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Abstract

Glutaredoxin (Grx1) is a ubiquitously expressed thiol-disulfide oxidoreductase that specifi-

cally catalyzes reduction of S-glutathionylated substrates. Grx1 is known to be a key regula-

tor of pro-inflammatory signaling, and Grx1 silencing inhibits inflammation in inflammatory

disease models. Therefore, we anticipate that inhibition of Grx1 could be an anti-inflamma-

tory therapeutic strategy. We used a rapid screening approach to test 504 novel electrophilic

compounds for inhibition of Grx1, which has a highly reactive active-site cysteine residue

(pKa 3.5). From this chemical library a chloroacetamido compound, CWR-J02, was identi-

fied as a potential lead compound to be characterized. CWR-J02 inhibited isolated Grx1

with an IC50 value of 32 μM in the presence of 1 mM glutathione. Mass spectrometric analy-

sis documented preferential adduction of CWR-J02 to the active site Cys-22 of Grx1, and

molecular dynamics simulation identified a potential non-covalent binding site. Treatment of

the BV2 microglial cell line with CWR-J02 led to inhibition of intracellular Grx1 activity with

an IC50 value (37 μM). CWR-J02 treatment decreased lipopolysaccharide-induced inflam-

matory gene transcription in the microglial cells in a parallel concentration-dependent man-

ner, documenting the anti-inflammatory potential of CWR-J02. Exploiting the alkyne moiety

of CWR-J02, we used click chemistry to link biotin azide to CWR-J02-adducted proteins,

isolating them with streptavidin beads. Tandem mass spectrometric analysis identified

many CWR-J02-reactive proteins, including Grx1 and several mediators of inflammatory

activation. Taken together, these data identify CWR-J02 as an intracellularly effective Grx1

inhibitor that may elicit its anti-inflammatory action in a synergistic manner by also disabling

other pro-inflammatory mediators. The CWR-J02 molecule provides a starting point for

developing more selective Grx1 inhibitors and anti-inflammatory agents for therapeutic

development.
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Introduction

Inflammation has long been recognized as a deleterious contributing factor in numerous dis-

ease conditions, prompting continuous pursuit of effective anti-inflammatory agents for ther-

apy. In this context, many protein mediators of pro-inflammatory signaling are known to

undergo reversible redox modifications on cysteine residues that can regulate their functions.

Considering the intracellular abundance of GSH and the propensity of these modified cysteine

residues to react with GSH, it is expected that a prevalent outcome of redox signaling is pro-

tein-S-glutathionylation (protein-SSG). Thus, regulation of reversible protein-SSG formation

has become a central issue in inflammatory responses and neurodegenerative diseases [1, 2],

focusing attention on the enzyme glutaredoxin (Grx1).

Grx1 is a ubiquitously expressed oxidoreductase that efficiently and specifically catalyzes

deglutathionylation of mixed disulfide (S-glutathionylated) substrates [3]. Grx1 has been

found to promote transcription of pro-inflammatory genes via deglutathionylation of mem-

bers of the pro-inflammatory NFκB transcription pathway (reviewed in [1, 2]). Grx1 has been

implicated as a positive regulator of inflammation in numerous contexts, such as diabetic reti-

nopathy, cigarette smoke-induced inflammation and allergic airway response, and microglial

activation [4–6]. Adenoviral overexpression of Grx1 alone; i.e., in the absence of pro-inflam-

matory stimuli, has been shown to increase release of pro-inflammatory markers from model

retinal glial cells, epithelial cells, and microglial cells [4–6]. Moreover, Grx1 is upregulated by

various inflammatory stimuli in peripheral immune and epithelial cells [7–9], and in microglia

[6], thereby potentially creating a feed-forward loop of inflammatory propagation. Grx1

silencing inhibits pro-inflammatory cytokine release in both cell culture and animal models of

inflammatory disease [4, 5, 10]. In addition, Grx-/- mice demonstrate blunted cytokine release

from airway epithelial cells in response to both cigarette smoke and ovalbumin challenge used

to simulate allergic airway response [4, 11]. The accumulated evidence for a pro-inflammatory

regulatory role of Grx1 suggests inhibition of Grx1 as a potential anti-inflammatory strategy.

Therefore we set out to discover an inhibitor of Grx1 that was effective intracellularly in model

microglial cells and test whether such an inhibitor would display anti-inflammatory efficacy.

To date, no selective inhibitors for Grx1 have been identified that are effective in cells. Grx1

cannot be inhibited by reversible binding of substrate analogs due to its high commitment to

covalent catalysis [3]; i.e., the rates of the covalent reactions of the nucleophilic double dis-

placement mechanism far exceed the rates of dissociation of each of the substrates, precluding

competitive inhibition by substrate analogs. Thus, targeting the active site of Grx1 non-cova-

lently is impractical. Therefore, in the current study we used a stochastic rapid screening

approach and focused on thiol-selective electrophilic compounds that would be likely to cova-

lently adduct the nucleophilic active site cysteine of Grx1. We adapted the standard spectro-

photometric assay for Grx1 activity to test 504 novel thiol-reactive compounds. Of these, the

methyl 3-((4-(2-chloroacetamido) benzyl) carbamoyl)-5-(prop-2-yn-1-yloxy) benzoate,

“CWR-J02,” emerged as the most promising for validation as a Grx1 inhibitor. Hereafter the

compound will be referred to as “J02.” J02 was found to inhibit isolated Grx1 in a concentra-

tion- and time-dependent fashion, with selectivity for Grx1 relative to glutathione disulfide

reductase. With the BV2 microglial cell line, J02 was found to inhibit Grx1 activity without

altering Grx1 content; and to decrease lipopolysaccharide (LPS)-stimulated cytokine gene

expression, documenting anti-inflammatory activity. Selective knockdown of Grx1 in the

microglia led to anti-inflammatory effects as expected, but treatment with J02 displayed greater

anti-inflammatory impact, suggesting additional targets of J02 contributing to the overall

effect. Indeed, affinity precipitation and mass spectrometric analysis of the J02-adducted pro-

teome revealed numerous potential targets of J02. Notably, Grx1, and several components of
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the NFκB pro-inflammatory signaling pathway were detected; however, the extent of adduc-

tion and functional consequences are not detectable by this analysis. Taken together, these

data suggest that J02 may serve as a Grx1 inhibitor and an anti-inflammatory agent in vivo,

serving as a starting point for developing more effective Grx1 inhibitors, and/or anti-inflam-

matory agents for in vivo and therapeutic applications. This study identifies the first reported

covalent modifier for Grx1 that is effective intracellulary, providing a lead compound that can

then be further optimized for selectivity. Notably, the covalent mode of action and the pres-

ence of the alkyne group on the J02 molecule make it relatively facile to screen related deriva-

tives for selectivity and intracellular potency in future studies.

Results

Chloroacetamido compound J02 inhibits the activity of Grx1 via covalent

modification

Chloroacetamides are known to be thiol-reactive, and Grx1 has an especially reactive, low pKa

active site thiol, Cys-22 [12]. We hypothesized that compounds with the chloroacetamido moi-

ety (i) would covalently adduct the Grx1 active site and inactivate the enzyme, and (ii) would

be relatively selective for Grx1, reacting more rapidly with its Cys-22 moiety than with other

protein-SH groups. Accordingly, we assayed a chemical library of 504 electrophilic com-

pounds, most of which are thiol-selective, in a rapid screening fashion. Of these, compound

J02 (Fig 1A) elicited the greatest decrease in Grx1 activity according to the standard assay

adapted for rapid endpoint analysis of micro samples in a 384-well plate.

To characterize J02 as a bona fide Grx1 inhibitor, we investigated the concentration-depen-

dent effects of J02 on the activity of the isolated enzyme. Pre-incubation of isolated Grx1 for 30

min with various concentrations of J02 in the presence of 1 mM GSH resulted in a concentra-

tion-dependent loss of activity, with IC50 = 32 μM (Fig 1B). In contrast, J02 did not affect the

activity of glutathione disulfide reductase (GR) when tested separately under analogous condi-

tions (Fig 1B). Importantly, this confirms that any inhibitory effects observed in the assay of

Grx1 activity, which includes GR as the coupling enzyme, were not due to direct inhibition of

GR.

Identification of site of J02 covalent modification of Grx1. Considering the chemical

nature of J02, we expected that inactivation of Grx1 could be attributed to covalent adduction

of J02 to the active site cysteine (Cys-22). This prediction was confirmed by tandem mass spec-

trometric analysis of the tryptic peptides derived from J02-treated Grx1 (Fig 1C). Grx1

sequence coverage included all cysteine residues present in the protein. Detailed analysis of

MS data revealed the addition of de-chlorinated J02 (+378.2 Da) to a peptide containing the

catalytic cysteine (14VVVFIKPTCPYCR26). The fragmentation pattern of this peptide identi-

fied the exclusive location of the covalent modification to be the side chain of Cys-22 (Fig 1C).

Tandem mass spectrometry showed that fragmentation of the parent ion gave a fragment ion

of m/z 654.3 [M+H]+3 that corresponds to the 14VVVFIKPTCPYCR26 peptide. Further frag-

mentation revealed the presence of the cysteinyl-J02 moiety identified by a series of unique

and subsequent “y” ions (y4 –y12). These fragments unambiguously confirm Cys-22 as the site

of J02 adduction. The inset on the upper left of panel C of Fig 1 indicates the observed frag-

ment ions of the peptide containing modified Cys-22, labeled according to Biemann nomen-

clature. Of the five cysteine residues on Grx1, only cysteine-22 was found to be adducted

under these conditions.

