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SUMMARY

Reactive oxygen species (ROS)-induced cysteine S-glutathionylation is an important
posttranslational modification (PTM) that controls a wide range of intracellular protein activities.
However, whether physiological ROS can modulate the function of extracellular components via
S-glutathionylation is unknown. Using a screening approach, we identified ROS-mediated cysteine
S-glutathionylation on several extracellular cytokines. Glutathionylation of the highly conserved
Cys-188 in IL-1p positively regulates its bioactivity by preventing its ROS-induced irreversible
oxidation, including sulfinic acid and sulfonic acid formation. We show this mechanism protects
IL-1B from deactivation by ROS in an in vivo system of irradiation-induced bone marrow (BM)
injury. Glutaredoxin 1 (Grx1), an enzyme that catalyzes deglutathionylation, was present and
active in the extracellular space in serum and the BM, physiologically regulating IL-1p
glutathionylation and bioactivity. Collectively, we identify cysteine S-glutathionylation as a
cytokine regulatory mechanism that could be a therapeutic target in the treatment of various
infectious and inflammatory diseases.
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Zhang et al. reveal that cysteine S-glutathionylation of the highly conserved Cys-188 residue of
IL-1pB positively regulates its bioactivity by preventing its irreversible ROS-elicited deactivation.
ROS-induced cysteine glutathionylation and its modulation by Glutaredoxin 1 (Grx1) are key
physiological regulatory mechanisms controlling IL-1p activity, providing a potential therapeutic
target in the treatment of infectious and inflammatory diseases.

INTRODUCTION

There is constant turnover of reactive oxygen species (ROS) in biological systems. ROS
level is drastically elevated during infection and inflammation. Endogenous sources of ROS
in mammals include NADPH oxidases (NOXs), the mitochondrial respiratory chain, the
flavoenzyme ERO1 in the ER, xanthine oxidase, lipoxygenases, cyclooxygenases,

Cell Rep. Author manuscript; available in PMC 2018 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 3

cytochrome P450s, demethylase, and nitric oxide synthases (NOSs). Although classically
the function of infection-induced ROS is to aid in the capability of phagocytes to Kill
pathogens, more recent studies have shed new light on unconventional roles for ROS in
cellular signal transduction and functionality (Finkel, 2011; Nathan and Cunningham-
Bussel, 2013). Redox regulation of cell function often involves the conversion of reactive
thiols on specific cysteine residues from reduced to oxidized forms (Janssen-Heininger et al.,
2008). The major types of thiol modifications that have been shown to play an important
redox-dependent role include glutathionylation, sulfenic acid formation, nitrosylation, and
disulfide bond formation (Hurd et al., 2005; Janssen-Heininger et al., 2008).

In several cell types, ROS production has been shown to drive the glutathionylation of free
thiol groups (-SH) on cysteine residues of proteins to form protein-glutathione mixed
disufide adducts (Pr-SSG) (Ghezzi, 2013; Grek et al., 2013; Murphy, 2012; Pastore and
Piemonte, 2012). Early studies of a normal liver found that at least 1% of the total cellular
glutathione is always bound to protein (Brigelius et al., 1983). Under oxidative conditions,
this has been known to increase to as high as 20%-50% of total glutathione (Gilbert, 1984).
Similar to other posttranslational modifications (PTMs) such as phosphorylation and
acetylation, cysteine S-glutathionylation can affect the function of intracellular structural and
signaling proteins and transcription factors, including actin, protein tyrosine kinases and
phosphatases, Ras, integrins, and transcription factors such as NF-xB, and hence modulate
cellular function (Alegre-Cebollada et al., 2014; Chen et al., 2010; Clavreul et al., 2006;
Dalle-Donne et al., 2009; Klatt and Lamas, 2000; Shelton and Mieyal, 2008). In a recent
study, we showed that chemotactic signal-elicited ROS production promotes actin
glutathionylation and the subsequent depolymerization, establishing ROS-induced actin
glutathionylation and its modulation by glutaredoxin as key physiological regulatory
mechanisms controlling actin dynamics in neutrophils (Sakai et al., 2012).

ROS are increasingly viewed as important regulators of intra-cellular signaling. However,
whether physiological ROS can modulate the function of extracellular components remains
elusive. In current study, in an initial assessment of extracellular redox events, we detected
significant amounts of glutathione (GSH) in the bone marrow (BM) extracellular space.
Moreover, serum and BM fluid was more oxidized than intracellular compartments. Thus,
we speculated that cysteine S-glutathionylation may also be an important mechanism of
ROS-mediated regulation of extracellular protein function. Indeed, glutathionylation has
been implicated in the regulation of membrane anchored molecules such as ICAM-1 and
VLA-4, as well as secreted and circulating proteins such as Hmgb1 and PON-1, although the
physiological significance of such modifications remains elusive (Shelton and Mieyal,
2008).

Here, using a screening approach to select the prototypical proinflammatory cytokine IL-1p
(Dinarello, 2011; Garlanda et al., 2013) as the exemplar, we revealed that glutathionylation
causally affected IL-1p bioactivity via the highly conserved Cys-188 residue by preventing
its irreversible ROS-elicited deactivation. Glutaredoxin 1 (Grx1), an enzyme that regulates
deglutathionylation (Aesif et al., 2011; Chung et al., 2010; Kuipers et al., 2012), was present
and active in the extracellular space in serum and BM, including in patients receiving
chemotherapy, with Grx1 physiologically regulating IL-1p glutathionylation. Thus, we
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establish ROS-induced cysteine glutathionylation and its modulation by Grx1 as key
physiological regulatory mechanisms controlling IL-1p bioactivity, providing a potential
therapeutic target in the treatment of various infectious and inflammatory diseases.

