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Abstract

Engineered nanoparticles (ENPs) are increasingly utilized for commercial and medical
applications; thus, understanding their potential adverse effects is an important societal issue.
Herein, we investigated protein S-glutathionylation (SSG) as an underlying regulatory mechanism
by which ENPs may alter macrophage innate immune functions, using a quantitative redox
proteomics approach for site-specific measurement of SSG modifications. Three high-volume
production ENPs (SiO, Fe304, and CoO) were selected as representatives which induce low,
moderate, and high propensity, respectively, to stimulate cellular reactive oxygen species (ROS)
and disrupt macrophage function. The SSG modifications identified highlighted a broad set of
redox sensitive proteins and specific Cys residues which correlated well with the overall level of
cellular redox stress and impairment of macrophage phagocytic function (CoO > Fe30,4 > SiO»).
Moreover, our data revealed pathway-specific differences in susceptibility to SSG between ENPs
which induce moderate versus high levels of ROS. Pathways regulating protein translation and
protein stability indicative of ER stress responses and proteins involved in phagocytosis were
among the most sensitive to SSG in response to ENPs that induce subcytoxic levels of redox
stress. At higher levels of redox stress, the pattern of SSG modifications displayed reduced
specificity and a broader set pathways involving classical stress responses and mitochondrial
energetics (e.g., glycolysis) associated with apoptotic mechanisms. An important role for SSG in
regulation of macrophage innate immune function was also confirmed by RNA silencing of
glutaredoxin, a major enzyme which reverses SSG modifications. Our results provide unique
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insights into the protein signatures and pathways that serve as ROS sensors and may facilitate
cellular adaption to ENPs, versus intracellular targets of ENP-induced oxidative stress that are
linked to irreversible cell outcomes.
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With the number of nanotechnology-enabled products projected to double every three years
involving 6 million nanotechnology workers by 2020, concerns over potential detrimental
health effects from exposure to engineered nanoparticles (ENPs) are an important societal
issue. Unfortunately, our understanding of how ENPs affect regulation of biological systems
is inadequate to accurately assess their potential hazard, particularly at a mechanistic level.
Macrophages are critical cellular targets for ENPs due to their high efficiency in scavenging
foreign particles and their essential role in regulating immune signaling and inflammation.
Indeed, a central premise in design of many targeted therapeutic ENPs is to avoid
macrophage phagocytic clearance mechanisms and minimize subsequent immune effects.
We recently found that exposure to some types of ENPs disrupt macrophage gene activation
and inhibit their ability to phagocytize pathogenic bacteria, including Streptococcus
pneumonia, the leading cause of community-acquired pneumonia.2 Such observations are
important since increased risk of pneumonia is also observed in welders exposed to fumes
that are rich in metal oxide nanoparticles, including iron, chromium and manganese
oxides.3=® Furthermore, increased risk of lung infections have been associated with exposure
to ultrafine air pollution particulates (<200 nm), particularly in elderly individuals.® These
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findings, along with experimental studies in rodents,”:8 suggest suppression of innate
immune function is an important adverse effect of some ENPs. However, the underlying
mechanisms involved and physicochemical properties of ENPs that cause these effects
remain unclear.

The ability of ENPs to stimulate cellular oxidative stress has emerged as one of the leading
hypotheses in nanotoxicology,®10 suggesting that the toxicity potential of ENPs can be
predicted from hierarchical analyses of their ability to generate redox stress in cells.11
However, the concept that oxidative stress is the key initiating event broadly involved in the
cellular toxicity of ENPs has also been challenged, since some materials have been found to
induce adverse effects in the absence of measurable oxidative stress or inflammation.12-14
Furthermore, loss of cellular redox control is a common phenomenon in virtually all
processes that lead to cell death, and even noncytotoxic ENPs have been shown to alter the
regulation of hundreds of genes.219.16 Frequently, nanotoxicity studies focus on general
measures of oxidative stress, such as fluorescent reporter dyes (e.g., DCFH) or total
glutathione. While these approaches can be rapid to implement, they often lack the
sensitivity, specificity, and dynamic range needed to capture biological effects at
subcytotoxic exposure levels, and provide little insight into the specific cellular pathways
affected. Consequently, the chemical nature and specific molecular targets of oxidative
stress, and how it influences regulation of specific biological pathways in cells exposed to
ENPs, remains an important question to be addressed.13

Mounting evidence suggests that reversible oxidative post-translational modifications
(PTMs) of protein cysteines by reactive oxygen and nitrogen species (ROS and RNS)
represent a fundamental mechanism of cell signhaling that modulates enzyme activities and
protein functions in many cellular activities.1”=22 In particular, protein S-glutathionylation
(SSG) has emerged as an important type of redox modification that regulates transcription,
mitochondrial metabolism, apoptosis, and other critical processes including immune
function.19:23 Modification by SSG occurs through multiple mechanisms whereby
glutathione reacts with oxidized derivatives of protein cysteines, such as sulfenic acid (-
SOH), thiyl radicals (-S*), or S-nitrosyl (-SNO), thereby converting these oxidized forms to
a more stable modification.18:22.23 SSG modifications are normally tightly controlled under
physiological conditions and can be “repaired” (deglutathionylated) by the glutaredoxin
(Grx) enzymes, a highly conserved family of thioltransferases.2324 We and others have
shown SSG modifications are selective toward specific protein subsets, likely depending on
the pK, and chemical microenvironment of the cysteinyl residue.242% Substrate specificity
for deglutathionylation of SSG-modified proteins by Grx has also been demonstrated,26:2
and differences in subcellular localization of Grx isoforms (e.g., Grx1, cytosol; Grx2,
mitochondrial) may provide additional levels of substrate specificity. The significance of the
SSG/Grx redox axis in immune regulation was also demonstrated recently. For example,
Sakai et al. reported that the phagocytic and bactericidal activity of stimulated neutrophils is
regulated by SSG modifications of actin.?8 Lung alveolar macrophages from Grx1-deficient
mice also have attenuated inflammatory cytokine expression responses to lipopolysaccharide
(LPS), indicating that Grx1 is necessary for normal macrophage transcriptional activation.20
In fact, nearly a dozen signaling proteins that control activation of the NF-xB transcriptional

ACS Nano. Author manuscript; available in PMC 2016 February 22.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

Page 4

pathway responsible for immune response have been reported to be regulated by
SSG.19.24,26,29,30

We recently developed a quantitative redox proteomics approach that permits site-specific
profiling of SSG modifications at a proteome-wide scale.22:31-33 The goal of this study was
to apply this new analytical approach to identify the specific molecular targets and pathways
in macrophages that are susceptible to redox-dependent regulation following exposure to
ENPs. On the basis of our previous work, we selected three high volume commercial ENPs
(SiO,, Fe304, and CoO) predicted to cause low, moderate, and high redox stress and impacts
on macrophage function, respectively.2 Global comparison of the patterns of SSG
modifications across treatment groups not only confirmed large differences in overall redox
stress induced by these ENPs, but also identified >1100 new SSG sites not previously
reported. Through global profiling, cellular pathways under potential redox regulation with
increasing levels of cellular oxidative stress were revealed, including pathways associated
with ER stress and phagocytosis. Finally, we demonstrated that macrophages with reduced
Grx repair capacity have defective phagocytosis, confirming the important role of the
SSG/Grx redox axis as an important mediator of the effects of ENPs on innate immune
functions.