Consistent with the covalent mechanism of inactivation of Grx1, pseudo first order kinetics

was observed (Fig 1D) for the time-dependent and J02 concentration-dependent loss of Grx1
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Fig 1. Novel chloroacetamide J02 inhibits Grx1 as isolated enzyme. A, J02 chemical structure. B, % enzyme

inhibition by J02 of Grx1 or GR as isolated enzymes. Grx1 or GR were pre-incubated with indicated concentrations of

J02 in complete assay mix for 30 min. Enzyme activity was then measured using standard spectrophotometric

assays. n�3±SEM. C, Identification of J02 adducted to the active site cysteine of Grx1 by mass spectrometry. The

tandem spectrum was collected for the m/z 654.3 [M+H]+3 ion that corresponds to the peptide 14VVVFIKPTCPYCR26

modified by J02 adduction at Cys-22 and carbamidomethylation at Cys-25. Fragmentation of the parent ion revealed

the presence of the cysteinyl-J02 moiety identified by a series of unique and subsequent “y” ions (y4 –y12). These

Anti-inflammatory glutaredoxin-1 inhibitor
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activity. When re-plotted in a modified Kitz and Wilson format [13] (Fig 1E), KI for J02 was

found to be 40 μM, and kinact was 0.5 min-1.

Molecular dynamics simulation suggests non-covalent interactions of

J02 on Grx1

To gain insight regarding potential non-covalent interactions of J02 with Grx1, preceding the

covalent adduction of Cys-22, we used a molecular dynamics approach to simulate the

J02-Grx1 interaction for 50 ns, initially positioning the chlorine-bearing carbon of J02 in the

vicinity of Cys-22 of the NMR structure of Grx1. The resulting complex after 50 ns shows sev-

eral features. The methylene carbon of the chloroacetamido group of J02 was found to be

within 10 Å of the sulfur atom of Cys-22. The rest of the J02 molecule was folded over in a rela-

tively extended conformation, placing several of the oxygen and nitrogen atoms of J02 near

Thr-50 and other neighboring residues capable of forming hydrogen bonds at a recognition

site on Grx1 (Fig 2A). The binding site on Grx1 identified by the molecular dynamics (MD)

simulation for the interaction with J02 is distinct from that involved in stabilizing the

Grx1-SSG catalytic intermediate (Fig 2B). In the simulated complex, J02 interacts primarily

with Grx1 residues Glu-3, Phe-4, Thr-50, Asn-51, and His-52 (Fig 2C). The prediction of an

initial reversible binding site preceding covalent thioether formation with Cys-22 is consistent

with the observed kinetics displayed in Fig 1E, where the non-zero y-intercept of the Kitz-

Wilson plot indicates a reversible non-covalent association of J02 with Grx1 preceding cova-

lent adduction. The finding via molecular dynamics simulation of a distinct binding site for

J02 suggests that the area surrounding Thr-50 may represent a novel recognition site on Grx1

that could be exploited for further inhibitor development.

J02 inactivates Grx1 in microglia

In order to examine the effects of J02 on Grx1 function in its natural environment, we treated

intact cells with J02. We used the BV2 microglial cell line, which we previously characterized

with regard to Grx1-dependent regulation of the inflammatory response [6]. Pre-treatment of

the cells with various concentrations of J02 for 30 min resulted in a concentration-dependent

loss of Grx1 activity, with an IC50 of 37 μM (Fig 3A), closely corresponding to the IC50 for

the isolated enzyme that was preincubated for the same time period. This result documents the

utility of the experimental design. Including 1 mM GSH in the reaction mixture for testing the

inhibitory effect of J02 on the isolated Grx1 enzyme mimics the intracellular content of GSH,

which is the major thiol-containing competitor for J02 on a mass-action basis. In contrast to

Grx1, treatment of the BV2 microglia with 40μM J02 did not inhibit the activity of the related

fragments unambiguously confirm Cys-22 as the site of J02 adduction. The inset on the upper left of panel C of Fig 1

indicates the observed fragment ions of the peptide containing modified Cys-22, labeled according to Biemann

nomenclature. Of the five cysteine residues on Grx1, only cysteine-22 was found to be adducted under these

conditions. D, J02 inhibition of Grx1 isolated enzyme activity in a concentration- and time-dependent manner. Grx1

(40 milliunits (nmol substrate/min)) was incubated with indicated concentrations of J02 in 0.33 M sodium potassium

phosphate buffer pH 7.4 at 30˚C for indicated time. The mixture was then diluted 20-fold into complete assay mix,

and standard spectrophotometric assay was performed. E, modified Kitz-Wilson plot for Grx1 inactivation by J02.

Grx1 (4 milliunits) was pre-incubated with various (10–90 μM) concentrations of J02 in 0.33 M sodium potassium

phosphate buffer pH 7.4 for 5 min at 30˚C. A separate experiment verified the log linear relationship between J02

concentration and % Grx1 inhibition for the range of experimental conditions (see Fig 1D). KI and kinact were

determined according to the relationship ln(E0/Et)/t = kinact[I]/(KI + [I]), where E0 refers to Grx1 activity at time zero,

and Et refers to Grx1 activity after 5 min pre-incubation, [I] refers to J02 concentration, KI is the concentration of J02

that gives half the maximal rate of inactivation, and kinact is the net rate constant for inactivation. The KI for J02 is

40 μM and kinact is 0.5 min-1. n = 3 ± SEM.

https://doi.org/10.1371/journal.pone.0187991.g001
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thiol-disulfide oxidoreductase enzyme thioredoxin (Trx1, supplemental S3 Fig), consistent

with the much higher pKa values (~7–8) for the active site thiols of Trx1. Treatment of the

cells with the IC50 concentration of J02 did not affect levels of glrx1 mRNA, indicating that J02

did not interfere with Grx1 expression (Fig 3B). To further distinguish whether J02 decreased

only the enzymatic function of Grx1 and not also its content, we measured the Grx1 content

directly by Western blot (Fig 3C). To our surprise the Grx1 content appeared to increase after

J02 treatment. However, this apparent change was documented to be an anomaly attributable

to increased immunoreactivity of the J02-Grx1 adduct (Fig 3D), confirming that J02 treatment

of cells did not lead to a change in Grx1 content.

We had previously characterized epidithiopiperazine-2,5-dione compounds (sporidesmin

and gliotoxin) as inactivators of the isolated Grx1 enzyme [13]. However, these bridged disul-

fide-compounds were ineffective as Grx1 inhibitors in the presence of GSH. Accordingly, we

expected that gliotoxin would not be effective as an inhibitor of Grx1 intracellularly where

GSH is abundant. Indeed, treatment of microglial cells for 30 min with 40 μM gliotoxin had

no effect on the activity of Grx1 (Fig 3E).

J02 treatment of microglia is anti-inflammatory

We and others have observed previously that diminution of Grx1 content decreases cytokine

expression in response to inflammatory stimulation in microglial cells [6], retinal glial cells [9],

and alveolar macrophages [4], suggesting that a small molecule targeted to Grx1 may be anti-

inflammatory. Accordingly, we investigated the effects of the Grx1 inhibitor J02 on cytokine

expression in BV2 microglial cells. Pre-treatment of BV2 cells for 30 min with various concen-

trations of J02 decreased the LPS-induced levels of tnfa, interleukin-6 (il6), and interleukin-1

beta (il1b) in a concentration-dependent fashion (Fig 4A), consistent with a pronounced anti-

inflammatory effect. We separately confirmed that the J02-dependent inhibition of LPS-

induced cytokine expression was not due to a cytotoxic effect of J02. Thus, no ATP loss was

Fig 2. MD simulations suggest that J02 forms an interaction with Grx1 in a distinct region of Grx1 compared to that of the glutathionyl moiety in

the Grx1 glutathionyl mixed disulfide intermediate. A, Grx1/J02 complex at the end of a 50 ns molecular dynamics simulation, using the NMR structure

of Grx1 (PDB ID: 1JHB); the chlorine atom of J02 is shown in green. B, NMR structure of the glutathionyl mixed disulfide intermediate of the quadruple C—

>S mutant of Grx1 (QM-Grx1-Cys22-SSG) (PDB ID: 1B4Q). Approximately the same view of Grx1 is shown in panels A and B. C, Rotated view of the

Grx1/J02 complex, highlighting the main interaction residues of Grx1 in orange (Glu-3, Phe-4, Thr-50, Asn-51, and His-52). The catalytic Cys-22 is labeled

in all three panels.

https://doi.org/10.1371/journal.pone.0187991.g002
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Fig 3. J02 inhibits Grx1 in BV2 murine microglia cells. A, Grx1 specific activity in BV2 cell lysates. Cells were treated with 32 μM

J02 or DMSO for 30 min, medium changed, and cells were allowed to recover for 1 hour before lysing and assaying activity. B, glrx1

mRNA levels in BV2 cells treated as in A, or BV2 cells pre-incubated with 32 μM J02 or DMSO for 30 min and then treated with 1 μg/ml

LPS for 1 hour. C, Immunoblot of BV2 murine microglial cells treated as in A. Densitometric quantification on right. D, Immunoblot of

purified Grx1 incubated with 96 μM J02 or DMSO. Incubation was performed in phosphate buffer pH 7.4 for 30 min at room

temperature. Densitometric quantification is shown on right. E, Grx1 activity in BV2 cells treated with 40 μM gliotoxin (sporidesmin

analog) or DMSO as in A. n = 3 ± SEM. *p<0.05, **p<0.01, ***p<0.001. RQ—relative quantity.

https://doi.org/10.1371/journal.pone.0187991.g003
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observed up to 6 hours post 30 minute pretreatment with various concentrations of J02 (Fig

4B).

To assess the contribution of Grx1 deactivation toward the anti-inflammatory effects of J02,

we selectively diminished Grx1 content in the BV2 cells via siRNA, as previously [[6]]. Grx1

knockdown to ~80% recapitulated the inhibitory effect of J02 on the LPS-induced elevation of

il6 and il1b, but not tnfa (Fig 4C). Grx1 knockdown, however, did not prevent J02-dependent

inhibition of cytokine induction by LPS, suggesting that deactivation of Grx1 cannot be the

only mechanism by which J02 exerts its anti-inflammatory effects. Therefore, we investigated

the potential cellular targets of J02.