In an initial assessment of extracellular redox events, we found that a significant amount of
GSH existed extracellularly in the bone marrow (BM). The level of glutathione, including
both reduced (GSH) and oxidized (GSSG) forms, in the BM was almost comparable to those
inside the cells (>200 uM). Moreover, serum and BM fluid was more oxidized compared to
intra-cellular compartments, with the ratio of GSH to GSSG much smaller than those
observed inside the cells (Figures S1A and S1B). Thus, we considered the possibility that
glutathionylation might also be a mechanism for ROS-mediated regulation of extracellular
proteins such as cytokines.

Similar to protein phosphorylation, S-glutathionylation is site specific, occurring only at
certain cysteine residues in certain proteins. The determinants of site and protein specificity
are, however, unclear. Since cytokines are major components of the extracellular
microenvironment and putative targets for PTMs, we examined whether various human
cytokines are glutathionylated in vitro. The exact catalytic mechanism driving
glutathionylation is still debated; one commonly proposed mechanism is the formation of Pr-
SSG or S-glutathionylated proteins by thiol-disulfide exchange between reactive thiolate
anions on specific protein cysteine residues and oxidized glutathione (GSSG) (Cooper et al.,
2011). Therefore, to specifically detect protein cysteine S-glutathionylation, we synthesized
biotin-labeled oxidized GSH (BioGSSG, Figure S1C), and glutathionylation was probed
with streptavidin-horseradish peroxidase (HRP) (Sakai et al., 2012). Although GSH-induced
glutathionylation was observed only in the presence of H,O,, BioGSSG-induced
glutathionylation occurred even in the absence of H,O,, supporting the notion that GSSG is
an S-glutathionylation reaction intermediate (Figure S1D). Thirty cytokines/chemokines
were screened, 14 of which could be glutathionylated (Figure S2; Table S1). However, in
seven of these positive hits, dithiothreitol (DTT) failed to reduce glutathionylation, instead
significantly augmenting it. All these cytokines contain one or more disulfide bonds; thus, it
is likely that DTT reduced disulfide bonds, and the newly generated free cysteines were then
glutathionylated. Thus, glutathionylation of these cytokines under such conditions may not
be physiologically relevant. Glutathionylation of the other seven cytokines (IL-1p, IL-6,
IL-9, IL-16, IL-17, IL-18, and IL-23) occurred in the absence of DTT, and DTT treatment
caused a drastic decrease in glutathionylation signal to background levels, consistent with
the reduction of GSH mixed disulfides. We surmised that glutathionylation is likely to occur
on pre-existing free cysteines and may play a role in regulating the structure and function of
cytokines.

The Most Conserved Cysteine in Mature IL-18 Can Be S-Glutathionylated

Interleukin-1p (IL-1p) is an important and archetypal proinflammatory cytokine; we chose
to study its glutathionylation further (Dinarello, 2011). During infection and inflammation,
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IL-1pB is expressed as an inactive precursor (pro-1L-1p, about 31 kDa), which is then cleaved
to mature active form (mature I1L-1, about 17 kDa) by proteases such as caspase 1. Since
only the cleaved mature IL-1p can be secreted to the extracellular space to regulate immune
responses, we focused on glutathionylation of mature IL-1p in current study.

At a physiologically relevant GSH concentration (250 pM), both human (Figure 1A) and
mouse mature IL-1B (Figure S3A) were highly sensitive to H,O,-induced S-
glutathionylation, even at 0.05 puM of H,0,. Cysteine S-glutathionylation could also be
detected when physiological GSSG (without biotin label) was used and the modification was
probed with a GSH-specific antibody (Figure 1B). To verify glutathionylation and determine
the exact site of glutathionylation, the modified IL-1p protein was subjected to mass
spectrometry (MS) (Figure 1C). Human IL-1p contains two cysteine residues, Cys-125 and
Cys-188. H,0,-induced sulfinic acid and sulfonic acid modifications were detected on both.
However, S-glutathionylation was detected only on Cys-188 in GSSG-treated, but not H,0,-
treated, samples (Figure 1D). Similarly, GSSG-induced Cys-188 S-glutathionylation was
observed in mouse IL-1p (Figure S3B).

Cys-188 is the most evolutionarily conserved cysteine residue in IL-1p, suggesting that it
plays a key role in the regulation of IL-1p activity and function (Figure 1E). Cys-188 is
localized to the protein surface and should, therefore, be easily accessible for modification
(Figure S3C). To further explore the role of Cys-188 in IL-1f glutathionylation, two IL-1p
mutants were generated (Figure 1F). Mutation of Cys-188 to Ser (IL-1p 188C/S) or Ala
(IL-1p 188C/A) abolished IL-1p glutathionylation (Figure 1G), confirming that the GSSG-
induced modification is Cys-188 specific.

