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Ring-shaped corona proteins influence the
toxicity of engineered nanoparticles to yeastt

Roberta Ruotolo,? Graziella Pira,® Marco Villani, ©°
Andrea Zappettini® and Nelson Marmiroli & *2©

Engineered nanoparticles (ENPs) have found applications in different fields varying from medical science to
electronics. The increasing interest in these materials, fuelled by the potential benefits of their use, has not
as yet been matched by a concerted effort to gain a full understanding of potential negative effects they
may have on the environment and on human health. In a biological environment, ENPs become coated by
a so-called “protein corona”, the structure of which defines their biological identity. The present research
set out to characterize the interaction between cadmium sulphide quantum dots (QDs) and yeast cells, iso-
lating and identifying the set of proteins which were adsorbed on the QD surface using liquid
chromatography-mass spectrometry followed by an in silico protein analysis. Ring-shaped proteins were
particularly prone to binding, and electrostatic and hydrophobic interactions were central for this interac-
tion. QDs strongly increased the transcript levels of genes encoding the major hard corona proteins indi-
cating a mechanism of genetic compensation in response to the “physical sequestration” of these proteins
in the QD corona in vivo. The toxicological implications of the protein corona formation were explored
using yeast mutant strains carrying deletions in genes encoding the corona proteins. Interestingly, these
mutants were tolerant to doses of QDs that were lethal to wild type cells. These results reveal that the hard
protein corona mediates the toxicity of QDs in yeast and a major resolution of this interaction at the mo-
lecular level is crucial for a better understanding of the in vivo response of ENPs.

The formation of protein corona has a central role in biological identity and environmental fate of engineered nanoparticles (ENPs), but understanding of
ENP-corona interactions and their molecular implications are largely absent from the literature. In this study the use of yeast S. cerevisiae as a model has
shown how hard corona formation can be linked to CdS QD toxicity. We identify several proteins able to fold in ring-shaped structures that form the hard

corona and were crucial in defining the bioactivity of these ENPs. Understanding the effects of these bio-nano interactions at molecular and physiological
level can have a direct impact on the safe and sustainable development and use of ENPs in biotechnology and nanomedicine.

Introduction

“ Department of Chemistry, Life Sciences and Environmental Sustainability,

University of Parma, Parma, Italy. E-mail: nelson.marmiroli@unipr.it;
Fax: +39 0521 906222; Tel: +39 0521 905606
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Council (CNR), Parma, Italy
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Rapid advances in nanotechnology over recent years have
promoted a range of applications in various fields." The
unique properties of engineered nanoparticles (ENPs) have
attracted particular interest.” Yet, their potential for harm re-
mains clouded by a lack of understanding of how they inter-

t Electronic supplementary information (ESI) available: Supplementary figures
show some physico-chemical analysis performed for the characterization of CdS
QDs (Fig. S1), the proteomic analysis of the yeast proteins adsorbed onto the
surface of CdS QDs (Fig. S2), the documented interactions (physical and genetic)
between the hard corona proteins (Fig. S3) and the AFM analysis of the CdS QD-
protein corona (Fig. S4). Supplementary tables report the average hydrodynamic
diameter of CdS QDs in water and yeast culture medium (Table S1), the list of
primers used in real-time PCR analysis (Table S2), the amino acid frequencies in
the corona protein polypeptides (Table S3), and the yeast protein structures
available in the PDB database (Table S4). Additional experimental details were
also included in ESI. See DOI: 10.1039/c7en01226h

This journal is © The Royal Society of Chemistry 2018

act with living matter.>* In a biological environment, ENPs
are known to selectively adsorb proteins, along with certain
other compounds, to form a ‘corona’ bound tightly to their
surface.”® The nature of the corona is a major determinant
of ENP toxicity and so is an important issue in considering
the deployment of ENPs in biological systems.”™* The
strength of the protein-ENP interaction is known to be
influenced by the size and surface properties of the ENPs,"’
while the formation of the corona involves an element of
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competition between several proteins in a dynamic process
which involves their adsorption/desorption on the ENP sur-
face.”>'® Corona proteins which show a high affinity for the
ENP surface are exchanged slowly, and these so-called “hard”
proteins form the innermost layer, while the “soft” proteins
are more loosely bound, possibly through protein-protein in-
teractions, and are rapidly exchanged.®"'®"”

Quantum dots (QDs), a class of ENPs based on a semicon-
ductor crystal of nanometre dimensions, have featured in
both fundamental research and industrial development.'s~2*
Both in vitro and in vivo studies with a range of QDs have
shown that toxicity is closely related to QD surface properties,
diameter and ligand stability in biological media.>*>>

Nevertheless, few reports on the QD—cell interaction at the
molecular level in Saccharomyces cerevisiae have been
published,**™° and, to our knowledge, no paper was focused
on the QD formation in yeast. Exposure to CdS QDs has been
shown to increase the synthesis of reactive oxygen species
(ROS), disrupt mitochondrial membrane potential and affect
mitochondrial morphology in yeast,*® but the mechanistic ba-
sis for these effects are not as yet fully understood.

The budding yeast S. cerevisiae is a powerful model organ-
ism for studying fundamental aspects of eukaryotic cell biol-
ogy.”” The availability of an advanced selection of genetic
tools available for this organism (e.g, yeast genome-wide col-
lections of mutant strains) and its well-known physiology
have indeed facilitated target identification of several bioac-
tive compounds.>”?® In vivo chemical inhibition of a gene
product (protein) is expected to yield similar results as a loss-
of-function mutation, and genomic phenotyping studies can
be integrated with chemical-induced gene expression profil-
ing to link a compound to its cellular target.””

