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Chirality-Assisted Ring-Like Aggregation of Ap(1-40) at Liquid-Solid
Interfaces: A Stereoselective Two-Step Assembly Process**
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Abstract: Molecular chirality is introduced at liquid—solid
interfaces. A ring-like aggregation of amyloid Ap(1-40) on N-
isobutyryl-L-cysteine (L-NIBC)-modified gold substrate occurs
at low AB(1-40) concentration, while D-NIBC modification
only results in rod-like aggregation. Utilizing atomic force
microscope controlled tip-enhanced Raman scattering, we
directly observe the secondary structure information for Ap-
(1-40) assembly in situ at the nanoscale. - or L-NIBC on the
surface can guide parallel or nonparallel alignment of [-
hairpins through a two-step process based on electrostatic-
interaction-enhanced adsorption and subsequent stereoselec-
tive recognition. Possible electrostatic interaction sites (R5 and
K16) and a chiral recognition site (H14) of AB(1-40) are
proposed, which may provide insight into the understanding of
this effect.

The aggregation and assembly of amyloid peptides at
multiple scales may initiate different pathological changes,
such as generation of neurotoxic oligomers or formation of
insoluble mature fibrils, leading to neurodegenerative dis-
eases.!l It is generally acknowledged that the typical amyloid
fibrils are built by a hairpin-like f-turn (B-hairpin), which
stacks into cross-B-sheet structure in a parallel alignment.”
The concentration of amyloid peptides invivo is usually
several orders of magnitude lower than the threshold for
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amyloid formation in vitro.’! A commonly agreed explana-
tion lies in the special role of molecular surface in vivo, for
example cytomembrane, which may largely enhance the local
concentration of amyloid peptides in the extracellular fluid.™!
Growing evidence has revealed that hydrophobicity, charge,
functional groups, and other physical and chemical properties
of the interface greatly influence the kinetics of amyloid fibril
formation, which dominates the structure and morphology of
diverse assembly aggregates.”! As an intrinsic biochemical
signature of life, molecular chirality directly governs the
biomolecule recognition process,’® and it has been extensively
reported recently that surface chirality is an important factor
determining the behaviors of cells and bio-macromolecules at
liquid-solid interfaces."’ The cytomembrane is mainly com-
posed of phospholipids, which also show distinct asymmetric
features owing to high chiral preference of L-enantiomers for
phospholipids. Therefore, studying how surface chirality
influences amyloid peptide assembly at liquid—solid interfa-
ces, especially at low peptide concentrations, may reveal
useful information for comprehensive understanding amyloid
formation process in vivo.

Herein we used N-isobutyryl cysteine (NIBC)-enantio-
mer-modified ultra-flat gold substrates to determine the
significant influence of surface chirality at the liquid—solid
interfaces on AP(1-40) assembly at a low concentration of
1 uMm. AB(1-40) prefers to assemble into a ring-like aggregates
on a L-NIBC-modified surface (L-surface), while the corre-
sponding D-surface induces rod-like aggregates. Surface
chirality can guide the alignment of -hairpin in parallel or
nonparallel fashions through stereoselective interaction. This
leads to the generation of rod-like or ring-like aggregates with
different Young’s moduli. Utilizing site-specific replacement
experiments, we propose the possible electrostatic interaction
sites (RS and K16) and chiral interaction site (H14) of AB(1-
40). A two-step process of the effect is revealed based on the
electrostatic-interaction-enhanced adsorption and subse-
quent chiral stereoselective interaction, which determines
parallel or nonparallel assembly of (3-hairpin on a D- or L-
surface, respectively.

