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Abstract: The aggregation of alpha-synuclein (¢.S), natively unstructured presynaptic protein, is
a crucial factor leading to the pathogenesis of Parkinson’s disease (PD) and other related disorders.
Recent studies have shown prefibrillar and oligomeric intermediates of oS as toxic to the cells.
Herein, split-luciferase complementation assay is used to design a “signal-on” biosensor to monitor
oligomerization of A53T oS inside the cells. Then, the effect of carbon-based nanomaterials, such
as graphene quantum dots (GQDs) and graphene oxide quantum dots (GOQDs), on AS3T aS oli-
gomerization in vitro and in living cells is investigated. In this work, for the first time, it was found
that GQDs at a concentration of 0.5 pg/mL can promote AS3T oS aggregation by shortening
the nucleation process, which is the key rate-determining step of fibrillation, thereby making
a signal-on biosensor. While these nanomaterials may cross the blood-brain barrier because
of their small sizes, the interaction between oS and GQDs may contribute to PD etiology.
Keywords: oS, aggregation, split luciferase, luminescent biosensor, GQDs

Introduction

Parkinson’s disease (PD) as the second most common progressive neurodegenerative
disorder after Alzheimer’s disease affects 1% of the population over the age of
65 years.!? The classical symptoms of PD include resting tremor, muscular rigidity
and bradykinesia'? as the consequence of progressive loss of dopaminergic neurons in
the substantia nigra region of the brain.>* The association of mutations (A30P, E46K
and A53T) and multiplication of the alpha-synuclein (0.S) gene with early onset of
familial forms of the disease implicate the role of oS in PD.*# It has been reported that
aggregation of oS into oligomeric and fibrillar forms is linked to the pathogenesis of
PD. Recent studies have implicated small soluble oligomeric and protofibrillar forms
of aS as the most neurotoxic species.’ '

The influence of nanoparticles (NPs) on amyloid formation is of great interest
due to their small sizes and high surface area-to-volume ratios. The small size of NPs
allows them to access almost all parts of the human body; they even pass through the
blood—brain barrier (BBB), which is the homeostatic defense mechanism of the brain.
Various drug nano-carriers have been successfully synthesized to transport small
molecules, especially hydrophilic ones, across the BBB.!*!7 So, if NPs can inhibit the
process of fibrillogenesis or disaggregate amyloid fibrils,' they offer great potential
to be used as drugs to control neurodegenerative amyloid disease. On the other hand,
detailed information about the interactions between NPs and amyloid proteins could
shed light on the mechanism of fibril formation at the molecular level, an area which
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Figure | General scheme of the whole-cell bioluminescence biosensor for detection of oligomerization.
Note: Schematic representation explains split-luciferase strategy for monitoring of A53T aS oligomerization and using of this system for screening of GQDs effect on A53T

oS oligomerization.

Abbreviations: oS, alpha-synuclein; PEIl, polyethylenimine; GQDs, graphene quantum dots.

still remains elusive. In addition, due to the increasing num-
ber of applications of NPs in the past decade, the toxicity
of NPs has been of concern for the past years."2! If NPs
facilitate the process of protein fibrillogenesis, they might
be severely hazardous to humans and their safe use must be
carefully ensured.

While several studies show that NPs with different struc-
tures interact with proteins and affect their aggregation,?>2
there are limited data on the interaction of oS with NPs.
Some recent findings in this regard include the acceleration
of oS fibrillation in the presence of a:S-conjugated CdSe/ZnS
quantum dots,”’ the interactions of oS with negatively and
positively charged gold NPs,?% the effect of negatively
charged Au NPs with different sizes on the interaction of
NPs,* the effect of bare and surface-coated magnetic iron
oxide (Fe,0,) NPs on a:S aggregation®' and the influence of
chemical composition and the amount and nature of the par-
ticle’s surface on the nucleation phase of oS aggregation.*

In this study, we adapted a protein-fragment complemen-
tation assay approach to observe the initial AS3T aS—-AS3T
aS interactions in living cells utilizing fragments of firefly
luciferase that can reconstitute as active luciferase upon oS
aggregation.>*35 Here, we generated and characterized a
whole-cell bioluminescent sensor which reports A53T oS
oligomerization in cell by a fast, sensitive and semiquanti-
tative assay. We demonstrate that this cell-based biosensor
in addition to tracking A53T mutant aS oligomerization in
cells (Figure 1) can be exploited to assess the effects of NPs
on aS oligomerization inside the cells.