Cysteine S-Glutathionylation Protects IL-1p from H,O»-Induced Deactivation

To evaluate how S-glutathionylation might modulate IL-1p function, the bioactivities of
modified and unmodified IL-1p were assessed by monitoring 1xB degradation as an
intracellular surrogate of IL-1p activity (Figures 2A and 2B), by using a D10 cell
proliferation assay (Figures S4A-S4C), and by monitoring IL-1p-induced IL-6 production
by mouse embryonic fibroblast (MEF) cells (Figures SS5A-S5F). IL-1f glutathionylation is
relatively stable in culture medium with cells (Figure S5A). Interestingly, S-
glutathionylation alone did not affect IL-1p bioactivity per se, with glutathionylated I1L-1
possessing the same bioactivity as unmodified IL-1p (Figures 2A, 2B, S4B, and S5B). We
therefore sought other mechanisms by which glutathionylation may regulate I1L-1p function.
It is well known that ROS can deactivate various proinflammatory chemokines/
chemoattractants such as C5a, fMLP (Clark and Klebanoff, 1979), LTB4 (Segal et al., 2002),
and IL-8 (Lekstrom-Himes et al., 2005). Similarly, H,O, significantly inhibited IL-18
bioactivity, reducing the ECsq by 5-fold (Figures 2C, 2D, and S5C). To rule out the
possibility that HyO, may inhibit IL-1p via H,O,-induced degradation of IL-1p protein, we
compared IL-1 protein levels in H,O5 treated and untreated samples and found no
differences (Figure S4D). Instead, HoO»-¢elicited suppression of IL-1f bioactivity was
attributable to Cys-188, since IL-1p 188C/S and IL-1p 188C/A were fully active even in the
presence of H,O, (Figures 2E-2H and S5D). Thus, H,O5-induced deactivation of IL-1p is
most likely mediated by a PTM on Cys-188. Since S-glutathionylation did not affect IL-1p
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bioactivity and H,O» treatment also induced irreversible oxidation of Cys-188, including
sulfinic acid and sulfonic acid formation (Figure 1D), we concluded that H,O,-¢elicited
suppression of IL-1p bioactivity was mainly due to irreversible oxidation of Cys-188.

Although IL-1p Cys-188 is highly conserved, it was not required for IL-1f bioactivity per se
as mutant forms of IL-1p (IL-1p 188C/S and IL-1p 188C/A) were as bioactive as wild-type
(Figures 2E, 2F, S4E, and S5D). Cys-188 is, therefore, likely to act as a regulator of I1L-1f
function. Cysteine S-glutathionylation is reversible and may, therefore, alter cell signaling in
response to redox and preserve reversible protein functionality by protecting it from
irreversible modifications in response to overoxidation (van Bergen et al., 2014). To test this
hypothesis, we next sought to examine whether Cys-188 S-glutathionylation can negatively
regulate H,O5-induced irreversible oxidation of IL-1p. Quantitative MS revealed that, while
sulfinic and sulfonic acid (Finkel, 2011; Holmstrém and Finkel, 2014; Jeong et al., 2012)
were the major Cys-188 modifications on H,O,-treated IL-1pB, pretreatment with GSSG
converted the major modification to S-glutathionylation and significantly reduced sulfinic
acid and sulfonic acid modifications (Figure 3A). In addition, GSSG pretreatment blocked
H»02-induced suppression of IL-1p bioactivity, further verifying that H,O»-induced IL-1p
deactivation is mediated by cysteine sulfinic acid and sulfonic acid modifications and that
GSSG negatively regulates this inhibitory mechanism (Figures 3B, 3C, and S5E).
Collectively, these results demonstrate that cysteine S-glutathionylation is an efficient
mechanism to modulate IL-1p bioactivity in the presence of ROS.

Cysteine S-Glutathionylation of IL-1p Occurs In Vivo and Is Required for Maintaining IL-1p
Bioactivity In Vivo

The apparent role of cysteine S-glutathionylation in regulating IL-1f bioactivity ex vivo
prompted us to determine whether glutathionylation can protect IL-1p from ROS-induced
irreversible deactivation in vivo. ROS regulate various proteins and pathways; thus, it is
unlikely that all ROS-elicited outcomes are solely mediated by IL-1p. To specifically
explore the effect of ROS-elicited glutathionylation on IL-1p in vivo, we utilized a system in
which intraperitoneally (i.p.) injected recombinant IL-1 significantly improves BM
recovery and survival in irradiated mice (Tiberghien et al., 1993) (Figures 4A and S6). In
this setup, the outcome of the experiments will solely depend on the bioactivity of the
recombinant IL-1p; thus, we would be able to directly test the effect of cysteine S-
glutathionylation on IL-1p bioactivity in vivo.

Protein cysteine S-glutathionylation is initiated by ROS. Accordingly, we first examined
whether IL-1p treatment and/or irradiation can induce ROS production in the BM. ROS
levels in the BM were measured using Amplex Red, a colorless substrate that reacts with
H,0, with 1:1 stoichiometry to produce highly fluorescent resorufin (Kwak et al., 2015; Zhu
et al., 2017). Both irradiation (Figure 4B) and IL-1p (Figure 4C) significantly increased
H,0, in the BM extracellular space. Consistent with the elevated ROS production and the
high GSH level in the BM, the injected recombinant IL-1p was robustly and consistently
glutathionylated in peripheral blood and the BM (Figures 4D, S7A, and S7B).

Recombinant IL-1p was relatively stable in recipient mice: the protein and its
glutathionylation were still readily detected 3 days after injection (Figure 4D). Noticeably,
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since the recombinant IL-1p was injected i.p., it reached the maximal level 24 hr after the
injection. Quantitative MS confirmed in vivo glutathionylation of recombinant IL-1p. S-
glutathionylation of Cys-188 was identified to be the major modification in recombinant
IL-1B. A smaller but significant level of irreversible Cys-188 oxidation, including sulfinic
and sulfonic acid, was also detected (Figure 4E).

Our ex vivo data revealed that Cys-188 S-glutathionylation can block irreversible oxidation
of IL-1B and thus prevent oxidation-mediated IL-1p deactivation. Since IL-1p was highly
glutathionylated in vivo, we speculated that Cys-188 glutathionylation might be a
physiological mechanism to maintain IL-1p bioactivity in vivo. We next explored whether
cysteine S-glutathionylation can protect IL-1p from H,O,-induced deactivation in vivo. We
first examined whether irreversible Cys-188 oxidation could indeed negatively regulate
IL-1p bioactivity in vivo. Mice were i.p. injected with wild-type (WT) or mutant (188C/S)
IL-1B. Compared to PBS or WT IL-1p controls, mice injected with IL-1p 188C/S displayed
a significant increase in survival at both 0.5-pg/mouse and 0.2-pug/mouse doses (Figure 5A).
Thus, Cys-188 is critical for the negative regulation of IL-1p bioactivity in vivo. It is
noteworthy that 0.2 pg/mouse of IL-1p 188C/S displayed even higher in vivo bioactivity
than 0.5 pg/mouse WT IL-1, indicating that this Cys-188-mediated PTM mechanism
should be an efficient and effective way for controlling IL-1p bioactivity under
physiopathological conditions.

