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Summary

The regulation of actin dynamics is pivotal for cellular processes such as cell adhesion, migration, 

and phagocytosis, and thus is crucial for neutrophils to fulfill their roles in innate immunity. Many 

factors have been implicated in signal-induced actin polymerization, however the essential nature 

of the potential negative modulators are still poorly understood. Here we report that NADPH 

oxidase-dependent physiologically generated reactive oxygen species (ROS) negatively regulate 

actin polymerization in stimulated neutrophils via driving reversible actin glutathionylation. 

Disruption of glutaredoxin 1 (Grx1), an enzyme that catalyzes actin deglutathionylation, increased 

actin glutathionylation, attenuated actin polymerization, and consequently impaired neutrophil 

polarization, chemotaxis, adhesion, and phagocytosis. Consistently, Grx1-deficient murine 

neutrophils showed impaired in vivo recruitment to sites of inflammation and reduced bactericidal 
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capability. Together, these results present a physiological role for glutaredoxin and ROS- induced 

reversible actin glutathionylation in regulation of actin dynamics in neutrophils.

Introduction

During phagocytosis or upon chemoattractant stimulation, phagocytes release a large 

amount of reactive oxygen species (ROS), a process known as "respiratory burst" or 

"oxidative burst" (Subramanian and Luo, 2009). These ROS are mainly produced by 

phagocytic NADPH oxidase (a.k.a. NOX2 complex). Insufficient activation of the oxidase, 

as in chronic granulomatous disease (CGD), leads to inadequate elimination of pathogens 

and causes severe, life threatening infections (Dinauer, 2005). Although classically the 

function of “respiratory burst” is to aid in the capability of phagocytes to kill pathogens, 

more recent studies have shed new light on unconventional roles for ROS and NADPH 

oxidase activation in cellular signal transduction and functionality (Dickinson and Chang, 

2011; Subramanian and Luo, 2009). Redox regulation of cell signaling often involves 

modification of reactive thiols on specific cysteine residues of proteins, converting them 

from a reduced to an oxidized form. 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 (Ghezzi, 2005; Hurd et al., 2005; 

Janssen-Heininger et al., 2008; Shelton et al., 2005).

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) (Gallogly and Mieyal, 2007; Ghezzi, 2005; Hurd et al., 2005; 

Janssen-Heininger et al., 2008; Leichert and Jakob, 2006; Ying et al., 2007). Protein S-

glutathionylation can affect the function of various proteins including actin, protein tyrosine 

kinases and phosphatases, Ras, and transcription factors such as NF-κB, and hence modulate 

cell signaling and function. Glutathionylation of a critical cysteine, Cys374, in actin, has 

been shown to reduce the ability of G-actin to polymerize into F-actin polymers (Dalle-

Donne et al., 2003; Lassing et al., 2007; Shelton et al., 2005; Wang et al., 2001). 

Nevertheless, whether actin glutathionylation is critical for any actin-mediated cellular 

processes under physiological condition is unknown.

The regulation of actin dynamics is pivotal for a variety of cellular processes such as cell 

adhesion, migration, and phagocytosis, and thus is crucial for neutrophils to fulfill their roles 

in innate immunity. In this study, we identified NADPH oxidase dependent ROS as 

physiological regulators of pseudopod formation and chemotactic migration in neutrophils. 

ROS regulated neutrophil chemotaxis by directly modulating actin glutathionylation and 

polymerization. We further showed that the dynamic actin glutathionylation in neutrophils 

could be regulated by glutaredoxin 1 (Grx1), a cytosolic thiol disulfide oxido-reductase 

(thioltransferase) that mediates protein deglutathionylation. Disruption of Grx1 resulted in 

elevated actin glutathionylation and attenuated actin polymerization, leading to impaired 

neutrophil polarization, chemotaxis, adhesion, and phagocytosis. These results establish 

ROS-induced actin glutathionylation and its modulation by glutaredoxin as key 

physiological regulatory mechanisms controlling actin dynamics in neutrophils.
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Results

NADPH oxidase-mediated ROS production leads to elevated actin glutathionylation in 
chemoattractant-stimulated neutrophils

Neutrophils release a large amount of ROS in response to chemoattractant stimulation. To 

examine the role of ROS-induced glutathionylation in neutrophil chemotactic signaling, we 

first explored protein glutathionylation using a glutathione specific antibody. A major band 

corresponding to the size of actin (42 kDa) was detected in fMLF stimulated neutrophil 

lysates (Figure 1A and Figure S1). Treatment with dithiothreitol (DTT) caused a decrease of 

signal, consistent with the reduction of glutathione mixed disulfides (Figure 1B). In order to 

confirm that the major glutathionylated protein was actin, a membrane permeant 

biotinylated glutathione ester (BioGEE) was used to detect glutathionylated proteins in 

neutrophils. Lysates of BioGEE treated, fMLF stimulated neutrophils were pulled-down 

with either Streptavidin-agarose or an actin antibody, and then probed with actin antibody 

and Streptavidin-HRP, respectively. Both approaches clearly demonstrated that actin was 

indeed a major glutathionylated protein in fMLF stimulated neutrophils (Figure 1C–D).

