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Graphene Oxide Attenuates Toxicity of Amyloid-f
Aggregates in Yeast by Promoting Disassembly and
Boosting Cellular Stress Response

Xin Chen,* Santosh Pandit, Lei Shi, Vaishnavi Ravikumar, Julie Bonne Kohler,
Ema Svetlicic, Zhejian Cao, Abhroop Garg, Dina Petranovic, and Ivan Mijakovic*

1. Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease,

with the aggregation of misfolded amyloid-f (Ap) peptides in the brain being
one of its histopathological hallmarks. Recently, graphene oxide (GO)
nanoflakes have attracted significant attention in biomedical areas due to
their capacity of suppressing A aggregation in vitro. The mechanism of this
beneficial effect has not been fully understood in vivo. Herein, the impact of
GO on intracellular AB42 aggregates and cytotoxicity is investigated using
yeast Saccharomyces cerevisiae as the model organism. This study finds that
GO nanoflakes can effectively penetrate yeast cells and reduce AB42 toxicity.
Combination of proteomics data and follow-up experiments show that GO
treatment alters cellular metabolism to increases cellular resistance to
misfolded protein stress and oxidative stress, and reduces amounts of
intracellular AB42 oligomers. Additionally, GO treatment also reduces
HTT103QP toxicity in the Huntington’s disease (HD) yeast model. The
findings offer insights for rationally designing GO nanoflakes-based therapies
for attenuating cytotoxicity of Af42, and potentially of other misfolded

proteins involved in neurodegenerative pathology.
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Accumulation and aggregation of mis-
folded amyloid-f (Ap) peptides in the
brain is thought to be an early driver of
Alzheimer’s disease (AD), which is an in-
curable brain disease leading to dementia
and death.[!! Tt is estimated that approxi-
mately 44 million people worldwide are liv-
ing with AD or a related form of demen-
tia. Besides the suffering of the patients
and their families, the estimated global
cost of AD and dementia is around $605
billion, which is the equivalent of 1% of
the entire world’s gross domestic prod-
uct. The formation of Ap aggregates is be-
lieved to be a net result of imbalance be-
tween Ap production and clearance.l’) Ap
peptides abnormally aggregate from sol-
uble monomers into oligomers, protofib-
rils, and insoluble fibrils. Reduced clear-
ance of Ap could also result in accumula-
tion of its aggregates. This in turn triggers
a cascade of pathogenic processes including
neuroinflammation, neurofibrillary tau-tangle formation, and
progressive synaptic dysfunction.l’l Despite many efforts com-
mitted to the search for anti-amyloid agents, no breakthroughs
have been made with potential treatments in clinical trials so
far

Graphene and its hydrophilic derivative graphene oxide (GO)
are 2D sp’-hybridized carbon nanomaterials that have been
largely explored in biomedical applications including cancer ther-
apies, drug delivery and biosensing.’! These materials have
some unique properties, such as high carrier mobility, un-
paralleled thermal conductivity, and excellent biocompatibility.
Several in vitro studies demonstrated that GO sheets can in-
hibit the Ap fibrillization process through adsorption of amy-
loid monomers,[®l and cutting mature amyloid fibrils, which
promotes their clearance.l”] A computational simulation also
suggested that the Ap fibrils display strong interactions with
graphene, which effectively inhibits the self-association and ag-
gregation of AB.8] Recently, studies on a mouse AD model
showed that GO nanoflakes could ameliorate cognitive impair-
ment through clearing the deposition of Af.°! However, the
mechanism of this beneficial effect of GO nanoflakes has not
been completely illuminated in vivo.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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With the ease of genetic manipulation, as well as available
databases and computational models, yeast is a robust in vivo tool
to study proteins involved in human disease and related intra-
cellular processes.['% Due to a strong evolutionary conservation
of the cellular protein quality control systems between yeast and
humans, the yeast Saccharomyces cerevisiae is particularly useful
for studying protein aggregation and proteostasis, which are rel-
evant features for AD, Huntington’s disease (HD), Parkinson’s
disease (PD) and other incurable protein misfolding diseases.!*!!
Ap is one of the main peptides relevant for AD pathologies. Ap42
and Ap40 are two major forms of Af, with 42 and 40 amino acid
residues, respectively. With its two extra amino acids, Af42 is the
more hydrophobic of the two, and more prone to forming ag-
gregates. This form of Ap is enriched in patients diagnosed with
AD.!"?] In previous studies, we have established a yeast model by
constitutively expressing Af42 with the ER targeting signal fused
to its N terminus.[®] After the signal sequence is cleaved, Ap42
transits through the secretory pathway to the plasma membrane
and is internalized again through endocytosis.['l Increased Ap42
production and aggregation caused a strong phenotype in this
yeast Ap model, comprising cytotoxicity, faster ageing, ER stress,
mitochondrial dysfunction, and elevated reactive oxygen species
(ROS) production.'*>] This complex phenotype is similar to the
phenotypes of human neurons affected with Ap.[¢]

In this study, we applied our yeast Ap42 model(**"] to study
the internalization and intracellular mechanisms of action of
GO nanoflakes. Using this model, we found that GO nanoflakes
can effectively penetrate yeast cells, improve cell viability, and re-
duce key features of the Ap42-associated phenotype. Namely, GO-
treated cells exhibited an increased capacity to cope with mis-
folded protein stress and oxidative stress. In addition to boost-
ing cellular stress response, GO nanoflakes specifically depleted
intracellular high molecular weight of Af42 oligomers, which
are considered to be the toxic forms. While GO nanoflakes were
not able to protect other classes of proteins from misfolding in
vitro, they did reduce HTT103QP toxicity in the yeast HD model,
presumably by a similar mechanism. This suggests a potentially
broader significance of the reported phenomenon for incurable
misfolding-related diseases.

