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ABSTRACT: Protein misfolding to form amyloid aggregates
is the main cause of neurodegenerative diseases. While it has
been widely acknowledged that amyloid formation in vivo is
highly associated with molecular surfaces, particularly bio-
logical membranes, how their intrinsic features, for example,
chirality, influence this process still remains unclear. Here we
use cysteine enantiomer modified graphene oxide (GO) as a
model to show that surface chirality strongly influences this
process. We report that R-cysteine modification suppresses the
adsorption, nucleation, and fiber elongation processes of

S-Cys-GO §
— &

e

%
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AB(1—40) and thus largely inhibits amyloid fibril formation on the surface, while S-modification promotes these processes.
And surface chirality also greatly influences the conformational transition of AB(1—40) from a-helix to f-sheet. More
interestingly, we find that this effect is highly related to the distance between chiral moieties and GO surface, and inserting a
spacer group of about 1—2 nm between them prevents the adsorption of Aff(1—40) oligomers, which eliminates the chiral effect.
Detailed study stresses the crucial roles of GO surface. It brings novel insights for better understanding the amyloidosis process

on surface from a biomimetic perspective.

1. INTRODUCTION

Protein amyloidosis is associated with many neurodegenerative
diseases, such as, Alzheimer’s and Parkinson’s diseases.'™
Recently, more and more evidence has pointed to the fact that
molecular surfaces, particularly biological membranes, play
crucial roles in this process.’ '* It has been pointed out that
key procedures of protein amyloidosis in vivo, including
sequential APP cleavage by p-secretase and y-secretase to
form Ap precursors, deposition, and aggregation of Af after
misfolding to form plaques may mainly occur on cell
membranes''™'® (Scheme 1A). From a viewpoint of chemistry,
cell membranes are composed of phospholipid bilayers with
proteins integrated into them.”® As an amphiphilic molecule
bearing a hydrophilic head and a hydrophobic tail, a natural
phospholipid is a chiral molecule showing very high preference
to the L-enantiomer. And highly ordered arrangement of them
endows the membrane with an apparent asymmetric feature,
which is one of the predominant biochemical signatures of
life.”' ™ In previous works, we and others have shown that
chirality remarkably influences protein adsorption dynam-
ics®*™*° and subsequent cell behaviors*”*® on surfaces. This
inspires us to introduce surface chirality into the study of
amyloid formation from a biomimetic point of view.
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As a kind of emerging two-dimensional atomic material,
besides other advantages like high mechanical stiffness and
good electrical and thermal conductivity,” chemically modified
graphene, especially graphene oxide (GO), also possesses
distinct amphiphilic properties®* >
It allows interactions with cell membranes and excellent ability
to pass through the blood—brain barrier,”* > which brings
broad application prospects for this kind of material in biology
and medicine.>*” On the other hand, the in vivo concentration
of dissociated Af peptides is normally far lower than its critical
micelle concentration, and it has been shown that they incline
to adsorb and aggregate strongly on a graphene surface,*>>”
which may largely accelerate the fibrillation process. These
properties indicate that GO can act as an ideal platform to
investigate the chiral effect for amyloid formation on surfaces,
when it is combined with chiral characteristics (Scheme 1B).
For this purpose, we developed a series of chiral GO materials
through chemical modification with R(S)-cysteine and
derivatives. We show that R-cysteine modified GO (R-Cys-
GO) largely suppresses the adsorption, nucleation, and fiber

similar to cell membranes.
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Scheme 1. (A) Cell Membranes Play a Crucial Role in
Protein Amyloidosis in Vivo, Wherein Several Key
Procedures for Amyloid Formation, for example, APP
Cleavage and Oligomer Aggregation, Mainly Occur on
Them, and (B) Chiral Nature of Phospholipid Double Layer
Inspires Us To Introduce Chirality into the Study of
Amyloid Formation on Surface, in Which Graphene Is Used
As an Ideal Platform To Perform This Research
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elongation processes of AfB(1—40) and thus significantly
inhibits amyloid fibril formation on the surface; while -
cysteine modified GO (S-Cys-GO) promotes these processes.
And surface chirality also greatly influences the conformational
transition of AS(1—40) from a-helix to f-sheet. More
interestingly, we find that this effect is highly related to the
distance between chiral moieties and GO surface, and inserting
a spacer group of about 1—2 nm between them prevents the
adsorption of Af}(1—40) oligomers, which eliminates the chiral
effect. Detailed study indicates that the surface plays a crucial
role in this effect, which not only enables local enrichment of
AB(1—40) oligomers but also mediates the stereoselective
interaction between chiral moieties and peptide. This finding
presents a new perspective to better understand how biological
membranes participate in amyloid formation.