RESULTS AND DISCUSSION

Characterization of ENPs and ENP-Induced Oxidative Stress

On the basis of our previous work? and other studies of the toxicity of metal oxide
ENPs,11:34 we chose three high volume commercially used ENPs (SiO,, Fe304, and CoO)
that are predicted to induce low, medium, and high levels of oxidative stress in cells,
respectively. All three ENPs are broadly used for industrial applications in food packaging,
microelectronics, ceramics, and catalysts, and are also of biomedical importance. SiO, and
Fe304 ENPs are also promising mediums for drug delivery,32:36 while nanoparticles
composed of cobalt oxides are a potential source of inflammation from degradation of
orthopedic implants.37:38 SiO, and CoO ENPs were obtained commercially, whereas Fe30,4
ENPs were produced in-house, as previously described.? The physicochemical
characteristics of these particles in complete RPMI culture medium, including primary
particle size, agglomerate size, effective agglomerate density, and zeta potential, have been
extensively characterized and described previously,239 and are summarized in Table 1.
Transmission electron microscopy (TEM) confirmed the primary size of the nanoparticles
that were prepared in house (Figure S5). For cell treatments, the ENPs were first dispersed
in fetal bovine serum and subsequently diluted in complete RMPI (with 10% serum) to
achieve final concentrations, as previously reported.34 Cells were thereby exposed to ENPs
bearing serum protein coronas with net negative surface charges (Table 1). DLS analysis
showed some agglomeration occurred when the ENPs were dispersed in complete culture
medium, as expected. However, the polydispersity of the particles after dispersion in cell
culture medium did not significantly change for at least 24 h.

Quantification of lactate dehydrogenase (LDH) release in RAW 264.7 cells after 24 h
exposure revealed that SiO, and Fe304 ENPs were not cytotoxic up to ENP concentrations
of 100 ug/mL, whereas CoO induced a dose-dependent increase in cytotoxicity that was
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significant compared to controls at =25 pug/mL concentrations (Figure 1A). The level of
cellular oxidative stress induced by the ENPs was also evaluated by measuring the mRNA
expression of heme oxygenase-1 (HMOX1), and cellular glutathione levels. HMOX1 is a
critical stress response protein that is regulated by redox-sensitive transcription factors.40
Figure 1B shows treatment with Fe30,4 and CoO ENPs caused a dose-dependent increase in
HMOX1 expession, with a relatively greater induction caused by CoO ENPs. In contrast,
elevations in HMOX1 expression were not observed with SiO, ENP treatment. Figure 1C,D
shows the levels of total glutathione (GSH) and the oxidized glutathione (GSSG)/GSH ratio
in RAW 264.7 cells treated by these ENPs. Total GSH levels were unchanged by SiO, and
Fe304 ENPs at ENP concentrations of <50 pug/mL, whereas decreases in total GSH content
(p < 0.05) were observed with all CoO concentrations tested. This result is in agreement
with the previous reported association between cellular GSH levels and nanoparticle-
induced cytotocity,*! but also illustrates the limited sensitivity of total GSH as a measure of
cellular redox stress.#2 A shift to more oxidative cellular conditions was indicated by a
significantly increased GSSG/GSH ratio observed for CoO ENP exposures. Fe304 ENPs
caused only a modest increase in GSSG levels at the highest concentration tested, and no
change occurred with SiO, ENPs. The greater increases in GSSG/GSH ratios caused by
CoO compared to Fe304 ENPs is in good agreement with the HMOX1 data. The results
clearly confirm the differential cellular redox stress induced by these ENPs as expected
based on the different physicochemical properties and redox potential of the core metal
oxides.

Site-Specific SSG Modifications

Following confirmation of ENP-induced oxidative stress at a broad level, we investigated
whether the pattern of protein SSG modifications reflected the level of cellular redox stress
induced by the ENPs. Initial Western blot experiments with anti-SSG antibody indicated that
the overall level of SSG increased in a time-dependent manner following CoO ENP
treatment (Figure S1). To quantitatively profile site-specific SSG at the proteome-wide
level, we applied our recently developed redox proteomic strategy for site-specific
identification and quantification of SSG (Figure 2A).2° Briefly, RAW 264.7 macrophages
were treated for 24 h with a low concentration (12.5 pug/mL) of the ENPs, which represents a
subcytotoxic dose (>90% viability). Cells were lysed in the presence of free thiol blocking
reagent N-ethylmaleimide (NEM). After free thiol blocking, SSG-modified proteins were
selectively deglutathionylated with a reaction cocktail containing a mutant form of Grx1
(Grx1M, C14S), glutathione reductase (GR), reduced nicotinamide adenine dinucleotide
phosphate (NADPH) and GSSG. The reduced proteins were then captured on thiopropyl
sepharose 6B resin, followed by on-resin tryptic digestion and isobaric labeling with 6-plex
tandem mass tags (TMT). For quantification by LC-MS/MS, we devised a 6-plex
experiment with three biological replicates each for both control and each ENP treatment
condition (Figure 2B).

As shown in Table 2, a total of 2494 unique SSG-modified Cys sites from 1276 proteins
were identified across all treatment conditions. The number of SSG sites and proteins
identified were relatively consistent across each ENP treatment group (Table 2 and Tables
S1-S3). Moreover, there was a significant overlap in the SSG sites observed among these
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ENP-treatment conditions (Figure S2). To further evaluate the SSG sites identified, we
compared the results across several available protein databases from Mus musculus. First,
we mapped the results against an S-glutathionylation database, dbGSH,*3 which contains
2006 SSG-modified Cys sites from 1128 proteins. We found that ~37% of the unique SSG
sites (929 out of 2494) were previously annotated as SSG sites (Figure 2C). Since S-
nitrosylated (SNO) cysteines can also serve as precursors for SSG, we also compared our
results with dbSNO,** an S-nitrosylation database containing 2646 SNO-modified Cys sites
from 1355 proteins. This analysis identified 655 SSG sites that were reported to be also
susceptible to SNO. Thus, in total, 47% of the SSG sites matched to either previously SSG
or SNO redox-sensitive sites (Figure 2C). Finally, the data was compared to a disulfide
database from Uniprot containing 29 782 Cys sites from 2867 proteins. Although the
disulfide database is 10 times larger than the doGSH or dbSNO databases, only ~10% of the
SSG sites in our list matched to sites in this database. Among these sites, ~30% were also
cross-matched in the dbGSH and dbSNO databases with an additional ~22% annotated as
redox active sites by Uniprot. Therefore, only 5.4% of the SSG sites were exclusively
annotated as disulfides. The high percentage of the SSG sites matched to the redox databases
along with the low percentage matching the disulfide database strongly support that our list
of identified SSG sites is specifically enriched for redox-sensitive Cys sites. Importantly, our
results revealed over 1100 new SSG sites that have not been previously reported based on
the cross-comparison of databases.