2. Results and Discussion

2.1. GO Nanoflakes Coat Af42-Expressing Yeast Cells and get
Internalized, but They Do Not Compromise Physical Integrity of
Yeast

Commercially available GO nanoflakes were sonicated to pro-
duce flakes with an average size of 90 nm, as determined
by dynamic light scattering (DLS). The properties of the
GO nanoflakes were characterized with scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), and
Raman spectroscopy (Figure S1, Supporting Information). In
SEM and TEM images, the GO nanoflakes demonstrated a wrin-
kled morphology and their dimensions were on average within
the size range of 70-110 nm in length/width, which is consis-
tent with the average size of 90 nm determined by the DLS mea-
surement. The Raman spectrum of the GO nanoflakes showed
the I(D)/1(G) ratio of 1.13, suggesting that the sp*>-hybridized do-
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main is larger than the sp?-hybridized domain in the obtained
GO nanoflakes.

The Ap42 yeast strain was cultivated to early exponential phase
(ODgy 1), and then mixed with the prepared GO flakes with
concentration of 50 and 100 ug mL~!, respectively. The growth
experiment was resumed in the same conditions, and after 48 h
of exposure to GO nanoflakes, SEM was used to examine the cell
morphology (Figure S2, Supporting Information). The cell sur-
face was found to be covered with GO flakes, indicating the phys-
ical interaction. All the examined GO nanoflakes-treated cells re-
tained their morphological integrity, indicating that the interac-
tion with GO nanoflakes was not harmful. TEM was used to in-
vestigate the internalization of GO nanoflakes by Ap42 cells af-
ter 48 h of exposure. GO nanoflakes were detected inside cells
(Figure 1), with no obvious concentration dependence. The ma-
jority of GO nanoflakes were found within vacuoles. The vac-
uoles provide an acidic environment, containing conserved pro-
teases and other hydrolytic enzymes, which are responsible for
the degradation of damaged organelles and proteins aggregates,
including Ap42 aggregates.[”]

2.2. GO Nanoflakes Reduce Ap42 Cytotoxicity

To test whether the GO nanoflakes protect cells against deleteri-
ous effects of expressing Ap42, we evaluated cellular viability in
the presence of either 50 or 100 pg mL~" of GO nanoflakes in the
culture medium following a chronological life span (CLS). The
CLS is defined as the survival time of nondividing cells and it
is proposed as an aging model for post-mitotic tissues in mam-
mals, such as neurons.!'] The AB42 strain was cultivated to early
exponential phase (ODg,, ~1) and treated with GO nanoflakes.
Cellular viability was measured by propidium iodide (PI) stain-
ing every day. Live and dead cells were separated and counted
by flow cytometry. Treatments with both concentrations of GO
nanoflakes significantly increased the viability of the Af42 strain
throughout the CLS (p < 0.05, Figure 2a). We further examined
whether the size of GO nanoflakes could have an impact on their
effect on the Ap42 strain. In addition to our standard nanoflakes
(mean diameter of 90 nm), we prepared two batches of larger
flakes, with mean diameters of 220 and 250 nm. Larger flakes
had a slightly stronger beneficial effect on cell survival during the
CLS, but the difference was not statistically significant (p > 0.05,
Figure S3a, Supporting Information). However, the size of GO
flakes affected their dispersibility in the culture medium. While
the 90 nm flakes remained uniformly dispersed during the 7-day
CLS experiment, larger flakes aggregated into insoluble clumps
(Figure S3b, Supporting Information). Aggregation is most likely
to limit applicability of larger nanoflakes, hence we continued our
investigation with the 90 nm GO nanoflakes.

2.3. GO Nanoflakes Causes a Global Proteome Response in
ApP42-Expressing Yeast Cells

AD is a complex disease, involving an interplay of many cellu-
lar networks, and the involvement of Af42 in the disease is pre-
sumably equally complex.[*) In order to clarify the mechanism
by which GO nanoflakes help to reduce Af42 cytotoxicity, we
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Figure 1. Internalization of GO nanoflakes into Af42-expressing cells. TEM images of a) Af42 strain, b) Af42 strain treated with 50 ug mL™! of GO
nanoflakes, and c) Af42 strain treated with 100 ug mL™" of GO nanoflakes. d—f) shows an enlargement of the red boxed area from a—c), respectively.

Blue arrows indicate GO nanoflakes.

performed an in-depth proteome analysis on biological samples.
Untreated AB42-expressing cells were analyzed alongside those
treated with 50 or 100 pg mL~! of GO nanoflakes. Analyses were
performed at three time points: day 1 (D1, growth phase), day 2
(D2, beginning of stationary phase), and day 4 (D4, late station-
ary phase) during the chronological aging experiment (Figure S4,
Supporting Information). In total, 2493 proteins were quantified
in at least two biological replicates under at least one experimen-
tal condition (Data 1, Supporting Information). The range of me-
dian coefficient of variation (CV) was between 7% and 14% across
all biological replicates, indicating a high degree of reproducibil-
ity (Figure S5a, Supporting Information). Principal component
analysis (PCA) revealed distinct protein expression profiles in the
untreated Af42 strain and strains treated with different concen-
trations of GO nanoflakes (Figure S5b, Supporting Information).
The impact of the GO nanoflakes treatment on the proteome
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of the Ap42 strain seemed to be concentration dependent. With
the treatment of 100 ug mL™! of GO nanoflakes, the numbers
of differentially expressed proteins were two times >50 pg mL~!
GO nanoflakes treatment (Figure S6, Supporting Information).
Of note, treatment with the higher dose of GO nanoflakes in-
fluenced not only more proteins but also overall more biological
processes (FDR < 0.05, Figure S7, S8, Supporting Information).