J02 interactome in microglia

The alkyne moiety on the J02 molecule facilitated a survey of intracellular targets of J02. Thus,

using azido-substituted biotin and click chemistry, followed by pull down of J02-adducted

Fig 4. J02 inhibits cytokine expression in BV2 cells, not due to induction of cytotoxicity. A, Cytokine mRNA levels in lysates from BV2 cells pre-

treated with indicated concentrations of J02 for 30 min and stimulated with 1μg/ml LPS for 60 min. n = 3 ± SEM. **p<0.01. RQ—relative quantity. B, ATP

content in lysates from BV2 cells pre-treated with indicated concentrations of J02 for 30 min, allowed to recover for indicated amount of time. ATP levels

were normalized to those from control (DMSO treated) cells. n = 3 ± SEM. Arrow indicates J02 concentration used in cell-based assays. C, mRNA levels

in BV2 treated with non-targeting (NT) scrambled siRNA (control) or Grx1-targted (GLRX) siRNA for 24 hours, treated with J02 (32 μM) or DMSO for 30

min, and stimulated with 100 ng/ml LPS for 24 hours. n� 3 ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. RQ—relative quantity.

https://doi.org/10.1371/journal.pone.0187991.g004
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proteins with streptavidin beads, the J02-targeted proteins were separated from J02-treated

BV2 cell lysates. Then tryptic digests of the eluted proteins were analyzed by tandem mass

spectrometry. In this way, numerous proteins were identified as being adducted to some extent

by J02. Consistent with the anti-inflammatory efficacy of J02, Grx1 was identified among the

proteins adducted by J02 in the microglial cells, as expected. In addition, a number of other

pro-inflammatory proteins were identified by the mass spectrometric analysis (Fig 5A),

including members of the NFκB pathway known to be regulated via S-glutathionylation. Two

of these key proteins involved in regulation or mediation of NFκB signaling were further docu-

mented to be adducted by J02 by Western blotting with the corresponding antibodies for Grx1

and p65 after streptavidin pulldown (Fig 5B).

Discussion

Thiol-reactive compounds as anti-inflammatory agents

Covalent compounds targeted to cysteines have been shown to be anti-inflammatory in cell

and animal models of disease. For example, inhibiting IL-2-inducible tyrosine kinase with a

covalent inhibitor targeted towards the ATP binding site was found to decrease inflammation

in human lung fragments [14]. The natural compound andrographolide was reported to exert

anti-inflammatory action by covalently modifying Cys-62 of p50 [15]. 15d-PGJ2, a known

anti-inflammatory prostaglandin, covalently binds to a number of cysteines [16, 17]. Thus, cys-

teine-targeted covalent modifiers have been found to be effective in decreasing inflammation.

We set out in the current study to test the hypothesis that inhibition of Grx1 would corre-

spond to an anti-inflammatory effect. The thiol-reactive CWR-J02 compound does inhibit

Grx1 intracellularly and it does elicit an anti-inflammatory effect; however the anti-inflamma-

tory effect likely involves additional inflammatory mediator proteins as targets and it may also

act on other side targets not involved in inflammation. These findings identify J02 as a valuable

lead compound for further development with likely divergent goals. One goal would be to opti-

mize the anti-inflammatory effect by characterizing the degree of inhibition of each of the

other inflammatory protein targets of J02 and then modify its structure to enhance their inhi-

bition while minimizing off-target effects. The other goal would be to seek more selective

inhibitors of Grx1 by modifying the J02 structure, as considered next.

J02 as a glutaredoxin inhibitor

J02 is a thiol-reactive agent based on its electrophilic chloroacetamido moiety, analogous to

the simpler compound iodoacetamide; however J02 and related compounds with more com-

plex structures have the potential for selectivity based on non-covalent interactions. A previ-

ously identified Grx1 inhibitor, sporidesmin, was characterized as a mechanism-based

inhibitor that crosslinks two of the Grx1 cysteine residues [13]. However, the efficacy of spori-

desmin as a Grx1 inhibitor in cells or in vivo was not explored. As GSH was shown to abrogate

inhibitory action of sporidesmin in vitro due to reduction of the strained disulfide bond, it is

likely that in vivo, where the intracellular content of GSH is relatively high, sporidesmin would

not act as a Grx1 inhibitor. Our current data for the sporidesmin analog gliotoxin confirmed

this supposition (Fig 3E). More recently, γ-glutamyldehydroalanyl-glycine, a metabolite of the

DNA alkylating agent busulfan, was shown to covalently bind to, and inhibit, Grx1 and Grx2

in vitro [12]. Follow-up studies showed that busulan itself can inactivate Grx1 directly through

a novel mechanism that crosslinking of Grx1 active site cysteine residues, similar to the inacti-

vation mechanism employed by gliotoxin [13]. However, busulfan is a cytotoxic agent by

design, and these studies did not include characterization of selectivity or relative potency for

inactivation of isolated Grx or intracellular Grx [12]. In contrast, J02, even in the presence of 1
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Fig 5. J02 interactome for BV2 cells–proteins involved in inflammatory responses. BV2 cells were treated with 40 μM J02 or

DMSO. Resulting cell pellets were lysed, linked to a biotin azide probe, and run over a streptavidin column. A, Pulled down proteins

were identified using mass spectrometry (see SI Materials and Methods section for further details). A, Inflammatory proteins shown
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mM GSH, exhibits ~10-fold greater inhibitory potency toward isolated Grx1 (Fig 1B) com-

pared to sporidesmin’s potency in the absence of GSH [13]. The KI for J02 is 3-fold less than

that of sporidesmin [13], again suggesting that J02 inhibits Grx1 at lower concentrations rela-

tive to sporidesmin; whereas the kinact values for sporidesmin and J02 are similar (0.72 and 0.5

min-1, respectively). Previously, we found that CdCl2 is capable of inhibiting Grx1 in cells [18];

however, cadmium is a known health hazard, and it is not selective for Grx1. In addition, stud-

ies of Cd in the μM range generally have found it to be pro-inflammatory rather than anti-

inflammatory [19].

In our current study, in silico modeling provided data that are predictive of hydrogen bond-

ing between J02 and a recognition site on Grx1 (Fig 2). Such non-covalent interactions may

confer selectivity for Grx1. Accordingly, the area surrounding Thr-50 may represent a poten-

tial recognition site on Grx1to be exploited for subsequent design of more selective Grx1

inhibitors. In silico tools could also be used to optimize J02 derivatives, as recently employed to

identify acrylamide-containing compounds as potential inhibitors for bacterial Grx1 [20].

Further J02 optimization for interacting with Grx1

We show that J02 is able to interact with Grx1 in vivo and in vitro. J02 appears to alter antibody

binding to Grx1, which may be indicative of structural alterations that expose the antibody-

binding epitope(s). Our in silico data also indicate that J02 may exert specificity for Grx1 via
binding to the glutathionyl binding cleft. However, Grx1 clearly is not the only target of J02

intracellularly according to our proteomic survey (supporting data, S1 Table) Therefore,

improving the selectivity of J02 analogs for Grx1 in vivo is necessary to develop a more effective

tool for probing the functions of Grx1 in various contexts. As Cys22 of Grx1 is a strong nucleo-

phile, decreasing J02 reactivity by replacing the chlorine moiety with a less reactive halogen,

such as fluorine, may target J02 to strong nucleophiles only, thus decreasing off-target effects.

Consistent with this concept, a recent study demonstrated enhanced reactivity of the fluoroa-

cetamido moiety when situated in proximity to a thiol [21]. Accordingly, by optimizing the

non-covalent binding of J02 analogs in the proximity of the active site Cys-22, the chloroaceta-

mido moiety of J02 could be replaced by the less reactive fluroacetamido moiety, thereby

greatly limiting its general reactivity with less reactive protein thiols. In addition, in silico tools

could also be used to optimize derivative structures of J02 for non-covalent interaction with

Grx1, as recently employed for optimizing acetonitrile-derived inhibitors for bacterial Grx1

[20]

Glutaredoxin as a therapeutic target in inflammatory diseases

Grx1 knockdown has been shown to decrease inflammatory activation of microglia [6], Mueller

glial cells [5], and alveolar macrophages [4]. In the present study, we found Grx1 knockdown to

inhibit LPS induction of il6 (Fig 4), consistent with Grx1 as a target for anti-inflammatory treat-

ments. Grx1-/- mice [22] are viable and appear to have a normal lifespan. However, Grx1 dimi-

nution has been shown to contribute to apoptosis in some cell types, such as neurons [23, 24],

retinal pigment epithelial cells [25], cardiomyocytes [26] and lung epithelial cells [27]. Therefore,

to be regulated via S-glutathionylation and identified in the mass spectrometry dataset (supplemental S1 Table), including

glutaredoxin-1. B, Grx1 and p65 are detected in J02-adducted samples. BV2 cells were treated with 40 μM J02 or equivalent

volume DMSO for 30 min. Medium was changed, and cells were allowed to recover for 60 min. Resulting cell pellets were lysed,

adducted with azide fluorescent fluorophore, and run over streptavidin beads to precipitate J02-adducted proteins. See Materials

and Methods for further details. Eluted proteins were separated on SDS-PAGE gel, transferred to PVDF membrane, and probed

with antibodies against Grx1 (left) and p65 (right).

https://doi.org/10.1371/journal.pone.0187991.g005
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cell-specific delivery of a Grx1 inhibitor would be desirable in order to control potential off-tar-

get effects. Furthermore, there are exceptions to the pro-inflammatory role of Grx1in immune

cells. Recently, BALB/CGrx1-/- mice, lacking Grx1, were shown to mount an enhanced inflamma-

tory response when challenged with house dust mites [28], suggesting that the nature of the

Grx1 effect on inflammatory responses may be context- and/or mouse strain-dependent. In

addition, overexpression of Grx1 was reported to be anti-inflammatory in leukocytes under par-

ticular conditions. Thus, upregulation of Grx1 prevented accumulation of protein-SSG in the

monocytes of mice treated with low-density lipoprotein (LDL) plus high glucose; and inhibited

monocyte chemoattractant protein-1 (MCP-1)-induced monocyte chemotaxis in the mice [29].