For these reasons, the aim of this research was to investi-
gate the formation of the hard protein corona on the CdS QD
surface and to study whether the identity of these proteins
has an influence over their bioactivity in S. cerevisiae. The pa-
per describes the identification and functional characteriza-
tion of the hard corona proteins adsorbed on the surface of
CdS QDs in yeast cells. Given the relationship between the
adsorption of an enzyme onto an ENP and the inhibition of
its activity (see ref. 29-35 for some relevant examples taking
into account this issue) the identification of which proteins
are components of the QD corona can in fact elucidate the
biochemical nature of their toxicological response.

Experimental
Synthesis and characterization of the CdS QDs

The synthesis and characterization of water-soluble CdS QDs
has been described elsewhere,>>?**¢ and some additional ex-
perimental details were reported in “ESIt”. Briefly, X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM)
analysis showed that CdS QDs exhibited hexagonal shape
and a mean diameter of 5 nm (Fig. S1A and Bf).

Prior to their use, the CdS QDs were exposed for 16 min to
sonication in a Transsonic 460 bath (Elma Electronic AG) to re-
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duce ENP agglomeration. Z-potential and particle size distribu-
tion by dynamic light scattering (DLS) analysis were performed
using a NanoBrook ZetaPALS analyzer (Brookhaven Instru-
ments). Table S1t reported the average hydrodynamic diame-
ters of CdS QDs in water and yeast culture medium incubated
at 28 °C for 24 h with gently shaking. The hydrodynamic diam-
eter of CdS QDs in these experimental conditions was compa-
rable (Table S17).

Atomic absorption spectroscopy (AAS) analysis of the Cd**
ion concentration in different experimental samples (Fig.
S1Ct) was performed using the 240FS AA spectrometer (Agilent
Technologies) as previously described.?”

Yeast strains and culture

The yeast wild type strain BY4742 (MAT«a his3A1 leu2A0 lys2A0
ura3A0) and five haploid deletion strains (tdh24, tdh3A,
pdclA, eft2A, hsc82A) available in the Yeast Knockout Collec-
tion (GE Dharmacon) were used. The set of TAP-tagged strains
(BY4741 background strain: MATa his3A1 leu2A0 met15A0
ura3A0) were selected from the yeast TAP-tagged ORF library
(GE Dharmacon). Cells were grown at 30 °C on either yeast ex-
tract peptone (YPD) or on a synthetic medium (SD)
supplemented with 2% (w/v) glucose.

Protein extraction

Pelleted yeast cells (1E8 cells) were rinsed in ice cold
phosphate-buffered saline (PBS) and re-suspended in cold 200
mM Tris-HCI (pH 8.0), 150 mM ammonium sulphate, 10% (v/v)
glycerol, containing protease inhibitor cocktail (Sigma Aldrich).
Acid-washed glass beads were added in order to mechanically
lyse the cells using a Thermo Savant FastPrep® Cell Disrupter
(Qbiogene Inc.). After vortexing (four times @ 45 s, twice @ 10
s, with a 5 min rest on ice between vortexings), the lysate was
clarified by centrifugation (30 min, 21 000g, 4 °C). The concen-
tration of protein in the lysate was determined using both a
Bradford assay (BioRad) and Pierce™ BCA protein assay kit
(Thermo Fisher Scientific).

Assay for binding to CdS QDs

The yeast cell lysate (7 g L™ protein) was incubated in the
presence of 0.5 g L™* CdS QDs in 200 mM Tris-HCI (pH 8.0),
150 mM ammonium sulphate, 10% (v/v) glycerol at 4 °C for
24 h with gentle agitation, following Sund et al.*® The QDs,
along with their adsorbed corona proteins, were recovered by
centrifugation (21 000g, 5 min, 4 °C), and unbound proteins
were removed by rinsing the pellet five times in salt-free
buffer [20 mM Tris-HCI (pH 7.4)], followed by three times in
salt-buffered solution [0.1 M NacCl, 20 mM Tris-HCI (pH 7.4)].
After each rinse, the pellets were gently vortexed and re-
centrifuged (21 000g, 5 min, 4 °C). Hard corona proteins were
stripped from the QDs by a 1 h incubation at 30 °C in
resuspension buffer [60 mM Tris-HCI (pH 6.8), 2% (w/v) SDS,
10% (v/v) glycerol], then held at 100 °C for 5 min.

For visualization, the proteins were denatured by holding at
95 °C for 5 min in 62.5 mM Tris-HCI (pH 6.8), 2.5% (w/v) SDS,

This journal is © The Royal Society of Chemistry 2018
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0.02% (w/v) bromophenol blue, 2% (v/v) B-mercaptoethanol,
10% (v/v) glycerol, then separated electrophoretically through
12% (w/v) SDS polyacrylamide gels.

In experiments designed to evaluate electrostatic interac-
tions between ENPs and corona proteins, proteins were
eluted from the QDs by a 1 h incubation at 30 °C with gentle
agitation in different buffered solutions, as indicated: 20 mM
sodium acetate, pH 5 (acidic pH); 20 mM Tris-HCI, pH 8.5
(basic pH); denaturing buffer [4% (w/v) SDS, 572 mM
B-mercaptoethanol, PBS)]. The concentration of released co-
rona proteins was determined using the Pierce™ BCA protein
assay kit.

For AFM analysis, CdS QD-corona protein pellet was
resuspended in PBS buffer (2 ml). A drop of CdS QD-protein
suspension (20 pl) was deposed onto freshly cleaved mica
and incubated for 5 minutes at room temperature; the disk
was then rinsed with MilliQ water and dried with a gentle ni-
trogen flow. AFM imaging was performed on the dried sam-
ple with a Nanoscope IIIa microscope equipped with scanner
J and operating in tapping mode. Commercial diving board
silicon cantilevers (MikroMasch, Tallinn, Estonia) were used.