Materials and methods

Design of biosensor
The split firefly luciferase fragments according to the known
split point of firefly luciferase*® were produced by polymerase

chain reaction (PCR) amplification of pGL3-Control Vector
(Promega) using forward (5'-TAACAGCTAGCACCATGG
AAGACGCCAAAAAC-3") andreverse (5-CGGGGTACC
TCCGCCTCCTCCAGATCCGCCTCCACCTGACCCGCC
ACCTCCACTATC-3’) primers which led to a fragment cod-
ing amino acids 1-416 (Nluc) of firefly luciferase and (G4S)3
linker. Forward (5-TAACAGCTAGCACCATGGCTATG
ATTATGTCCGGTTATG-3") and reverse (5-TATGGTAC
CTCCGCCTCCACCTGATCCGCCTCCTCCAGATC
CGCCTCCACCTGACCCGCCACCTCCACTCAC-3")
primers were used to amplify the fragment which codes
the amino acids 395-550 (Cluc) of firefly luciferase with
(G4S)4. A flexible Gly-Ser linker was added to the reverse
primers based on previous reports,**<73 and a Kozak con-
sensus sequence was optimized with initiating ATG codon
for proper initiation of translation in the forward primers
of Nluc and Cluc fragments. The purified fragments were
digested by Nhel/Kpnl and then cloned into the Nhel/Kpnl
digested/dephosphorylated pcDNA3.1(+) vector (Invitrogen),
harboring A53T aS gene between Kpnl and Xhol sites with
forward (5-CGGGGTACCATGGATGTATTCATGAAAG
GTCTTTCTAAGGC-3") and reverse (5'-CCGCTCGAGTT
AAGCTTCCGGTTCGTAGTCTTG-3’) primers. The con-
structs were transformed into Escherichia coli (DH5).*
AS53T aS-(G4S)4-Cluc was constructed by splicing-
by-overlap-extension PCR using A53T oS (forward: 5’-C
GGGGTACCACCATGGATGTATTCATGAAAGGTC-
3/, reverse: 5-TCCGCCTCCACCTGATCCTCCTCCTC
CAGATCCTCCTCCACCTGACCCTCCACCTCCACT
AGCTTCCGGTTCGTAGTCTTG-3") and Cluc (forward:
5-AGTGGAGGTGGAGGGTCAGGTGGAGGAGGATC
TGGAGGAGGAGGATCAGGTGGAGGCGGAATGATT
ATGTCCGGTTATG-3’, reverse: 5'-CCGCTCGAGTTAC
ACAGCGATCTTTCCGCCCTTCTTC-3’) primers, and the
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Figure 2 General scheme of different plasmid constructs.

Notes: Nluc-A53T oS: the N-terminal fragment of firefly luciferase (I-416 amino
acids) connected to N-terminus of A53T oS through (G4S)3 flexible linker; Cluc-
A53ToS: the C-terminal fragment of firefly luciferase (395-550 amino acids)
connected to N-terminus of AS53T oS through (G4S)4 flexible linker under
the control of the CMV promoter; A53T 0S-Cluc: the C-terminus of A53T oS
connected to C-terminal fragment of firefly luciferase (395-550 amino acids)
through (G4S)4 linker.

Abbreviation: oS, alpha-synuclein.

obtained fragment was subcloned in pcDNA3.1(+) vector
with Kpnl and Xhol restriction sites (Figure 2).