The absence of Grx1 (e.g., Grx1-/- mice) has been associated with variable anti-inflamma-

tory effects [7, 10], suggesting that Grx1 may govern a specific inflammatory signature. We

found Grx1 knockdown to prevent il6 induction, but not that of tnfa or il1b (Fig 4). These

results are also consistent with our previous report of Grx1 knockdown in BV2 cells decreasing

LPS-stimulated secretion of IL-6 but not TNF-α [6]. Thus, further development of a selective

Grx1 inhibitor could be valuable in the quest for selective agents that would inactivate IL-6

mediated inflammatory responses. Interestingly, C57BL/6Grx1-/- mice displayed decreased lev-

els of both tnfa and il6 compared to WT controls [6], suggesting that Grx1 knockdown in the

microglia versus whole brain differentially regulates tnfa expression. Further investigation is

needed to elucidate the main glutathionylated targets regulated by Grx1 in the microglia,

which may explain apparent specificity for Grx1 regulation of il6 induction.

Covalent compounds are often avoided in the clinic due to concerns of potential side effects

following permanent protein adduction. The pharmacodynamics of covalent compounds

depends on protein half-life (reviewed in [30]). As Grx1 has been estimated to have a fairly

long half-life of ~1.5 days [31], J02 or other Grx1 inhibitors could be administered less fre-

quently, decreasing potential side effects. Moreover, protein stabilization following covalent

adduction has been shown to increase half-life in some cases [32], potentially allowing for fur-

ther reduction in dosage frequency, thus making J02, and other covalent Grx1 inhibitors,

attractive therapeutics.

Anti-inflammatory targets in the J02 interactome

523 proteins were found to be adducted to some extent by J02 (supplemental S1 Table). This

broad proteomic survey does not provide a quantitative estimate of the extent of adduction,

nor can it distinguish whether such adduction is associated with a functional change. As a

thiol-selective electrophilic agent, it is expected that J02 would target proteins with sensitive

sulfhydryl residues. Indeed the majority of the proteins adducted by J02 have been identified

previously in protein databases to be S-nitrosylated (http://dbSNO.mbc.nctu.edu.tw) and/or S-

glutathionylated (http://csb.cse.yzu.edu.tw/dbGSH/). As our study was focused on microglia

and the observed anti-inflammatory effects of J02, we searched the adducted proteins for those

relevant to pro-inflammatory signaling. In this way, the proteomic analysis provided corrobo-

rating data, identifying J02 labeling of 4 proteins within the NFκB pathway (p100, p105/p50,

inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ), and myeloid differentiation

primary response gene 88 (MyD88), Fig 5A). In addition, we documented J02 binding to p65

via immunoprecipitation and western blotting (Fig 5B); however, p65 per se did not appear

in the mass spectrometric analysis. It is possible that p65 was bound to an interactor, such as

p50, which could account for the multiple molecular weight bands we observed in the immu-

noblot with anti-p65. If so, J02 might influence binding partners within the NFκB pathway. As

expected, we did observe J02 adducted to Grx1 in both the mass spectrometric and immuno-

precipitation-immunoblot experiments, further documenting (i) that J02 interacts with and
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inhibits Grx1 in the cell, and (ii) that J02 may disrupt the NFκB pathway via Grx1 inhibition,

which has been shown to decrease NFκB signaling [4, 5]. Therefore, J02 may act as an anti-

inflammatory agent in a synergistic manner by negatively regulating the pro-inflammatory

NFκB pathway through direct adduction onto member proteins, and by inhibition of the pro-

inflammatory action of Grx1.

In summary, this study identifies for the first time a covalent modifier for Grx1 that is effec-

tive intracellulary and displays anti-inflammatory efficacy. The covalent mode of action and

the presence of the alkyne group on the J02 molecule are properties that make it a promising

lead compound whose derivatives would be easy to screen for selectivity and intracellular

potency in future studies.

Materials and methods

Stepwise synthesis of J02

J02, whose structure is shown in Fig 1A, was synthesized in a multistep procedure illustrated

in Fig 6.

Synthesis of compound 2. To an ice-cold solution of 1 (150 mg, 0.67 mmol) in deuter-

ated-chloroform (CDCl3, 3 ml), chloroacetyl chloride (65 μl, 1.2 eqiuv, 0.81 mmol) was added.

To this cold solution triethylamine (141 μl, 1.02 mmol) was added and stirred at RT for 1.5 h.

Complete consumption of 1 was observed using TLC analysis (TLC stained with ninhydrin)

and proton nuclear magnetic resonance (1H NMR) spectroscopy. The volatiles were evapo-

rated under reduced pressure to dryness to obtain crude mixture, 2 as a white solid in 91%

(181 mg) yield; Rf = 0.7 (50% EtOAc/hexane). 1H NMR (500 MHz, Chlorofom-d) δ 8.42 (s,

1H), 7.54 (d, J = 8.3 Hz, 2H), 7.28 (d, J = 7.1 Hz, 2H), 4.89 (s, 1H), 4.30 (d, J = 4.7 Hz, 2H), 4.21

(s, 2H), 1.47 (s, 9H). This crude solid (160 mg, 0.67 mmol) was re-dissolved in dichloro-

methane (6 ml) and placed in an ice bath. To this cold solution, trifluoroacetic acid (0.6 ml)

was added and stirred at RT for 2 h. Complete consumption of 2 was observed using TLC anal-

ysis. The volatiles were evaporated to dryness to obtain a white solid, and this was used in fur-

ther reactions without purification. 1H NMR (500 MHz, Chloroform-d) δ 7.69 (d, J = 8.5 Hz,

2H), 7.45 (d, J = 8.4 Hz, 2H), 4.21 (s, 2H), 4.10 (s, 2H). HRMS (ESI +ve-TOF) for (Free amine)

[C9H11N2OCl+Na+] calcd., 198.0560, found 198.0556. (Full NMR spectra for each of the

intermediates and J02 are shown in supplemental S1 Fig.

Synthesis of compound 5. Compound 4 was synthesized as reported in [34]. To a solu-

tion of 4 (100 mg, 0.33 mmol) in 1:3 methanol: tetrahydrofuran (24 ml), concentrated sulfuric

acid (50 μl) was added at RT and heated at 66˚C for 2 h under stirring. Partial consumption of

4 was observed using TLC analysis after 2h. Then, all the volatiles were evaporated under

reduced pressure to obtain crude mixture, and this was purified by silica gel column chroma-

tography (40–60% EtOAc in Hexane) to obtain 5 in 47% (48mg) yield as a white solid (41% of

unreacted starting material 4 was recovered, 41 mg); Rf = 0.4 (75% EtOAc/hexane). 1H NMR

(500 MHz, Chloroform-d) δ 8.42 (s, 1H), 7.90 (s, 2H), 4.83 (d, J = 2.1 Hz, 2H), 3.98 (s, 3H),

2.59 (s, 1H). HRMS (ESI +ve-TOF) for [C12H11O5+H+] calcd., 235.0606, found 235.0601.

Synthesis of J02. To a solution of 3 (35 mg, 0.12 mmol) in dry N,N-dimethylformamide

(DMF, 2ml), compound 5 (28 mg, 1.0 eqiuv, 0.12 mmol) and O-(6-Chlorobenzotriazol-1-yl)-

N,N,N0,N0-tetramethyluronium hexafluorophosphate (HCTU, 73 mg, 1.5 equiv) were added at

RT under argon atmosphere. To this solution DIPEA (N,N-Diisopropylethylamine, 84 μl, 4.0

equiv) was added, and the reaction mixture was stirred at RT for 5 h. Complete consumption

of 5 was observed using TLC analysis and the reaction mixture was diluted with water, then

extracted using ethyl acetate (EtOAc, 3 X 5ml). The combined organic layer was washed with

brine and dried over sodium sulfate (Na2SO4). The solution was evaporated to dryness to
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obtain crude mixture, and this was purified by silica gel column chromatography (30–50%

EtOAc in Hexane) to obtain J02 in 59% (29 mg) yield as a white solid; Rf = 0.6 (50% EtOAc/

hexane). 1H NMR (500 MHz, DMSO-d6) δ 10.28 (s, 1H), 9.23 (t, J = 5.7 Hz, 1H), 8.14 (s, 1H),

7.77 (s, 1H), 7.67 (s, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.3 Hz, 2H), 4.95 (s, 2H), 4.45 (d,

J = 5.7 Hz, 2H), 4.24 (s, 2H), 3.89 (s, 3H), 3.64 (s, 1H).13C NMR (126 MHz, DMSO-d6) δ 166.0,

165.2, 165.0, 157.8, 137.7, 136.7, 135.3, 131.6, 128.4, 121.4, 119.8, 119.3, 118.0, 79.3, 79.1, 56.5,

53.0, 44.0, 42.8. HRMS (ESI +ve-TOF) for [C21H19N2O5Cl+Na+] calcd., 437.0880, found

437.0883.

Culture of BV2 cells and treatments

BV2 murine microglial cells were a kind gift of Dr. Gary Landreth (CWRU Department of

Neuroscience). As described [6], these BV2 cells were documented previously to respond anal-

ogously to primary mouse and human microglia, and they were cultured as described in [6].