ENP-Induced Alterations of Site-Specific SSG

Statistical analysis of the SSG levels showed that 27%, 30%, and 56% of the SSG sites were
significantly altered following SiO,, Fe30y4, and CoO ENP treatment, respectively,
compared to untreated controls (Table 2, p < 0.05, t test). As shown in Figure 3A, CoO
induced the highest increase in overall SSG level, followed by Fe3O4, while SiO, ENPs
induced a general pattern of slightly decreased SSG level. After applying a fold change
cutoff of 0.3 in log2 ratio and a p-value of <0.05, we identified 238, 235, and 622 Cys sites
with substantial alterations in SSG following SiO,, Fe304, and CoO treatment, respectively
(Table 2 and Figure 3B). The overall patterns of SSG alterations are in good agreement with
the oxidative stress results of Figure 1 and demonstrate that Fe30,4 and CoO ENPs induce a
robust oxidative stress while SiO, ENPs induced a minor cellular reductive stress.

Since cellular protein expression may also be altered following the treatment of ENPs, we
next attempted to determine whether the changes in the measured SSG ratios might be due
to ENP-induced changes in total protein abundance. For this purpose, we performed an
quantitative analysis of total protein abundance changes after CoO exposure (Tables S4 and
S5 and Figure S2). Total protein abundance levels were quantified based on the reporter ion
intensities of the total Cys-containing peptides using the strategy shown in Figure 2A where
blocking of free thiols was not applied. In this experiment, the abundances of a total of 1434
proteins were quantified, which covered ~94% of the SSG modified proteins identified
under the same treatment condition. With the use of the same filtering threshold (p-value
<0.05 and |log2 ratio| = 0.3 versus controls), 355 proteins displayed significant changes in
abundance after CoO exposure (212 up-regulated and 143 down-regulated). However, only
83 of these proteins were also associated with significant SSG changes (Figure S2).
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Moreover, more than 40% of these 83 proteins showed a larger increase in SSG level in
comparison to their change in protein abundance (Figure S3). The results confirmed that the
majority of measured increases in SSG modifications were not due to altered protein
abundances. We note that the quantitative protein abundance results also provide an
independent insight into the oxidative stress response at the proteome level after ENP
treatment. For instance, following CoO ENP treatment, multiple stress-related proteins were
found to be substantially altered in their abundances, including multiple chaperones (15
total) and isomerases (14 total) (Table S6). Functional analysis revealed that proteins
representing several biological processes related to stress responses, such as protein folding,
cell redox homeostasis, and acute inflammatory response, were significantly altered in
abundance indicating a compensatory response to oxidative stress at the protein expression
level following ENP treatment.

Functional Analyses of Proteins with Significant SSG Alterations

To obtain an overall picture of the biological processes and molecular functions that are
potentially regulated by SSG, Gene Ontology (GO) analysis was performed using the
DAVID software tool.#>46 A total 497 proteins with substantial SSG changes (|log2 ratio| =
0.3, p < 0.05) in both Fe304 ENP- and CoO ENP-induced stress conditions were combined
and analyzed. A prominent number of these proteins are enzymes, including kinases,
phosphatases, ubiquitin protein ligases, deubiquitinases, peptidases, oxidorductases and
acetyl-transferases (Figure S4). Other protein functions identified included transporters,
transcription regulators, transmembrane receptors, translation regulators, heat shock
proteins, and ion channel proteins. This is in agreement with previous reports that proteins in
these functional categories are regulated by SSG.1922.23.47 As showed in Figure 4A, the
SSG-modified proteins were broadly distributed across major cellular compartments and
represented diverse biological processes and molecular functions.

As expected, functional categories related to redox homeostasis and cellular stress response
are among the most significantly influenced by SSG. For example, a substantial share of
SSG proteins have been identified in organelles related to redox functions, such as
endoplasmic reticulum (ER) and mitochondria.*8-50 The ER and mitochondria are
organelles with well-known redox regulated functions and ENP-induced dysfunction of
these organelles can give rise to increased ROS production and oxidative stress.>0-52 ER
stress-related molecular functions, such as unfolded protein binding and protein disulfide
isomerase activity, are also highly enriched. Several biological processes that are associated
with cell redox homeostasis, including “response to unfolded protein” and “response to
oxidative stress”, are also significant. All of these observations support the idea that S-
glutathionylation plays a potential regulatory role in mitochondrial and ER functions as part
of the overall oxidative stress response. Several processes associated with macrophage
phagocytosis and endocytosis functions, such as actin-binding, cortical cytoskeleton
organization, and integrin-mediated signaling pathway, were also significantly enriched with
SSG modified proteins. Other enriched processes associated with transcriptional regulation,
including translation and nucleotide binding, are consistent with our previous findings that
redox-active ENPs can induce global transcriptional reprogramming in mouse
macrophages.2 We also observed several processes relevant to protein degradation and cell
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apoptosis, such as proteasome complex, ubiquitin-protein ligase activity, and apoptotic cell
clearance, suggesting a role of SSG in the regulation of apoptosis and cell death.

To identify the canonical pathways impacted by SSG, Ingenuity Pathway Analysis (IPA)
was applied. Since Fe304 and CoO ENPs induced relatively moderate and high levels of
oxidative stress in macrophages, respectively, we used these treatment groups to compare
and contrast pathways susceptible to modifications at different levels of redox stress. Figure
4B showed the pathways that are significantly enriched with SSG-modified proteins in
response to the moderate (Fe30,4) and high ROS (CoO) conditions, respectively. It is
interesting that several pathways regulating protein synthesis, protein stability, and
phagocytosis were found to be most significantly enriched in SSG-modified proteins in
response to the moderate level of ENP-induced redox stress by Fe304. For example, the
elF2 signaling pathway, which is a well-known for regulating mRNA translation initiation in
response to stress and bacterial invasion,3 ranked as the most significant pathway impacted
by SSG madifications associated with Fe304 ENP treatment. Other pathways associated
with translational regulation and protein turnover (e.g., “Regulation of elF4 and p70S6K
Signaling”, “tRNA Charging”, “RAN Signaling” and “Protein Ubiquitination Pathway”)
were also enriched with proteins sensitive to moderate redox stress. These pathways, along
with the “mTOR Signaling Pathway”, play important anabolic functions for maintaining
translational regulation,>* nucleo-cytoplasmic transport of macromolecules,>® and protein
synthesis®® and degradation.>” In addition, the “Fc-gamma Receptor-mediated Phagocytosis
in Macrophages and Monocytes” pathway®°8:59 was also significantly enriched with SSG-
modified proteins, which is consistent with our observation that the treatment by Fe304
ENPs can remarkably suppress phagocytic activity of macrophages even at a low level of
exposure.?