Protein glutathionylation is dynamic and reversible, and deglutathionylation is tightly
regulated by glutaredoxin (Grx) (Lillig et al., 2008; Subramanian and Luo, 2009). Co-
injection of enzymatically active recombinant Grx1 (Figure S7C) consistently reduced IL-1f
glutathionylation in recipients. Consequently, the degree of irreversible Cys-188 oxidation,
including sulfinic and sulfonic acid, was significantly augmented (Figure 5B). Subsequent
studies of irradiated mice demonstrated that co-injection of Grx1 inhibited the protective
effect of WT but not mutant (188C/S) IL-1p (Figure 5C). Mutant (188C/S) IL-1p displayed
significantly higher bioactivity even in the presence of Grx1, confirming that the effect
elicited by Grx1 was mediated by S-glutathionylation at Cys-188. Taken together, these in
vivo responses parallel the ex vivo assays and support the idea that irreversible Cys-188
oxidation deactivates IL-1p and reversible Cys-188 glutathionylation protects IL-1f from
oxidative deactivation.

Extracellular Grx Is a Physiological Modulator of Protein Cysteine S-Glutathionylation

Grx is a thiol disulfide oxido-reductase (thioltransferase) and a key regulator of intracellular
protein glutathionylation (Lillig et al., 2008; Meyer et al., 2009; Subramanian and Luo,
2009). Glutathionylation can be reversed by Grx. Mammalian cells express two dithiol Grx
isoforms, Grx1 and Grx2. Grx1 is cytosolic, whereas Grx2 resides in mitochondria. Grx has
been detected in human plasma and sputum, so it is conceivable that Grx-mediated
deglutathionylation of extracellular proteins also occurs (Lundberg et al., 2004; Nakamura et
al., 1998; Peltoniemi et al., 2006). Consistent with this, Grx was also significantly active in
the serum (Figure 6A) and BM extracellular space (Figure 6B). Upon irradiation, Grx
activity drastically increased to reach maximum levels on day 7 in the serum and day 11 in
the BM and declined thereafter.
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Grx upregulation may be a general adaptive response to stress, so we also examined its
expression in the clinical context. Chemotherapy is commonly used to treat various
malignant diseases and induces significant BM damage. We wondered whether
chemotherapy-induced BM stress can lead to Grx1 up-regulation in the BM. In this study, all
27 patients were diagnosed with acute myeloid leukemia (AML). Standard chemotherapy
induction was usually initiated shortly after diagnosis. Expression of Grx1 was assessed by
immunostaining using a specific human Grx1 antibody. The percentage of BM cells
expressing Grx1 was counted. Upregulation of Grx1 was detected in over 70% of AML
patients after chemotherapy induction (Figures 6C and 6D), with a large proportion of Grx1
localizing to the BM extracellular matrix. For those patients without Grx increases, Grx1
was already highly expressed even prior to chemotherapy, which may be due to unidentified
pre-existing stress responses or a BM stress directly elicited by leukemia (Table S2).

Significant amounts of extracellular Grx activate being present in the serum and BM. In
addition, other key components for deglutathionylation machinery such as GSH reductase
(Kim et al., 2016; Kum-Tatt et al., 1975) and NADPH (Billington et al., 2006; Hibbs et al.,
2016) exist extracellularly. Thus, we surmised that Grx may physiologically regulate protein
glutathionylation in vivo. We tested this directly in a Grx1 knockout (KO) mouse with
completely abolished Grx1 protein expression (Ho et al., 2007). Consistent with its
deglutathionylation activity, immunofluorescence revealed that loss of Grx1 significantly
enhanced protein glutathionylation in the BM (Figures 6E and 6F). Addition of free GSH to
the primary antibody mix completely inhibited fluorescence, confirming that the
glutathionylation staining was specific. Consistent with the elevated generation of ROS in
the BM of irradiated mice, -y-irradiation increased overall protein glutathionylation with
maximum levels reached at day 2 after irradiation. Grx1 disruption further augmented
glutathionylation levels at each time point examined (Figures 6G and 6H). Thus, Grx,
particularly Grx1, is a physiological regulator of protein glutathionylation in vivo.
Noticeably, although Grx1 level was significantly upregulated upon irritation, Grx1
disruption could also elevate overall protein glutathionylation in unchallenged (day 0) mice,
suggesting that Grx1 is a key regulator for modulating protein glutathionylation under both
stress and resting conditions.

Grx1 Is a Physiological Modulator of IL-18 Cysteine S-Glutathionylation and Regulates
IL-1B Bioactivity In Vivo

We have shown that cysteine S-glutathionylation protects IL-1f from H,O,-induced
deactivation and thus regulates IL-1p bioactivity. Since Grx1 is a physiological modulator of
protein cysteine S-glutathionylation, we hypothesize that Grx1 may also physiologically
regulate glutathionylation and thus the activity of IL-1 in vivo. To test this, we first
investigated whether loss of Grx1 function can increase IL-1p glutathionylation in vivo. His-
tagged recombinant mouse IL-1p was injected i.p. 24 hr before -y-irradiation. Recombinant
IL-1B was pulled down from the serum using Ni-NTA agarose beads at the times indicated.
Precipitated IL-1p was assessed by western blotting using anti-mouse IL-1p antibody. S-
glutathionylation of recombinant IL-1 was detected using an anti-GSH antibody. Similar to
what was observed in Figure 4D, the levels of recombinant IL-1 in the serum reached the
peak 24 hr after the injection. The same amount of recombinant IL-1p was recovered from
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WT and Grx1 KO mice; however, glutathionylation of recombinant IL-18 was more
profound in Grx1 KO than WT mice at every time point after irradiation (Figures 7A-7C).
In WT mice, IL-1p glutathionylation peaked 48 hr post-irradiation and then marginally
reduced by 72 hr. In contrast, IL-1p glutathionylation kept increasing and remained high
even 72 hr after irradiation in Grx1 KO mice. Thus Grx1 appears to act as a physiological
modulator of IL-1f glutathionylation, with its deglutathionylation activity maintaining
homeostasis under stress conditions (Figures 7A-7C).