2. RESULTS AND DISCUSSION

R(S)-Cysteine molecules possess a carboxylic group and a thiol
group, both of which are good hydrogen bonding (H-bonding)
donors capable of interacting with Af peptides. It is worth
noting that the natural L-cysteine possesses R-stereoconfigura-
tion, which is opposite to other amino acids. Three pairs of
reference compounds (Scheme 2) were also designed to clarify
the roles of these groups. In the first one, (R(S)-ECys), the
carboxylic group of cysteine has been esterified, while in the
second, the thiol group has been methylated (R(S)-MCys). In
the third (R(S)-DCys), a long chain of spacer group was
introduced between the cysteine moiety and GO to study the
distance factor for the chiral effect (according to a model
calculation, the vertical distance between the top carboxylic
group and the GO surface is approximately 16 A, in comparison
with about 6 A for R(S)-Cys-GO). The enantiomers of these
molecules were immobilized on the GO surface throu§h a
typical condensation reaction with high efficiency.”*~*
Corresponding characterization data indicated that these

Scheme 2. Illustration of Molecular Structures of GO
Modified with R(S)-Cysteine (R(S)-Cys-GO), Esterified
R(S)-Cysteine (R(S)-ECys-GO), Sulfur-Methylated R(S)-
Cysteine (R(S)-MCys-GO), and Diethylene Glycol Modified
R(S)-Cysteine (R(S)-DCys-GO)
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enantiomers were identical in chemical compositions and
other properties, for example, graft density (approximately one
cysteine molecule in five to six aromatic rings in GO, calculated
from the atomic ratios measured by XPS), and { potential, as
shown in Figures S1—S7 in Supporting Information.

The fibrillation process of Af} peptides can mainly be divided
into nucleation and elongation phases,*~* as shown in Figure
1A. We first studied the influence of chiral-modified GO on the
nucleation phase of A(1—40). In this experiment, various GO
samples (0.15 mg:mL™") were added to Af3(1—40) solution (25
umol-L™") at the beginning of incubation at 37 °C, and then
the rates of amyloid formation were evaluated using a standard
thioflavine-T (ThT) binding assays.*”** Figure 1B shows the
growth curves of A(1—40) in the absence and presence of
R(S)-Cys-GO. Without chiral samples (black curve), AB(1—40)
began to aggregate at the 24 h and completely fiberized after
the 38th hour, resulting in a half growth cycle of 7 h. The
addition of R-Cys-GO remarkably postponed this process for
about 11 h (red curve), while S-Cys-GO brought forward this
process nearly 12 h (blue curve). This indicates that R-Cys-GO
largely suppressed the nucleation of A(1—40), while S-Cys-
GO accelerated this process.

To study their influence on the fiber elongation phase, chiral-
modified GO was added (0.15 mg:mL™") to peptide solution
after about 10 h of incubation at 37 °C to allow the formation
of oligomers, simultaneously with the addition of ThT. The
corresponding growth curves are shown in Figure 1C. After
adding R-Cys-GO (red curve), fluorescent intensity did not
change obviously before 32nd hour and started to increase only
slightly after that. However, for S-Cys-GO (blue curve), the
fluorescent intensity remarkably increased immediately after its
addition. Lower concentrations (e.g, 0.1 mg-mL™") of R(S)-
Cys-GO gave similar results, while the difference was a little
smaller (Figure S8B in Supporting Information). It shows that
R-Cys-GO can also inhibit the fiber elongation process of
AB(1-40).