Cell culture, transfection and
bioluminescence assay of reconstituted

repo rter

Human embryonic kidney cells (HEK293T) (purchased
from Iranian Biological Resource Center) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, high
glucose; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Gibco) and 1% penicillin/streptomycin (Invit-
rogen) solution at 37°C in an incubator with 5% CO,.

For the transient transfection, HEK293T cells were seeded
in a 48-well plate at 3.5x10* cells/well. The cells were cultured
overnight to reach the confluency of 80% at the time of trans-
fection, and were exposed to fresh DMEM without serum
and antibiotics for 4 hours. Then, the plasmid mixtures were
prepared at an N:P ratio of 12 with branched 25 kDa polyeth-
ylenimine (PEI) (Sigma-Aldrich, St Louis, MO, USA),* and
transfection mixture was applied dropwise to each well and
incubated with 5% CO, for 4 hours at 37°C. Finally, the trans-
fection media were replaced with fresh DMEM supplemented
with 10% FBS and antibiotics (complete growth medium)
and incubated for another 48 hours. The psiCHECK plasmid
was used to monitor firefly luciferase activity in transfected
HEK293T cells (positive control). Finally, the transfected
cells in each well were lysed with 30 UL of cell culture lysis
buffer. The luciferase activity of lysed cells was monitored
as a luminescence signal produced upon addition of 10 uL of
luciferase assay complex (25 mM Tris, 10 mM MgSO,, I mM
luciferin and 2 mM ATP) to 10 uL of cell lysate using a lumi-
nometer (Berthold Detection System, Pforzheim, Germany) as
reported earlier.*! The results were indicated as relative light
units per second. The data are reported as mean = SD (n=3).

Cell toxicity assays of GQDs and
GOQDs (cell viability study)

For cell toxicity assays, HEK293T cells were cultured in
DMEM supplemented with 10% FBS in a humidified 5% CO,
atmosphere at 37°C. Then, the cells were transferred to sterile
96-well growth plates at a density of 10,000 cells/well, with
three wells per treatment. The next day, the medium was
changed, and the cells were treated with different amounts
of graphene quantum dots (GQDs) and graphene oxide quan-
tum dots (GOQDs) dispersed in phosphate-buffered saline
(PBS, pH 7.4) to reach the final concentration of 0.25, 0.5,
0.75 and 1 pg/mL and were incubated for 24 hours. Doxo-
rubicin which is a potent cytotoxic compound was used as
positive control. The viability of the cells was measured by
MTT assay, and the color intensity of formazan solution was
measured by ELISA Microplate Reader (LQuant; BioTek
Instruments, Winooski, VT, USA) at 570 nm. The untreated
cells were assumed to show 100% viability.

Bioluminescence assay of reconstituted

reporter in the presence of GQDs and
GOQDs

A total of 3.5x10* cells/well was plated in 48-well plates.
As mentioned earlier, the overnight culture of the cells was
exposed to fresh DMEM without serum and antibiotics for
4 hours. Then, the complex of Nluc-A53T oS and AS3T
o.S-Cluc plasmids with PEI was prepared at an N:P ratio of
12, and transfection mixture was applied to each well and
incubated with 5% CO, at 37°C for 4 hours. The medium
was replaced with fresh DMEM and incubated for another
20 hours. The transfected cells were then treated with dif-
ferent concentrations of GQDs and GOQDs, curcumin
(25 uM) and Fe,O, NPs (50 pg/mL). Luciferase activity was
determined 24 hours after addition of the nanomaterials as
mentioned earlier.

Expression and purification of A53T oS

For protein expression, recombinant pNIC28-Bsa4 vector
containing A53T gene of oS was transferred to Escherichia
coli C41 (DE3); starter culture was prepared by incubating
a single colony of the bacteria in Luria—Bertani medium
containing 50 pg/mL kanamycin. After reaching an optical
density of 0.4 at 600 nm, 0.1 mM IPTG was added, and the
culture was incubated for another 5 hours at 37°C.** The
induced cells were harvested by centrifugation at 5,000x g
for 15 min. The cell pellet was resuspended in lysis buffer
(50 mM NaH_,PO,, 300 mM NaCl, 10 mM imidazol, pH 8)
and | mM phenylmethane sulfonyl fluoride, and then the
cells were lysed by sonication on ice. The cell lysate was
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centrifuged at 16,000x g for 30 minutes at 4°C. The super-
natant was applied to nickel-nitrilotriacetic acid sepharose
column (Qiagen), and purification was done according to
the manufacturer’s recommendations (Qiagen). The purified
proteins were analyzed by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.