Finally, we examined whether Grx1 can regulate the bioactivity of IL-1f in vivo. Mice were
challenged with a lethal dose of whole-body gamma irradiation. Without IL-18
pretreatment, both WT and Grx1 KO mice died in 2 weeks. In terms of survival rate, there
was no significant difference between the two groups. When injected with the same amount
of IL-18 (0.5 pg/mouse), Grx1 KO mice survived significantly longer than WT mice after
lethal irradiation, indicating that IL-1f was more bioactive in the Grx1 KO mice. This
further supports the finding that S-glutathionylation protects IL-1f from oxidative
deactivation (Figure 7D). Collectively, our results demonstrated that Grx1, an enzyme that
catalyzes deglutathionylation, was present and active in the extracellular space in serum and
BM, physiologically regulated IL-1p glutathionylation, and maintained IL-1p bioactivity in
Vivo.

S-Glutathionylation of Endogenously Produced IL-18

Recombinant IL-1p could be glutathionylated in vivo in live animals. We next explored
whether endogenously produced IL-1f can be modified in a similar way. One challenge in
detecting endogenous IL-1p is the extremely low level of IL-1f production, even in mice
stimulated with LPS. To overcome this obstacle, we immunoprecipitated endogenous IL-1p
from the serum using an anti-IL-1p antibody (Figure 7E). Like the injected recombinant
IL-1B, the endogenously produced IL-1p could also be readily glutathionylated in the serum
of LPS-challenged mice. Consistent with the regulatory role of Grx1, the level of IL-1 B
glutathionylation was increased significantly in Grx1 KO mice serum. DTT treatment caused
a drastic decrease in glutathionylation signal to background levels, consistent with the
reduction of GSH mixed disulfides (Figure 7F). Taken together, these results further
demonstrated that cysteine S-glutathionylation is a physiologically relevant regulatory
mechanism that controls IL-1p bioactivity in vivo.

DISCUSSION

Historically viewed as toxic byproducts, ROS such as hydrogen peroxide are now
increasingly viewed as important second messengers that can regulate intracellular signal
transduction under a variety of physiological and pathophysiological conditions. However,
whether physiological ROS can also modulate the function of extracellular components
remains elusive. Large-scale proteomic studies have identified numerous redox-sensitive
proteins including some extracellular proteins. For instance, two recent elegant studies
identified a set of glutathionylated proteins released during inflammation (Checconi et al.,
2015; Mullen et al., 2015). Nevertheless, likely due to the extremely low levels of
production, none of the cytokines (including IL-1p) were identified as glutathionylation
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targets in the previous studies. In current study, we revealed that physiological ROS-
mediated cysteine S-glutathionylation could effectively and efficiently control in vivo
bioactivity of an extracellular cytokine IL-18, which was achieved by preventing ROS-
induced irreversible oxidation and deactivation of IL-1p. This is the first demonstration of
regulation of extracellular cytokines by physiological ROS-mediated S-glutathionylation.

Similar to protein phosphorylation, S-glutathionylation is site specific, occurring only at
certain cysteine residues in certain proteins (Ghezzi, 2013; Grek et al., 2013). A common
mechanism proposed for protein glutathionylation is thiol-disulfide exchange between a
reactive thiolate anion on a specific protein cysteine residue and oxidized glutathione
(GSSG), leading to formation of Pr-SSG or S-glutathionylated proteins. An alternative
mechanism involves the initial oxidative modification of a reduced protein thiol to an
activated protein, which may then react with GSH to the mixed disulfide (Dalle-Donne et al.,
2009). Both reactions imply that an increase of ROS level or a decrease in GSH/GSSG ratio
during oxidative stress or respiratory burst promotes protein glutathionylation. Nevertheless,
not all protein thiols are efficient redox sensors. Most protein thiols have pKa values >8.0 at
neutral pH and exist in protanated forms (-SH), which are more resistant to oxidation.
However, specific thiols in redox-sensitive proteins are more prone to attack by oxidants,
since they are more accessible to the oxidant and have a decreased pKa value as a result of
specific amino acid charge distributions in their vicinity, allowing them to exist as an
oxidation prone thiolate anion (-S7) even at neutral pH within the cytosol or in the
extracellular space. Consistently, among the 30 cytokines/chemokines screened in current
study, only seven could be efficiently glutathionylated. Another possible mechanism for
protein glutathionylation is generation of protein mixed disulfides via thiol-hydrogen
peroxide (H,0,) oxidation products, such as sulphenic acid (Pr-SOH) intermediates.
Although, Pr-SOH modifications are reversible, they can be readily oxidized to generate
sufinic (Pr-SO,H) and sulfonic acids (Pr-SO3H), which are known to be irreversible
modifications causing permanent loss of protein activity. Alternate routes of protein
glutathionylation have also been proposed, including partially oxidized thiyl radical
(generated by reaction of Pr-SH and hydroxyl radical), mechanisms promoted by NO
resulting in S-nitrosoglutathione production, and direct interaction between GSH and the
cysteine residue triggered by oxidants such as diamide (Gallogly and Mieyal, 2007).
Although the exact catalytic mechanism driving protein glutathionylation has not been
identified and multiple mechanisms may account for production of protein mixed-disufides
in vivo, the irreversible modifications such as Pr-SO,H and Pr-SO3H can be prevented by
immediate glutathionylation of the free cysteine or sulfenic acid intermediates.