2.4. GO Nanoflakes Boost the Capacity of Af42-Expressing Yeast
Cells to Handle ER Stress

Our previous transcriptome study has shown that accumulation
of Ap42 aggregates can trigger a strong ER stress, resulting in
activation of unfolded protein response (UPR).!""! Induction of
UPR tends to enhance protein folding/refolding and degrada-
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Figure 2. GO nanoflakes reduce Af42 and HTT103QP cytotoxicity. Survival of the a) Ap42 strain and b) the HTT103QP strain with either 50 or 100 pg
mL~" of GO nanoflakes treatment following CLS. Viability is shown as the fraction of Pl negative cells identified by flow cytometry. 5000 cells were
measured per sample with results shown as average values + SD from three biological replicates.
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tion, and repress protein biosynthesis in order to restore ER
homeostasis. Nevertheless, the activated UPR fails to buffer the
misfolded protein load generated by Ap42 and leads to cellu-
lar dysfunction.!"™! In this study, Ap42 strain treated with GO
nanoflakes exhibited an increased capacity to deal with the ER
stress. UPR-related protein processes (triggered by ER stress) in-
cluding protein degradation and protein folding were activated
in GO-treated cells, suggesting that the treated cells are more
capable of reducing the misfolded protein burden generated by
Ap42 aggregates (Figure 3a; Figure S9, Supporting Information).
To confirm this hypothesis, we stressed GO-treated cells with L-
azetidine-2-carboxylic acid (AZE), which is an analog of L-proline.
AZE is identical to proline except that its ring contains four
members instead of five (Figure 3b). This structural difference
results in protein misfolding, aggregation, and ER stress when
AZE substitutes proline during protein biosynthesis.[?*l The con-
trol strain, which contains only the promoter and terminator se-
quences, was treated with 50 and 100 pg mL~! GO, respectively
(Figures S10 and S11, Supporting Information). In the untreated
control strain, the 2.5 mm AZE treatment strongly decreased cel-
lular viability. By contrast, cells treated with both concentrations
of GO nanoflakes were better protected from the effects of AZE
(Figure 3c). The cellular viability was further quantified by colony
forming units (CFU) counting. Around 400 cells were plated on
selective plates and colonies were scored after 3 days incubation.
Viability (%) is shown as the CFU counting divided by the num-
ber of plated cells. The fractions of viable cells were 2.3% in
the control strain without GO, comparing to 25.1% and 41.3%
with 50 and 100 pg mL™' GO treatment, respectively (p < 0.05,
Figure 3d). When the AZE concentration was further increased to
5 mwm, causing higher cellular stress, the GO treatment could still
improve cell survival (p < 0.05, Figure S12, Supporting Informa-
tion). Another component of reducing ER stress in GO-treated
Ap42 strain seems to be achieved by reducing protein transla-
tion. In the GO treated cells, the pathways involved in ribosome
biogenesis/assembly, protein translation, and rRNA processing
were significantly repressed compared to the non-treated strains
(FDR <0.05, Figure S7, Supporting Information). Suppression of
translational activity can prevent an overload of the ER with newly
synthesized proteins.*!) In order to explore the underlying tran-
scriptional regulatory response upon GO nanoflakes treatment,
the affected transcription factors (TFs) were identified by inte-
grating the proteomics data with the TFs network. Affected TFs
were scored by the modulation of protein expression. In total,
nine reporter TFs were identified as downregulated, and seven
out of them were associated with regulation of transcription pro-
cesses, such as transcription of ribosomal protein and biogene-
sis genes, transcription initiation and elongation (p-adj < 0.05,
Figure S13, Supporting Information). This is consistent with the
gene set enrichment analysis (GSEA) results (FDR < 0.05, Figure
S7, Supporting Information). Among other pathways, endocyto-
sis was observed to be more active in the Ap42 strain treated with
100 pg mL~' GO nanoflakes (Figures S8 and S14, Supporting In-
formation). This is in line with the previous observations linking
endocytosis and AD, as neurons are particularly susceptible to
perturbations in the endocytic homeostasis because they contin-
ually recycle the neurotransmitters and their receptors.[??] A pre-
vious study has highlighted the link between Af42 and endocy-
tosis, as a key risk factor for AD pathogenesis in humans.** The
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SLA1, one of endocytic factors identified from a yeast genome-
wide screen, is shown to suppress the toxicity of Af oligomers
in glutamatergic neurons of Caenorhabditis elegans and rat corti-
cal neurons.'* It was noticed that the Slal expression was up-
regulated in the AB42 strain treated with 100 ug mL™' 1 of GO
nanoflakes (p-adj < 0.05, Figure S14, Supporting Information).
Overall, these results indicate that treatment with GO nanoflakes
may increase the cellular capacity to cope with misfolded protein
stress.

2.5. GO Nanoflakes Activate the Metabolism and Improve Redox
Homeostasis in AB42-Expressing Yeast Cells

Increased oxidative stress is known to be implicated in the patho-
genesis of AD.[’] Brain cells are prone to oxidative stress due to
their higher energy demand and lower antioxidant activity, sug-
gesting the crucial role of redox homeostasis. The cellular re-
dox state is determined by the ratios between reduced and ox-
idized forms of redox cofactors, such as nicotinamide adenine
dinucleotide phosphate (NADP) and nicotinamide adenine dinu-
cleotide (NAD). These redox cofactors are generated primarily in
carbohydrate metabolism. The GSEA showed that most enzymes
involved in central carbohydrate metabolism including glycolysis
and pentose phosphate pathway (PPP) were significantly upreg-
ulated after GO treatment compared to the Ap42 strain without
treatment (p-adj < 0.05, Figure 3e). Glycolysis and PPP[?*] are im-
portant for generation of NADH (reducing power) and NADPH
(reducing power), respectively. In the Ap42 strain, 50 pg mL™!
of GO nanoflakes treatment resulted in a significant (p < 0.05)
increase of the NADPH/(NADPH + NADPY) ratio (Figure 3f)
and NADH/(NADH + NAD™) ratio on day 1 (Figure 3g). Along
with the increased glycolysis and PPP, the amino acid biosynthe-
sis (Figure S15, Supporting Information) and the biosynthesis of
purines and pyrimidines (Figure S16, Supporting Information)
were also activated by the GO nanoflakes treatment. Besides be-
ing building blocks of nucleic acids, most purine and pyrimidine
nucleotides also represent sources of energy that drive impor-
tant cellular reactions.?®] The cellular pathways related to oxida-
tive stress, oxidation-reduction processes, and redox homeosta-
sis were also boosted by the GO nanoflakes treatment in Af42
strain (FDR < 0.05, Figure S7, Supporting Information). Affected
TF analysis showed that proteins regulated by four TFs were sig-
nificantly upregulated in GO nanoflakes treated Af42 strain, and
two out of them were stress-responsive transcriptional activators
(p-adj < 0.05, Figure S13, Supporting Information). In particu-
lar, the proteins involved in thioredoxin and glutathione systems,
critical antioxidant systems in cells, were significantly overex-
pressed in the GO nanoflakes-treated Af42 strain (Figure 3h).
Thioredoxin (TRX) and glutaredoxin (GRX) are small heat-stable
proteins with redox-active cysteines that facilitate the reduction
of other proteins.?®l The mRNA levels of human TXN (ortholog
of yeast TRX1) have found to be significantly lower in the cerebel-
lum of AD patients compared to normal controls (p-adj < 0.01,
Figure S17, Supporting Information). Study showed that dereg-
ulation of TRX1 antioxidant system may contribute to the in-
creased oxidative stress in the AD pathogenesis and overexpres-
sion of TRX1 can protect cells from Ap toxicity.!?”] The expression
level of Trx1 protein was significantly increased in Af42 strain
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Figure 3. GO nanoflakes activate cellular capacity to deal with misfolded proteins and oxidative stress. a) For protein degradation and folding processes,