Fig 6. Multistep Synthesis of CWR-J02. This diagram displays the starting compound and illustrates the step-by-step synthesis of J02 involving the

preparation, purification, and documentation of purity of the intermediates and the final product. Details are provided under Materials and Methods.

https://doi.org/10.1371/journal.pone.0187991.g006
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The BV2 cells were not used past passage 30. For treatments with J02 or gliotoxin (Sigma,

St. Louis, MO), cells were plated at ~2x105 cells/well in 6-well plates in serum-free low glucose

Dulbecco’s minimum essential medium (DMEM) (Life technologies, Carlsbad, CA) and let

adhere overnight. Cells were treated with indicated concentrations of J02 or equivalent volume

dimethyl sulfoxide (DMSO) for 30 min in serum-free low glucose DMEM, media changed, and

cells were let recover in media for an additional 60 min. For indicated experiments, cells were

stimulated with 1 μg/ml LPS (0111:B4 strain, Sigma, St. Louis, MO) during recovery time.

Grx1 spectrophotometric assay

Grx1 was purified as previously described [23]. Assay was performed as previously described

[35]. Briefly, 0.2 mM nicotinamide adenine dinucleotide phosphate (NADPH) (Roche, Basel,

Switzerland) in 0.1 M NaKPO4 buffer pH 7.4, 0.5 mM GSH (Sigma, St. Louis, MO), and 2

units/ml glutathione reductase (Sigma, St. Louis, MO) were incubated for 5 min at 30˚C with

known amounts of purified Grx1 or cell lysates. Reaction was initiated with 0.1 mM cysteinyl

glutathione disulfide (Toronto Research Chemicals, Toronto, ON), and decrease in absor-

bance at 340 nm was read for 5 min. Solution in the absence of Grx1 was used as a blank. Slope

of the reaction minus the slope of the no-Grx1 control reaction was used to calculate Grx1

activity. Grx1 activity was normalized to sample protein concentration to calculate Grx1 spe-

cific activity.

Inhibitor screening. For rapid-throughput screening of potential inhibitors, Grx1 in the

standard spectrophotometric assay mixture [35] was pre-incubated for 30 min at 30˚C with

40 μM or 120 μM of each of the thiol-reactive compounds, which were added using the auto-

mated JANUS pin transfer apparatus (Perkin Elmer, Waltham, MA). Cysteinyl glutathione

disulfide was then added to initiate the catalytic reaction, and absorbance at 340 nm was read

every 4 min using EnSpire (Perkin Elmer, Waltham, MA). Diminution of the rate of change in

A340 nm was ascribed to Grx1 inhibition.

Concentration and time dependence studies. For assays building the initial J02 concen-

tration-effect curve (Fig 1B), Grx1 in complete assay mix was incubated with indicated con-

centrations of J02 or equivalent volume of DMSO for 30 min at 30˚C, reaction initiated with

cysteinyl glutathione disulfide and read as described above. Wells containing J02 or DMSO

but lacking Grx1 were used as controls. For the time- and concentration-dependent inhibition

(Fig 1D), 40 milliunits of Grx1 were incubated with indicated concentrations of J02 in 0.33 M

sodium potassium phosphate buffer pH 7.4 at 30˚C for indicated time. Mixture was then

diluted 20-fold into complete assay mix, and standard spectrophotometric assay was per-

formed. For the modified Kitz-Wilson plot (Fig 1E), performed in a fashion analogous to our

previous report [13], 6 milliunits of Grx1 and indicated concentrations of J02 were pre-incu-

bated at 30˚C for 5 min in 0.33 M sodium potassium phosphate buffer pH 7.4, and then diluted

3-fold into complete assay mix. Grx1 activity was measured in the standard spectrophotomet-

ric assay described above.

Glutathione disulfide reductase (GR) activity assay

Glutathione disulfide reductase (GR) activity was measured as previously described [23]. For

J02 inactivation studies, GR was pre-incubated with indicated concentrations of J02 for 30

min prior to activity measurements.

Mass spectrometric analysis of J02-adducted Grx1

Equimolar concentrations of J02 and Grx1 were incubated in 0.33M sodium potassium phos-

phate buffer for 30 min at 30˚C. ~95% inhibition of Grx1 activity was confirmed using the
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spectrophotometric Grx1 assay. Samples were then treated with 5x concentration of IAM to

block free cysteine residues.

For the protein digestion, the bands were cut to minimize excess polyacrylamide, divided

into a number of smaller pieces. The gel pieces washed with water and dehydrated in acetoni-

trile. The bands were then reduced with dithiothreitol (DTT) and alkylated with iodoaceta-

mide (IAM) prior to the in-gel digestion. All bands were digested in-gel using trypsin by

adding 5 μl 10 ng/μl trypsin in 50 mM ammonium bicarbonate and incubating overnight

digestion at room temperature to achieve complete digestion. The peptides that were formed

were extracted from the polyacrylamide in two aliquots of 30 μl 50% acetonitrile with 5% for-

mic acid. These extracts were combined and evaporated to<10 μl in Speedvac and then resus-

pended in 1% acetic acid to make up a final volume of ~30 μl for LC-MS analysis.

Samples were analyzed by a Finnigan LTQ-Obitrap Elite hybrid mass spectrometer using

Dionex 15 cm x 75 μm id Acclaim Pepmap C18, 2 μm, 100 Å reversed-phase capillary chroma-

tography column for peptides separation. Five μl volumes of the extract were injected and the

peptides eluted from the column by an acetonitrile/0.1% formic acid gradient at a flow rate of

0.25 μl/min were introduced into the source of the mass spectrometer on-line. The microelec-

trospray ion source is operated at 2.5 kV. The digest was analyzed using the data dependent

multitask capability of the instrument acquiring full scan mass spectra to determine peptide

molecular weights and product ion spectra to determine amino acid sequence in successive

instrument scans. The data was searched specifically against the UniProtKB database with

Mascot [36] and more specifically against the sequence of Grx1 using Sequest.

Immunoblotting

Cells were collected and lysed in lysis buffer (10 mM KH2PO4, 0.1% Triton-X) using freeze-

thaw. 30 μg of lysates were solubilized 1:1 in Laemmli sample buffer, reduced with DTT (20–

50mM), boiled at 90˚C for 10 min, and alkylated with 3-fold excess IAM. Samples were sepa-

rated on a 4–15% gel (Bio-Rad, Hercules, CA) and transferred to a PVDF membrane. The

membrane was blocked in 5% non-fat dry milk in Tris buffered saline 0.05% Tween-20

(TBST) for one hour at room temperature. Membranes were then incubated with either anti-

Grx1 antibody (GenScript, Piscataway, NJ) at 1:500 or anti-β-actin (Sigma, St. Louis, MO) at

1:5000 overnight at 4˚C. Membranes were washed and incubated with alkaline phosphate con-

jugated secondary antibodies for one hour. Immunoblots were developed using 7-hydroxy-

9H-(1,3-dichloro-9,9-dimethylacridin-2-one) (DDAO) phosphate (Life Technologies, Carls-

bad, CA), visualized using Typhoon imager (GE Healthcare, Little Chalfont, United King-

dom), and band intensity was quantified using ImageQuant software.

RT-qPCR

RT-qPCR was performed as described in [6]. Commercial probes were used for glrx1 (Mm0072

8386_s1), il6 (Mm00434228_m1), il1b (Mm00434228_m1) and tnfa (Mm00443258_m1) (Life

Technologies, Carlsbad, CA). gapdh (Mm99999915_g1) was used as a loading control.

RNA silencing

siRNA was used as previously described [6].

ATP content assay

Intracellular ATP levels were measured using CellTiter Glo (Promega, Madison, WI) acc-

ording to manufacturer’s instructions. ATP content was normalized to DMSO treated cells
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(final concentration 0.4%). Staurosporine (20 μM for 24 hours) was used as a positive

control.

Molecular dynamics simulation

The starting coordinates for Grx1 were obtained from the NMR structure (PDB ID: 1JHB

[37]). J02 was positioned in relation to Grx1 with the chloroacetamido group of J02 near the

active-site Cys-22 of Grx1, based on experimental data from Mass spectrometry. The Auto-

dock Vina plugin in UCSF Chimera [38] was used to produce different starting orientations of

J02 near the predicted active site of Grx1. This program treated Grx1 as a rigid receptor and

required a rectangular search space, which was assigned based on the predicted binding site

near Cys-22. Six possible orientations of J02 were found and the lowest energy possibility was

selected. This complex provided the starting coordinates for molecular dynamics calculations

using Assisted Model Building with Energy Restraints (AMBER) [39] with the General Amber

Force Field (GAFF) [39]. The complex was prepared for molecular dynamics simulations

using the LEaP module of AMBER, which included adding sodium ions (0.15 M) to mimic

physiological conditions. The unit cell was configured with a box that extended 10 Å beyond

the protein/inhibitor complex resulting in a box size of 67 x 76 x 73 Å. The complex was then

solvated with TIP3P water molecules. Nanoscale molecular dynamics (NAMD) [40] simula-

tions were run on the Ohio Supercomputer Center [41] using 420 processors and two graphics

processing units (GPUs). Each system was equilibrated to 300K and minimized for 20 ns

before beginning a 50 ns molecular dynamics simulation.

The results of the molecular dynamics simulations were analyzed using the NAMD energy

plugin in Virtual Molecular Dynamics (VMD) [42]. NAMD energy was used to calculate the

non-bonded interaction energy between each residue of Grx1 and J02 both before and after

the 50 ns molecular dynamics simulation.

Proteome mass spectrometry analysis

Preparation of BV2 cell lysates. BV2 microglial murine cells cultured in low glucose

(5 mM) DMEM with 10% FBS were serum starved overnight. Cells were then treated +/-

J02 (40 μM) for 30 minutes in serum free, low glucose DMEM. The media was then changed

and the cells were allowed to recover for one hour. The cells were then harvested and the

pellets washed with phosphate buffered saline (PBS). After washing, the pellets were resus-

pended in an appropriate amount of PBS and then sonicated with an ultrasonic tip sonica-

tor (Cole Parmer, Vernon Hills, IL). The lysates were separated by centrifugation at 45,000

rpm for 45 minutes at 4˚C to obtain soluble and insoluble lysate fractions. The soluble frac-

tion was collected and the pellet discarded. Protein concentrations were determined using

the DC Protein Assay kit (Bio-Rad, Hercules, CA).Eight confluent 150 mm plates of BV2

cells per sample were treated with 40 μM J02 or DMSO for 30 min, media changed, and

cells were left to recover for 60 min. Resulting pellets were prepared for tandem mass spec-

trometry as described in [43].