Protein digestion and LC-MS/MS analysis

Re-suspended corona proteins were denatured by the addi-
tion of 6 M urea in 25 mM ammonium bicarbonate. Di-
sulphide bonds were reduced by adding DTT to a final con-
centration of 35 mM and holding for 1 h at room
temperature, and reduced cysteine residues were alkylated by
adding iodoacetamide to a final concentration of 32 mM and
holding for 1 h at room temperature in the dark. After the
urea concentration had been lowered to 0.6 M by dilution
with 25 mM ammonium bicarbonate, trypsin (Sigma Aldrich)
was added in a 1:30 (w/w) ratio, and the digestion allowed to
run for 18 h at 37 °C. The reactions were stopped by adding
formic acid to a final concentration of 0.5% (w/v) and incu-
bating with gentle agitation at 37 °C for 15 min; thereafter
the solutions were lyophilized using a Speedvac device (Sa-
vant). The dried samples were re-suspended in 0.1% (W/v)
formic acid and subjected to liquid chromatography-mass

Table 1 Yeast hard corona proteins identified by LC-MS/MS analysis

Paper

spectrometry (LC-MS/MS), using a Dionex Ultimate 3000
micro HPLC device coupled to an LTQ-Orbitrap XL mass
spectrometer equipped with a conventional electrospray ioni-
zation source (Thermo Fisher Scientific).* Information re-
garding known yeast protein sequences was retrieved from
the UniProt database (www.uniprot.org). The experiments
were carried out as two biological replicates and three techni-
cal replicates. Proteins were considered part of the hard co-
rona of the CdS QDs if identified in at least five replicates.
Coverage (%) represents the ratio between the number of resi-
dues in all found peptides and the total number of amino
acids in the entire protein sequence. Score was based on the
probability (P) that the observed match between the experi-
mental data and the database sequence was not a random
event.*® Protein identifications (Table 1) were accepted with a
coverage greater than 35% and a score of at least 70%. We
used a false recovery rate minor of 1% as the cutoff criterion
for peptide and protein identification.

Real-time PCR

Yeast cells were grown either in the presence or absence of
250 mg L' CdS QDs in YPD medium at 30 °C for 2 h. Cells
(2E6 cells) were pelleted by centrifugation and total RNA was
extracted from the pellet using an RNeasy® kit (Qiagen) fol-
lowing the manufacturer's protocol. A 1 ug aliquot of the
resulting RNA was converted to cDNA using a Quantitect Re-
verse Transcription kit (Qiagen), as described by the manu-
facturer. The primers used in subsequent real-time PCRs
were designed using Primer Express® software (Applied Bio-
systems): their sequences are given in Table S2.f Real-time
PCR was performed with a ABI PRISM 7000 Sequence Detec-
tion System (Applied Biosystems) and Power SYBR® Green
RT-PCR Mix (Thermo Fisher Scientific) according to the man-
ufacturer's instructions. ACT1 was used as the reference se-
quence. Each of the primer pairs amplified only a single
product (of size 67-114 bp) when conventional reverse
transcription-PCR amplicons were separated by agarose gel
electrophoresis. Melting curve analyses were conducted to
check for amplification specificity. Each reaction was

Corona Coverage® Molecular weight

protein Description (UniProt accession N.) (%) Score” pI  (kDa) Biological process
Cdc19 Pyruvate kinase (P00549) 46.8 859 7.6 54 Energy metabolism
Pdc1 Pyruvate decarboxylase isozyme 1 (P06169) 71.2 308.7 58 61

Tdh2 Glyceraldehyde-3-phosphate dehydrogenase (P00358)  74.7 186.8 6.5 36

Tdh3 Glyceraldehyde-3-phosphate dehydrogenase (P00359)  83.7 181.6 6.5 36

EF-1o (Tef1/2) Translation elongation factor 1-alpha (P02994) 75.8 2859 91 50 Translation process
eEF-2 (Eft1/2)  Elongation factor 2 (P32324) 36.3 72.15 59 93

Yef3/EF-3A Translation elongation factor 3 (P16521) 56.9 313.7 5.7 116

Hsc82 Cytoplasmic chaperone of the Hsp90 family (P15108) 46.8 1442 45 81 Molecular chaperoning
Ssb2 Ribosome-associated molecular chaperone (P40150)  48.6 739 54 66

“ Coverage (%) represents the ratio between the number of residues in all found peptides and the total number of amino acids in the entire
protein sequence. ? Score was based on the probability (P) that the observed match between the experimental data and the database sequence

was not a random event.*’

This journal is © The Royal Society of Chemistry 2018
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conducted in triplicate, and included a no template control.
Relative transcript abundances were derived using the 274"
method.*

Western blotting

Yeast TAP-tagged strains (Yef3-TAP-tag, Eft2-TAP-tag, SSb2-
TAP-tag, Tdh2-TAP-tag, Tdh3-TAP-tag, Pdc1-TAP-tag) were
grown either in the presence or absence of 250 mg L™ CdS
QDs in YPD medium at 30 °C for 6 h, after which the cells
were harvested and lysed as described above. Total protein
extracts (10 ng per sample) were electrophoretically separated
through 12% SDS polyacrylamide gels and transferred to a ni-
trocellulose membrane (Thermo Fisher Scientific). The mem-
branes were blocked by bathing in Tris-buffered saline
containing 0.1% (v/v) Tween20 and 5% (w/v) skimmed milk
(TTS buffer). The membranes were initially challenged with
rabbit anti-TAP-tag polyclonal antibody (CAB1001, Open Bio-
systems; 1:2000 dilution) in TTS buffer overnight at 4 °C,
and reacting proteins were visualized using the Odyssey® Im-
aging System (LI-COR) following hybridization with IRDye
680RD labeled goat anti-rabbit antibody (1:10000 dilution).
Mouse anti-Pgkl monoclonal antibody (Abcam; 1:5000 dilu-
tion) was used as a control.