In contrast, at the higher ROS levels associated with CoO ENP exposure, a broader set of
pathways associated with intermediary metabolism (Glycolysis 1), and signaling pathways
associated with cell adhesion (Integrin Signaling, Paxicillin Signaling, PI3K/AKT
Signaling), and oxidative stress responses (NRF-2-mediated Oxidative Stress Response)
become more prominent, indicating these pathways are triggered only at higher levels of
ROS (Figure 4B). Among these, the “PI3K/AKT Signaling” and “ERK/MAPK Signaling”
are key signal transduction pathways initiated by extracellular stresses and involved in
inflammatory processes.50.61 Whereas pathways that regulate protein translation are more
susceptible to lower levels of redox stress, at higher cellular ROS levels associated with
CoO ENPs, the “Unfolded Protein Response” signaling network and protein degradation
(Ubiquitination Pathway) become more significant. Collectively, the results suggest the SSG
modifications induced by ENP exposure initiate responses intended to respond to ER stress.

Potential Regulatory Roles of SSG in ER Stress Response

To explore the potential regulatory roles of SSG, we also examined whether the SSG
modifications occur at the active or functional sites of enzymes. By interrogating the
Uniprot database, we find that 259 out of 497 proteins with substantial SSG changes have
annotated information regarding their active or functional sites (Tables S7 and S8). We
identified 112 Cys sites on either active site or functional domains of 60 proteins that were
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susceptible to SSG modification. For instance, 13 SSG sites matched to the active sites on 9
proteins, including glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ubiquitin-protein
ligases and protein disulfide isomerases. Also, 22 SSG sites from 10 proteins were identified
as metal binding sites. In addition, 77 of the SSG sites from 53 proteins were found in
essential domains for protein functions (Tables S7 and S8). These proteins include allosteric
enzymes, ligases and kinases, having functions such as ATP-binding, metal binding, and
actin-binding. These data support that SSG serves as a mechanism for directly modulating
protein functions.

ER stress is known to play a key role in oxidative stress through the accumulation of
misfolded proteins in ER, and the up-regulation of molecular chaperones.52 It has been
previously reported that a large number of ER proteins are redox-regulated. In our studies,
we observed increases in SSG madifications across a number of ER proteins after both CoO
and Fe30,4 ENP treatment, although the majority of these changes were more substantial
with CoO ENPs (Figure 5A). For instance, the ER provides a quality-control (QC) system
for the correct folding of proteins and for sensing stress, including the calnexin/calreticulin
cycle.53:64 Calnexin (CALX) and calreticulin (CALR) are two lectin chaperones that interact
with and assist the folding of N-linked monoglucosylated proteins. Protein disulfide
isomerases (PDIs), oxidoreductases and other chaperones are also involved in the folding of
glycoproteins. Glucosidase 11 (GANAB) and UDP-glucose:glycoprotein glucosyltranferase
(UGGQ) are additional ER enzymes responsible for dissociating and reglucosylating of the
substrate glycoprotein, respectively. These components collectively comprise a continuous
cycling system that promotes correct folding of proteins that enter the secretory pathway and
targets misfolded proteins for degradation. We observed significantly increased levels of
SSG on all these components, supporting the role of SSG in the QC system of ER. PDIs are
major components of the QC system, which promote disulfide interchange activity and
facilitate the formation of native disulfide bonds in nascent proteins.52 The inhibition of
their enzymatic activity by SNO modification has been previously reported.® In our work,
we identified several PDIs, including PDIAL, PDIA3, PDIA4 and TXND5, with
substantially increased levels of SSG modifications after exposure to CoO ENPs.
Interestingly, most of the SSG-modified sites on PDIs were localized to their active Cys
sites in the redox center of the thioredoxin motif as showed in Figure 5B.56 SSG
modification of these Cys sites on PDIs may inhibit their isomerase activity and abrogate the
chaperone activity, thus triggering an unfolded protein response.

To validate the predictions from proteomic results that ENP treatment induces ER stress,
independent experiments were performed to measure expression of several ER stress marker
proteins after CoO ENP exposure by Western blot, including PERK (protein kinase RNA-
like ER kinase), p-PERK (phosphorylated form of PERK), BiP (immunoglobulin binding
protein), and CHOP (C/EBP homologous protein). In addition, levels of total and activated
caspase-3 (CASP-3) were measured to determine if ER-stress induced by CoO ENPs was
associated with apoptotic cascades. As showed in Figure 5C, significant increases in PERK
phosphorylation along with increased expression of downstream BiP protein were observed
at 12-24 h after CoO ENP treatment (12.5 ug/mL). Increases in levels of CHOP protein, a
ER stress-induced transcription factor that also functions as a proapoptotic protein,57-69
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were also evident at 24 h after CoO ENP treatment. These results, along with quantitative
MS data that revealed increased abundances of several general ER stress markers, including
PDI, heat shock protein 90 (HSP90) and calnexin (Table S6), confirm that CoO ENP
treatment triggers the PERK-dependent ER stress pathway. Western blot data also
demonstrated increased activation (cleavage) of CASP-3, directly supporting an apoptotic
mode of cell death in CoO ENP-treated cells. Although CHOP induction and prolonged ER
stress are associated with apoptotic signaling,67-59 time course studies show that CASP-3
cleavage precedes CHOP induction following CoO ENP treatment, indicating these
apoptotic markers may be mediated by independent mechanisms. Increases in markers
associated with intrinsic apoptotic cascades in cells treated with CoO ENPs are also
consistent with the significantly enhanced SSG modifications of mitochondrial proteins
(e.g., Glycolysis) observed by pathway enrichment analysis (Figure 4). Cells treated with
Fe304 ENPs also displayed increased phosphorylation of PERK, albeit at a lower level of
activation compared to CoO ENPs (Figure 5D). These observations are generally consistent
with the quantitative MS data of ER proteins (Figure 5A) and suggest the ER stress induced
by Fe30y is likely a adaptive response to moderate redox stress conditions rather than a pro-
apoptotic response. Consistent with the observed differences in cytotoxic potential between
these ENPs (Figure 1A), the levels of total and activated CASP-3 in cells treated with Fe3Oy4
ENPs were also significantly less than compared to CoO ENPs.

Role of SSG in Phagocytosis

In addition to ER stress-related processes, IPA pathway analysis also identified proteins
associated with receptor-mediated phagocytosis and phagosome formation as sensitive
targets of SSG modification. This observation may be particularly important for
understanding how some ENP types modulate macrophage innate immune functions
involving phagocytic uptake and clearance of bacterial pathogens.28 Actin is an essential
component of the cytoskeleton and plays important roles in regulation of immunological
responses, tissue remodeling and repair.%9 Significant increases in SSG levels were observed
on actin binding proteins in macrophages exposed to both Fe304 and CoO (Figure 6A),
indicating these proteins are particularly susceptible to SSG modifications under even low
levels of ENP-induced oxidative stress. SSG alterations of several 14—-3-3 proteins (/&)
involved in regulating actin dynamics were also observed, consistent with the knowledge
that 14-3-3 proteins are redox-regulated.’® Other proteins that play important roles in F-
actin formation, such as actin-related proteins (ARC1B and ARP3), adenylyl cyclase-
associated protein 1 (CAP1), filamins (FLNA and FLNB), were also modified.”%:72 Our
results are consistent with recent reports that redox modification of Cys residues occurs on
these proteins in response to ROS generation’2 or cadmium-induced oxidative stress.”3 In
addition, plastin-2 (PLSL) and talin-1 (TLNZ1) are essential proteins associated with
phagocytosis and immune defense in macrophages.’# 7> Together, our results suggest a close
link between SSG modification and the regulation of cytoskeleton remodeling.