the percentages of proteins that are either higher (red), lower (blue), or not significantly (NS, gray) differentially expressed in Af42 strain treated with 50

and 100 ug mL™" of GO nanoflakes during D1, D2, and D4 are shown. b) The structures of L-proline and AZE. c) Ten-fold serial dilutions of the control
strain after 3.5 h of 2.5 mm AZE treatment. d) CFU measurement of cellular viability after 3.5 h of 2.5 mm of AZE treatment (n =3 + SD). e) Fold changes
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treated with 50 pg mL~! of GO nanoflakes compared to untreated
Ap42 strain (p < 0.05, Figure 3i). To test whether these specific
proteome changes translate into a change in the cellular levels of
ROS, the ROS levels were investigated in the Ap42 strain treated
with 50 ug mL™" of GO nanoflakes following the chronological
aging. The GO nanoflakes-treated cells were found to have signif-
icantly lower levels of ROS throughout the time span compared
to untreated cells (p < 0.05, Figure 3j). Taken together, these re-
sults indicate that GO nanoflakes treatment can improve redox
homeostasis, which helps the overall cell response to oxidative
stress.

2.6. GO Nanoflakes Suppress Formation of AB42 Aggregation

Ap42 is prone to forming various aggregates, including dimers,
trimers, tetramers, higher molecular weight oligomers, and fib-
rils. Among them, the soluble high molecular weight oligomers
appear to be the most toxic species.”®] Reducing levels of
oligomeric Ap has been shown to improve memory in plaque-
bearing mice models.[””) Several in vitro studies have indi-
cated that hydrophobic interactions between GO nanoflakes and
Ap42, can suppress the formation of A aggregates.[®3%] Next,
whether this process may account for the reversal Ap42 pheno-
type describe above. To investigate whether the internalized GO
nanoflakes interact with intracellular Ap42, sectioned cell sam-
ples were labeled with Ap-specific antibody prior to TEM analy-
sis. In the non-treated strain, immuno-TEM images revealed en-
richment of labeled Af42 aggregates inside the vacuoles (Figure
4a,d,g), in accord with a previous study that showed the accu-
mulation of Ap42 inside lysosomes of neuroblastoma (SH-SY5Y)
cell line.’1" A closer examination revealed the enrichment of
Ap42 by GO nanoflakes inside vacuoles. Significantly more Af42
signals were accumulated around the GO nanoflakes, indicat-
ing a degree of interaction between them (Figure 4b,eh,ct}i).
The number of labeled Ap42 signals per cell area was quanti-
fied from the immune-TEM pictures in the cells. This suggested
that GO treatment significantly reduced the number of Ap42 sig-
nals compared to the untreated Af42 strain (p < 0.05, Figure 4j).
To check this hypothesis, we performed a western blot analysis
of the intracellular soluble Af42 including monomers and all
states of aggregates, with and without GO nanoflakes treatment.
The GO treatment reduced total amount of Af42 in the strain
(p < 0.05, Figure 4k; Figure S18, Supporting Information), es-
pecially the high molecular weight oligomers were significantly
decreased in a dose-dependent manner (p < 0.05, Figure 4k]).
This is in accord with the immune-TEM data (Figure 4j) and im-
proved cellular viability (Figure 2a), and can probably be corre-
lated to the phenomenon observed in plaque-bearing mice mod-
els, which showed reducing levels of oligomeric Af improve mice
memory.[? Next, we asked whether this suppression of the high
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molecular weight A42 aggregates can fully account for the ob-
served reduction of the Ap42 phenotype observed in our yeast
model. Our proteomics data suggested that cells overexpressed
the machinery required to deal with ER stress and oxidative stress
upon GO treatment. To check whether this boosting of natu-
ral stress defenses can proceed independently from Ap42 aggre-
gates, we treated control cells with GO. In these cells, the GO
treatment had the same beneficial effects, the capacity to deal
with oxidative stress was improved (Figure S19, Supporting In-
formation) and cellular viability was increased during chrono-
logical aging (Figure S20, Supporting Information). Hence, we
concluded that GO acts by two independent pathways in mitigat-
ing toxicity of Ap42 in yeast: 1) It acts directly, via suppressing
ApPA2 aggregation and 2) it acts indirectly, boosting cellular ca-
pacity to deal with misfolded proteins and oxidative stress by a
presently unknown mechanism, leading to transcriptional acti-
vation of specific stress response genes.