Spot assay

The wild type strain BY4742 and the set of haploid mutant
strains were grown at 30 °C in YPD medium. After 24 h, opti-
cal densities at 600 nm (ODg,) were determined using a Cary
50 UV-visible spectrophotometer (Varian), and the ODgq, Was
adjusted to 1.0 with sterile water; the cells were then serially
diluted in tenfold decrements.*" Aliquots (4 pL) of each dilu-
tion were spotted onto SD-agar plates in the presence or ab-
sence of CdS QDs (20-250 mg L™"). The growth of the cells
was monitored after incubation at 30 °C for two days.

GAPDH activity assay

A GAPDH Activity Assay Kit supplied by Abcam was used to
quantify GAPDH, following the manufacturer's instructions.
A 1 pg aliquot of yeast protein extract, along with 0.1-20 mg
L™ CdS QDs, were added to the kit reagents and the reaction
allowed to run for 60 min at 37 °C. The absorbance of the re-
action was read at 450 nm using the iMark™ Microplate Ab-
sorbance Reader (Bio-Rad).

Polypeptide sequence analysis

A global set of yeast polypeptide sequences was obtained from
the Saccharomyces Genome Database (www.yeastgenome.org/),
from which a global mean amino acid frequency was deter-
mined. The amino acid frequency for specific proteins was
used to compute a protein-specific amino acid Z-score, given
by the expression (protein-specific amino acid frequency - aver-
age amino acid frequency)/global standard deviation. The
Z-score reflects whether a given residue is over- or under-repre-
sented. Corresponding P-values were determined for all over-

4 | Environ. Sci.: Nano, 2018, 00, 1-13
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represented or under-represented residues, using a one-tailed
t-test. RasMol (http://www.openrasmol.org/), CASTp** and
PDPsum (www.ebi.ac.uk/pdbsum/) softwares were used to ana-
lyze protein structure.

Statistical analysis

Each experiment was represented by three to five technical
replicates and two biological replicates. All statistical analyses
were performed using routines implemented in GraphPad
Prism v6 software.

Results and discussion
Identification of proteins with high affinity for CdS QDs

To identify yeast proteins adsorbed on the ENP surface, CdS
QDs and protein extracts were incubated with gentle agita-
tion in a medium that replicate the features of the in vivo bio-
logical milieu. After incubation for different times of expo-
sure (1-24 h) and temperature of incubation (4-37 °C), the
ENPs and corona proteins were recovered by centrifugation
and the wunbound proteins washed out followed by
resuspension in wash buffer. The adsorbed proteins were re-
covered from the ENP surface and analyzed with SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) to estimate
molecular masses and relative abundance (Fig. S2;T see “Ex-
perimental” for additional details). Visual evaluation of the
SDS-PAGE separations showed that the quantity of protein
adsorbed responded both to the concentration of protein in
the incubation solution (Fig. S2A}) and to the time allowed
for incubation (Fig. S2Bf). There was no significant qualita-
tive difference between the protein profiles. Binding assays
performed at 4 °C and 37 °C generated neither qualitative
nor quantitative differences (Fig. S2CT). The optimal incuba-
tion conditions for binding were to expose Cd QDs to yeast
proteins for 24 h at 4 °C, to minimize protein degradation.
Multiple centrifugation steps and extensive washes with
buffers of different ionic strengths were used to release al-
most all nonbound and soft corona proteins. Hard corona
proteins were eluted out from the ENP surface and identified
(after tryptic digestion) using liquid chromatography-high-
resolution mass spectrometry (LC-MS/MS; see “Experimental”
for additional details). The hard corona was found to be com-
posed of a number of distinct proteins varying in molecular
weight between 30 and 100 kDa (Table 1 and Fig. 1A). The
predominant ones were involved either in energy metabo-
lism, in translation or were members of a molecular chaper-
one superfamily (Table 1). The first group comprised Cdc19
(pyruvate kinase), Pdcl (pyruvate decarboxylase) and Tdh2
and Tdh3 [two isoforms of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH)]. The homotetrameric Cdc19 protein acts
during glycolysis to convert phosphoenolpyruvate to pyruvate,
and represents a key controller of carbon flux.**** Pdec1 is the
most ubiquitous form of the three yeast pyruvate decarboxy-
lases and is involved both in the anaerobic fermentation of
pyruvate to acetaldehyde and carbon dioxide, and in amino
acid catabolism.*>*® GAPDH is a glycolytic enzyme which