Characterization of GQDs

GQDs and GOQDs that have the epoxy and hydroxyl groups
on both sides of single-layer GOQDs were synthesized
through hydrothermal method.* Fe,O, NPs were synthesized
by the coprecipitation method.*

UV/visible spectroscopy of the GQDS was performed
with Alpha-1860S/1900S spectrophotometer (Laxco,
Bothell, WA, USA). Fluorescence emission measurements
were done using a Cytation3 Cell Imaging Multi-Mode
Reader (BioTek Instruments). The zeta potential measure-
ments were performed at room temperature by laser Doppler
velocimetry using Malvern Nano ZS90 instrument and DTS
software (Malvern Instruments, Malvern, UK).

The morphology of GQDs was analyzed using atomic
force microscopy (AFM). For imaging, 100 uL of GQDs
solution (2.5 ug/mL) was placed on a freshly cleaved mica,
followed by drying at 70°C for 1 hour. The scan was done
by contact mode using a reflex gold-coated rotated tip at
0.2 N/m with an AFM instrument (FemtoScan, Moscow,
Russia). All AFM images were processed using Gwyddion
analysis software.

ThT fluorescence spectroscopy

for evaluation of effect of A53T oS
aggregation by GQDs and GOQDs

Purified AS3T oS was dialyzed against sterile PBS (pH
7.4) and was immediately incubated at a final concentration
of 50 uM containing 0.02% NaN, as an antiseptic agent,
in the absence or presence of different concentrations of
nanomaterials, at 37°C in a Turbo Thermo Shaker (TMS-
200; Allsheng, Hangzhou, People’s Republic of China) with
shaking at 850 rpm.

Fibril formation was monitored using thioflavin T (ThT)
(Sigma-Aldrich), the fluorescence of which was dependent
on the formation of amyloid fibrils. Fluorescence was mea-
sured in clear black 96-well plate reader using a Cytation3
Cell Imaging Multi-Mode Reader (BioTek Instruments) with
excitation wavelength at 440 nm and emission at 485 nm. The
protein concentration was 75 UM, and the ThT concentration
was 25 uUM. At different incubation times, aliquots of the
AS3T asS solution were taken for fluorescence measurements.

Each sample was assayed in triplicates, and each experiment
was repeated at least three times. The statistical analysis of
the data was done by one-way ANOVA post hoc test.

Results
Detection of A53T aS dimer/oligomers
using split-luciferase complementation

assay
In split-luciferase complementation assay, the luciferase
reporter has to be rationally dissected into two fragments. 34337
The amino (1-416 amino acids) and carboxy (395-550 amino
acids) terminal fragments of firefly luciferase were separately
fused to the N-terminus of A53T aS. For enhancing the
folding and the flexibility of luciferase fragments,* a flex-
ible linker composed of (G4S)n amino acids was inserted
at the junction between the luciferase fragments and A53T
aS ((G4S)3 linker for Nluc and (G4S)4 linker for Cluc
fragment) (Figure 2). We presumed that by oligomerization
of AS3T asS, the N- and C-terminal fragments of firefly
luciferase would interact and the functional structure of
the enzyme would be reconstituted leading to exhibition of
luminescence.

To evaluate the oligomerization of AS3T aS within the
living cell, transfection of the cells by Nluc-A53T oS and
Cluc-AS53T oS plasmids was done. The luciferase activity assay
was performed after 48 hours of transfection (Figure 3).