Similarly, R- and S-ECys-GO also show different influence on
the fibrillation of AB(1—40) at both the nucleation and
elongation phases, but the effect is significantly weaker than
that for R(S)-Cys-GO, as typically shown in Figure 1D for the
nucleation phase (red and blue curves). However, for R(S)-
MCys-GO, in which the thiol group has been methylated, the
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Figure 1. Influence of chiral-modified GO on the fibrillation process of
AB(1-40). (A) Fibrillation of Af peptides can be divided into
nucleation phase to form oligomers and elongation phase to form
fibers.* (B) R- (red) and $-Cys-GO (blue) added at the beginning of
incubation. (C) R- (red) and S-Cys-GO (blue) added after 10 h of
incubation. (D) R- (red) and S-ECys-GO (blue), and R- (orange) and
S-MCys-GO (green) added at the beginning of incubation. (E) R-
(red) and S-DCys-GO (blue) added at the beginning of incubation.
Black curves are all the control experiment with only AB(1—40)
peptides. In all panels, error bars show the standard deviations of the
averaged data sets. Experiments were repeated three times, and each
time the experiment was carried out in triplicate.

difference is rather small (green and orange curves in Figure
1D). This indicates that carboxylic and thiol groups may play a
crucial role in the stereoselective interaction with AfS(1—40),
which has been proven by results of two-dimensional 'H
nuclear magnetic resonance (NMR) spectroscopies shown
later. For R- and S-DCys-GO, unexpectedly, the difference
between growth curves of A(1—40) was also slight in both the
nucleation (Figure 1E) and elongation phases (Figure S8E in
Supporting Information), although the exposed groups are the
same as R(S)-Cys-GO. Moreover, in a control experiment
without the participation of GO, we found that the addition of
R- or S-cysteine had no influence on the fibrillation process
(Figure S8D in Supporting Information). This points to an
interesting deduction that the chiral effect may require the
synergy of stereoselective interactions contributed by chiral
moieties, and the participation of GO surface, and the synergy
may be confined to a very narrow spatial range near the surface
within 1—-2 nm. We also used other amino acids (e.g., serine
and tyrosine) to do the experiments (Figure S9 in Supporting
Information), but the chiral effect was not as distinct as that of
cysteine.

To better understand this effect, we then tracked the
fibrillation of AS(1—40) on R(S)-Cys-GO surfaces using atom
force microscopy (AFM).** Figure 2A,B shows AFM images of
R- and S-Cys-GO surface (0.15 mg~mL_1) after incubation in
AB(1—40) monomer solution (25 gmol-L™") for 30 h at 37 °C.
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Figure 2. AFM images of R(S)-Cys-GO after incubation in A(1—40)
solutions: (A, C) R-Cys-GO; (B, D) S-Cys-GO; (A, B) R(S)-Cys-GO
were added at the beginning of incubation; (C, D) GO samples were
added after 10 h of incubation at 37 °C.

Interestingly, the R-Cys-GO surface was rather clean, and long
fibers could not be observed on it. Only a small amount of
short oligomers was adsorbed on it, resulting in a slight increase
of the maximum height for the GO layer from 4 nm (double-
layer GO) to 6 nm. This phenomenon well supports the result
mentioned above that R-Cys-GO inhibited the fibrillation
process. By comparison, a great quantity of long fibers were
found on S-Cys-GO surface (Figure 2B), which interlinked with
each other and accumulated on the GO surface to form a fiber
network. The maximum height of the GO layer dramatically
increased to 34 nm due to the multilayer accumulation of fibers,
which is about eight times higher than surrounding single fibers
(approximately 4 nm). We noticed that many long fibers spread
out from the GO surface and covered both sides of GO. This
indicates that S-Cys-GO has strong complexation with Af(1—
40), which greatly accelerated the fibrillation.