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 A set of yeast proteins were associated with the hard corona
deposited on the surface of CdS QDs. (A) Aliquots of the wash
solutions (lanes 1-5; 30% of the total sample) and yeast-derived hard
corona proteins (lane 6; 15% of the total sample) show that the hard
corona was composed of proteins varying in molecular weight be-
tween 30 and 100 kDa. Lanes 1-3: the first, third and fifth salt-free
washes of the CdS QD-protein pellet; lanes 4 and 5: the first and third
washes using a salt-buffered solution (see “Experimental” for addi-
tional details). Lane 7: molecular weight ladder. (B) Western blot analy-
sis. CdS QDs were incubated with yeast protein extracts obtained from
Tdh2-TAP-tag (lane 8) and Pdcl-TAP-tag (lane 11) strains and corona
proteins were recovered from QDs by a centrifugation-washing proce-
dure. The adsorbed proteins were eluted out from the ENP surface
and analyzed by western blot using an anti-TAP antibody (upper
panel); an anti-Pgkl monoclonal antibody served as a negative control
(lower panel). Results obtained showed the presence of these corona
proteins in the fractions adsorbed to the CdS QD surface (lanes 8 and
10). Levels of Pgkl, an abundant protein not present in CdS QD-co-
rona, were detected only in yeast extracts obtained from wild type
strain (lanes 9 and 10).

catalyses the conversion of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate, but also displays non-glycolytic activity
in certain subcellular locations.*”*®

Three of the hard corona proteins were involved in poly-
peptide chain elongation (Table 1), namely EF-1a (translation
elongation factor 1a, encoded by the genes TEF1 and TEF2),
eEF-2 (elongation factor 2, encoded by EFT1 and EFT2), Yef3/
EF-3A (elongation factor 3A). EF-1a binds to and delivers
aminoacylated tRNA to the ribosomal A-site during protein

This journal is © The Royal Society of Chemistry 2018
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synthesis,” and is also thought to target damaged proteins
to the proteasome.”® eEF-2 catalyses GTP-dependent ribo-
somal translocation during translation elongation.”® Yef3/EF-
3A is required for the ATP-dependent release of deacylated
tRNA from the ribosomal E-site during protein synthesis and
also stimulates the EF-l1a-dependent binding of aminoacyl-
tRNA to the ribosomal A-site.>>

The other predominant hard corona proteins were two
polypeptides involved in molecular chaperoning (Table 1).
Ssb2 is a ribosome-associated member of the HSP70 family
which participates in the folding of newly-synthesized poly-
peptides.>® Hsc82, a member of the HSP90 family,>* acts to
promote the maturation, structural maintenance and regula-
tion of proteins involved in cell cycle control, ribosome stabil-
ity and signal transduction.”**> Notably, Hsp90 proteins are
also known to operate in a number of the signaling pathways
which are altered as a result of ENP exposure.”®>” Ssb2 and
Hsp82 share many common protein interactors, suggesting
functional collaboration among these chaperones.”®

Yeast strains in which Pdcl and Tdh2 were TAP-tagged
were used to confirm that these two proteins were a compo-
nent of the hard corona (Fig. 1B). CdS QDs were incubated
with protein extracts obtained from Pdc1-TAP-tag and Tdh2-
TAP-tag strains and CdS QD-corona proteins were recovered
by a centrifugation-washing procedure. The adsorbed pro-
teins were eluted out from the ENP surface and analyzed by
western blot using an anti-TAP antibody (Fig. 1B); anti-Pgk1l
monoclonal antibody served as a negative control. Results
obtained showed the presence of these corona proteins in
the fractions adsorbed to the CdS QD surface (Fig. 1B). Levels
of Pgkil, an abundant protein not present in CdS QD-corona,
were detected only in yeast extracts obtained from wild type
strain.

CdS QDs affect the transcript levels and the abundance of
corona proteins

In vivo formation of protein corona on CdS QD surface could
affect the expression of the corona proteins themselves.
Therefore, we have conducted experiments to evaluate if the
genes encoding the major corona proteins were modulated at
transcriptional level by CdS QDs. Yeast wild type strain
(BY4742) was grown for 2 hours with or without CdS QD
treatment (250 mg L), total RNA was extracted and cDNAs
were synthesized. Real-time PCR was performed on cDNA
prepared from treated and untreated samples, using ACT1 as
housekeeping gene. Gene expression analysis showed that all
of the genes encoding the major hard corona proteins were
up-regulated by CdS QD treatment (Fig. 2A). CDC19, the most
strongly up-regulated gene (Fig. 2A), encodes a glycolytic en-
zyme, which is essential during fermentation.** The modula-
tion of this gene by the presence of CdS QDs suggests that
energy metabolism is impaired by the ENP-induced stress, an
effect which has also been shown in an earlier study.*® The
strong up-regulation of SSB2 (Fig. 2A) may be necessary to
maintain the correct folding of the newly translated proteins
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Fig. 2 CdS QDs affect the mRNA expression and the abundance of corona proteins. (A) Genes encoding the major corona proteins were up-
regulated in response to the CdS QD treatment; transcript abundances were normalized to that of the reference sequence ACTI. Histograms in
the graph represent mean values of two independent reactions performed in triplicate. (B) CdS QD treatment reduced the abundance of a set of
corona proteins. Protein extracts obtained from TAP-tagged strains and wild type cells (WT) grown either in the presence (+) or the absence (-) of
CdS QDs were analyzed by western blot. Protein extract from WT was used as a negative control. Upper panel: the levels of the corona proteins
Yef3, Eft2 (eEF-2), Ssb2, Tdh2, Tdh3 and Pdcl were detected by probing with an anti-TAP antibody. Lower panel: the abundance of Pgkl was unaf-

fected by the treatment, so served as a loading control.

and to prevent an ENP-induced deleterious protein aggrega-
tion and/or misfolding.*>*”>9~%"