Transient co-transfection of Nluc-AS53T oS and A53T
aS-Cluc plasmids led to more than 15-fold increase in
luciferase activity compared to background which is the light
observed by co-transfections of Nluc- and Cluc-containing
plasmids. This observation is indicative of oligomerization
of A53T oS (Figure 4) in the cells. It should be noted that
fragment complementation and rise of bioluminescence
signal occurred in cells expressing Nluc-AS53T aS and
AS53T oS-Cluc, while in cells expressing Nluc-AS3T oS
and Cluc-A53T oS the light emission did not occur, sup-
porting an antiparallel interaction between two AS3T oS
molecules. This finding is correlated with the results of bimo-
lecular fluorescence complementation of wild-type (WT) aS
oligomerization in living cells.*

Screening assay for GQDs and GOQDs
Cell toxicity assays of GQDs and GOQDs

The toxicity of nanomaterials on HEK293T cells was
evaluated as described. The results showed (Figure 5) no
significant decrease in cell viability upon treatment of the
cells with nanomaterials at concentrations of 0.25, 0.5, 0.75
and 1 pg/mL.
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Figure 3 (A) Split-luciferase complementation assay for detection of A53T oS oligomers. We generated split Nluc-A53T oS and Cluc-A53T oS fragments. Once A53T oS
formed oligomer, split firefly luciferase proteins were reconstituted which showed luminescence. (B) Comparison of luciferase activity upon transient transfection of firefly
luciferase, Nluc, Cluc, Nluc-A53T oS, Cluc-A53T oS, double (Nluc and Cluc) and (Nluc-A53T oS and Cluc-A53T o) plasmids into HEK293T cells. Luminescence from
transfected HEK293T cells after double transfection of Nluc-A53T oS and A53T aS-Cluc was not observed. The luminescence + SD in three independent experiments
are shown.

Abbreviations: oS, alpha-synuclein; RLU, relative light units.

GQDs and GOQDs promote A53T oS
oligomerization in cells

To evaluate the effect of GQDs and GOQDs on A53T aS
oligomerization in cells, the HEK293T cells were transiently

transfected with Nluc-A53T oS and A53T a.S-Cluc plasmids
as mentioned earlier. Cells were then treated with 0.5 pg/mL
of GQDs and GOQDs in triplicate, 20 hours after transfection.
The luciferase activity was measured 48 hours after

A Double expression
pCMV/ Nluc (1-416 aa) Linker (G4S)3 Luciferin . / 7
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Figure 4 Detection of A53T oS dimer/oligomers using split-luciferase complementation assay.

Notes: (A) Scheme of split-luciferase complementation assay for detection of A53T oS oligomers. We generated split Nluc-A53T oS and A53T aS-Cluc fragments. Once
AS53T oS formed oligomer, split firefly luciferase proteins were reconstituted which showed luminescence. (B) Transient transfection of firefly luciferase, Nluc, Cluc, Nluc-
A53T oS, AS3T aS-Cluc, double (Nluc and Cluc) and (Nluc-A53T oS and A53T aS-Cluc) plasmids into HEK293T cells and comparison of luciferase activity. Luminescence
from transfected HEK293T cells after double transfection of Nluc-A53T oS and A53T aS-Cluc was observed. The luminescence * SD in three independent experiments
are shown.

Abbreviations: oS, alpha-synuclein; RLU, relative light units.
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Figure 5 Cell toxicity assay of GQDs and GOQDs.

Notes: Viability percentage of the HEK293T cells following exposure to the increasing
concentration of GQDs (pink bars) and GOQDs (blue bars). The bar labeled as
“Con” represents the viability of the cells maintained under the same conditions and
without any treatment. The bar labeled as “DOX” represents the viability of the cells
treated by doxorubicin. Each experiment was conducted three times.
Abbreviations: GQDs, graphene quantum dots; GOQDs, graphene oxide
quantum dots.

transfection by addition of 10 UL of luciferase assay complex
to 10 uL of cell lysate using a plate luminometer. It was dem-
onstrated that the applied nanomaterials strongly increased
split-luciferase activity which implicated augmentation of
AS3T oS oligomerization inside the cells (Figure 6). The low-
est concentration of GQDs that could significantly increase
split-luciferase activity was 0.25 ug/mL.