Here, we show that Cys-188-mediated posttranslational glutathionylation mechanism was an
efficient and effective way to control I1L-1p bioactivity under physiopathological conditions.
Intriguingly, Cys-188 glutathionylation did not affect IL-1p bioactivity directly. Instead, it
protected IL-1p from ROS-induced irreversible deactivation. GSH is a hydrophilic, low-
molecular-weight tri-peptide that is produced directly from three amino acids, glycine,
cysteine, and glutamate (-y-Glu-Cys-Gly). Currently, it is not known why irreversible
modifications such as Pr-SO,H and Pr-SO3H formation could lead to IL-1f deactivation,
while S-glutathionylation failed to do so. It is possible that, due to the reversibility,
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glutathionylated IL-1p was converted to free IL-1f before binding to its receptors on target
cells.

Levels of protein glutathionylation can be controlled by enzymatic regulators of protein
deglutathionylation. The family of enzymes that can perform this function consist of Grx/
Glutaredoxin Reductase system that can deglutathionate glutathionylated proteins and thiol
disulfide bonds (Holmgren, 1989), Thioredoxins (Trx)/Thioredoxin Reductase system that
can reduce thiol disulfides and sulfenic acids (Haendeler, 2006), and Sulfiredoxins (Srx) that
also mediate deglutathionylation of glutathionylated proteins (Findlay et al., 2006). All these
enzymes are known to mediate reduction of protein thiols, by concomitantly oxidizing their
own cysteines. They serve as intracellular antioxidants that can reverse the oxidation of
protein thiols, so that protein function can be recovered upon release of oxidative stress or
termination of redox processes. The reversible feature of protein-GSH mixed disulfide
adducts and other modifications, such as disulfide and sulfenic acids, makes these
modifications robust redox regulators of intracellular signaling. In current study, we
demonstrated that Grx, particularly Grx1, was a physiological regulator of IL-18
deglutathionylation in vivo. Whether Trx and Srx can also modulate the glutathionylation
and thus the bioactivity of IL-1 in vivo needs to be further investigated.

IL-1p is a prototypic proinflammatory cytokine and key regulator of host inflammatory and
immune responses to infection. It mediates the expression of a vast array of genes involved
in secondary inflammation. IL-1-responsive genes coordinate all aspects of local
inflammation and also attract and activate cells of the adaptive immune system at sites of
infection. IL-1p on the one hand activates monocytes, macrophages, and neutrophils, and on
the other hand induces Thl and Th17 adaptive cellular responses (Dinarello, 2011).
Mechanisms of IL-1p regulation have traditionally focused on pattern recognition receptor-
induced gene transcription and inflammasome-mediated cleavage of pro-1L-1p. However,
the complete IL-1p cytokine regulatory repertoire is still largely unknown. Here, we reveal
that cysteine S-glutathionylation plays a previously unidentified role in modulating cytokine
activity. It causally affects IL-1p bioactivity via the highly conserved Cys-188 residue by
preventing its irreversible oxidation. This is the first demonstration of regulation of IL-1p by
physiological ROS-mediated S-glutathionylation. Infection, inflammation, and tissue
damage are associated with elevated ROS generation and cytokine release. Cysteine S-
glutathionylation is likely to regulate the bioactivity of endogenously generated IL-1p during
infection and inflammation.

Cytokines are major players in host defense against invading bacteria and other pathogens.
Conversely, excessive cytokine production and/or activation can be detrimental to the
system, resulting in unwanted and exaggerated tissue inflammation. Hence, the bioactivity
of cytokines needs to be well controlled during infection and information. Here, we show
that, besides IL-1p, several other cytokines also appear to be glutathionylated (Table S1),
suggesting that protein cysteine S-glutathionylation may be a more general physiological
regulatory mechanism controlling cytokine bioactivity, providing a potential therapeutic
target for the treatment of various infectious and inflammatory diseases.
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EXPERIMENTAL PROCEDURES

Mice

Grx1™~ mice were kindly provided by Dr. Y.S. Ho and were backcrossed for more than 16
generations onto a C57BL/6 background (Ho et al., 2007). In all experiments, 8- to 12-
month-old male mice were utilized. Age-matched C57BL/6 mice (Jackson Laboratories)
were used as WT controls. All experiments involving equal treatments in WT and mutant
samples and animals were conducted by experimenters blind to conditions. All animal
manipulations were conducted in accordance with the Animal Welfare Guidelines of the
Children’s Hospital Boston. All procedures were approved and monitored by the Children’s
Hospital Animal Care and Use Committee.

Biotin-GSSG-Biotin Synthesis

Biotin-GSSG-biotin was synthesized as described in Figure S1C. All reagents including (+)-
biotin and GSH were obtained from Sigma-Aldrich, except for the solvents
(dimethylformamide [DMF]), which were from Thermo Fisher Scientific.

S-Glutathionylation of Human Cytokines and Chemokines

MS Analysis

Proteins were prepared by 1:16 dilution with distilled water (32 uL for every 2 ug of
protein). 10 pL of protein solution was divided between three test tubes: DMSO (1 uL) was
added to the first tube, and BioGSSG (biotinylated oxidized GSH, 1 uL) was added to the
second and third tubes prior to incubation at 37°C for 30 min. 1 yL of DTT (DTT, 60 mM
stock) was then added to the third test tube, and 1 pL of distilled water was added to the first
and second tubes. Samples were incubated at room temperature (RT) for another 30 min
before being mixed with 12 uL 2 x LDS loading buffer (without reducing agents, Bio-Rad;
catalog number 161-0737) and boiled for 7 min. Proteins were resolved on non-reducing
4%-12% gradient gels and probed by western blotting using an a-GSH antibody (Virogen;
1:1,000). Total protein loading was evaluated by colloidal blue staining (Life Technologies).