Click chemistry and streptavidin enrichment of J02 labeled proteins. J02 labeled BV2

cell lysates (500 μl, 2 mg ml-1) in PBS were subjected to click chemistry. Biotin azide (200 μM

from 100x stock in DMSO), TCEP (1 mM, 50x stock in water), TBTA (100 μM, 17x stock in

tBuOH:DMSO 4:1), and copper (II) sulfate (1 mM, 50x stock in water) were added to the cell

lysate. Samples were incubated at room temperature for 1 hour to allow for the cycloaddition

reaction to occur. Samples were then centrifuged for 10 minutes at 4˚C to pellet the precipi-

tated proteins. Protein pellets were then resuspended in cold methanol by tip sonication fol-

lowed by centrifugation. Following a second methanol wash, pelleted proteins were solubilized
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in a 1.2% SDS/PBS solution via tip sonication and incubation at 85˚C for 5 minutes. Samples

were then diluted with 5 ml PBS to lower the concentration of SDS to 0.2%. Next, samples

were incubated with 100 μl streptavidin agarose beads (Thermo Fisher Scientific, Waltham,

MA) at 4˚C for 16 hours. Samples were then washed with 0.2% SDS/PBS (5 ml), PBS (3 x 5

ml), and water (3 x 5 ml). The streptavidin agarose beads were pelleted between each wash step

by centrifugation (1,400 g, 3 min).

On-bead trypsin digestion. The beads were suspended in a solution of 6 M Urea/PBS

(500 μl) and 10 mM dithiothreitol (DTT, 20x stock in water), followed by incubation at

65˚C for 20 minutes. Next, iodoacetamide (20 mM, from 50x stock in water) was added to

each sample and incubated at room temperature for 30 minutes. The beads were pelleted

(1,400 g, 3 minutes) and resuspended in 200 μl of 2 M Urea/PBS, 1 mM CaCl2 (100x stock

in water), and 2 μg trypsin (Promega, Madison, WI). On-bead trypsin digestion was allowed

to proceed overnight at 37˚C with agitation. The beads were pelleted (1,400 g, 3 min) and

the supernatant collected. The beads were washed with water (2 x 50 μl) and the washes

were combined with the supernatant. Formic acid (15 μl, Thermo Fisher Scientific, Wal-

tham, MA) was then added to each sample and the samples were stored at -20˚C until mass

spectrometry analysis.

Tandem liquid chromatography. Mass spectrometry (LC/LC-MS/MS) analysis—LC/

LC-MS/MS analysis was performed on an LTQ Orbitrap Discovery mass spectrometer

(Thermo Fisher Scientific, Waltham, MA) coupled to an Agilent 1200 series HPLC (Agilent

Technologies, Santa Clara, CA). Tryptic digests were pressure loaded onto a 250 μm fused

silica desalting column packed with 4 cm of Aqua C18 reversed phase resin (Phenomenex,

Torrance, CA). Peptides were then eluted onto a biphasic 100 μm fused silica column with a

5 μm tip, packed with 10 cm of C18 and 4 cm of Partisphere SCX (Whatman, Pittsburgh,

PA). Elution of the peptides from the desalting column into the biphasic column occurred

using a gradient of 5–100% Buffer B in Buffer A (Buffer A: 95% water, 5% acetonitrile, 0.1%

formic acid; Buffer B: 20% water, 80% acetonitrile, 0.1% formic acid). The peptides were

eluted from the SCX onto the C18 resin and then into the mass spectrometer using the four

salt steps outlined in [43]. The flow rate of buffer through the fused silica column was set to

0.25 μl min-1 and the spray voltage was set 2.75 kV. One full MS scan (400–1800 MW) was

followed by 8 data dependent scans of the nth most intense ions with dynamic exclusion

enabled.

Mass spectrometry data analysis: +/- J02. Two biological replicates each of J02 (40 μM)

or DMSO treated BV2 cells were subjected to LC/LC-MS/MS analysis as outlined above. The

generated tandem MS data was searched using the SEQUEST algorithm against the mouse

UniProt database. A static modification of +57.0215 Da on cysteine was added to account for

alkylation of cysteine residues with iodoacetamide. The SEQUEST output files were then fil-

tered using DTASelect v2.0 to generate a list of proteins identified with a false-discovery rate

of< 5%. The resulting peptides were then further filtered to display proteins identified in J02

treated samples with an average of 10 spectral counts or greater across the biological replicates.

For each of these proteins, the fold-change in spectral counts between J02 treated samples and

DMSO samples was calculated and the data are listed sequentially starting with those proteins

displaying the highest fold-change in spectral counts in the J02 treated samples relative to the

DMSO treated samples (see supplemental S1 Table).

Statistical analysis

Differences between measurements were analyzed using GraphPad Prism using 2-tailed Student’s

t-test with Welch’s correction; p-values less than 0.05 are considered significant.
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Supporting information

S1 Table. This supplementary table provides the list of proteins that were identified to be

adducted by J02 to a detectable extent by mass spectrometry. The proteins are listed sequen-

tially starting with those proteins displaying the highest fold-change in spectral counts in the

J02 treated samples relative to the DMSO treated samples.

(XLSX)

S1 Fig. This supplementary figure provides the actual 1H NMR spectra for the J02 com-

pound and its synthetic precursors. Descriptions of the NMR spectra are provided under

Materials and Methods in the main text where the synthetic scheme (Fig 6) is described.

(DOCX)

S2 Fig. This supplementary figure provides the uncropped blots for Figs 3D and 5B, show-

ing where the blots were cropped.

(DOCX)

S3 Fig. This supplementary figure provides the data showing that cytosolic Trx1 in BV2

cells is not inhibited by 40 μM J02, the concentration which inhibits Grx1 in the cells by

50%.

(DOCX)

Acknowledgments

We thank Dr. David Lodowski for critical reading of the manuscript before submission, Wei

Huang for assistance with setup of the molecular dynamics simulation, and assistance of the

CWRU Small Molecule Drug Development Core. The Orbitrap Elite instrument used in mass

spectrometry studies was purchased via an NIH shared instrument grant, 1S10RR031537-01.

This work was supported by NIH R21 grant NS085503 (JJM), Department of Veterans Affairs

Merit Review grant BX000290 (JJM), NIH 1R01GM118431 NIH (EW) Predoctoral Training

Grant in Molecular Therapeutics 5T32GM008803 (CCE), Ohio Supercomputer Center Grant

#PDS0296-2 (PLS), NIH R01 grant EY023948 (MG), and institutional support from CWRU

(OGM, DJA). Studies reported herein conducted by OGM were in partial fulfilment of the

requirements for the PhD degree, conferred by Case Western Reserve University [33]

Author Contributions

Conceptualization: Olga Gorelenkova Miller, Eranthie Weerapana, Drew J. Adams, John J.

Mieyal.

Data curation: Olga Gorelenkova Miller, Kyle S. Cole, Corey C. Emerson, Dharmaraja Alli-

muthu, Marcin Golczak.

Formal analysis: Olga Gorelenkova Miller, Corey C. Emerson, Marcin Golczak.

Funding acquisition: Marcin Golczak, Phoebe L. Stewart, Eranthie Weerapana, John J.

Mieyal.

Investigation: Olga Gorelenkova Miller.

Methodology: Olga Gorelenkova Miller, Kyle S. Cole, Dharmaraja Allimuthu, Marcin Golc-

zak, Phoebe L. Stewart, Eranthie Weerapana, Drew J. Adams.

Project administration: John J. Mieyal.

Resources: Phoebe L. Stewart, Eranthie Weerapana, Drew J. Adams, John J. Mieyal.

Anti-inflammatory glutaredoxin-1 inhibitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0187991 November 20, 2017 19 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187991.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187991.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187991.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187991.s004
https://doi.org/10.1371/journal.pone.0187991


Supervision: Phoebe L. Stewart, Eranthie Weerapana, Drew J. Adams, John J. Mieyal.

Validation: Dharmaraja Allimuthu.

Visualization: Corey C. Emerson, Marcin Golczak.

Writing – original draft: Olga Gorelenkova Miller.

Writing – review & editing: Olga Gorelenkova Miller, John J. Mieyal.

References
1. Gorelenkova Miller O, Mieyal JJ. Sulfhydryl-mediated redox signaling in inflammation: role in neurode-

generative diseases. Archives of toxicology. 2015; 89(9):1439–67. Epub 2015/04/02. https://doi.org/10.

1007/s00204-015-1496-7 PMID: 25827102.

2. Shelton MD, Mieyal JJ. Regulation by reversible S-glutathionylation: molecular targets implicated in

inflammatory diseases. Mol Cells. 2008; 25(3):332–46. D—NLM: NIHMS379551 D—NLM:

PMC3367451 EDAT- 2008/05/17 09:00 MHDA- 2008/09/09 09:00 CRDT- 2008/05/17 09:00 AID—74

[pii] PST—ppublish. PMID: 18483468; PubMed Central PMCID: PMCPMC3367451.

3. Gallogly MM, Starke DW, Mieyal JJ. Mechanistic and kinetic details of catalysis of thiol-disulfide

exchange by glutaredoxins and potential mechanisms of regulation. Antioxidants & redox signaling.

2009; 11(5):1059–81. Epub 2009/01/06. https://doi.org/10.1089/ars.2008.2291 PMID: 19119916;

PubMed Central PMCID: PMCPmc2842129.