Moreover, in a proof-of-principle experiment, the effect
of curcumin, a previously described known inhibitor of WT
oS oligomerization, was checked.**® The results further
confirmed the effectiveness of this rapid and sensitive cell
model in monitoring AS3T aS oligomerization affected by
different treatments. Also, our cell-based reporter was used
to assess the influence of Fe,O, NPs on aggregation of aS.
The increased luminescence compared to control attributed
to enhancement of a.S aggregation by magnetic NPs treat-
ment (Figure 6). The inducing effect of bare Fe,O, NPs

250

200 +

Luciferase activity
(RLU/s) x10°
g 3
1 1

a
o
1

Figure 6 The effect of different nanomaterials on A53T oS oligomerization
monitored by the whole-cell biosensor.

Notes: The luminescence £ SD in three independent experiments are shown. *p<0.01
and ¥*p<<0.001.

Abbreviations: oS, alpha-synuclein; RLU, relative light units; GQDs, graphene
quantum dots; GOQDs, graphene oxide quantum dots.

has been reported previously for WT oS aggregation by
spectroscopy.’!

It should be noted that to verify the effect of GQDs on
luciferase activity, HEK293T cells were transfected by psi-
CHECK plasmid, which contains full-length firefly luciferase.
Moreover, the same cell line was co-transfected by luciferase
fragments (Nluc and Cluc). No significant changes in
luciferase activity were observed by treatment of the cells with
GQDs at concentrations of 0.5 (g/mL (data not shown).

Characterization of GQDs

In order to assess the effect of GQDs on induction of lumi-
nescence in split-luciferase complementation assay, their
structural properties were characterized. Particle size has
been considered to play crucial role in controlling the level
of cellular uptake. Several studies demonstrated that the NPs
with a diameter about 200 nm are ideal for internalization
through receptor-mediated endocytosis pathway.*->

Zeta potential has been identified to play crucial roles in
controlling the level of protein aggregation. Several reports
suggest that negatively charged NPs exert significant effect
on the kinetics of fibrillation of aS. For instance, various
concentrations of negatively charged gold NPs of different
sizes (10-22 nm) have been shown to strongly accelerate WT
oS aggregation by increasing both the nucleation and growth
rate of the aggregates.® In addition, binding of WT oS to
anionic lipid vesicles (20-100 nm) can enhance the rate of
primary nucleation by three orders of magnitude.!

The surface charge studies revealed that the zeta potential of
GQDs and Fe,O, NPs was —57 and —28 mV, respectively. More-
over, Figure 7 shows the absorption and emission spectra of the
blue luminescent GQDs. Typical AFM image of GQDs with an
average diameter of =30 nm can be seen in Figure 7D.

In vitro evaluation of A53T oS
aggregation in the presence of GQDs

and GOQDs

In order to discard any possible interfering effects of cel-
lular components on the AS3T oS aggregation, the in vitro
effect of GQDs and GOQDs on aggregation of A53T oS was
monitored (Figure 8). ThT is considered as a highly sensitive
marker for the amyloid state of various aggregating proteins
and peptides because of exhibiting a strong fluorescence
upon binding to amyloid fibrils. The aggregation kinetics
of 50 uM AS3T aS protein in the presence of 50 pg/mL of
GQDs and GOQDs (Figure 8B) and 50, 25, 5 and 0.5 pg/mL
of GQDs (Figure 9) was studied by ThT fluorescence
enhancement method. Our results showed GQDs and GOQDs
promoted fibril formation. In this experiment, the effects of
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Figure 7 Characterizations of GQDs.

Notes: (A) UV/visible and (B) fluorescence spectra of GQDs. (C) Photo of dispersed GQDs under 365 nm UV lamp. From left to right: | mg/mL of GQDs in PBS, 0.01 mg/mL
of GQDs in PBS, and PBS. (D) AFM image of GQDs.