Ap(1-40) peptides, which are intrinsically disordered, can
experience conformational transition and assemble into
dimers, oligomers, fibrils, and other aggregates under differ-
ent conditions.”®! In a typical in vitro study, AB(1-40) peptides
can assemble to adopt an orientation at the hydrophobic—
hydrophilic interfaces (for example, the air-liquid interface),
and then form mature amyloid fibrils freely in buffer solution
above the critical micelle concentration (CMC: 17 um).”! As
shown in the Supporting Information, Figure S1, at low AB(1-
40) concentrations, such as 1 uMm, which are far below the
CMC, no fibrils or other assembled aggregates could be found
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in solution even at the air-liquid interface. Interestingly, when
D(L)-NIBC modified gold surfaces (D(L)-surfaces) were intro-
duced into the solution, a considerable amount of aggregates
of AP(1-40) could be observed on them even at a concen-
tration of 1 um. We found that the aggregates on D- and L-
surfaces were significantly different. As shown in the atomic
force microscope (AFM) image (Figure 1a—c and Figure S2),
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Figure 1. a)—c) AFM images on NIBC-modified gold substrates after
incubation in 1 um AB(1-40) solution at 37°C for 12 h. a) p-surface;
b) L-surface; c) (L+ b)-surface. Insets: magnified images and section
profiles. d) Time-dependent curves of frequency change (4f) of AB(1-
40) on p- (curve 1), L- (curve 3), and (L+ b)-surfaces (curve 2) in QCM
experiments. Flow rates: 120 uLmin™' (25°C).

the p-surface induces the formation of rod-like aggregates
after 12 h of incubation in phosphate buffer saline (PBS,
10 pm, pH 7.4) at 37°C. However, on the corresponding L-
surface, rod-like aggregates cannot be observed, while instead
a large number of unusual ring-like aggregates appear. A
similar phenomenon was also observed on a LDO-NIBC (Lb
ratio=1:1) mixture-modified surface ((L + D)-surface). The
statistic data of more than 200 ring-like aggregates show that
the ring diameters on the (L + D)-surface (180430 nm) are
significantly larger than those on the L-surface (120 + 30 nm),
but the height (4.0 £0.5 nm) of them are almost identical, as
revealed by the section profile data. The apparent width
observed by AFM is larger than the actual value owing to the
probe convolution effect. Detailed statistics (Supporting
Information, Table S1) indicate that both aggregates do not
exhibit any type of periodic layered stacking as typical mature
fibrils do.'”! Previous reports have shown that the presence of
air-liquid interface greatly influenced the amyloidosis of a-
synuclein at a relatively high concentrations (300 um).”¥ To
clarify its influence on aggregate formation, we investigated
the sealed samples without air-liquid interface. Ring-like and
rod-like aggregates were also observed on L- and D-surfaces
(Supporting Information, Figure S3), indicating that AP(1-
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40) assembly at low concentration is dominated by the liquid—
solid interface.

To further explore this phenomenon, we used a quartz-
crystal microbalance (QCM) to investigate the adsorption
dynamics of APB(1-40) on these modified liquid-solid inter-
faces. b- and L-NIBC-modified QCM resonators were equi-
librated with PBS, and then exposed to 1pum Af(1-40)
solution with a slow flow rate of 120 puLmin~'. As shown in
Figure 1d, the frequency shift on the L-surface is obviously
larger than that on the p-surface, and that on the (L + D)-
surface lies in a position between them. It suggests that the L-
surface has a stronger interaction with Af(1-40) than the p-
surface. As three modified gold substrates exhibit no eviden-
tial difference in wettability and other properties except
chirality (Supporting Information, Figure S4), these data
indicate that the different adsorption and assembly behaviors
should be due to the stereoselective interaction between
AP(1-40) and the chiral moieties of the surface.