The impact of different ENPs on the phagocytic function of RAW 264.7 cells was
experimentally assessed by exposing the cells to SiO,, Fe3O4 and CoO ENPs at different
concentrations for 24 h followed by challenging the cells for 2 h with fluorescently labeled
S. pneumoniae, a model pathogen and the leading cause of community-acquired pneumonia.
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Flow cytometry analysis (Figure 6B) showed that while macrophages exposed to SiO, ENPs
displayed normal phagocytic activity, the ability to phagocytize S. pneumoniae was
dramatically decreased in macrophages exposed to Fe304 or CoO ENPs. These inhibitory
effects were also observed at the lowest ENP treatment concentration tested (6.25 pg/mL, p
< 0.01). The ENP-dependent effects on phygocytic activity are well correlated with the
change of SSG levels in cells under treatment of these ENPs (Figure 3B).

To further validate the regulatory role of SSG in phagocytosis, RNA silencing was
performed to knock down the expression of Grx1 in macrophages. Grx1 plays an important
role in the maintenance of redox balance by catalyzing deglutathionylation of SSG-modified
proteins and restoring their normal functions. Knockout or down-regulation of Grx1
expression can cause augmentation of SSG-modified proteins and inhibition of their
activities in cells, eventually leading to cellular dysfunction.23:28-30 Using siRNA, we were
able to selectively suppress expression of Grx1 mRNA and protein (Figure 7). Control
experiments which included scrambled siRNA showed the Grx1 siRNA had no effect on the
related Grx2 enzyme expression or expression of a housekeeping gene (Chpa). Consistent
with the expected increase in SSG modifications due to reduced Grx1 activity,30:76
knockdown of Grx1 also resulted in ~60% inhibition in macrophage phagocytic function
compared to control cells (Figure 7C). Collectively, the results indicate that even relatively
low (subcytotoxic) levels of oxidative stress, such as that induced by Fe3O4 ENPs, are
sufficient to alter macrophage function through SSG modifications.

CONCLUSIONS

In this study we investigated protein S-glutathionylation, a major reversible oxidative
modification that regulates multiple aspects of inflammation, innate immunity and cell
death, as a potential mechanism underlying ENP-induced oxidative stress. Our results
demonstrated that the levels of SSG modifications correlate well with the overall level of
cellular oxidative stress induced by three types of ENPs (CoO > Fe304 > SiOy), as
determined by generalized measures of cellular redox state, such as cellular GSH content
and GSSG/GSH ratio. However, a major advantage of our quantitative redox proteomic
approach is the ability to discern differential sensitivities among specific proteins and
cellular pathway targets impacted by different physicochemical types of ENPs. For instance,
the large differences in SSG modifications in cells exposed to SiO, and Fe304 ENPs extend
our previous findings that Fes04 ENPs cause dramatic transcriptional reprogramming of
macrophages, whereas SiO, ENPs have relatively little impact on gene regulation, despite
being internalized by macrophages at similar levels.2 These observations demonstrate that
the cytotoxic potential of a particle, which is often used as a surrogate for measuring
biocompatibility, is a poor determinant of the bioactivity of an ENP.

To our knowledge, our results provide the first demonstration at a proteome-wide scale of
selectivity in the specific Cys sites of proteins and pathways impacted by ENP-induced
redox modifications. Our findings are also consistent with previous studies that show SSG
modifications of proteins occur in a nonstochastic manner.2° In particular, we found that
proteins associated with pathways involved in protein synthesis and protein stability, and
pathways associated with regulation of receptor-mediated phagocytosis, were statistically
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most enriched with SSG modifications at lower (subcytotoxic) levels of ROS, as shown with
Fe304 ENPs. On the other hand, at elevated levels of redox stress induced by CoO ENPs,
classical stress response and mitochondrial energetic pathways are more prominently
impacted by SSG modification. These results provide insights into which protein signatures
(Table 3) and pathways may serve as sensitive ROS sensors and facilitate cellular adaption
to redox stress induced by ENPs, versus those that are linked to irreversible cell outcomes at
primarily high oxidative stress loads.

The cell trafficking events that lead to SSG modifications after ENP exposure have yet to be
determined, but our results suggest regulatory roles of SSG in stress response pathways,
which at elevated ROS levels may lead to loss of cell regulation and cell death (Figure 8).
We and others have shown that many metal oxide ENPs, including SiO, and Fe30y, are
internalized in macrophages via clathrin-dependent endocytosis involving macrophage
scavenger receptors, such as SR-A.”7-80 Most endocytic routes of ENP uptake converge
within the lysosomal compartment, where acidic conditions can promote dissolution of
ENPs and release of metal ions that exacerbate production of ROS. For many biopersistent
ENPs, disruption of lysosome function can also trigger inflammasome activation and cell
death through “protective” mechanisms, including autophagy and apoptosis.81-83 Although
studies with Co Il (CoO) are limited, the cytotoxicity of even poorly soluble cobalt oxide
ENPs have been attributed entirely to release of cobalt ions within the lysosome following
endocytic internalization.84 The lower solubility and redox potential of Fe30, versus CoO
ENPs may partially explain differences in the cytoxic potential of these ENPs. The
GSH/Grx system serves as a major protective mechanism that prevents protein degradation
resulting from thiol oxidation, by masking critical thiols from irreversible oxidation through
reversible and site-specific modification with glutathione.85 Our results provide multiple
lines of evidence that proteins within the ER quality control system are highly sensitive to
SSG modification following ENP exposure. First, the identification of SSG modifications on
active sites or functionally essential regions of many ER enzymes suggests direct
modulation of enzyme activities and protein functions by SSG. In addition, protein disulfide
isomerases, which play critical roles in catalyzing disulfide formation necessary for normal
protein folding and maturation in the ER,8¢ were among the most robustly modified proteins
identified in our analyses across all ENP types. The inhibition of enzyme activities by SSG
modification of protein active sites may cause dysfunction of the QC system and
accumulation of misfolded proteins, leading to a state of ER stress. The potential role of
these ER pathways as sensitive redox sensors is also supported by our findings that
increased SSG modifications are clearly detected at oxidative stress levels that are well
below those which alter cellular glutathione content, as shown with FesO4 ENPs. In this
respect, ER stress triggered by selective SSG modifications may serve as a protective
response to low levels of cellular redox stress, perhaps functioning to limit protein
translation and prevent accumulation of unfolded proteins that can lead to autophagy and
cell death.87