ROS are mainly produced by NADPH oxidase in chemoattractant-stimulated neutrophils. 

We next examined whether NADPH oxidase-dependent ROS production is required for the 

actin glutathionylation. Chemoattractant stimulation elicited nearly a three-fold increase in 

actin glutathionylation in 5 min. Treatment with diphenyleneiodonium chloride (DPI), a 

well-characterized flavoprotein inhibitor that is known to suppress the activity of NADPH 

oxidase, resulted in a significant decrease of actin glutathionylation, before and after 

chemoattractant stimulation (Figure 1E). We detected a small increase in actin 

glutathionylation at the 5 min time point in DPI treated neutrophils. This was most likely 

caused by the residual NADPH oxidase activity left in these cells.

We next measured chemoattractant-elicited actin glutathionylation using a CGD mouse in 

which the gp91 subunit of NADPH oxidase holoenzyme was deleted (Pollock et al., 1995). 

fMLF-stimulated WT neutrophils displayed maximal glutathionylation at 5 min after 

stimulation. In contrast, CGD neutrophils only showed background actin glutathionylation, 5 

min after fMLF stimulation (Figure 1F). These results clearly show that NADPH oxidase-

dependent ROS production promotes actin glutathionylation in stimulated neutrophils. It is 

noteworthy that as in many other cell types, ROS can be produced by other mechanisms 

(e.g. mitochondria). ROS still exist in DPI-treated and CGD neutrophils. Consequently, 

basal actin glutathionylation was detected even before chemoattractant stimulation and 

NADPH activation.

ROS production and protein glutathionylation occur in the leading edge of chemotaxing 
neutrophils, colocalizing with actin

To further study the physiological role of ROS-induced actin glutathionylation, we 

examined the subcellular localization of ROS production and glutathionylation during 

neutrophil chemotaxis, a process driven by actin polymerization. We determined the 

localization of ROS in migrating neutrophils using a cell permeant indicator for ROS, 5-

(and-6)-carboxy-2´,7´-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA). In 
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unstimulated neutrophils the ROS dye displayed a uniform distribution throughout the 

cytosol. As the neutrophils started polarizing and chemotaxing towards the source of 

chemoattractant, the probe intensely localized at the pseudopods that were generated at the 

front of the cell (Movie S1). This localized accumulation of ROS was completely abolished 

in either DPI-treated human neutrophils (Figure 2A–B, Movie S2), or CGD mouse 

neutrophils (Figure 2C–D), confirming that this cellular event was dependent on the 

activation of NADPH oxidase complex.

Activated NADPH oxidase complex catalyzes the conversion of molecular oxygen to 

superoxide (O−
2), from which various ROS such as H2O2, OH−, HOCl and ONOO- are 

synthesized and released to the extracellular space and phagocytic vacuoles. Among these 

ROS, only H2O2 is membrane permeable and can possibly travel to the cytosolic space to 

modulate actin function (Miller et al., 2010). Traditional methods for ROS detection, such as 

the carboxy-H2DCFDA method used above, suffer from nonspecific reactivity with all 

ROS. In order to examine intracellular localization of H2O2, we used Peroxyfluor-6 

acetoxymethyl ester (PF6-AM), a new chemoselective fluorescent indicator for H2O2 with 

improved sensitivity. This fluorescent probe features a boronate chemical switch that allows 

for selective detection of H2O2 over other ROS, combined with acetoxymethyl ester–

protected phenol and carboxylic acid groups for enhanced cellular retention and sensitivity 

(Dickinson et al., 2011) (Figure 2E). Similar to the carboxy-H2DCFDA staining, H2O2 

production, monitored by PF6-AM fluorescence, was highly localized at the front of the 

chemotaxing cells (Figure 2F–G, Movies S3–4).

Next, we determined the spatial distribution of protein glutathionylation in polarized 

migrating neutrophils (Figure S2). We found that protein glutathionylation was localized in 

the front of polarized neutrophils and colocalized with actin staining (Figure 2H). Addition 

of reducing agent, DTT, to the immunostaining protocol completely inhibited the 

glutathionylated protein localization at the front of the cell, but preserved the actin staining 

at the cell periphery (Figure 2I). Similar results were obtained when free glutathione (GSH) 

was added to the primary antibody mix, confirming that the protein glutathionylation 

staining was specific (Figure 2J). Consistent with the western blotting results, treatment with 

DPI reduced actin glutathionylation (Figure 2K). Similarly, basal protein glutathionylation 

was still detected in DPI-treated neutrophils. However, compared to untreated cells, 

glutathionylation staining was more diffuse and not always restricted to pseudopodia in DPI-

treated neutrophils.

