
apart to give two asymmetric hexamers or only stays as a dodecamer
with imposed distance constraints (Figure S17). This dynamic
behavior between two asymmetric hexamers is consistent with
absence of specific NOE contacts associated with the dodecamer and
variety of contacts between the hexamer subunits. (Figure 11). The
five MD simulations are further described in the Materials and
Methods section of the Supporting Information.

Figure 11. Three representative dodecamer configurations observed in different MD
simulations. Species A is shown in blue and species B is shown in orange.
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Effect of varying N-methylation on assembly in aqueous solution

To better understand which hydrogen bonds are crucial for the
assembly of the asymmetric hexamer, we prepared homologues 3a—
c in which the position of N-methylation varies from that of peptide
2 (Table 2). We started by shifting the position of N-methylation from
Chajs to Glyss on peptide 3a.34 1H NMR spectroscopy indicates that
peptide 3a does not assemble to form well-defined oligomers at
concentration up to 8.0 mM. The absence of assembly of peptide 3a
suggests that hydrogen bonding at Glyss is important for the
assembly of the asymmetric hexamer.

Table 2. Summary of peptide 2 analogues and their assembly in aqueous solution.

O lysis y O Rig Ry O Ry , O Gy

N :
H3N¢LNJ\WN\_)J\N)\WN\_)LN&(N\_)LN&(N\?HZ
e 9 oweny, ! 0 Re ™ 0 oam B o0 Cn
HiC O § Metss O [ Glyss O 4 Ry O 5 CHy

o R N AR A AR

Valiy O Rslelys O R, llex, O Alag, O
Peptide R, R, R: Ry Ry Ry Ry V\;el:;::;':fd
2 Me H H Val Cha Phe lle Yes
3a H Me H Val Cha Phe Ille No
3b Me Me H Val Cha Phe lle No
3c Me H Me Val Cha Phe lle Yes
4a Me H H Val Cha Phe Chg No
ab Me H H Val Cha Tyr lle Yes
5 Me H H Thr Phe Tyr lle No

We prepared doubly methylated homologue 3b, with methyl
groups at Chaig and Glyss, to further probe the role of intermolecular
hydrogen bonding between Leu;7 and Glyss within the cylindrin-like
trimer formed by species A. Although peptide 3b shows some
propensity to oligomerize in the DOSY spectrum, we do not observe
the formation of two discrete species in the 1H NMR spectrum. The
absence of two species suggests that intermolecular hydrogen bonds
involving the Glyss NH are critical to the formation of species A and
B.

We also prepared doubly methylated homologue 3¢, with methyl
groups at Chaig and Metss. The amide NH group of Metss does not
participate in hydrogen bonding in model of the asymmetric
hexamer. We thus anticipated that N-methylation at Metss should be
tolerated. In solution, peptide 3c assembles into a well-defined
oligomer analogous to that of peptide 2. The 'H NMR spectrum of
peptide 3¢ at 1.0 mM is similar to that of peptide 2 at 1.0 mM,
showing one set of resonances associated with monomer. The 1H
NMR spectrum of peptide 3c at 11.0 mM is similar to that of peptide
2 at 11.0 mM, showing two sets of resonances associated with an
oligomer.

Effect of hydrophilic and hydrophobic mutations on assembly in
aqueous solution

To further probe the structures of the hexamer subunits of the
dodecamer, we prepared homologues of peptide 2, 4a and 4b, in
which the amphiphilicity is augmented. Peptide 4a increases the
hydrophobicity of peptide 2 by mutating the interior residue lles; to
cyclohexylglycine (Chg). The DOSY spectra show that peptide 4a self-
associates at lower peptide concentrations than peptide 2. At 1.0
mM, the IH NMR spectrum is sharp and is similar to that of peptide
2. At 6.0 mM, the IH NMR spectrum is broad, without distinct peaks
for individual a-protons. The greater propensity of peptide 4a to self-
associate and the absence of a well-defined oligomer suggest that
the steric bulk provided by both Chais and Chgs; is too great to
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permit the formation of a well-packed hydrophobic core of the
hexamer subunit.