Samples were digested with trypsin at 37°C for 2 hr in buffer containing 2 M urea and 50
mM ammonium bicarbonate, acidified with glacial acetic acid to a final concentration of
2%, and desalted by ZipTip (Millipore). Tryptic peptides were analyzed by highly sensitive
nanospray liquid chromatography-tandem mass spectrometry (LC-MS/MS) using an LTQ-
Orbitrap mass spectrometer (Thermo Fisher Scientific).

Statistical Analysis

For most experiments, the two-tailed, unpaired, Student’s t test was used to compare groups
(Microsoft Excel or Prism software). Data were presented as means (+SD). A p value <0.05
was considered statistically significant. Statistical power analysis was used to justify the
sample size. We assumed that data were normally distributed, since most outcome values
were symmetrically distributed around the mean value within each group. The variance was
similar between groups as determined by the ~test. No samples or animals subjected to
successful procedures and/or treatments were excluded from the analysis. No randomization
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was used for animal studies, since it was not applicable in this case. For survival analysis,
Kaplan-Meier survival curves were generated using survival data and groups were compared
by log-rank analysis using Prism software (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The most conserved cysteine in mature IL-1p, Cys-188, can be S-
glutathionylated

Cysteine S-glutathionylation protects IL-1p from H,O,-induced deactivation

S-glutathionylation of Cys188 is required for maintaining IL-1f bioactivity in
Vivo

Grx1 is a physiological negative regulator of IL-1p cysteine S-
glutathionylation
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Figure 1. The Most Conserved Cysteine in Mature IL-1p Can Be S-Glutathionylated
(A) Immunoblots of biotinylated glutathione (BioGSH)-modified human IL-1f with

streptavidin-HRP. Total protein loading was evaluated with colloidal blue dye and IL-1pB-

specific antibodies.

(B) Immunoblots of S-glutathionylated human IL-1p using GSH-specific antibodies with
total protein loading evaluated by IL-1B-specific antibodies.
(C) Graphical representation of the mass spectrometry (MS) analytical strategy for human

IL-1B S-glutathionylation.

(D) Oxidation-induced cysteine modifications in human IL-1p detected by MS.

(E) Amino acid sequence alignments of full-length IL-1p. Gray highlight, IL-1p propiece;
green highlight, conserved cysteines in mature IL-1; yellow highlight, non-conserved
cysteines in mature IL-1p; underline, cysteine-containing peptides detected in MS analysis.
(F) Amino acid sequences of WT and mutant forms of IL-1p.

(G) Immunoblots of S-glutathionylated WT and mutant forms of IL-1p using streptavidin-
HRP. IL-1p was treated with oxidized biotinylated GSH BioGSSG (250 pM) in the presence
or absence of DTT (5 mM). Total protein loading was evaluated by colloidal blue staining.
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Figure 2. HyO», but Not Cysteine S-Glutathionylation, Induces Cys-188-Dependent IL-1p
Deactivation

(A) The effect of glutathionylation on IL-f3 were pretreated with or without GSSG (250 uM)
for 1 hr at 37°C before adding to HeLa cell cultures. Figures are representative of at least
three independent experiments.

(B) Densitometry results expressed as ratios to the value of untreated cells (PBS alone).
Results are the means (xSD) of three independent experiments. The IL-1 concentration
inducing half the maximal response (EC50) is indicated.

(C) The effect of HoO»-induced oxidation on IL-1p bioactivity assessed by the 1xB
degradation assay. Indicated amounts of IL-1p were pretreated with H,O, (100 uM) for one
h at 37°C before adding to HeLa cell cultures.

(D) Densitometry results (means +SD of three independent experiments).

(E) Bioactivity of mutant forms of IL-1p assessed by the 1xB degradation assay.
Representative immunoblots are shown.

(F) Densitometry results (means £SD of three independent experiments).

(G) The effect of H,O,-induced oxidation on the bioactivity of mutant IL-1f assessed by the
IxB degradation assay. Indicated amounts of mutant IL-1p were pretreated with or without
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H,0, (100 uM) for one hr at 37°C before adding to HelLa cell cultures. Representative
immunoblots for IxBa are shown.

(H) Densitometry results (means £SD of three independent experiments). ECsgq for each
mutant IL-1p are indicated.
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Figure 3. Cysteine S-Glutathionylation Protects IL-1p from HyO»-Induced Deactivation
(A) The effect of glutathionylation on H,O5-induced irreversible oxidation of IL-1p assessed

by MS. IL-1B was treated with or without GSSG (250 uM) and then H,O, (100 uM) for
another 30 min at 37°C. The cysteine modification was detected by MS, and the relative
amount of each cysteine modification was assessed using Skyline software. Representative
plots of precursor, precursor (M+1), and precursor (M+2) intensities for each indicated
modification are shown. The molecular weights (MW) of peptides containing the indicated
modified cysteine are shown.
(B) The effect of glutathionylation on H,0,-induced deactivation of IL-1p assessed by the
IxB degradation assay. Indicated amounts of IL-1p were pretreated overnight with GSSG
(250 uM) and then H,O5 (100 uM) for another 30 min at 37°C before adding to HeLa cell
cultures. Representative immunoblots for IxBa are shown.
(C) Densitometry results. Shown are the means (£SD) of three independent experiments.
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Figure 4. IL-1B Is S-Glutathionylated In Vivo
(A) Survival of mice treated with 6Gy whole-body -y-irradiation. The indicated amounts of

recombinant mouse IL-1p were administered i.p. 20 hr before irradiation. Survival was
analyzed using Kaplan-Meier survival curves and the log-rank test. *p < 0.005 versus
control.