At present, the information about molecular and supra-
molecular structures of amyloid assemblies is mainly provided
by X-ray diffraction (XRD), solid-state nuclear magnetic
resonance (SSNMR), electron paramagnetic resonance
(EPR), and so on.'! However, these techniques usually
cannot be used for in situ analysis on a surface, especially at
a nanoscale. Atomic force microscopy controlled tip-
enhanced Raman scattering (AFM-TERS) is a near-field
technique combining high spatial resolution of scanning
probe microscopy and the chemical information provided
by Raman spectroscopy.''? It is a powerful method to directly
characterize the secondary structure of Af(1-40) assemblies
on surface in a nanoscale, though relevant reports are very
rare.’” Here, the TERS experiment was performed on an
integrated AFM-TERS instrument (NTEGRA Spectra, NT-
MDT) with upright setup. Each TERS spectrum was collected
in different positions along single rod-like aggregates or ring-
like aggregates, which contains Raman signals in a nanoscale
spot insitu. Representative TERS spectra from rod-like
aggregates (curve 1-3) and ring-like aggregates (curve 4-6)
are shown in Figure 2 a. In a typical protein Raman spectrum,
the amide I region provides main information about poly-
peptide backbone and intra- and intermolecular hydrogen
bonds, which are considered as the characteristic band of the
protein secondary structure. Here the second derivative
spectra of the amide I region were employed to determine
the position of the individual component. As shown in
Figure 2d—e, the peak at 1654 cm™' is assigned to the a-helix,
peaks at 1637 and 1645 cm™' are assigned to random coil
structures, peaks at 1678, 1685 and 1694 cm ™" are assigned as
B-turns, and peaks at 1624, 1631, 1663, and 1668 cm™' are
assigned as B-sheets.'"! A more detailed description of TERS
spectra is provided in the Supporting Information, Table S2.
Statistic data show no evidential difference in secondary
structure between ring-like aggregates and rod-like aggre-
gates. The existence of f-turn and p-sheet indicates the
formation and assembly of (3-hairpin. However, the a-helix
and random coil peaks of aggregates are stronger than those
of mature fibrils (Supporting Information, Figure S5), imply-
ing that a well-organized B-sheet structure has not yet formed
in both aggregates.
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Figure 2. a) Representative TERS spectra of Af(1-40) assemblies on
NIBC-modified surfaces (curves 1-3: rod-like aggregates; curves 4-6:
ring-like aggregates). Amide | regions are marked with a gray band.
b),c) Topography images of different aggregates corresponding to the
TERS experiment. d),e) Original and second-derivative Raman spectra
of amide | regions: d) rod-like aggregates; e) ring-like aggregates.
Black: original Raman spectra, gray: second derivative spectra.

The mechanical properties of the AP(1-40) aggregates
were then characterized by PeakForce QNM (quantitative
nanomechanical property mapping) mode on a Bruker Multi-
Mode VIIT AFM, which allows quantitative nanomechanical
mapping of Young’s modulus simultaneously (Figure 3, inset)
when imaging the topography of samples at high resolution.™
The modulus images were taken after an absolute calibration
process (see the Supporting Information). We randomly
selected 10000 spots on ring-like and rod-like aggregates,
respectively, and calculated the average Young’s modulus and

200 220 240 260 280 300 320

Young's Modulus / MPa

Figure 3. Young’'s Moduli histograms of ring-like aggregates (gray) and
rod-like aggregates (black). Insets: corresponding Young's moduli
mapping images of ring-like (left) and rod-like (right) aggregates. Scale
bar: 50 nm.
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their distribution diagram of each structure. As shown in
Figure 3, the average Young’s modulus of ring-like aggregates
is 239 + 34 MPa, while the value for rod-like aggregates is
281 £ 38 MPa. Both of them are about one order of magni-
tude lower than that of typical mature AB(1-40) amyloid
fibrils."®! The above results show that the aggregates charac-
teristically have shorter length, lack periodic layered stacking,
and have a lower Young’s moduli, which is apparently
different from typical mature fibrils. Owing to the existence
of a (-sheet and a p-turn, both aggregates are may be
comparable to amyloid fibril precursors.

The difference in Young’s moduli implies a tighter
assembly manner of APB(1-40) in rod-like aggregates than
that in ring-like aggregates'’! which may be caused by
stereospecific interaction of D(L)-NIBC moieties with AB(1-
40). Previous studies have indicated the importance of
pentapeptide fragments in the assembly of AP(1-40), for
example, AP(16-20) KLVFF can act as a self-recognition
element during the formation of P-sheet.’ To get more
information, we split AB(1-40) into eight pentapeptides, and
studied their interactions with D(L)-NIBC by the fluorescent
titration method (Supporting Information, Figures S6-S8 and
Table S3). Interestingly, the segments containing R (Arg) and
K (Lys) residues have obviously higher association constants
(K,) with p(L)-NIBC than others. Considering the ionization
effect at physiological conditions (pH~7.4) and the side-
chain properties of AP(1-40) (Supporting Information,
Table S4), it can be inferred that the deprotonated carboxyl-
ate group of D(L)-NIBC may form strong binding with the
protonated R5, K16, and K28 residues of AP(1-40) by
electrostatic interaction, which may contribute greatly to
the enhanced adsorption of AP(1-40) on the p(L)-NIBC
modified liquid-solid interfaces. However, K28 will form
a stable salt bridge with D23 (Asp) to form a [-hairpin
motif.'"! Therefore, we assume that electrostatic interaction
between AP(1-40) and D(L)-NIBC may mainly occur on RS
and K16 residues, but not the K28 residue. This has been
verified by the K, value for AB(21-30) (hairpin structure can
be formed), which is much smaller than those with the K16
residue, for example, AB(16-20), AB(14-18), and those with
the K28 residue but without a hairpin structure (for example
APB(26-30)).