Abbreviations: GQDs, graphene quantum dots; PBS, phosphate-buffered saline; AFM, atomic force microscopy.

Fe,O, NPs (50 ug/mL) and curcumin (25 uM) on protein  while considerable increase in aggregation of A5S3T oS was
aggregation were also studied (Figure 8B). In parallel with  detected upon Fe,O, NPs treatment (Figure 8). In the presence
the results obtained by our cell-based biosensor (Figure 6), of GQDs at all concentrations mentioned, the lag times of
curcumin decreased A53T oS oligomerization significantly ~ AS53T oS protein aggregation decreased. The acceleration
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Figure 8 The effect of nanomaterials on A53T oS in vitro aggregation.

Notes: (A) General scheme of A53T oS aggregation in the presence of GQDs and GOQD:s. (B) The percentage of A53T oS aggregation with different nanomaterials (50 pig/mL)
and 25 UM of curcumin compared to the control (A53T «S) after 48 hours of incubation under aggregation condition. Each experiment was conducted three times. **5<0.001.
Abbreviations: ¢, alpha-synuclein; GQDs, graphene quantum dots; GOQDs, graphene oxide quantum dots; NPs, nanoparticles.

International Journal of Nanomedicine 2017:12 submit your manuscript 8837

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Mohammadi et al

Dove

100,000 ~

75,000

50,000 4

25,000

ThT emission (a.u.)

0 {n; Ll Ll Ll Ll 1
0 10 20 30 40 50

Time (h)

-o- A53T oS + GQDs (50 pg/mL)

-~ A53T oS + GQDs (25 pg/mL)

—— A53T oS + GQDs (5 yg/mL)
A53T oS + GQDs (0.5 pg/mL)
A53T oS

Figure 9 Aggregation kinetics of A53T oS (50 uM) in the presence of different
concentrations (50, 25, 5 and 0.5 pg/mL) of GQDs.

Notes: ThT fluorescence was plotted as a function of time at 37°C in PBS (pH 7.4).
The values represent the mean + SD; means were obtained for three separate
experiments (n=3).

Abbreviations: GQDs, graphene quantum dots; ThT, thioflavin T; PBS, phosphate-
buffered saline; oS, alpha-synuclein.

of the fibrillation of AS3T oS occurred in a dose-dependent
manner (Figure 9). It can be suggested that the AS3T aS
monomers can efficiently adsorb on the large surface area of
GQDs and significantly decrease the lag time and accelerate
the fibrillation process.

Discussion

The interaction of nanomaterials with proteins may perturb
both the protein structure and function. Therefore, it is not
surprising that the interaction of nanomaterials and amy-
loidogenic proteins or peptides might inhibit or facilitate
amyloid formation. The interaction between nanomaterials
and intrinsically disordered protein oS, whose aggregation
is crucial in the development of PD, is of great interest in the
opinion of safety issues of nanomaterials or even of the drug
development approaches. Although graphene and graphene
oxide are being extensively studied in various biomedical
applications,’ and GQDs have been considered one of the
most promising nanomaterials for biological purposes and
for not having the cytotoxic characteristic of other carbon-
based nanomaterials,* their effects on the aggregation of
amyloidogenic proteins need to be further investigated. In
this work, we explored the effects of GQDs on the aggrega-
tion of A53T aS which is a disease-relating mutant of oS.
At first, a whole-cell recombinant bioluminescent sensor
was developed based on the complementation of firefly
luciferase fragments upon interaction of A53T oS proteins

that fibrillate more profoundly than WT or other mutants of
oS (Figure 1). It has been previously demonstrated that the
firefly luciferase is an ideal reporter for in vitro and in vivo
monitoring of oS aggregation by bioluminescence comple-
mentation approaches.** It should be noted that the recovery
of luciferase activity through intermolecular interaction of
luciferase fragment was more effective in cells expressing
Nluc-AS3T aS and A53T aS-Cluc (Figure 4) than in cells
expressing Nluc-A53T oS and Cluc-AS3T aS (Figure 3).
This observation supports an antiparallel interaction between
two A53T oS molecules. It can be concluded that the position-
ing of AS3T oS is critical in the success of designed biosensor
and its aggregation-induced luminescence. As it has been
shown, GQDs efficiently accelerate the aggregation of AS3T
oS in vitro (Figure 8) and also inside the cells (Figure 6).