It was also evaluated how CdS QD exposure affects the
abundance of the proteins identified in ENP corona (Fig. 2B).
Wild type and strains from the yeast TAP-tagged ORF library
(Yef3-, Eft2-, Ssb2-, Hsc82-, Tdh2-, Tdh3- and Pdc1-TAP-tag)
were grown for 6 h with or without CdS QD treatment. Total
protein extracts were subjected to western blot analysis (see
“Experimental” for details). The protein levels of Cdc19 and
EF-1o. were not analyzed in this work because their TAP-
tagged strains are not present in the yeast library. As shown
in Fig. 2B, CdS QDs reduced the abundance of six out of
seven of the corona proteins. In particular, the levels of two
elongation translational factors (Yef3/EF-3A and Eft2/eEF-2)
were strongly reduced by QD treatment (Fig. 2B). The adsorp-
tion of these proteins on the QD surface could result in their
functional inactivation and consequently reduce the transla-
tional levels of other proteins, as is the case for silica ENPs.®
As confirmation, Pdc1, the levels of which were unaffected by
the QD treatment (Fig. 2B), exhibited no evidence of physical
interaction with the translational factors identified as present
in the hard corona (Fig. S37).

6 | Environ. Sci.: Nano, 2018, 00, 1-13

Protein adsorption is related to ENP toxicity

To assess the roles played by yeast corona proteins in modu-
lating cell viability after exposure to CdS QDs, a phenotypic
screening was conducted by examining the fitness of yeast
mutant strains carrying deletions in genes encoding the ma-
jor corona proteins (Fig. 3). The growth of the yeast deletion
strains hsc824, tdh2A, tdh3A, pdciA and eft2A when chal-
lenged by a range of concentrations (20-250 mg L") of CdS
QDs was subsequently examined. Yeast strains deleted in
CDC19, YEF3, SSB2 and TEF1/2 genes are not present in yeast
haploid deletion mutant collection and are not tested in our
analysis. Serial dilution assays of wild type cells and haploid
mutant strains were performed on standard synthetic media
supplemented with glucose (2%) as carbon source (SD) in the
absence or in the presence of CdS QDs (Fig. 3). Minimal
growth medium was chosen for these assays to evaluate the
toxicological effects of these ENPs in the absence of addi-
tional media proteins capable of influencing the protein co-
rona formation. The mutant strains showed a tolerant pheno-
type also in the presence of high concentrations of CdS QDs
(250 mg L™) that suppress the viability of the wild type strain

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Mutations in genes encoding hard corona proteins affect cell viability. A spot assay was conducted to compare the growth of wild type
(WT) and a range of haploid mutant strains exposed to an increasing concentration of CdS QDs (20-250 mg L™).

(Fig. 3). Interestingly, none of these mutants exhibited sensi-
tivity or tolerance to Cd>" ion treatment®® indicating that CdS
QD dissolution and release of metal ions in yeast media (not
highlighted in our experimental conditions; Fig. S1Ct) was
not the cause for their resistance to these ENPs. Therefore,
CdS QD-tolerant phenotype of these mutant strains suggests
that the formation of the protein corona may be crucial in
the in vivo response to QDs in yeast. ENPs may induce an ab-
errant conformation of the epitopes of these proteins,>®* that
may aggregate or promote the binding of the ENPs with other
cellular components; this “second type” of interaction could
trigger inappropriate cellular processes.®"*>

In addition, several studies had shown that proteins
adsorbed onto ENP surface may result in unfolding with con-
sequent loss of their functionality.***>°® Since two of the
three GAPDH isoforms have been found among the corona of
these ENPs (Table 1), an in vitro enzymatic activity assay (see
“Experimental” for details) was used to query whether the pro-
tein adsorption on CdS QD surface reduced GAPDH activity. A
CdS QD dose-dependent inhibition of the overall activity of
yeast GAPDH was observed (Fig. 4). A QD dose-dependent in-
hibition of GAPDH activity was similarly noted for isoforms of
this enzyme in both rabbit and mouse.>* The active site of
GAPDH is surrounded by positively charged residues, the
structure of which can be altered by its interaction with the
QDs, thereby reducing the accessibility of negatively charged
substrates such as GAP.** A critical cysteine residue at the ac-
tive site®” is present in yeast, rabbit, mouse and human ver-
sions of this enzyme, so it is possible that the same binding
mechanism works in yeast as operates in the other species.

Notably, the tdh3A mutant exhibited a higher tolerance
(not a sensitivity) than wild type when exposed to concentra-
tions of CdS QDs (20 mg L™*; Fig. 3), which strongly reduced
the GAPDH activity in vitro (Fig. 4). These results suggest that
additional functions of Tdh3 may explain the contribution of
the corona to the toxic effect of CdS QDs on yeast cells. Tdh3
is the major GAPDH isoenzyme in S. cerevisiae,*®* but is
also implicated in a variety of cellular processes beyond me-
tabolism, including RNA binding, DNA replication and the
maintenance of genomic integrity."”*® Tdh3, and to a lesser
extent Tdh2, unlike Tdh1 (a GAPDH isoform not identified in
the CdS QD corona), promotes Sir2-dependent gene silencing

This journal is © The Royal Society of Chemistry 2018

independently of its role in glycolysis by maintaining a suffi-
cient level of NAD" to allow Sir2 to function.*®

In silico analysis of yeast corona proteins

A comparison of the pI (Table 1), amino acid composition
and structural features of the corona proteins is shown in Ta-
bles S3 and S4.f The majority had a pI < 6.5, implying their
carrying a net negative charge at physiological pHs, and
suggesting that their adsorption may be mediated by electro-
static interactions. Zeta potential measurements (-17.45 +
1.14 mV) at physiological pH indicated that the CdS QD sus-
pension was moderately stable and that the CdS QDs had a
low negative charge under the experimental conditions used.
In experiments designed to evaluate whether electrostatic in-
teractions were established between the hard corona and the
CdS QDs, the proteins were eluted from CdS QDs without de-
naturation using different buffered solutions (Fig. 5A). At a
pH of 5, the net charge of most of the corona proteins was
positive and they were tightly bound to the CdS QDs (Fig. 5A).