ROS depletion leads to significantly higher amount of F-actin

Since NADPH oxidase-mediated ROS production and protein glutathionylation were 

localized at the sites of intense actin polymerization in polarized neutrophils, we next 

investigated whether ROS production can affect chemoattractant-elicited actin 

polymerization. Neutrophils treated with DPI always showed significantly higher F-actin 

amounts compared to untreated neutrophils. F-actin amounts were increased both before (0 

sec) and after fMLF stimulation (at 30 sec and 3 min) (Figure 3A). A similar result was 

observed in CGD mouse neutrophils (Figure 3B). It is noteworthy that actin polymerization 

and depolymerization are dynamic processes that occur in both fMLF stimulated and 
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unstimulated neutrophils. A large amount of glutathionylated actin was also detected in 

unstimulated neutrophils (Figure 1E–F), suggesting that this actin modification might also 

be involved in regulating F-actin concentration in these “quiescent” neutrophils. 

Consistently, we observed enhanced F-actin amounts in DPI-treated WT or CGD 

neutrophils even at times 0 and 1 min before the ROS concentration reaches the peak value 

(Figure 3). However, consistent with the dramatic elevation of actin glutathionylation at the 

5 min time point, we observed the most significant increase of F-actin in DPI-treated WT or 

CGD neutrophils 5 min after chemoattractant stimulation (Figure 3).

Reducing actin glutathionylation by over-expressing glutaredoxin leads to increased F-
actin, formation of multiple pseudopods, and defective chemotaxis

Protein glutathionylation is a dynamic reversible process (Dalle-Donne et al., 2003). 

Deglutathionylation is mainly catalyzed by glutaredoxin (Grx), a thiol disulfide oxido-

reductase (thioltransferase) (Subramanian and Luo, 2009; Wang et al., 2001) (Figure 4A). 

Mammalian cells express 2 dithiol Grx isoforms, Grx1 and Grx2. Grx1 is a cytosolic 

protein, whereas Grx2 is in mitochondria (Meyer et al., 2009). Actin glutathionylation is a 

cytosolic event and is mainly regulated by Grx1. Disruption of Grx1 is sufficient to increase 

protein glutathionylation in mouse embryonic fibroblast (MEF) cells, Lens Epithelial cells 

(LEC), and the lungs (Aesif et al., 2011; Chung et al., 2010; Ho et al., 2007; Lofgren et al., 

2008). To further investigate the role of actin glutathionylation in neutrophil chemotaxis, we 

suppressed actin glutathionylation by overexpressing Grx1 in neutrophil-like differentiated 

HL60 cell (dHL60), a model system for studying neutrophil chemotaxis (Figure 4B). Grx1 

overexpression significantly reduced actin glutathionylation (Figure 4C). Consistent with the 

most drastic elevation of actin glutathionylation at the 5 min time point, a significant 

increase in F-actin in Grx1 overexpressing neutrophils was observed 5 min after 

chemoattractant stimulation (Figure 4D). In wild-type cells, the amount of F-actin went back 

to the basal concentration at this time point. In contrast, more than half of the 

chemoattractant-elicited F-actin remained in Grx1 overexpressing cells. As a result, the 

Grx1 overexpressing cells displayed defective chemotactic migration (Figure 4E). To take a 

closer look at the morphological changes elicited by Grx1 overexpression, multiple 

pseudopod formation was measured in chemotaxing neutrophils. We observed that Grx1 

overexpressing cells showed multiple pseudopodia much more frequently compared to 

control cells (Figure 4F). These defects caused by Grx1 overexpression are similar to what 

were observed in neutrophils depleted of ROS (Hattori et al., 2010), in which actin 

glutathionylation was also reduced (Figure 1).

A recent study has suggested that actin glutathionylation occurs via a sulfenic acid 

intermediary (Johansson and Lundberg, 2007). Accordingly, we tested if sodium arsenite 

(Kim et al., 2002; Saurin et al., 2004), a reducing agent that specifically converts sulfenic 

acids to thiols, could block actin glutathionylation and impair neutrophil chemotaxis. Similar 

to the DPI treatment and Grx1 overexpression, sodium arsenite could also significantly 

decrease actin glutathionylation in neutrophils (Figure 4G), suggesting that actin 

glutathionylation does occur via a sulfenic acid intermediary. As a result, arsenite treatment 

led to formation of multiple pseudopodia and impaired neutrophil chemotaxis (Figure 4H 

and Movie S5). Collectively, these results demonstrated that actin glutathionylation plays a 
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critical role in neutrophil chemotaxis. Reduction of actin glutathionylation leads to increased 

F-actin, formation of multiple pseudopods, and defective chemotaxis. These results are also 

consistent with the critical role of ROS in chemotaxis. Although we cannot completely rule 

out the possibility that different chemoattractant may trigger different chemotactic signaling 

pathway, it seems there is a correlation between ROS production and migration efficiency. 