2.7. GO Reduces Cytotoxicity of Human HTT103QP Protein
Expressed in Yeast

The formation of misfolded protein aggregates is a common hall-
mark of many neurodegenerative diseases (ND). To investigate
the specificity of the GO nanoflakes effects, we tested their impact
on another yeast model of a ND, namely the yeast that expresses
human HTT103QP protein, a hallmark of HD. HD is an autoso-
mal dominant ND caused by the expansion of CAG trinucleotide
repeats, which encode the polyglutamine (polyQ) expansion in
the Huntingtin (HTT) protein. In yeast model, polyQ expansion
beyond 47 or more can cause HTT protein to misfold and aggre-
gate, and lead to cytotoxicity, that are similar to the phenotypes
observed in HD patients.[*?] The HD model we used in this study
was constructed with 103 polyQ expansion with C-terminal GFP
fusion.3] Microscopy showed that HTT103QP proteins were
present in different sizes of punctate patches (Figure S21, Sup-
porting Information). The cellular viability of HTT103QP strain
without and with GO nanoflakes treatment was evaluated follow-
ing chronological aging. The treatment of GO nanoflakes signifi-
cantly improved cellular viability in the HTT103QP strain as well
(Figure 2b). At present we cannot say whether the protective ef-
fect is due primarily to the augmented stress response provoked
by GO, or GO is also capable of suppressing HTT103QP aggre-
gation. It is plausible to presume that GO might function as a
general chaperon, preventing misfolding of various proteins. To
test this, we set up an in vitro assay with a-amylase as a reporter.
The enzyme was denatured at 55 °C for 20 min, which reduced
its enzyme activity by 55% (Figure S22a, Supporting Informa-
tion). Next, the partially denatured enzyme was incubated with
GO nanoflakes. The treatment was failed to preserve or restore
the a-amylase activity, indicating that it probably cannot act as a

in the expression of proteins that encode glycolysis and pentose phosphate pathway (PPP). f) Ratio of NADPH/(NADPH + NADPY) in the Af42 strain
without or with 50 ug mL~! GO nanoflakes treatment on Day 1 (n = 4 + SD). g) Ratio of NADH/(NADH + NAD") in the Af42 strain without or with
50 ug mL~! GO nanoflakes treatment on Day 1 (n = 4 + SD). h) Fold changes in the expression of proteins in redox homeostasis including thioredoxin
pathway and glutathione—glutaredoxin system. i) Flow cytometry analysis of GFP-tagged TRX1 expression in the Af42 strain without and with 50 pg
mL~" GO nanoflakes treatment on Day 1 (n = 3 + SD). j) Flow cytometry analysis of intracellular ROS in the AB42 strain without and with 50 pg mL™!
GO nanoflakes (n = 3 + SD). Asterisks () from d) indicate significant differences compared to control strain without GO nanoflakes treatment (p <
0.05). Asterisks (*) from f,g,i) indicate significant differences compared to A#42 strain without GO nanoflakes treatment (p < 0.05). All comparison in
a,e,h) is in the Ap42 strain between GO nanoflakes treatment and without (p-adj < 0.05 according to Benjamini—-Hochberg method).
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Figure 4. GO nanoflakes suppress formation of Af42 aggregation. Immuno-TEM images of a) Afj42 strain, b) Ap42 strain treated with 50 ug mL~" of
GO nanoflakes, and c) Ap42 strain treated with 100 ug mL~" of GO nanoflakes. d—f) shows an enlargement of the upper red boxed area from a—c),
respectively. g—i) shows an enlargement of the lower red boxed area from (a—c), respectively. Blue arrows indicate GO nanoflakes. Red arrows indicate
the immunogold labeled Ap42 aggregates. j) Quantitative analysis of intracellular Af aggregates from immune-TEM images. The value of intracellular
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general chaperone (p > 0.05, Figure S22b, Supporting Informa-
tion). From this, we concluded that GO nanoflakes are not likely
to act as a chaperon on all misfolded proteins directly but are
likely to reduce the global protein misfolding burden caused by
aggregation of Ap42 and HTT103QP in yeast.

3. Conclusion

The potential of GO nanoflakes as a treatment for AD has been
previously suggested on a mouse model of AD.[% Previous in
vitro studies indicated that GO nanoflakes could promote disas-
sembly of AB42 aggregates.[3*] Using the yeast model for Ap42
expression, which was previously shown to be a good model
for Ap toxicity, > we demonstrate that the treatment with GO
nanoflakes can diminish the Af toxicity phenotype. The pro-
posed mechanism, supported by our evidence, proceeds along
two lines. It starts with effective internalization of GO nanoflakes
with 90 nm in diameter. Internalized GO then boosts cellular ma-
chinery for coping with protein misfolding and oxidative stress,
which indirectly mitigates Af42 toxicity. The second line of ac-
tion proceeds via specific depletion of intracellular high molecu-
lar weight Ap42 aggregates, triggered by GO (Figure 4m). Inter-
estingly, the beneficial effects of GO nanoflakes seem to extend
also to a HD yeast model, suggesting that GO nanoflakes can
contribute to rational design of future strategies for attenuating
neurodegenerative pathology.

4. Experimental Section

Characterization of GO: The size of GO nanoflakes was determined
using DLS on a Zetasizer nano instrument (Malvern Panalytical Ltd.,
Malvern, UK) at room temperature. Plastic cuvettes were utilized, and
the concentration of the samples was set at 10 uyg mL~'. Water was em-
ployed as the dispersant, with a refractive index and viscosity of 1.330 and
0.8872 centipoise, respectively. The Raman spectra were obtained using
a Raman microscope with a 638 nm laser (Horiba Raman XploRA micro-
scope). The instrument was equipped with a 50x objective, a 532 nm laser,
and a 600 g mm™! grating. Each spectrum was recorded within the range
of 500-3000 cm~", with ten accumulations per spectrum and an integra-
tion time of 0.5 s.