4. Aesif SW, Anathy V, Kuipers I, Guala AS, Reiss JN, Ho YS, et al. Ablation of glutaredoxin-1 attenuates

lipopolysaccharide-induced lung inflammation and alveolar macrophage activation. American journal of

respiratory cell and molecular biology. 2011; 44(4):491–9. Epub 2010/06/12. https://doi.org/10.1165/

rcmb.2009-0136OC PMID: 20539014; PubMed Central PMCID: PMCPmc3095922.

5. Shelton MD, Kern TS, Mieyal JJ. Glutaredoxin regulates nuclear factor kappa-B and intercellular adhe-

sion molecule in Muller cells: model of diabetic retinopathy. The Journal of biological chemistry. 2007;

282(17):12467–74. Epub 2007/02/28. https://doi.org/10.1074/jbc.M610863200 PMID: 17324929.

6. Gorelenkova Miller O, Behring JB, Siedlak SL, Jiang S, Matsui R, Bachschmid MM, et al. Upregulation

of Glutaredoxin-1 Activates Microglia and Promotes Neurodegeneration: Implications for Parkinson’s

disease. Antioxidants & redox signaling. 2016. Epub 2016/05/26. https://doi.org/10.1089/ars.2015.6598

PMID: 27224303.

7. Aesif SW, Kuipers I, van der Velden J, Tully JE, Guala AS, Anathy V, et al. Activation of the glutare-

doxin-1 gene by nuclear factor kappaB enhances signaling. Free radical biology & medicine. 2011; 51

(6):1249–57. Epub 2011/07/19. https://doi.org/10.1016/j.freeradbiomed.2011.06.025 PMID: 21762778;

PubMed Central PMCID: PMCPmc3181077.

8. Reynaert NL, Wouters EF, Janssen-Heininger YM. Modulation of glutaredoxin-1 expression in a mouse

model of allergic airway disease. American journal of respiratory cell and molecular biology. 2007; 36

(2):147–51. Epub 2006/09/19. https://doi.org/10.1165/rcmb.2006-0259RC PMID: 16980552; PubMed

Central PMCID: PMCPmc1899315.

9. Shelton MD, Distler AM, Kern TS, Mieyal JJ. Glutaredoxin regulates autocrine and paracrine proinflam-

matory responses in retinal glial (muller) cells. The Journal of biological chemistry. 2009; 284(8):4760–

6. Epub 2008/12/17. https://doi.org/10.1074/jbc.M805464200 PMID: 19074435; PubMed Central

PMCID: PMCPmc2643491.

10. Hoffman SM, Nolin JD, Jones JT, Lahue KG, Chapman DG, Aliyeva M, et al. Ablation of the Thiol Trans-

ferase Glutaredoxin-1 Augments Protein S-Glutathionylation and Modulates Type 2 Inflammatory

Responses and IL-17 in a House Dust Mite Model of Allergic Airway Disease in Mice. Annals of the

American Thoracic Society. 2016; 13 Suppl 1:S97. Epub 2016/03/31. https://doi.org/10.1513/

AnnalsATS.201510-656MG PMID: 27027965.

11. Kuipers I, Bracke KR, Brusselle GG, Aesif SW, Krijgsman R, Arts IC, et al. Altered Cigarette Smoke-

Induced Lung Inflammation Due to Ablation of Grx1. PloS one. 2012; 7(6). ARTN e38984 https://doi.

org/10.1371/journal.pone.0038984 PMID: 22723915

12. Mieyal JJ, Starke DW, Gravina SA, Hocevar BA. Thioltransferase in human red blood cells: kinetics and

equilibrium. Biochemistry. 1991; 30(36):8883–91. Epub 1991/09/10. PMID: 1888746.

13. Srinivasan U, Bala A, Jao SC, Starke DW, Jordan TW, Mieyal JJ. Selective inactivation of glutaredoxin

by sporidesmin and other epidithiopiperazinediones. Biochemistry. 2006; 45(29):8978–87. Epub 2006/

07/19. https://doi.org/10.1021/bi060440o PMID: 16846241; PubMed Central PMCID:

PMCPMC3199604.

Anti-inflammatory glutaredoxin-1 inhibitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0187991 November 20, 2017 20 / 22

https://doi.org/10.1007/s00204-015-1496-7
https://doi.org/10.1007/s00204-015-1496-7
http://www.ncbi.nlm.nih.gov/pubmed/25827102
http://www.ncbi.nlm.nih.gov/pubmed/18483468
https://doi.org/10.1089/ars.2008.2291
http://www.ncbi.nlm.nih.gov/pubmed/19119916
https://doi.org/10.1165/rcmb.2009-0136OC
https://doi.org/10.1165/rcmb.2009-0136OC
http://www.ncbi.nlm.nih.gov/pubmed/20539014
https://doi.org/10.1074/jbc.M610863200
http://www.ncbi.nlm.nih.gov/pubmed/17324929
https://doi.org/10.1089/ars.2015.6598
http://www.ncbi.nlm.nih.gov/pubmed/27224303
https://doi.org/10.1016/j.freeradbiomed.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21762778
https://doi.org/10.1165/rcmb.2006-0259RC
http://www.ncbi.nlm.nih.gov/pubmed/16980552
https://doi.org/10.1074/jbc.M805464200
http://www.ncbi.nlm.nih.gov/pubmed/19074435
https://doi.org/10.1513/AnnalsATS.201510-656MG
https://doi.org/10.1513/AnnalsATS.201510-656MG
http://www.ncbi.nlm.nih.gov/pubmed/27027965
https://doi.org/10.1371/journal.pone.0038984
https://doi.org/10.1371/journal.pone.0038984
http://www.ncbi.nlm.nih.gov/pubmed/22723915
http://www.ncbi.nlm.nih.gov/pubmed/1888746
https://doi.org/10.1021/bi060440o
http://www.ncbi.nlm.nih.gov/pubmed/16846241
https://doi.org/10.1371/journal.pone.0187991


14. Harling JD, Deakin AM, Campos S, Grimley R, Chaudry L, Nye C, et al. Discovery of novel irreversible

inhibitors of interleukin (IL)-2-inducible tyrosine kinase (Itk) by targeting cysteine 442 in the ATP pocket.

The Journal of biological chemistry. 2013; 288(39):28195–206. Epub 2013/08/13. https://doi.org/10.

1074/jbc.M113.474114 PMID: 23935099; PubMed Central PMCID: PMCPMC3784729.

15. Xia YF, Ye BQ, Li YD, Wang JG, He XJ, Lin X, et al. Andrographolide attenuates inflammation by inhibi-

tion of NF-kappa B activation through covalent modification of reduced cysteine 62 of p50. Journal of

immunology (Baltimore, Md: 1950). 2004; 173(6):4207–17. Epub 2004/09/10. PMID: 15356172.

16. Perez-Sala D, Cernuda-Morollon E, Pineda-Molina E, Canada FJ. Contribution of covalent protein mod-

ification to the antiinflammatory effects of cyclopentenone prostaglandins. Annals of the New York

Academy of Sciences. 2002; 973:533–6. Epub 2002/12/18. PMID: 12485923.

17. Sanchez-Gomez FJ, Cernuda-Morollon E, Stamatakis K, Perez-Sala D. Protein thiol modification by

15-deoxy-Delta12,14-prostaglandin J2 addition in mesangial cells: role in the inhibition of pro-inflamma-

tory genes. Molecular pharmacology. 2004; 66(5):1349–58. Epub 2004/08/20. https://doi.org/10.1124/

mol.104.002824 PMID: 15317873.

18. Chrestensen CA, Starke DW, Mieyal JJ. Acute cadmium exposure inactivates thioltransferase (Glutare-

doxin), inhibits intracellular reduction of protein-glutathionyl-mixed disulfides, and initiates apoptosis.

The Journal of biological chemistry. 2000; 275(34):26556–65. https://doi.org/10.1074/jbc.M004097200

PMID: 10854441.

19. Olszowski T, Baranowska-Bosiacka I, Gutowska I, Chlubek D. Pro-inflammatory properties of cad-

mium. Acta Biochim Pol. 2012; 59(4):475–82. PMID: 23240106.

20. Khattri RB, Morris DL, Davis CM, Bilinovich SM, Caras AJ, Panzner MJ, et al. An NMR-Guided Screen-

ing Method for Selective Fragment Docking and Synthesis of a Warhead Inhibitor. Molecules (Basel,

Switzerland). 2016; 21(7). Epub 2016/07/22. https://doi.org/10.3390/molecules21070846 PMID:

27438815.

21. Kobayashi T, Hoppmann C, Yang B, Wang L. Using Protein-Confined Proximity To Determine Chemi-

cal Reactivity. Journal of the American Chemical Society. 2016; 138(45):14832–5. https://doi.org/10.

1021/jacs.6b08656 PMID: 27797495

22. Ho YS, Xiong Y, Ho DS, Gao J, Chua BH, Pai H, et al. Targeted disruption of the glutaredoxin 1 gene

does not sensitize adult mice to tissue injury induced by ischemia/reperfusion and hyperoxia. Free radi-

cal biology & medicine. 2007; 43(9):1299–312. Epub 2007/09/26. https://doi.org/10.1016/j.

freeradbiomed.2007.07.025 PMID: 17893043; PubMed Central PMCID: PMCPMC2196211.

23. Sabens EA, Distler AM, Mieyal JJ. Levodopa deactivates enzymes that regulate thiol-disulfide homeo-

stasis and promotes neuronal cell death: implications for therapy of Parkinson’s disease. Biochemistry.

2010; 49(12):2715–24. Epub 2010/02/10. https://doi.org/10.1021/bi9018658 PMID: 20141169; PubMed

Central PMCID: PMCPmc3201939.