In another experiment, R(S)-Cys-GO was added to AB(1—
40) solution after 10 h of incubation at 37 °C to study the
elongation phase. Figure 2C,D shows AFM images of R(S)-
Cys-GO surfaces after further incubation for 10 h. A control
experiment without GO samples indicated that a considerable
amount of long fibers had already formed under these
conditions (Figure S10B in Supporting Information). By
comparison, the amount of long fibers formed after incubation
was much less with the addition of R- and S-Cys-GO. This is
consistent with the growth curves shown in Figure 1C that the
fluorescent intensities in both cases were obviously lower than
the control experiment without GO samples. However, the
difference between R- and S-surfaces was still remarkable. As
shown in Figure 2D, long fibers forming in solution adhered
firmly to S-Cys-GO in a multilayer accumulation fashion,
resulting in a maximum height of about 15.5 nm. This further
proves that S-Cys-GO has strong complexation with AB(1—40).
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Nevertheless, for R-Cys-GO (Figure 2C), it seems that the
fibers were just “put” randomly on the surface, lacking firm
association with it. This indicates that the interaction between
fibers and the R-surface is much weaker than that with S-
surface.

Quartz crystal microbalance (QCM) was further used to
study the adsorption behaviors of Af(1—40) monomers and
oligomers on R(S)-Cys-GO surfaces.”® > In this experiment,
R(S)-Cys-GO coated quartz crystals were obtained by an
assembly process via the reaction between thiol groups of
cysteine on one side of GO and the gold layer on crystals,
leaving cysteine moieties on the other side of GO free to
interact with Ap(1—40) (inset in Figure 3A). AS(1—40)
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Figure 3. Time dependence of frequency change of QCM crystals with
R(S)-Cys-GO (A, B) and R(S)-DCys-GO (C, D) upon adsorption of
Ap(1—40) monomers (A, C) and oligomers (B, D). Black and red
curves are all R- and S-surfaces, respectively. The adsorption quantities
(A) were calculated according to the equation: A = AF X 17.7/n, ng-
cm ™2, where 7 is the overtone number.

monomers (Figure 3A) exhibited distinctly stronger adsorption
on S-Cys-GO surface than R-Cys-GO surface, inducing
frequency change (AF) of quartz crystals of 29.0 and 16.2
Hz, corresponding to adsorption quantities of 171.5 and 95.7
ng-cm~?, respectively. Af(1—40) oligomers (Figure 3B)
showed much stronger adsorption on both R- and S-surfaces,
and the difference between them was also larger (adsorption
quantity 2.78 X 103 ng-cm_2 for S-surface, 1.69 X 103 ng-cm_2
for R-surface). In the experiments with R(S)-DCys-GO (Figure
3C,D for monomers and oligomers, respectively), though
similar chiral discrimination effect was observed, the adsorption
quantities for oligomers on both surfaces were much lower,
which decreased to about 1/50 of those on R(S)-Cys-GO
modified crystals.

In a control experiment, in which R- and S-cysteine were
directly grafted onto quartz crystals via amide bonds (thiol and
carboxylic groups were exposed outside to mimic R(S)-Cys-
GO), the adsorption quantities for A(1—40) monomers on
R(S)-Cys surfaces were slightly larger than those on R(S)-Cys-
GO surfaces. However, these values were much lower for
oligomers (AF < 10 Hz) and the difference between R- and S-
surfaces were also small (see Figure S11 in Supporting
Information). All these data indicate the crucial role of GO
surface in this chiral effect. GO significantly promoted the
adsorption of Af}(1—40) monomers and oligomers. Due to the

amphiphilic nature of GO, hydrophobic oligomers are apt to
adsorb on it via hydrophobic and 77— interactions, exhibiting a
much higher adsorption quantity than monomers. This
behavior is quite similar to that of cell membranes, which are
also amphiphilic. However, upon introduction of a spacer group
between chiral moieties and the surface, for example, R(S)-
DCys, AB(1—40) oligomers could not interact directly with GO
surface, which, therefore, showed very low adsorption
quantities.

On the other hand, isothermal titration calorimetry
(ITC)®™>¢ was used to investigate the binding behaviors
between Af(1—40) and R(S)-Cys-GO, as shown in Figure 4A.
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Figure 4. Heat effects associated with the injections of R(S)-Cys-GO
(A) or R(S)-DCys-GO (B) into AB(1—40) solutions at 25 °C: (O) R-
samples; (A) S-samples. The solid lines represent the simulation

results from the data of titration using the NanoAnalyze software.