In contrast to either Fe3Oy4 or SiO, ENP treatments, elevated levels of oxidative stress
associated with CoO ENP treatment result in diminished cellular GSH and increased cellular
GSSG levels, and were associated with a much broader accumulation of SSG-modified
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proteins, indicating less specificity in the proteins and pathways susceptible to SSG
modification when the Grx system is overwhelmed. This reduced specificity may simply
reflect a broader availability of oxidized protein thiols that can serve as efficient substates
for SSG modification when cellular antioxidant levels such as GSH are reduced. We found
that under these conditions proteins involved in mitochondrial energetics pathways, which
are known to be tightly coupled to intrinsic apoptotic cascades,®® are among the pathways
most significantly targeted by SSG modifications. These findings and the strong induction of
CHORP protein and increased activation of CASP-3 following CoO ENP treatment support
the concept that when critical levels of GSSG/GSH are reached, the ER stress response,
which is normally a pro-survival response, is exacerbated and intrinsic mechanisms of
apoptosis ensue. For example, it is well established that CASP-3 activation is coupled to
mitochondrial permeability changes and is subject to direct redox regulation by SSG.24
Induction of CHOP can also downregulate of the antiapoptotic Bcl-2 regulator, further
enhance ROS production in the ER, and is involved in induction of caspases required for
cleavage and secretion of IL-1/, a marker of inflammasome activation.%” Thus, under redox
conditions that overwhelm the Grx and GSH systems, multiple mechanisms that switch the
ER stress pathway from a pro-survival to pro-apoptotic outcome may be operative.

An equally important finding from our work is that proteins which control the phagocytic
efficiency of macrophages toward bacterial pathogens are among the most susceptible to
SSG modifications, even at relatively low levels of oxidative stress. The downregulation of
macrophage phagocytic processes may have evolved as a normal feedback control
mechanism triggered by protein redox modifications in response to bacterial stimuli
(“phagocytic burst™), functioning to prevent uncontrolled macrophage activation and tissue
damage. This study and our previous transcriptomics analyses? suggest these feedback
control mechanisms are also triggered by cellular uptake of redox-active ENPs, resulting in
an altered macrophage activation phenotype and reduced capacity to phagocytose
pathogenic bacteria such as S. pneumonia. The impairment of cytoskeletal assembly and
macrophage phagocytosis via reversible protein redox modifications is consistent with
earlier observations that low levels of intracellular ROS are a contributing risk factor for
pneumonia, and more recent experimental evidence demonstrating inhalation exposure to
copper ENPs reduces bacterial lung clearance mechanisms in mice.”:8% Our studies are also
in agreement with a previous study that showed SSG modification of actin impaired
cytoskeletal assembly necessary for efficient phagosome formation in neutrophils.28 Most
important, redox-dependent dysregulation of macrophage innate immune function may
provide a mechanistic explanation for the increased susceptibility to pneumonia observed in
epidemiological studies of welders exposed to metal oxide nanoparticles and individuals
exposed to ultrafine urban air particulates.3* While the critical SSG sites that influence
macrophage functions warrants further investigation, our redox proteomic analyses and gene
silencing studies implicate the SSG/Grx axis as an important regulator of these processes.
The use of the RAW 264.7 cell model, which is readily amenable to genetic manipulation
with siRNA, allowed us to established an important functional role for the Grx/SSG axis in
regulation of phagocytosis of S. pneumonia. Future studies will be focused on extending
these findings to alveolar macrophages in vivo, as well as in human macrophages.
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The SSG/Grx redox axis is implicated in many diseases associated with inflammation and
aging.18:19.24 Fyrthermore, prevalent polymorphisms in the human glutaredoxin gene have
been linked to redox stress,%C yet their potential role in modulating susceptibility to
particulates, including engineered materials, is not understood. The unique quantitative site-
specific redox modification data reported here provides valuable insight not only for
understanding biological impacts of ENPs, but also in stimulating new hypotheses of redox-
dependent signaling regulation across a broader research community.

Nanoparticle Preparation and Physicochemical Characterization

Co0 and amorphous SiO, ENPs were acquired from commercial sources, whereas Fe304
ENPs were synthesized in house as previously described (Table 1).2:34 Extensive
physicochemical characterization of these ENPs has been previously described.23° TEM
and SEM analysis of the Fe3O4 particles synthesized in house demonstrated a primary size
of 12.9 nm (see Figure S5 and ref34). SEM images for CoO and SiO, ENPs are also found
in manufacturer’s Web sites (http://www.nanoamor.com; http://www.ssnano.com). To
minimize agglomeration due to zwitterionic interactions with media components, the stock
ENPs in water (5 mg/mL) were initially dispersed directly into fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrenceville, GA) and sonicated using a cup sonicator for 3 min. The
ENPs were subsequently diluted with an appropriate volume of RPMI media to achieve a
final working concentration of ENPs in complete RPMI medium with 10% FBS. We
previously demonstrated this method of suspension minimizes agglomeration and stabilize
the agglomerate sizes in culture medium.3* Dynamic light scattering (DLS) and ¢-
potentiometric measurements were conducted in complete RPMI media with 10% serum at a
particle concentration of 50 ug/mL using a Bl 90 particle sizer (Brookhaven Instruments
Corp., Holtsville, NY). Before DLS measurement or cell treatment, ENPs were further
suspended in media by sonication. The experimental nanoparticle agglomeration densities of
these ENPs in complete RPMI were previously reported.39:91

Cell Culture and Nanoparticle Treatment

Raw 264.7 (ATCC # TIB 71) cells were cultured in RPMI 1640 supplemented with 10%
FBS, 2 mM L-glutamine (Fisher Scientific, Rockford, IL), and 1% penicillin—streptomycin
(Fisher Scientific, Rockford, IL). The cells were maintained in a humid incubator at 37 °C
with 5% CO,. Prior to treatment, RAW 264.7 cells were seeded into 100 mm culture plates
and grown until 60% confluent. For treatment, original growth media was removed and
replaced with media containing ENPs at the desired concentration. Cells were incubated
with ENPs media for 24 h.

ENP-Induced Cytotoxicity

The cytotoxic potential of the ENPs was determined by measuring the release of
intracellular lactate dehydrogenase (LDH) using the CytoTox-ONE membrane integrity
assay per manufacturer’s instructions (Promega, G7890). For the cytotoxicity experiments,
cells were plated in a 96-well plate at 1 x 10% cells per well in 100 pL of media. To
determine cytotoxicity, cells were incubated at 37 °C with 1.5 mM propidium iodide (PI)

ACS Nano. Author manuscript; available in PMC 2016 February 22.


http://www.nanoamor.com
http://www.ssnano.com

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

Page 15

(Sigma, Cat# P-4170) and 16.7 uM Hoechst (Anaspec, Inc., Cat#83218) for 15 min then
washed once with PBS. The media, staining solution, and washes were collected and spun
down, and the cell pellet was resuspended in equal parts of Trypan blue (Sigma, Cat#T8154)
and PBS. The number of live and dead cells in the supernatants were quantified using a
hematocytometer. The number of live and dead cells remaining on the plates were visualized
using a Nikon Eclipse TE300 microscope and further quantified using ImageJ software
(http://imagej.nih.gov/). The final cytotoxicity = 100 x (Total Dead Cells/Total Cells),
where Total is the sum of cell counts from supernatants and cells remaining on the plate.