24. Rodriguez-Rocha H, Garcia Garcia A, Zavala-Flores L, Li S, Madayiputhiya N, Franco R. Glutaredoxin

1 protects dopaminergic cells by increased protein glutathionylation in experimental Parkinson’s dis-

ease. Antioxidants & redox signaling. 2012; 17(12):1676–93. Epub 2012/07/24. https://doi.org/10.1089/

ars.2011.4474 PMID: 22816731; PubMed Central PMCID: PMCPmc3474191.

25. Liu X, Jann J, Xavier C, Wu H. Glutaredoxin 1 (Grx1) Protects Human Retinal Pigment Epithelial Cells

From Oxidative Damage by Preventing AKT Glutathionylation. Investigative ophthalmology & visual sci-

ence. 2015; 56(5):2821–32. Epub 2015/03/20. https://doi.org/10.1167/iovs.14-15876 PMID: 25788646.

26. Gallogly MM, Shelton MD, Qanungo S, Pai HV, Starke DW, Hoppel CL, et al. Glutaredoxin regulates

apoptosis in cardiomyocytes via NFkappaB targets Bcl-2 and Bcl-xL: implications for cardiac aging.

Antioxidants & redox signaling. 2010; 12(12):1339–53. Epub 2009/11/27. https://doi.org/10.1089/ars.

2009.2791 PMID: 19938943; PubMed Central PMCID: PMCPMC2864653.

27. Anathy V, Aesif SW, Hoffman SM, Bement JL, Guala AS, Lahue KG, et al. Glutaredoxin-1 attenuates S-

glutathionylation of the death receptor fas and decreases resolution of Pseudomonas aeruginosa pneu-

monia. American journal of respiratory and critical care medicine. 2014; 189(4):463–74. Epub 2013/12/

12. https://doi.org/10.1164/rccm.201310-1905OC PMID: 24325366; PubMed Central PMCID:

PMCPMC3977722.

28. Hoffman SM, Qian X, Nolin JD, Chapman DG, Chia SB, Lahue KG, et al. Ablation of Glutaredoxin-1

Modulates House Dust Mite-induced Allergic Airways Disease in Mice. American journal of respiratory

cell and molecular biology. 2016. Epub 2016/04/02. https://doi.org/10.1165/rcmb.2015-0401OC PMID:

27035878.

29. Ullevig S, Zhao Q, Lee CF, Seok Kim H, Zamora D, Asmis R. NADPH oxidase 4 mediates monocyte

priming and accelerated chemotaxis induced by metabolic stress. Arteriosclerosis, thrombosis, and

vascular biology. 2012; 32(2):415–26. Epub 2011/11/19. https://doi.org/10.1161/ATVBAHA.111.

238899 PMID: 22095986; PubMed Central PMCID: PMCPmc3262086.

Anti-inflammatory glutaredoxin-1 inhibitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0187991 November 20, 2017 21 / 22

https://doi.org/10.1074/jbc.M113.474114
https://doi.org/10.1074/jbc.M113.474114
http://www.ncbi.nlm.nih.gov/pubmed/23935099
http://www.ncbi.nlm.nih.gov/pubmed/15356172
http://www.ncbi.nlm.nih.gov/pubmed/12485923
https://doi.org/10.1124/mol.104.002824
https://doi.org/10.1124/mol.104.002824
http://www.ncbi.nlm.nih.gov/pubmed/15317873
https://doi.org/10.1074/jbc.M004097200
http://www.ncbi.nlm.nih.gov/pubmed/10854441
http://www.ncbi.nlm.nih.gov/pubmed/23240106
https://doi.org/10.3390/molecules21070846
http://www.ncbi.nlm.nih.gov/pubmed/27438815
https://doi.org/10.1021/jacs.6b08656
https://doi.org/10.1021/jacs.6b08656
http://www.ncbi.nlm.nih.gov/pubmed/27797495
https://doi.org/10.1016/j.freeradbiomed.2007.07.025
https://doi.org/10.1016/j.freeradbiomed.2007.07.025
http://www.ncbi.nlm.nih.gov/pubmed/17893043
https://doi.org/10.1021/bi9018658
http://www.ncbi.nlm.nih.gov/pubmed/20141169
https://doi.org/10.1089/ars.2011.4474
https://doi.org/10.1089/ars.2011.4474
http://www.ncbi.nlm.nih.gov/pubmed/22816731
https://doi.org/10.1167/iovs.14-15876
http://www.ncbi.nlm.nih.gov/pubmed/25788646
https://doi.org/10.1089/ars.2009.2791
https://doi.org/10.1089/ars.2009.2791
http://www.ncbi.nlm.nih.gov/pubmed/19938943
https://doi.org/10.1164/rccm.201310-1905OC
http://www.ncbi.nlm.nih.gov/pubmed/24325366
https://doi.org/10.1165/rcmb.2015-0401OC
http://www.ncbi.nlm.nih.gov/pubmed/27035878
https://doi.org/10.1161/ATVBAHA.111.238899
https://doi.org/10.1161/ATVBAHA.111.238899
http://www.ncbi.nlm.nih.gov/pubmed/22095986
https://doi.org/10.1371/journal.pone.0187991


30. Mah R, Thomas JR, Shafer CM. Drug discovery considerations in the development of covalent inhibi-

tors. Bioorganic & medicinal chemistry letters. 2014; 24(1):33–9. Epub 2013/12/10. https://doi.org/10.

1016/j.bmcl.2013.10.003 PMID: 24314671.

31. Wang J, Tekle E, Oubrahim H, Mieyal JJ, Stadtman ER, Chock PB. Stable and controllable RNA inter-

ference: Investigating the physiological function of glutathionylated actin. Proceedings of the National

Academy of Sciences of the United States of America. 2003; 100(9):5103–6. Epub 2003/04/17. https://

doi.org/10.1073/pnas.0931345100 PMID: 12697895; PubMed Central PMCID: PMCPMC154305.

32. Zapf CW, Gerstenberger BS, Xing L, Limburg DC, Anderson DR, Caspers N, et al. Covalent inhibitors

of interleukin-2 inducible T cell kinase (itk) with nanomolar potency in a whole-blood assay. Journal of

medicinal chemistry. 2012; 55(22):10047–63. Epub 2012/10/27. https://doi.org/10.1021/jm301190s

PMID: 23098091.

33. Miller OG. Glutaredoxin-1 As A Therapeutic Target In Neurodegenerative Inflammation: Case Western

Reserve University; 2017.

34. Ji F-Y, Zhu L-L, Ma X, Wang Q-C, Tian H. A new thermo- and photo-driven [2]rotaxane. Tetrahedron

Letters. 2009; 50(5):597–600. http://dx.doi.org/10.1016/j.tetlet.2008.11.080.

35. Gallogly MM, Starke DW, Leonberg AK, Ospina SM, Mieyal JJ. Kinetic and mechanistic characteriza-

tion and versatile catalytic properties of mammalian glutaredoxin 2: implications for intracellular roles.

Biochemistry. 2008; 47(42):11144–57. Epub 2008/09/26. https://doi.org/10.1021/bi800966v PMID:

18816065; PubMed Central PMCID: PMCPmc3569056.

36. Perkins DN, Pappin DJC, Creasy DM, Cottrell JS. Probability-based protein identification by searching

sequence databases using mass spectrometry data. Electrophoresis. 1999; 20(18):3551–67. https://

doi.org/10.1002/(SICI)1522-2683(19991201)20:18<3551::AID-ELPS3551>3.0.CO;2-2 PMID:

10612281

37. Sun C, Berardi MJ, Bushweller JH. The NMR solution structure of human glutaredoxin in the fully

reduced form. Journal of molecular biology. 1998; 280(4):687–701. https://doi.org/10.1006/jmbi.1998.

1913 PMID: 9677297.

38. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a new scoring

function, efficient optimization, and multithreading. Journal of computational chemistry. 2010; 31

(2):455–61. Epub 2009/06/06. https://doi.org/10.1002/jcc.21334 PMID: 19499576; PubMed Central

PMCID: PMCPMC3041641.

39. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general amber

force field. Journal of computational chemistry. 2004; 25(9):1157–74. Epub 2004/04/30. https://doi.org/

10.1002/jcc.20035 PMID: 15116359.

40. Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al. Scalable molecular dynamics

with NAMD. Journal of computational chemistry. 2005; 26(16):1781–802. https://doi.org/10.1002/jcc.

20289 PMID: 16222654; PubMed Central PMCID: PMCPMC2486339.

41. Ohio Supercomputer Center. 1987.

42. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol Graph. 1996; 14(1):33–8,

27–8. PMID: 8744570.

43. Weerapana E, Speers AE, Cravatt BF. Tandem orthogonal proteolysis-activity-based protein profiling

(TOP-ABPP)—a general method for mapping sites of probe modification in proteomes. Nature proto-

cols. 2007; 2(6):1414–25. Epub 2007/06/05. https://doi.org/10.1038/nprot.2007.194 PMID: 17545978.

Anti-inflammatory glutaredoxin-1 inhibitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0187991 November 20, 2017 22 / 22

https://doi.org/10.1016/j.bmcl.2013.10.003
https://doi.org/10.1016/j.bmcl.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24314671
https://doi.org/10.1073/pnas.0931345100
https://doi.org/10.1073/pnas.0931345100
http://www.ncbi.nlm.nih.gov/pubmed/12697895
https://doi.org/10.1021/jm301190s
http://www.ncbi.nlm.nih.gov/pubmed/23098091
https://doi.org/10.1016/j.tetlet.2008.11.080
https://doi.org/10.1021/bi800966v
http://www.ncbi.nlm.nih.gov/pubmed/18816065
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18<3551::AID-ELPS3551>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18<3551::AID-ELPS3551>3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/10612281
https://doi.org/10.1006/jmbi.1998.1913
https://doi.org/10.1006/jmbi.1998.1913
http://www.ncbi.nlm.nih.gov/pubmed/9677297
https://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1038/nprot.2007.194
http://www.ncbi.nlm.nih.gov/pubmed/17545978
https://doi.org/10.1371/journal.pone.0187991