Both R- and S-Cys-GO were inclined to complex with AB(1—
40) in a two-stage mode (confirmed by the results of nonlinear
curve fitting), but their binding behaviors were quite different.
For R-Cys-GO, it exhibited strong binding with AS(1—40) in
the first stage, accompanying a sharp decrease of heat before
the 12th injection, while the strong binding between S-Cys-GO
and AfB(1-40) occurred at the second stage. Though direct
calculation of the binding constants is not accessible due to the
unknown concentrations of GO in a molar unit, it can be
reasonably inferred that the complexation of A(1—40) with S-
Cys-GO (AH —431 yJ) is stronger than that with R-Cys-GO
(AH —365.9 pJ). More interestingly, no evident difference was
observed between the binding isotherms (Figure 4B) for R- and
S-DCys-GO with AfB(1—40), indicating similar binding
behaviors. These results were consistent with the QCM
experiment (Figure 2) and the growth curves shown in Figure
1, which verified the great influence of a spacer group on the
chiral effect from a thermodynamic point of view.

The conformational transition from a-helix to f-sheet is the
foundation for oligomer formation and further fibrillation.>” >
We also monitored the influence of R(S)-Cys-GO on this
process using circular dichroism (CD) spectra. In this
experiment, the concentrations of both A(1—40) and R(S)-
Cys-GO were twice of those used in Figure 1, because the
fibrillation process is too slow, which may bring difficulty to
observation. For pure Af(1—40) peptide (Figure S12 in
Supporting Information), the intensity of a-helix peak® near
200 nm decreased gradually with the increase of incubation
time, which vanished almost completely after 84 h. Since the
CD signal of f-sheet (a broad peak at about 210—220 nm) is
very weak, it appeared at the 120th hour of incubation. And
R(S)-Cys-GO did not show obvious signals in range of 190—
250 nm (Figure SA). The addition of S-Cys-GO accelerated the
decrease of the a-helix peak, which vanished at the 48th hour,
and obvious signals of f-sheet appeared at the 96th hour
(Figure SC). However, interestingly, R-Cys-GO addition largely

dx.doi.org/10.1021/ja5049626 | J. Am. Chem. Soc. 2014, 136, 10736—10742
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Figure S. (A) CD spectra for R- (black) and S-Cys-GO (red). (B, C)
Changes of CD spectra of Af}(1—40) with addition of R- (B) or S-Cys-
GO (C). Black, 0 h; red, 18 h; blue, 22 h; olive, 30 h; purple, 48 h;
dark yellow, 72 h; navy, 96 h; green dash, 120 h. (D) Comparison of
CD intensities for a-helix peak (202 nm) dependent on time with R-
(black) and S-Cys-GO (red).

suppressed this process (Figure SB). The intensity of the a-
helix peak decreased obviously more slowly, which retained
about 35% after 72 h of incubation. As a result, the CD
spectrum of A(1—40) with R-Cys-GO at the 120th hour was
quite similar to that with S-Cys-GO at the 48th hour. Figure 5D
is a comparison of intensity change for the a-helix peak (202
nm) dependent on time with the presence of R- and S-Cys-GO.
If we correlate it with the nucleation and fiber elongation
phases of fibrillation, we can find that these results are very well
consistent with the AFM and QCM experiments, which leads
to a conclusion that the chiral effect on fibrillation may be
highly related to different influences on AB(1—40) conforma-
tions.

Tycko and co-workers proposed two assembly modes
through data analysis from solid-state NMR in 2006°" and
2008.%% They pointed out that the 35th amino acid, methionine
(M35, orange balls in Figure 6A) is the key sequence to induce
aggregation, which has been recognized as an important target
for the design of anti-Alzheimer’s drugs. It can form a compact
H-bonding interaction with neighboring G33 in another
peptide (Figure 6A), or self-assemble to form a trimer structure
(Figure 6B). Based on this knowledge, we chose a short
tripeptide fragment,®* Leu-Met-Val (LMV), to simulate the
binding site of Af(1—40) peptide and investigated its
stereoselective interaction with R(S)—cysteine moieties (N-
acetyl-R(S)-cysteine, R(S)-NA-Cys, was used here to simulate
R(S)-Cys-GO). We first used quantum chemistry calculation
(Gaussian, density function theory at 6-311G level) to figure
out the optimized interaction models as shown in Figure 6C,D.
LMV revealed four sets of strong H-bonds with the carboxylic
and thiol groups of S-NA-Cys (Figure 6D), while only two sets
of relatively weaker H-bonds were found with the carboxylic
group of R-NA-Cys (thiol group did not participate into the
interaction, Figure 6C).