Quantification of Cellular GSH and GSSG

GSH and GSSG content in cells was quantified using a luminescence-based GSH/GSSG-
Glo Assay per manufacturer’s instructions (Promega Cat#V6611).

Cell Lysis and Enrichment of Protein SSG

After ENP treatment, cells were rinsed twice briefly with RPMI-1640 media containing no
supplements and harvested in lysis buffer (250 mM HEPES, 1% Triton X-100, pH 7.0)
containing freshly prepared 100 mM N-ethylmaleimide (NEM) (Fisher Scientific, Rockford,
IL). Cell lysates were centrifuged at 14 000 rpm, for 10 min at 4 °C and the soluble protein
fraction was retained. Alkylation reaction was carried out at 55 °C in dark for 30 min with
existence of 2% SDS, followed by acetone precipitation to remove unreacted reagents.
Purified proteins were resuspended in 250 mM HEPES containing 8 M urea (pH 7.5) and
0.1% SDS, followed by buffer change to 25 mM HEPES containing 1 M urea (pH 7.5) by
using 0.5 mL Amicon Ultra 10 K filter units (EMD Millipore, MA). Protein concentration
was determined using the bicinchoninic acid assay (BCA).

For the reduction of SSG-modified proteins, 480 g of the alkylated samples were prepared
at a final concentration of 1 pg/pL in 25 mM HEPES containing 1 M urea (pH 7.5) followed
by the addition of 2.5 ug/mL Grx1M (C14S mutant from Escherichia coli, IMCO Corp. Ltd.
AB), 0.25 mM GSSG, 1 mM NADPH, and 4 U/mL GR. Samples were incubated at 37 °C
for 10 min, immediately placed on ice and transferred to a 0.5 mL Amicon Ultra 10K filter.
Excess reagents were removed by buffer exchanged with 3x 8 M urea (pH 7.0) resulting in a
final volume of 30-40 pL. Protein concentration of the deglutathionylated samples was
measured by the BCA assay before enrichment.

For enrichment of SSG-modifed proteins, 350 pg of the reduced samples was resuspended in
120 pL of 25 mM HEPES buffer containing 0.2% SDS and loaded to Handee Mini-Spin
columns containing 30 mg of preconditioned thiopropyl sepharose 6B resin. Enrichment was
carried out in a thermomixer at room temperature with shaking at 850 rpm for 2 h. The
experimental conditions for resin washing, on-beads tryptic digestion, TMT-labeling, DTT
eluting and C18 cleanup were performed as previously described.2%:31:32.92.93 The enriched
peptides were dissolved in a final volume of 30 pL of water containing 20 mM DTT prior to
LC-MS/MS analysis.
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LC-MS/MS and Data Analysis

LC-MS/MS was performed as previously described.32 MS analysis was performed on a
Thermo Scientific LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific, San Jose,
CA) coupled with an electrospray ionization interface using a homemade 150 pm o.d. x 20
um i.d. chemically etched electrospray emitter. The heated capillary temperature and spray
voltage were 350 °C and 2.2 kV, respectively. Full MS spectra were recorded at resolution
of 60 K over the range of m/z 300-2000 with an automated gain control (AGC) value of 1 x
108. MS/MS was performed in the data-dependent mode at a resolution of 7.5 K with an
AGC target value of 3 x 10%. The most abundant 10 parent ions were selected for MS/MS
using high-energy collision dissociation (HCD) with a normalized collision energy setting of
45. Precursor ion activation was performed with an isolation width of 2.5 Da, a minimal
intensity of 1000 counts, and an activation time of 0.1 s. A dynamic exclusion time of 60 s
was used.

LC-MS/MS raw data were converted into dta files using Bioworks Cluster 3.2 (Thermo
Fisher Scientific, Cambridge, MA), and MSGF plus algorithm®* (v9979, released in March
2014) was used to search MS/MS spectra against the mouse protein sequence database
(UniProt, released in September 2013). The key search parameters used were 20 ppm
tolerance for precursor ion masses, 0.5 Da tolerance for fragment ions, partial tryptic search
with up to 2 missed cleavages, dynamic oxidation of methionine (15.9949 Da), dynamic
NEM modification of Cys (125.0477 Da), and static 6-plex TMT maodification of lysine and
N-termini of peptides (229.1629 Da). Peptides were identified from database searching
results applying the following criteria; MSGF E-value <1010, Q-value <0.01, and mass
measurement error <10 ppm (£5 ppm). The decoy database searching methodology (38) was
used to confirm the final false discovery rate at the unique peptide level to be ~0.9%. Since
NEM blocked original free Cys sites, all glutathionylated Cys residues were identified as
unmodified Cys.

For TMT-based relative quantification of SSG-modified sites, all MS/MS spectra were
grouped based on individual Cys-sites. The intensities of TMT reporter ion were summed
from all spectra corresponding to a given Cys-site and transformed to log2 values for
normalization by using the central tendency approach. Biological triplicates in ENP-treated
samples and untreated controls were normalized at unique Cys-site level, separately. The
SSG level was considered substantially different when p-value is less than 0.05 (ANOVA)
with at least 1.23-fold of change between ENP-treated sample and untreated controls (log2
ratio < 0.3). For quantification of protein expression with total Cys enrichment, the
intensities of TMT reporter ion were summed from all spectra corresponding to a given
unique protein and transformed to log2 values for normalization by using the central
tendency approach. ENP-treated samples and controls were normalized together at protein
level. The protein expression was considered substantially different when p-value < 0.05
(ANOVA) with at least 1.23-fold of change between ENP-treated sample and untreated
controls (log2 ratio < 0.3). Biological function categorization of the identified proteins was
clustered based on GO with DAVID tools. Protein interaction network and pathway analysis
was performed with Ingenuity Pathway Analysis (www.ingenuity.com). Protein motif
analysis was carried out by using MOTIF tools (www.genome.jp/tools/motif). Several PTM
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databases were used for data comparison and function annotation, including dbGSH*3 (Cys
S-glutathionylation database with 2006 SSG-modified Cys sites from 1128 proteins),
dbSNO** (Cys S-nitrosylatioin database with 2646 SNO-modified Cys sites from 1355
proteins) and protein disulfide database from UniProt (http://www.uniprot.org, annotation
for 29 782 Cys sites from 2867 proteins).

RT-PCR Analysis

Isolation of RNA, generation of cDNA and real-time PCR amplification were performed as
previously described.2 The primers used included (5" to 3") CPHA sense, GAG CTG TTT
GCA GAC AAA GTT C; CPHA antisense, CCC TGG CAC ATG AAT CCT GG; Grx1
sense, TGG AGC TCT GCA GTT ATA AAA GG; Grx1 antisense, GCC ATC AGC ATG
GTT AGA CA; HMOX sense, AGG CTA AGA CCG CCT TCC T; HMOX antisense, TGT
GTT CCT CTG TCA GCA TCA.