Strain, Medium, and Culture Conditions: All strains were derived
from the laboratory strain CEN.PK113-11C (MATa his3A1 ura3-52 MAL2-
8¢ SUC2). The AP42 strain (XI-3::GPDp-Ap42-CYC1t XII-5::GPDp-Ap42-
CYC1t) harboring two copies of Ap42 genes!'®] and control strain (XI-
3::GPDp-CYCTt XII-5::GPDp-CYCTt) containing only the promoter and ter-
minator sequences!'®] were used in this study. The HTTP103QP and
its control strain harbored p416 GPD-HTTP103QP-GFP and p416 GPD-
HTTP25QP-GFP plasmids, respectively.['3] The TRX1-GFP strain was con-
structed using homologous recombination-based method. The TRXT gene
and its 500 bp of upstream and downstream homologous arms were am-
plified from CEN.PK113-11C genomic DNA. The GFP and kanMX frag-
ments were amplified from p416 GPD-GFP and pUG6 vectors, respec-
tively. The TRX1 upstream + TRX1 + GFP + kanMX + TRX1 downsteam
cassette was generated via fusion PCR and transformed into CEN.PK113-
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11C to replace endogenous TRXT sequence. The transformants were se-
lected on YPD-G418 plates containing 10 g L~ yeast extract, 20 g L™" pep-
tone, and 20 g L™! glucose, and 200 mg L~ G418. mediYeast cells were
cultured in Delft um (pH 6.0), containing (L™') 7.5 g (NH,),SO,, 14.4 g
KH,PO,, 0.5 g MgSO,-7H,0, 100 mg histidine, 100 mg uracil, and 20 g
glucose. After autoclavation, 2 mL trace metals and 1 mL vitamins solu-
tions were added to the medium.[3#] Yeast cells were cultivated at 30 °C
with 200 rpm agitation. GO nanoflakes dispersed in water were purchased
form from graphene supermarket (https://graphene-supermarket.com/).
GO nanoflakes were then diluted using sterile water and different sizes
were produced by different time of sonication duration. The sizes of 250,
220, and 90 nm of GO nanoflakes were achieved by sonication for 10, 30,
and 180 min, respectively. GO nanoflakes were added to culture medium
at early exponential phase (ODgy, &1) to final concentrations of 50 and
100 ug mL~", respectively. Soon after addition of GO nanoflakes, the cul-
ture medium was sonicated for 45 s using probe sonicator (10% of am-
plitude) to achieve a homogeneous dispersion of GO nanoflakes in the
solution.

SEM: Ap42 and control strains were inoculated in 5 mL of cul-
ture medium in 50 mL Falcon tube with an initial ODgy of 0.1. In
the early exponential phase (ODgy ~1), either 50 or 100 ug mL™! of
GO nanoflakes were added to the culture medium. After 48 h of GO
nanoflakes treatment, cells were fixed overnight with 3% glutaraldehyde.
The fixed cells were dehydrated with a series of increasing ethanol con-
centration (40%, 50%, 60%, 70%, 80%, 90%, and 100%) for 10 min
each. Thin films were prepared by using dehydrated yeast cells on
cover glass and dried overnight at room temperature. The dried sam-
ples were sputter coated with gold (5 nm) before imaging. The SEM
images were acquired by using JEOL JSM 6301F (Carl Zeiss AG, Jena,
Germany).

TEM: Samples were prepared as described in SEM experiment. Cells
were fixed in 2% glutaraldehyde (EM grade, Electron Microscopy Sciences)
in cacodylate buffer overnight at 4 °C and digested with Zymolyase (ZYMO
research) at 37 °C for 25 min to remove cell wall. Post-fixation was per-
formed in 1% osmium tetroxide and 1% potassium ferricyanide (I11) for
30 min at room temperature. To enhance contrast of proteins, en-bloc
staining with 1% aqueous uranyl acetate was performed at room tempera-
ture for 1 h. Samples were subsequently dehydrated in increasing ethanol
solutions (30%, 50%, 70%, 85%, 95%, 100%), 10 min for each step. Gradi-
ent infiltration with epoxy hard plus resin (Electron Microscopy Sciences)
was performed at 25%, 50%, 75%, and 100% of resin in ethanol solution,
10 min for each step. Polymerization was performed at 60 °C for 16 h.
Ultrathin sections at 70 nm thick were obtained using a Leica EM UC6 ul-
tramicrotome (Leica) and collected on formvar-coated copper mesh nickel
grids. Images were acquired on a transmission electron microscope (Talos
L120C with 4k x 4k Ceta CMOS camera, Thermo Fisher Scientific).

Viability Assay and ROS Staining: Cell viability was measured by PI
staining (Thermo Fisher Scientific). Pl stains cells with disintegrated
plasma membranes as red color, which are considered as dead cells.[*?]
0.5 ODgj of cells were harvested and resuspended in 1 mL of PBS buffer.
Cells were stained with 0.5 ug mL~" of Pl at room temperature for 20 min in
the dark. Red fluorescence (690/50 filter) was analyzed after excitation by
a 488 nm laser using a Guava flow cytometer (Merck). Viability was shown
as the fraction of Pl negative cells. Intracellular ROS levels were detected
by dihydrorhodamine 123 (DHR123, Sigma-Aldrich). DHR123 could pas-
sively diffuse across plasma membrane and be oxidized to rhodamine 123,
which exhibits green fluorescence. For staining, 0.5 ODggg,,m of cells were
taken and incubated with 5 ym DHR123 dye in the 50 mm sodium citrate
buffer (pH 5.0) for 30 min at room temperature in the dark. Green fluores-
cence (525/30 filter) was analyzed using Guava flow cytometer (Merck).

Ap signal was calculated by the ratio of the number of labeled A signals to the cell area (n = 10 + SD). k) Western blot analysis of AB42 expression
without and with GO nanoflakes treatment. GAPDH is used as a loading control. I) Relative intensity of Af42 oligomers in Af#42 strain. The intensity
of Ap42 oligomers was quantified from (k) and normalized to GAPDH (n = 3 + SD). Asterisks (*) from (j,l) indicate significant differences compared
to AB42 strain without GO nanoflakes treatment (p < 0.05). m) Schematic overview of the effects of GO nanoflakes treatment on Ap42 strain. GO
nanoflakes directly interact and break up Af42 aggregates to reduce its cytotoxicity. Additionally, GO nanoflakes cause the proteome rearrangement to
improve viability through restoration of proteostasis and redox homeostasis.
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Result was shown as the mean fluorescence intensity. In total, 5000 cells
were analyzed for each sample.