The stereoselective interaction was further proven by
experiments. A fluorescent titration experiment®® revealed
an association constant (K,) of 8.06 X 10* L-mol™' when LMV
interacted with S-NA-Cys, which is about 120 times higher than
that with R-NA-Cys. As shown in Figure 7A,B, fluorescence of
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Figure 6. (A, B) Two possible self-assembly mechanisms contributing
to AB(1—40) amyloidosis,ﬁk63 showing the critical sequence of
Met3S. (C, D) Interaction models of tripeptide LMV with R-NA-Cys
(C) and S-NA-Cys (D). Hydrogen bonds are indicated by green
dotted lines.

fluorescein-labeled LMV solution was completely quenched by
R-NA-Cys, while S-NA-Cys only induced a decrease of about
12%. On the other hand, in the study of two-dimensional
'"H-'H COSY NMR spectroscopy,62 no convincing changes of
proton signals were observed when R-NA-Cys was added into
LMYV solution (Figure 7E), compared with their original status
(Figure 7C for R(S)-NA-Cys; Figure 7D for LMV). By
contrast, the addition of S-NA-Cys induced obvious chemical
shifts of all proton signals for amides (red dashed circles), and
proton-coupling and overlaps between the chiral protons of
LMV (green dashed circles) and amide groups in S-NA-Cys
(blue dashed circles) were observed (Figure 7F). All these data
clearly demonstrate that LMV has much stronger binding with
S-NA-Cys than R-NA-Cys. Besides that, Phe—Phe is also
recognized as another important sequence contributing to
protein amyloidosis.””*® Similar chiral discrimination effect was
also observed between R- and S-NA-Cys when they interacted
with Val-Phe-Phe (residues 18—20 in Af(1—40)) (see Figure
S13 and S14 in Supporting Information). Such stereoselective
interactions between binding sites of AB(1—40) and R(S)-Cys
moieties may directly contribute to the different effect of R(S)-
Cys-GO on amyloid formation.

3. CONCLUSIONS

Here we used chiral-modified GO as a platform to study the
chiral effect for amyloid formation on surfaces. We found that
surface chirality strongly influences the conformational
transition from a-helix to f-sheet, the adsorption of monomers
and oligomers, and the subsequent fibrillation process. On the
one hand, the stereoselective interaction between chiral
moieties on surface and Af peptides is the origin of this chiral
effect, while surface can highly enrich oligomers,” which make
the effect visible. On the other hand, the synergy between the
chiral interaction and surface requires that the distance between
them should be short enough; otherwise the surface may not be
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Figure 7. (A, B) Fluorescence spectra of fluorescein-labeled Leu-Met-
Val (LMV) upon addition of various amounts of R-NA-Cys (A) or S-
NA-Cys (B) in Tris-buffer solution (pH 7.4, 1 mM) at 25 °C. The
insets show the relationship between fluorescent intensity and molar
ratios of R-(S)-NA-Cys and LMV. (C—F) 2D 'H-'H COSY NMR
spectra of racemic R(S)-NA-Cys (C), LMV (D), and mixtures of LMV
(4 x 107 mol-L™") with equivmolar amounts of R-NA-Cys (E), or
with S-NA-Cys (F) in d.-DMSO. Detailed active proton assignments
(amides and chiral protons indicated by color circles) are shown in
Figure S17 in Supporting Information.

able to participate into the process. These results provide
interesting insights at least from one aspect to comprehensively
understand the crucial roles of biological membranes on
protein amyloidosis, and how their intrinsic properties
contribute to this process.”””" Besides that, it also points to a
prospect for broad application of GO in biology and
medicine’>”? if chiral elements””* are converged.
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