To explore the in vitro effect of these nanomaterials on
the kinetics of A53T aS aggregation, ThT assay was used
to systemically study the kinetics of aggregation of A53T
oS after mixing with the nanomaterials. Fibrillation of A53T
mutant of aS is a two-step process: an initial lag period
that reflects the thermodynamic barrier to the formation of
nuclei or seeds, followed by the rapid fibril propagation.
The introduction of 50 pg/mL of negatively charged GQDs
and GOQDs to the A53T oS aggregation reaction imposed
significant effects on the kinetics of fibrillation and decreased
the lag time and enhanced A53T oS aggregation as monitored
by ThT fluorescence measurements (Figures 8B and 9). This
finding may suggest that GQDs are able to facilitate the
nucleus formation. This effect seems to be dose dependent as
checked using GQDs at 0.5, 5, 25 and 50 pg/mL (Figure 9).
It can be suggested that strong interaction between A53T
aS and GQDs probably alters the A53T oS secondary
structure and accelerates the primary nucleation of A53T
oS fibrillation. The accelerating effect of negatively charged
GQDs and GOQDs is similar to that of other negatively
charged nanomaterials on oS aggregation.’*! In addition,
by adsorption of proteins on the surface of GQDs, high local
protein concentration favorable for amyloid fibril formation
is provided™® which could result in the shortened lag time
for AS3T oS assembly into fibrils. The same explanation has
been exploited to elucidate the inhibition mechanisms of fibril
formation by some other nanomaterials. It has been suggested
that binding between nanomaterials and amyloid proteins
could block active sites for fibril formation and also lead to
low protein concentration in solution, thus causing inhibition
of fibril formation.’” More information is definitely needed
to evaluate the exact mechanisms by which nanomaterials
exert their effects on protein aggregation.
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Our results are contrary to those reported previously that
negatively charged GQDs can inhibit AP peptide aggregation
and rescue the cells from the AB-induced cytotoxicity, thereby
showing that they play a therapeutic role.® Moreover, another
carbon-based nanomaterial, fullerene, was found to inhibit
significantly the amyloid formation of AP by specifically
binding to its central hydrophobic motif, KLVFF.* As the
physical properties of GQDs greatly depend on the condition
and the methods of their synthesis, this controversy might be
attributed to the differences between the proteins and also
the physical properties of the GQDs used in the experiment.
However, our findings clearly show that extreme care must
be taken for the use of graphene in biomedical applications
and drug development approaches.

Herein, we showed that the interaction of negatively
charged GQDs leads to a significant alteration in AS3T aS
aggregation kinetics. The nucleation process, which is the
rate-determining step in fibrillogenesis, is dependent on
GQDs concentration.

Conclusion

By developing a cell-based biosensor, we have shown
the effect of GQDs and GOQDs on aggregation of A53T
oS inside the cells. GQDs were demonstrated to promote
efficiently the aggregation of AS3T aS as indicated by the
whole-cell bioluminescent biosensor, promising its appli-
cation as a tool for high-throughput screening of amyloid-
targeting compounds. Moreover, in parallel with intracellular
data, GQDs were shown to exhibit a promoting effect on the
aggregation of A53T aS in vitro. According to the results
obtained here, while GQDs possess special physicochemical
properties which make them an excellent candidate for bio-
medical applications, their interactions with cell components
may hinder their applications. Our findings suggest the need
for further investigation on the capability of the GQDs in
passing through the BBB and also on the effects of these
nanomaterials on oS aggregation in animal models.
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