In peptide 4b, we decreased the hydrophobicity of the exterior
residue Pheyo by mutation to Tyr, with the hypothesis that the
increased hydrophilicity would diminish uncontrolled aggregation
and promote oligomerization. In solution, the propensity of peptide
4b to form well-defined oligomers is comparable to that of peptide
2. We also prepared peptide 5, a homologue of peptide 1 with Pheyo-
to-Tyr and Valig-to-Thr mutations to explore whether increasing the
hydrophilicity of exterior residues can promote oligomerization. Like
peptide 1, peptide 5 shows little propensity to oligomerize at
concentrations up to 8.0 mM. Collectively, peptides 4b and 5
demonstrate that hydrophilic mutations on exterior surfaces are
tolerated but do not promote oligomer formation.

Conclusions

AR exhibits a remarkable propensity for supramolecular assembly. In
the case of full-length AB, this assembly typically takes the form of
aggregation into fibrils consisting of parallel B-sheets or oligomers
with unknown structure. Fragments from the central and C-terminal
regions of AB also have a propensity to aggregate. Macrocyclization
and N-methylation permit these fragments to be tamed and
crystallized into a well-defined oligomer. Strategic Phe-to-Cha
mutation promotes assembly of a discrete well-defined oligomer, an
asymmetric hexamer that differs in structure from that of the
symmetric crystallographic hexamer.

Previously, our laboratory has only observed well-defined
oligomer assembly by solution-phase NMR spectroscopy in a related
class of macrocyclic B-hairpin peptides that contain Hao, a tripeptide
mimic designed to template B-sheet formation. The planar character
of Hao template biases the formation of sandwich tetramers in
aqueous solution. Peptide 2 provides a more native-like model of AR
B-hairpins in agueous solution by reincorporating more of the native
AB sequence. Solution-phase NMR spectroscopy shows that peptide
2 is the first N-methylated macrocyclic B-hairpin peptide to assemble
to form a well-defined oligomer that can be characterized by
solution-phase NMR spectroscopy. When compared to the Hao-
containing peptides, peptide 2 adopts a much more twisted B-hairpin
conformation, suggesting that the extent of hairpin twisting may
influence the resulting oligomer that forms.
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In aqueous solution, peptide 2 assembles into an asymmetric
hexamer composed of a cylindrin-like trimer and a triangular trimer.
Selective isotope incorporation (2H and 1>N) proved essential both in
enumerating the number of distinct species and identifying key
intermolecular contacts, which were used to construct a molecular
model of the asymmetric hexamer. DOSY NMR and MD simulations
illustrate how the asymmetric hexamer can further assemble to form
a loosely packed dodecamer composed of two hexamers. The
presence of two distinct subunits and further supramolecular
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assembly is reminiscent of the oligomer observed by Carulla and
coworkers in their tetramer and octamer model of AB1-4,.17:3%

The supramolecular assembly of AB oligomers into soluble
oligomers continues to be of fundamental interest in understanding
the molecular basis of Alzheimer’s disease, yet the observation of
soluble AB oligomers by solution-phase NMR spectroscopy has
largely eluded researchers thus far. The solution-phase NMR studies
of peptide 2 and its analogues contribute to the understanding of
how amyloidogenic fragments from the central and C-terminal
regions of AB can assemble to form well-defined oligomers in
aqueous solution. The observation that peptide 2 forms a well-
defined oligomer but peptide 1 does not suggests that these
macrocyclic B-hairpin peptides teeter on the border of assembling
into well-defined oligomers in aqueous solution. Studies on peptide
2 analogues demonstrate how solution-phase assembly depends on
a delicate balance of intermolecular hydrogen bonding, hydrophobic
interactions, and steric considerations. The characterization of well-
defined oligomers of AB at atomic resolution continues to be an
important and formidable challenge. We envision that N-
methylation and hydrophobic Phe-to-Cha mutations may also be also
useful in stabilizing other soluble AR oligomers and facilitating their
observation by solution-phase NMR spectroscopy.
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