RNA Silencing Knockdown of Grx1 in RAW 264.7

To knock down expression of Grx1, 5 x 10° cells were plated in six-well plates. After the
cells adhered for 6 h, the regular media was exchanged with 600 uL of Opti-MEM
(Invitrogen cat # 31985070) containing siRNA for mouse Grx1 (Invitrogen) (sense, CCU
ACU GCA GAA AGA CCC AAG AAA U; antisense, AUU UCU UGG GUC UUU CUG
CAG UAG G) or scrambled RNA was applied at 125 nM using Lipofectamine 2000
(Invitrogen). After 6 h of incubation, RPMI media containing 10% FBS without antibiotics
was added to the wells. Cells were used for functional assays after 48 h.

Gel Electrophoresis and Western Blot

For Western blot analysis, cells were lysed in PBS with 1% Triton X-100 containing
protease and phosphatase inhibitors. Equal amounts of isolated proteins (i.e., 20 ug) were
diluted in NUPAGE LDS sample buffer (Thermo Fisher Scientific) and separated
electrophoretically under reducing conditions on a 4-12% Bis-Tris polyacrylamide gel in
MES SDS running buffer (Invitrogen, Carlsbad, CA). Separated proteins were then
subjected to electrophoretic transfer to a polyvinylidene difluoride (PVDF) membrane
(Invitrogen, Carlsbad, CA). Membranes were blocked for 1 h at room temperature in PBS
solution containing 5% (w/v) nonfat milk and 0.1% (w/v) Tween-20 prior to the addition of
primary antibody at 1:1000 dilution in PBS containing 1% milk and 0.1% Tween-20.
Membranes were incubated with primary antibodies overnight at 4 °C followed by
incubation for 1 h at room temperature with HRP-conjugated secondary antibody at 1:2000
dilution in PBS containing 1% milk and 0.1% Tween-20. The membranes were then washed
in PBS with 1% Tween-20 prior to the addition of SuperSignal West Pico or Femto
chemiluminescent substrate for visualization (Thermo Scientific, Rockford, IL) according to
the manufacturer’s instructions. Primary antibodies against BiP (Cat# 3177), PERK (Cat#
3192), p-PERK (Cat# 3179), CHOP (Cat# 5554), caspase-3 (Cat# 9662), and GAPDH (Cat#
2118) were purchased from Cell Signaling Technology, Inc.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
ENP-induced cytotoxicity and oxidative stress in RAW 264.7 cells. (A) Quantitative lactate

dehydrogenase (LDH) assay demonstrated the cytotoxicity induced by different ENPs in
macrophages. The final cytotoxicity = 100 x (Total Dead Cells/Total Cells), where Total
was the sum of cell counts from supernatants and cells on the plate. (B) Quantitative RT-
PCR showed dose-dependent increases in the mRNA levels of HMOX1. SiO,-induced
alterations of HMOX1 are marginal, while Fe30,4 and CoO induced significant increases of
HMOX1 mRNA. As indicated by the resulting data, the oxidative stress potential of ENPs
was assigned as follows: SiO, < Fe304 < CoO. (C) Concentration of total GSH in ENP-
treated cells. (D) GSSG/GSH ratios in ENP-treated cells. The concentration of GSH and
GSSG in cells was measured by using GSH/GSSG-Glo Assay kit (Promega). The
concentrations of total GSH and GSSG in each well were calculated by the intensity of
luminescence with 3 biological replicates. Results are displayed as means + standard error.
Note: *, p < 0.05; **, p < 0.01 vs untreated controls.
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Quantitative site-specific profiling of S-glutathionylation in ENP-treated cells. (A) The
overall workflow scheme for enrichment and site-specific identification of SSG-modified

Cys-peptides. (Left) the enrichment and quantitative analysis for SSG-modified Cys-

peptides; (right) the enrichment and quantitative analysis for total Cys-peptides. (B)

Schematic workflow for MS-based multiplexed quantification of SSG in cells. RAW 264.7
cells were treated with SiO,, Fe304, and CoO ENPs at a concentration of 12.5 pg/mL for 24
h. Three biological replicates for both untreated and treated conditions were used for TMT6

labeling and LC-MS/MS analysis. (C) Pie graph summary of overlaps between the

identified SSG sites and the annotated Cys sites in existing databases, including dbSNO,

dbGSH and UniPort disulfide database.
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Figure 4.

Functional analyses of proteins with significant SSG alterations. (A) Summary of GO
analysis. (B) Top canonical pathways from IPA analysis. Proteins with significant elevation
of SSG modifications were used for the functional analyses. Threshold of significance: p-
value < 0.05 and |log?2 ratio| = 0.3 versus controls. Moderate ROS condition: The proteins
with significant elevation of SSG modifications under Fe304 treatment. High ROS
condition: The proteins with significant elevation of SSG modification only under CoO
treatment, and [log2 ratio| (CoQO) — |log2 ratio|(Fe30,4) = 0.2. Other conditions were the same
as Figure 2.
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Figure5.
SSG modifications in ER stress. (A) Quantitative MS results showing levels of SSG

modifications on Cys sites of several ER proteins. (B) Identification of SSG modifications
on the active sites of protein disulfide isomerases (PDIs). (C) Western blotting results
showing levels of ER stress proteins (p-PERK, PERK, BiP, CHOP) and Caspase-3 proteins
in cells treated with 12.5 pg/mL CoO ENPs. (D) Western blotting results of p-PERK, PERK,
and caspase-3 proteins in cells were treated with Fe30, ENPs and CoO ENPs for 24 h at the
indicated concentration.
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SSG Modifications of Macrophage Phagocytosis Proteins. (A) Alterations of SSG
modifications on actin-binding proteins. (B) Inhibitory effects of ENPs on the phagocytic
activity of macrophages. The suppression of phagocytic activity is correlated with the

oxidative stress induced by ENPs.
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Regulatory role of Grx1 in phagocytosis of macrophages. (A) Western blot analysis of Grx1
expression after RNA silencing. (B) gRT-PCR analysis of Grx1 expression at mMRNA level.
(C) Effects of Grx1 knockdown on the phagocytic activity of macrophages.
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Figure8.
Schematic representation of the proposed pathways and subcellular organelles involved in

ENP-induced oxidative stress and S-glutathionylation of proteins and potential influence on
ER-stress, phagosome function, and cell survival.
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Identification of SSG-Modified Proteins and Cys Sites in Macrophages after Exposure by Different ENPs

ENPs unique Cyssites uniqueproteins  statistically changed sites®  substantial changed siteP (proteins)
Sio, 1686 948 453 238 (182)

Fe30,4 1521 851 464 235 (178)

CoO 1512 845 842 622 (416)

Combined 2494 1276 - -

aSSG sites with statistically significant changes, p-value <0.05.

bp-value < 0.05, |log2 ratio| > 0.3 vs untreated control.
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