To further verify this assumption, we adopted site-specific
replacement to study the roles of RS and K16 residues on the
adsorption of AB(1-40). First, we used G (glycine) to replace
both R5 and K16 residues of AB(1-40), and incubated the
mutant peptide R5G-K16G-AB(1-40) with D(L)-NIBC
modified gold substrate under the same conditions mentioned
above. We found neither ring-like aggregates nor rod-like
aggregates of RSG-K16G-Ap(1-40) on both p- and L-surfaces
(Figure 4a,d). Simultaneously, QCM experiments (Fig-
ure 4g,h) show that the frequency change of the crystal
upon adsorption decreases sharply to less than 1 Hz (nearly
within the deviation range of the instrument) on both of them.
We then replaced RS residue only, leaving K16 unchanged
(R5G-Ap(1-40)). Interestingly, we observed rod-like aggre-
gates on the D-surface (Figure 4 ¢) and ring-like aggregates on
L-surface (Figure 4 f), similar to AP(1-40), but the amounts
were obviously less. However, when we replaced K16 residue
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Figure 4. a—f) AFM images of aggregates on a p-surface (a,b,c) and
an L-surface (d, e, f) after incubation in 1 pm mutant AB(1-40) peptides
at 37°C for 12 h. a),d) R5G-K16G-AB(1-40); b) e) K16G-AB(1-40);

c),f) R5G-AP(1-40). Scale bar: 500 nm. g),h) Time-dependent curves of
Af for p- and L-NIBC modified QCM sensors. Curves 1: R5G-K16G-

AP (1-40); curves 2: K16G-AB(1-40); curves 3: R5G-AB(1-40);

curves 4: AB(1-40). Flow rates: 120 pLmin™" (25°C).

only, leaving RS residue unchanged (K16G-Ap(1-40)), nei-
ther ring-like aggregates nor rod-like aggregates could be
observed (Figure 4b,e). Correspondingly, in QCM experi-
ments, the adsorption quantities of both K16G-Ap(1-40) and
R5G-AP(1-40) on both p- and L-surfaces were higher than
R5G-K16G-AP(1-40), but lower than AP(1-40). Previous
work has indicated that the [-hairpin motif is created by
residues 10-40, and residues 1-9 have little connection with
AB(1-40) assembly.”” Considering that the RS residue is in
the loop structure (residues 1-9) but not in the B-hairpin motif
(residues 10-40), it can be inferred reasonably that the RS
residue only contributes to the adsorption of AB(1-40), but
has no connection with the assembly of the ring-like and rod-
like aggregates. These results not only confirm the significant
contribution of RS and K16 residues to the adsorption of
AP(1-40), but also reveal another important information that
the ring-like aggregates on L-surface may be related to the
stereoselective multisite binding with B-hairpin motif.

Based on the above research, it can be reasonably inferred
that the K16 residue may play a crucial role on the
stereoselective multisite binding and the formation of ring-
like aggregates on the L-surface. To investigate this hypoth-
esis, we used molecular docking and structure optimization to
simulate the orientation of D(L)-NIBC enantiomers relative
to K16 and other residues of AB(1-40) near it. As shown in
the Supporting Information, Figure S9, both p- and L-NIBC
have similar electrostatic interactions via the amino group of
K16 residue and the carboxyl group of NIBC. However,
interestingly, obviously different binding behaviors are
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observed for the nearby H14 residue, which shows moderate
H-bonding interaction (bond length ca. 2.6 A) with L-NIBC
but negligible interaction with D-NIBC. This reveals that the
H14 residue may act as a chiral recognition site, working
together with the K16 residue, to give an advantageous
conformation that can fit well with L-NIBC moiety but
mismatch with pD-NIBC.