180 4

GAPDH activity
(% of control)
- -
8 8 8
*

)]
o

%k % %k %

w
=]

*ok Kk Sk ko

0.1mg/L 05mg/L 1mg/L 25mg/L 5mg/L 10mg/L 20mg/L
[CdS QDs]

Fig. 4 Inhibition of GAPDH activity by CdS QDs. GAPDH Activity Assay
Kit (Abcam) was used following the manufacturer's instructions (see
“Experimental” for additional details). The effect of adding a range
(0.1-20 mg L) of CdS QDs to the reaction mix was assessed. A
control reaction (100%) with the reaction mix without CdS QDs was
also tested. Data are reported as means + SD. The statistical
significance of differences between means was determined following
an analysis of variance; the Bonferroni multiple comparisons test was
applied and the threshold for significance was set to 0.05 (*, P-value
<0.05; **** P-value <0.0001).
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Fig. 5 The structure of selected corona proteins. (A) Electrostatic interactions are at least partially responsible for the formation of the ENP
corona. QD-corona proteins were incubated for 1 h with gentle agitation in different buffered solutions and the concentration of released proteins
was determined using the PierceTM BCA protein assay kit. At an acidic pH (20 mM sodium acetate, pH 5), the net charge of most of the corona
proteins is positive (Table 1) and the yeast proteins remain tightly bound to the CdS QDs; at a basic pH (20 mM Tris-HCL, pH 8.5), the net charge of
most of the corona proteins is negative (Table 1) and electrostatic repulsion between the QDs and the proteins favors the protein release from the
ENP surface. Added salt (1 M NaCl) reduces the protein adsorption at pH 5. The total amount of adsorbed proteins on the QD surface (100%) was
determined by heating at 100 °C for 5 minutes in denaturing buffer (see “Experimental” for additional details). (B-D) Three dimensional models of
the putative CdS QD-binding sites. Top and lateral views of (B) Cdc19, (C) Pdcl, (D) eEF-2 adsorbed onto CdS QDs (yellow spheres) display either
ring (B and C) or semi-ring (D) structures. Protein structure images are produced using RasMol software.

At pH 8.5, most of the corona proteins became negatively  tein surface. The effect of adding NaCl to the elution buffer
charged and about half of the bound protein was successfully ~ was to significantly decrease the level of adsorption at pH 5,
eluted from the QDs (Fig. 5A). These observations implied  but not at pH 8.5 (Fig. 5A), observations which were taken to
that the adsorption was at least partially mediated by electro-  suggest that clusters of polar and/or basic residues were par-
static forces, involving positively charged regions on the pro- tially involved in the binding process.
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Electrostatic interactions are known to be important dur-
ing the adsorption of proteins onto a hydrophilic
surface.*’’* Z-potential measures indicated that the CdS
QDs were negatively charged, so it was unexpected to find that
most of the hard corona proteins identified here carried net
negative charge at the physiological pH, as is also the case for
other proteins which are adsorbed onto QDs: for example,
GroEL (pI of 4.7), BSA (pI of 4.7), bacteriophage P22 coat pro-
tein (pI of 4.97) and human haemoglobin (pI of 6.9).*>7*7° It
has long been recognized that the binding strength of a pro-
tein can be determined by a small number of charged groups
located at its surface and that it is the local charge distribu-
tion, rather than the net charge of the entire proteins, which
is the driver for these interactions.”””® Positively charged do-
mains on the surface of the corona proteins could therefore
mediate the interaction with these ENPs (see below). Also
other reports have observed an significant increase in the
abundance of human or yeast proteins that bind small, nega-
tively charged ENPs, as silica or silver NPs.”’® Eigenheer
et al.”® showed that experimental conditions can affect the
composition of the protein corona and that electrostatic inter-
actions between the proteins and silver NPs seem to be deter-

Tch3 : (SRl
Tdh2 : §
Tdhl :

Tdh3 :
Tdh2 :
Tdhl :

Tcdh3 : |8
Tdh2 :
Tdhl : g

Tdh3 :
Tdh2 :
Tdhl :

wu /

Paper

minant in the formation of the protein corona in low buffer
concentrations, like those used in the present study.

Although electrostatic interactions are likely important,
non-electrostatic forces may also influence the protein ad-
sorption.’®”® In our experimental conditions, the complete
removal of the corona proteins from the CdS QD surface re-
quired heat-denaturation in the presence of a detergent, as
SDS (Fig. 5A). Therefore, whereas electrostatic interactions
are required in the first instance, hydrophobic interactions
can indeed be involved in the molecular recognition effects
which shape and stabilize the corona.®**"

Inspection of the amino acid composition revealed a
lower frequency of the aromatic residues tyrosine and phe-
nylalanine, and an enrichment of the non-polar residues ala-
nine, glycine and valine in the corona protein sequences as
compared with the average amino acid percentages of the
yeast proteome (Table S31). These hydrophobic residues were
typically located on the protein outer surface, within struc-
tures avoid of secondary regions, as loops or coils, thereby
providing the polypeptide chain with a localized high level of
flexibility and hence favouring its interaction with the CdS
QDs.