Sample Preparation for Proteomics Analysis: 20 mL of Af42-expressing
cells were cultivated in 100 mL shake flask to early exponential phase
(ODggp & 1). GO nanoflakes were added to culture medium to final con-
centrations of 50 and 100 ug mL™", respectively. This time point was des-
ignated as day 0. 10 ODg of cells were collected at day 1, day 2, and day4.
Three biological replicates were processed for each time point and for each
condition. Cells were washed once with ice-cold PBS buffer, snap-frozen
in liquid nitrogen and stored at —80 °C. Cell lysis was performed by re-
suspending the cell pellet in lysis buffer containing 8 m urea, 75 mm NaCl,
50 mm Tris-HCl (pH 8.0) and complete protease inhibitor cocktail (Roche).
Using 425-600 um glass beads, the cell suspension was subjected to bead
beating at 4 °C (five cycles of 2 min pulses of 60 Hz with 1 min rest be-
tween each cycle). Cells were then spun at 13,400 rpm for 30 min at 4 °C to
obtain a clear cell lysate. Proteins were precipitated using eight volumes
of ice-cold acetone and one volume of ice-cold methanol to the resulting
cell lysate, followed by wash with ice-cold 80% acetone. The resultant pro-
tein pellet was dissolved in 10 mm Tris buffer at pH 8.0 containing 6 m
urea and 2 M thiourea. Protein concentrations were estimated by Bradford
(BioRad). Subsequently, 5 mm dithiothreitol was added to 15 ug of total
protein to initiate the digestion protocol and the samples were incubated
for 45 min at 57 °C. The lysates were cooled and subsequently treated
with 15 mm iodoacetamide for 45 min in the dark at room temperature.
Further incubation with 5 mm dithiothreitol for 15 min at 57 °C was car-
ried out. The lysates were next diluted 5.3 times with 50 mm Tris (pH 8.0).
Lysyl Endopeptidase (Wako) at a 1:50 enzyme to protein ratio was added
and the samples were incubated for 3 h at room temperature with gentle
shaking. After 3 h, trypsin (Thermo Scientific) was added to the samples
at the same ratio, and they were further incubated for 16 h. The reaction
was arrested by acidifying the samples with 10% trifluoroacetic acid. The
resultant peptide mixtures were next desalted using C18 stage-tips.[¢]

NanoLC-MS/MS and Data Analysis: ~ After desalting using C18 Stage-
tips, 500 ng of peptide mixtures were loaded on an Easy-nLC 1200 system
(Thermo Fisher Scientific) coupled to a quadrupole Orbitrap Exploris 480
mass spectrometer (Thermo Fisher Scientific) as described previously[3”]
with slight modifications. 20 cm analytical column (75 um ID PicoTip fused
silica emitter, New Objective) was packed in-house with ReproSil-Pur C18-
AQ 1.9 um resin (Dr Maisch GmbH). Peptides were separated using a
57 min segmented gradient from 10-33-50-90% of HPLC solvent B (80%
acetonitrile in 0.1% formic acid) in HPLC solvent A (0.1% formic acid)
at a flow rate of 200 nL min~'. The mass spectrometer was operated in
data-dependent mode, collecting MS spectra in the Orbitrap mass ana-
lyzer (60000 resolution, 300-1750 m/z range) with an automatic gain con-
trol (AGC) set to standard and a maximum ion injection time set to auto-
matic. The 20 most intense precursor ions were sequentially fragmented
with a normalized collision energy of 28 in each scan cycle using higher en-
ergy collisional dissociation (HCD) fragmentation. In all measurements,
sequenced precursor masses were excluded from further selection for 30's.
MS/MS spectra were recorded with a resolution of 15 000, whereby fill
time was set to automatic. Measurements were done in three technical
replicates.

Acquired MS spectra were processed with the MaxQuant software
suite (version 1.6.7.0),138] integrated with an Andromeda search engine.
Database search was performed against a target-decoy database of Sac-
charomyces cerevisiae S288c downloaded from UniProt (taxonomy ID
559 292), containing 6749 protein entries, and additionally including
also 246 commonly observed laboratory contaminants. Endoprotease
Trypsin/P was set as the protease with a maximum missed cleavage of
two. Carbamidomethylation (Cys) was set as a fixed modification. Label
free quantification was enabled with a minimum ratio count of two. A false
discovery rate of 1% was applied at the peptide and protein level individ-
ually for filtering identifications. All other parameters were maintained as
default.

Proteomics Data Analysis:  Differential protein expression analysis was
performed with the LFQ Analyst web application[3?! using the MaxQuant
“proteinGroups.txt” as the input file. Only protein groups having mea-
sured intensity values for at least two replicates of at least one experimen-
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tal condition were kept in this analysis. The data was analyzed using the
Perseus-type (“Missing not At Random”) imputation method, the “paired”
test option and the Benjamini Hochberg FDR type correction. PCA and
Sample Coefficient of Variation plots were generated from the LFQ Analyst
output graphics. The Report GO terms and reporter TFs were generated
from the Platform for Integrative Analysis of Omics (PIANO)[40] R package
with information from Saccharomyces Genome Database (https://www.
yeastgenome.org/). The DAVID Database (https://david.ncifcrf.gov/) was
applied to analyze functional enrichment of biological process and KEGG
pahtway. Heatmaps of significantly changed proteins were generated from
the pheatmap R package.

AZE Experiment: The control strain was grown to early exponential
phase (ODgqo ~1) and treated with GO nanoflakes for 3 h at concentra-
tions of 50 and 100 ug mL~", respectively. To assess the cell resistance to
protein misfolding stress, AZE (Sigma-Aldrich) was added to the culture
medium to final concentration of 2.5 mm. After 3.5 h of cultivation, 0.2
ODyg of cells were collected and resuspended in 1 mL of sterile H,O. For
spot-assay, cells were serially diluted (107", 1072, and 1073) and spotted
on Delft agar plates. Cell viability was evaluated by CFU counting. Around
400 cells were plated on Delft agar plates and colonies were scored after
3 days incubation. Viability was shown as the CFU divided by the number
of plated cells. Results are from biological triplicates.