Furthermore, we used site-specific replacement to study
the roles of H14 and K16 residues on the formation of ring-
like aggregates. First, we used G (glycine) to replace both K16
and H14 residues of AP(1-40), and incubated the mutant
peptide H14G-K16G-Ap(1-40) with L(D)-NIBC modified
surfaces under the same conditions mentioned above. We
found that neither rod-like aggregates nor ring-like aggre-
gates of H14G-K16G-Ap(1-40) were formed on both p- and
L-surfaces (Supporting Information, Figure S10a,c). How-
ever, when we replaced H14 residue only, leaving K16
unchanged (H14G-AB(1-40)), we observed rod-like aggre-
gates on both surfaces (Supporting Information, Fig-
ure S10b,d), but no ring-like aggregates could be found.
These results confirm the cooperative effect of H14 and K16
residues on the stereoselective interaction between Af(1-40)
and L(D)-NIBC modification and the formation of ring-like
aggregates on the L-surface.

The above analysis reveals a possible two-step process for
chirality-assisted ring-like or rod-like aggregation of AP(1-
40) at liquid-solid interfaces: RS and K16 residues contribute
greatly to the enhanced adsorption of APB(1-40) owing to
electrostatic interactions, largely improving the local concen-
tration, which is a prerequisite condition for AP(1-40)
assembly; the H14 residue acts as the chiral recognition
center with the aid of K16 residue. Though such stereoselec-
tive interactions caused by chirality are too weak to affect the
B-hairpin stacking into a 3-sheet, they can guide the stacking
manner of 3-hairpin in different aggregates. Considering that
the L-NIBC moiety can form H-bonding and electrostatic
interaction simultaneously with H14 and K16 residues, it may
intercalate into two adjacent (3-hairpin structures and break
the parallel alignment of them,*?! resulting in a non-parallel
alignment mode (Supporting Information, Figure S11). How-
ever, on the p-surface, the alignment of Af(1-40) remains
a parallel mode because the interaction between Af(1-40)
and D-NIBC moiety is weak. The parallel or nonparallel
alignment has no influence on the 3-sheet structure, but will
change the morphology and mechanical property of observed
assemblies, resulting in rod-like or ring-like aggregates with
different Young’s moduli. Moreover, the surface density of L-
NIBC has obvious impact on the curvature of the non-parallel
alignment, which leads to a size difference between ring-like
aggregates on L- and (L +D)-surfaces. This assumption has
been confirmed at least partially by the AFM images taken
from different regions in one sample (Figure 5), which clearly
demonstrate different stages of ring-like aggregate formation.
Recent work by Jordens etal. illustrates a spontaneous
curvature of f-lactoglobulin fibrils at air-water and oil-
water interfaces, which also leads to ring-like conformation.”
They confirm that this process is governed by the interaction
between chiral filaments and the interface. This work and our
findings share one important aspect: chirality of either the

Angew. Chem. Int. Ed. 2015, 54, 2245—2250
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Figure 5. AFM images taken from different regions of an (L+ Dp)-
surface after incubation in AB(1-40) solution (1 um in PBS) at 37°C
for 12 h.

interfaces or the filaments can break the symmetry by
stereoselective interactions and induce spontaneous curva-
ture of amyloid fibrils adsorbing on surface.

In summary, we have shown how surface chirality
influences the assembly of Af(1-40) at low concentrations.
TERS experiment indicates that ring-like aggregates have
similar secondary structure to rod-like aggregates of AB(1-
40). Their different B-hairpin alignment modes are deter-
mined by surface chirality through electrostatic-interaction-
enhanced stereoselective recognition. On the basis of exper-
imental and theoretical study, we also propose the electro-
static interaction sites (RS and K16) and chiral recognition
site (H14) on AP(1-40). These results provide interesting
insight to reconsider the aggregation mechanism of amyloid
precursors on biological membranes at low concentrations,
which may lead to innovation in therapeutics of neuro-
degenerative diseases.
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