(B) H,05, concentrations in the bone marrow (BM) of irradiated mice. Data are means = SD
of n = 3 mice. *p < 0.005 versus time 0.

(C) IL-1B-elicited ROS elevation in the BM. Data shown are means + SD of n = 3 mice. *p
< 0.005 versus time 0.

(D) S-glutathionylation of i.p.-injected recombinant mouse IL-1p detected by western
blotting. His-tagged recombinant mouse IL-1f (1 ug/mouse) was i.p.-injected into WT
mice. Whole-body y-irradiation was conducted 24 hr after injection. Recombinant IL-1f
was pulled down from the serum or BM lavage using Ni-NTA agarose beads at the times
indicated after irradiation. Precipitated IL-1p was assessed by western blotting using anti-
mouse IL-1p antibody. S-glutathionylation of recombinant IL-1p was detected using an anti-
GSH antibody. Representative immunoblots are shown.

(E) Cysteine modification of i.p.-injected recombinant mouse IL-1p analyzed by MS.
Recombinant IL-1p (1 pg) was injected 24 hr before irradiation and was pulled down from
serum using Ni-NTA agarose beads 3 days after irradiation. Mice not injected with
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recombinant IL-1f were used as controls. Representative graphs of total intensity of
precursor, precursor (M+1), and precursor (M+2) for each indicated modification are shown.
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Figure 5. S-Glutathionylation of Cys188 Is Required for Maintaining IL-1p Bioactivity In Vivo
(A) Kaplan-Meier survival curves indicate that mutant IL-1p (188C/S) has higher

bioactivity than WT IL-1pB. The bioactivities of i.p.-injected WT and mutant IL-IL-18
(188C/S) have higher bioactivity than WT IL-1p. The bioactivities of i.p.-injected WT and
mutant IL-1p were assessed at two doses: 0.5 pg/mouse and 0.2 pg/mouse. *p < 0.005
versus WT IL-1p, log-rank test.

(B) The effect of Grx1 on cysteine modification of IL-1p analyzed by MS. His-tagged
recombinant mouse IL-1f (1 pg) and recombinant Grx1 (1 ug) were injected i.p. into WT
mice. Whole-body y-irradiation was conducted 24 hr after injection. Recombinant IL-1f
was pulled down from serum using Ni-NTA agarose beads 3 days after injection, separated
by SDS-PAGE, and then processed for MS. Representative graphs for each indicated
modification are shown.

(C) Kaplan-Meier survival curves showing that co-injection of Grx1 reduces WT IL-1p, but
not mutant IL-1f (188C/S), bioactivity. *p < 0.005 versus IL-1p (WT or mutant form)
alone, log-rank test. n.s., not significant.
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Figure 6. Grx1 Is a Physiological Modulator of Protein Cysteine S-Glutathionylation
(A) Grx activity measured in the serum of irradiated mice. Serum samples were collected at

the indicated times after 4 Gy whole-body irradiation. One unit was defined as consumption
of 1 uymol of NADPH per min. Data are means + SD of n = 3 mice.

(B) Grx activity measured in the BM extracellular space of irradiated mice (number of units
per milligram BM protein). Data are means + SD of n = 3 mice.

(C) Grx staining in BM biopsies of acute myeloid leukemia (AML) patients. Images are
representative of BM before (left) and 1 month after (right) chemotherapy induction.

(D) The percentage of patients showing increased Grx1 expression after induction
chemotherapy (n = 27).
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(E) Glutathionylation staining of WT and Grx1 KO mouse BM in the presence or absence of
GSH. Representative fluorescent images are shown. Addition of excess reduced GSH to the
primary GSH antibody mix abrogated glutathionylation.

(F) Quantitative analysis of protein glutathionylation in WT and Grx1 KO mouse BM. Mean
fluorescence intensities (£SD) are shown. *p < how versus WT.

(G) Glutathionylation staining of the BM of irradiated WT and Grx1 KO mice (4 Gy whole-
body irradiation). Representative fluorescent images are shown.

(H) Quantitative analysis of protein glutathionylation in irradiated WT and Grx1 KO mouse
BM. Mean fluorescence intensities (xSD) are shown. *p < 0.005 versus WT.
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Figure 7. Grx1 Is a Physiological Regulator of IL-1B Cysteine S-Glutathionylation and IL-1p
Bioactivity

(A) S-glutathionylation of i.p.-injected recombinant IL-1p in WT and Grx1 KO mice
detected by western blotting. His-tagged recombinant mouse IL-g in WT and Grx1 KO mice
was detected by western blotting. His-tagged recombinant mouse IL-1p (1 ug/mouse) was
injected i.p. 24 hr before -y-irradiation. Recombinant IL-1f was pulled down from the serum
using Ni-NTA agarose beads at the times indicated.

(B) Quantitative analysis of protein glutathionylation. Densitometry of the blots performed
using ImageJ software. Results are the means £SD of three independent experiments. *p <
0.005 versus WT.

(C) Quantitative analysis of total IL-1p protein level.

(D) Kaplan-Meier survival curves showing that disruption of Grx1 augments IL-18
bioactivity in mice. Recombinant mouse IL-1p (0.5 pg/mouse) was administered i.p. 20 hr
before irradiation. *p < 0.005 versus WT mice, log-rank test.

(E) S-glutathionylation of endogenously produced IL-1f8. Mice were challenged with LPS
(10 mg/kg, i.p. injection). The serum was collected 6 hr post-injection. Endogenously
produced IL-1p in the serum (1 mL, pooled from three mice) was immunoprecipitated using
Hamster anti-1L-1f mADb (clone B122).

(F) Disruption of Grx1 augmented S-glutathionylation of endogenously produced IL-1p.
The experiment was conducted as described above. Samples were treated with or without
DTT (10 mM) before loading onto the SDS-PAGE.
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