NADP(H) and NAD(H) Measurements: NADP(H) and NAD(H) lev-
els were determined by the NADP*/NADPH Quantification Kit (Sigma)
and the NAD*/NADH Quantification Kit (Sigma). Cells were collected at
day 1 after 50 ug mL~" of GO nanoflakes treatment. 19 mL of pre-chilled
methanol was immediately added to cells to quench cellular metabolism.
Then cells were centrifuged at —10 °C, 4000 g for 4 min. After removing the
supernatant, cell pellets were freeze-dried for 2 h with 0.1 mbar pressure
at —80 °C. The dried cell pellet was resuspended in 500 pL of extraction
buffer (from the kit) and transferred to 2 mL screw-top tubes containing
0.2 g of lysis beads (425-600 um diameter, Sigma). Cells were lysed via
the Precellys Evolution Homogenizer (Bertin technologies), 5 m/20 s/4
rounds followed by 1 min intervals on ice. The lysed samples were cen-
trifuged at 0 °C, 14 000xg for 10 min. Supernatant was further filtered by
a 10 kDa cut-off spin filter (Thermo Fisher Scientific) to remove enzymes
in the lysates. Colorimetric measurement of NADP(H) and NAD(H) was
performed following the manufacturer’s instructions (Sigma).

Analysis of TXN Gene Expression in the Human Cerebellum: The brain
expression datasets that were deposited in the GeneNetwork website
(http://www.genenetwork.org) were analyzed. Approximately 400 AD pa-
tients and 170 age-, gender-, and postmortem interval-matched normal
controls were enlisted in the study. The cerebellum was profiled on a
custom-made Agilent 44 K microarray. The mRNA expression levels of
TXN were analyzed to define its association with AD. Differential TXN ex-
pression between AD patients and normal control were identified using a
Mann-Whitney test.

Immuno-TEM: Samples were prepared as described in SEM experi-
ment. Cells were fixed with 4% paraformaldehyde and 0.5% glutaraldehyde
(EM grade, Electron Microscopy Sciences) in 0.1 M phosphate buffer (pH
7.0) overnight at 4 °C. After fixation, cells were embedded in 10% of gelatin
at 37 °C for 10 min. Then cells were incubated in 2.3 M sucrose overnight
at 4 °C and ready for sectioning. Sections (70 nm) were collected on car-
bon/formvar coated mesh nickel grids and immune-labeled with the mon-
oclonal anti-Ag primary antibody (6E10, 1:10 dilution, Covance), followed
by anti-mouse 1gG conjugated with 10 nm gold beads (1:50 dilution, Ab-
cam). Images were acquired on a transmission electron microscope (Talos
L120C with 4k x 4k Ceta CMOS camera, Thermo Fisher Scientific).

Protein Extraction and Western Blot: Ap42 strain was inoculated in
20 mL of culture medium with an initial ODggq 0of 0.1in 100 mL shake flask.
In the early exponential phase (ODgqo ~ 1), either 50 or 100 uyg mL~! of GO
nanoflakes were added to the culture medium. After 48 h, 5 ODg of cells
were harvested at 4 °C for 5 min (2000 g) and resuspended in 200 uL of
pre-chilled lysis buffer, which contained 150 mm NaCl, 50 mm HEPES (pH
7.5), 2.5 mm EDTA, 2 pL Triton X-100, and protease inhibitors (Roche).
Samples were transferred into 2 mL lysing Matrix tubes with 200 pL of
acid-washed glass beads (425-600 um, Sigma-Aldrich) and homogenized
at speed 6.5 m s~ for 45 s, three cycles, using FastPrep-24 (MP Biomed-
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icals). Samples were cooled down on ice for 5 min between each cycle.
Then samples were mixed with 200 uL of 2 x SDS sample buffer contain-
ing 20% glycerol, 100 mm Tris-HCI (pH 6.8), 4% SDS, 0.02% bromophenol
blue, 20 L of p-mercaptoethanol, and boiled at 70 °C for 10 min. To re-
move cell debris, samples were centrifuged at 21 000 g for 10 min. Then
supernatants were collected, and protein concentration was measured us-
ing Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Western blot
was performed as described previously.['%3] Ap42 levels were detected by
anti-Ap primary antibody (6E10, mouse monoclonal, 1:1000 dilution, Co-
vance) and anti-mouse-HRP (1:2000 dilution, Dako). GAPDH levels were
identified as a loading control by anti-GAPDH primary antibody (mouse
monoclonal, 1:2000 dilution, Santa Cruz) and anti-mouse-HRP (1:4000 di-
lution, Dako). Protein bands were quantified by Image lab software 6.1.

Heat Resistance Assay of a-Amylase: A commercial a-amylase from As-
pergillus oryzae (Sigma-Aldrich) was prepared into 4 U mL™! and sub-
jected to heat resistance assay. The a-amylase activity was measured by
a-amylase assay kit (K-CERA, Megazyme) as described previously.[*!] To
determine the time of heat treatment, 4 U mL™" a-amylase was incubated
at 55 °C for 0, 5, 10, 15, 20, and 30 min. The following heat resistance
assay was performed by 55 °C for 20 min. To determine the effect of GO
to a-amylase upon heat treatment, 4 U mL~" a-amylase was incubated at
55 °C for 20 min with GO in 0, 50, and 100 ug mL~". As control, another
4 U mL™! a-amylase was mixed with GO in 0, 50, and 100 ug mL~1, and
the activity was measured immediately. All the reactions were diluted 1:20
by Extraction Buffer solution (included in a-amylase assay kit) to measure
the activity.

Statistical Analysis: Significance of differences was determined as
mean = standard deviation (SD) using a two-tailed student t-test. Biolog-
ical triplicates were analyzed unless specified explicitly. Statistical signifi-
cance was indicated as p value <0.05 unless specified explicitly.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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