wug

8 nm

83
83
83

: 166
: 166
: 166

: 249
: 249
: 249

: 332
: 332
s 332

Fig. 6 Putative sites for the binding of Tdh3 to the CdS QD surface. (A) Top and lateral view of the Tdh3 structure (Table S4}). Residues shared
between Tdh2 and Tdh3, but absent from Tdhl, are shown in green where hydrophobic, in red where acidic, in orange where polar and in blue
where basic. (B) Polypeptide sequence alignment of yeast GAPDH isoforms. The residues shared by Tdh2 and Tdh3, but absent from Tdhl, are
boxed. Sequences are aligned with ClustalW Software (http://www.genome.jp/toolsbin/clustalw) and the alignment is plotted using GeneDoc

software (http://www.nrbsc.org/old/gfx/genedoc/).
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Environ. Sci.: Nano, 2018, 00, 1-13 | 9

10

15

20

25

30

35

40

45

50

55


http://www.genome.jp/toolsbin/clustalw
http://www.nrbsc.org/old/gfx/genedoc

10

15

20

25

30

35

40

45

50

55

Paper

Atomic force microscopy (AFM) analysis of the yeast pro-
tein corona showed a lot of small round structures in the ab-
sence of aggregates or large clusters of QDs (Fig. S4t). These
structures were ca. 5 nm in height. As the yeast proteins iden-
tified in the hard corona of CdS QDs (Table 1) presented a
hydrodynamic diameter of about 3-7 nm, it is possible to hy-
pothesize a competitive adsorption of these proteins on the
surface of CdS QDs. An in silico analysis of the available crys-
tal structures (Table S4f), based on RasMol, CASTp and
PDPsum softwares suggested that the corona proteins folded
into either ring (Fig. 5B and C and 6A) or semi-ring-shaped
(Fig. 5D) structures. These protein structures characterized by
a ring cavity of 5-7 nm diameter (Fig. 5B-D and 6), could
clamp ENPs as shown in the QD-binding to the cylindrical
cavity of bacterial chaperonin proteins, that enfold these
ENPs, giving them high thermal and chemical stability in
aqueous media.”® Interestingly, the self-assembly of
peroxiredoxin in a ring-shaped structure having a cavity di-
ameter of 6 nm was recently used to bind gold ENPs;** here
also, basic residues (especially histidine) were shown to me-
diate peroxiredoxin interaction with the ENPs.

In this context, it was relevant the study of the ring-
shaped structure of Tdh3 (Fig. 6A), the only yeast GAPDH iso-
form of which the structure is available in the PDB database
(Table S41). Tdh3 shares 96% sequence identity with Tdh2
and only 88% sequence identity with Tdh1 (Fig. 6B). How-
ever, while both Tdh2 and Tdh3 were represented in the co-
rona proteins, Tdhl was not, presumably because it lacks
critical residue(s) required for the CdS QD binding. Tdh2 and
Tdh3 share several polar (asparagine, threonine and serine)
and positively charged (lysine and histidine) residues, which
are sited in a pre-formed pocket on the protein surface
(Fig. 6); these conserved residues may therefore represent the
recognition motifs for Tdh2/3 binding to CdS QDs.

Conclusions

Although recent studies have identified a plethora of proteins
in different model systems and explored their role in the for-
mation of the protein corona (see ref. 5, 14, 38, 83 and 84 for
some relevant examples), little is known about their role in
assessing the safety of an ENP once it is released into the en-
vironment. In this study, we address this issue using CdS
QDs, whose toxicity is substantially different from that of Cd
metal ions in different model systems,>**>%® testing their ef-
fects in a simple, but “complete” organism, the yeast S.
cerevisiae. The focus was to isolate the major hard corona
proteins to evaluate whether intracellular protein adsorption
can explain, at least in part, the negative effects associated to
CdS QD treatment in vivo.

In yeast, several proteins able to form ring-shaped struc-
tures, and implicated in crucial metabolic pathways, form
the CdS QD hard corona. With a comprehensive genetic ap-
proach we have related the presence of these components on
the biocorona with some of the observed molecular and phe-
notypic effects induced by CdS QD treatment. Our results

10 | Environ. Sci.: Nano, 2018, 00, 1-13
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showed that “free” amounts of some hard corona proteins
were strongly reduced upon ENP exposure and a transcrip-
tional modulation of the genes encoding for these proteins
could represent a compensatory mechanism of response to
their physical sequestration on the ENP surface.

Mutations in some of these genes caused an increased tol-
erance (not a sensitivity) to CdS QD treatment. This pheno-
typic effect is consistent with the hypothesis that an aberrant
conformation on the CdS QD surface, rather than an inhibi-
tion of the function of the hard corona proteins, is responsi-
ble for the QD toxicity observed in yeast. ENPs can induce
unfolding and a reduced activity of the identified proteins, as
observed in the case of GAPDH isoforms,** but CdS QD bind-
ing to hard corona proteins could mediate non-specific inter-
actions with other cellular components. Misfolded corona
proteins can aggregate with itself or other proteins and cause
cytotoxicity; in addition, changes in Hsp functionality (e.g.,
Ssb2 or Hsc82) induced by ENP-protein binding could com-
promise folding efficiency and target specificity, putting cel-
lular proteostasis at risk.®”

Therefore, using CdS QDs and yeast cells, we have shown
that a reduction of the intracellular levels of the major co-
rona proteins induces a concomitant change on the levels of
corresponding mRNAs, in a “risky business” mechanism that
can lead to cell death. These data show that the simple iden-
tification of adsorbed proteins, without a study of the in vivo
physiological and molecular responses, is not sufficient to
give a real picture of their role on the bioactivity of ENPs.

Future studies will concentrate on the purification of
some of the major corona proteins, such as Tdh3, and on the
characterization of the specific interaction with CdS QDs. In
this way, critical protein epitopes will be identified thus lead-
ing to a better understanding of protein corona formation.
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