We tested G-CSF and TNFa, the two cytokines that don't induce significant ROS 

production. Interestingly, neither of them are good chemoattractants. In our chemotaxis 

device, neutrophil didn't migrate in G-CSF or TNFa gradient (Figure S3).

Elevating actin glutathionylation by disrupting glutaredoxin rescues neutrophil 
chemotaxis defects induced by ROS depletion

Our previous study showed that depletion of ROS led to formation of multiple pseudopods 

and defective chemotaxis (Hattori et al., 2010). We hypothesize that these chemotaxis 

defects are mediated by reduced actin glutathionylation and defective actin 

depolymerization. To test this hypothesis, we examined whether these defects can be 

rescued by elevating actin glutathionylation via Grx1 inhibition. It was reported that Cd2+, a 

known glutaredoxin inhibitor (Chrestensen et al., 2000), inhibits intracellular actin 

deglutathionylation and thus increases the amount of glutathionylated actin (Wang et al., 

2001). Accordingly, we investigated the effect of Cd2+ on neutrophil chemotaxis and found 

that Cd2+ treatment could elevate actin glutathionylation in neutrophils (Figure 5A). Co-

treatment with Cd2+ significantly improved the directional migration efficiency of DPI-

treated neutrophils (Figure 5B). Since the effect of Cd2+ may not be specific, to definitively 

prove the role of actin glutathionylation and glutaredoxin in neutrophil chemotaxis, we 

silenced the expression of Grx1 using siRNA (Figure 5C). Differentiated neutrophil like 

HL60 (dHL60) cells depleted of Grx1 showed much increased amount of glutathionylated 

actin (Figure 5D). Similar to Cd2+ treatment, siRNA silencing of Grx1 significantly 

improved the directional migration efficiency of DPI-treated dHL60 cells, further 

demonstrating that ROS-mediated actin glutathionylation plays a critical role in neutrophil 

chemotaxis (Figure 5E). To demonstrate that the chemotaxis defects elicited by ROS 

depletion are mediated by impaired actin depolymerization, we examined whether these 

defects can be rescued by elevating actin depolymerization by latrunculin B which binds 

actin monomers near the nucleotide binding cleft and prevents them from polymerizing. As 

expected. due to reduced actin polymerization, the migration speed of neutrophils was 

reduced by latrunculin treatment. However, ROS depletion-induced formation of multiple 

pseudopodia and impaired directional migration could be rescued, indicating that the 

chemotaxis defects are at least partially mediated by actin (Figure 5F).

Previous studies revealed that ROS-elicited actin glutathionylation occurs on Cys374 at the 

C-terminal of the protein (Dalle-Donne et al., 2003; Lassing et al., 2007; Shelton et al., 

2005; Wang et al., 2001). To further explore the role of actin glutathionylation in ROS 

mediated chemotactic signaling, we transduced HL60 cells with constructs expressing either 

wild-type actin or mutant forms of actin that cannot be glutathionylated (Figure 5G). In 

dHL60 cells, only wild-type EGFP-actin (Cys374) displayed increased glutathionylation 

upon fMLF stimulation. Consistent with the previous studies, mutation of the Cys374 to Ala, 

Glu or Asp abolished chemoattractant-elicited actin glutathionylation (Figure 5H). dHL60 
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cells overexpressing wild-type EGFP-actin showed normal chemotactic migration. In 

contrast, dHL60 cells overexpressing mutant forms of actin displayed impaired directional 

migration, and showed multiple pseudopodia much more frequently compared to cells 

expressing wild-type EGFP-actin (Figure 5I). These effects were not due to alteration of the 

net charge at the exposed C-terminal tail, since cells expressing Ala374 (neutral) behaved 

similarly to cells expressing Glu374 or Asp374 (negatively charged). Moreover, it was 

previously reported that substitution of Cys374 with Ala does not affect actin polymerization 

in conditions unrelated to ROS, suggesting that Cys374 is not critical for actin 

polymerization per se (Tsapara et al., 1999). Thus, the defective chemotaxis of the cells 

expressing mutant forms of actin was most likely caused by impaired ROS-induced actin 

glutathionylation. Considering that the endogenous wild-type actin still exist in dHL60 cells 

overexpressing mutant forms of actin, these results also suggest that the mutant forms had a 

dominant-negative effect in regulating actin dynamics during neutrophil chemotaxis. The 

observed chemotaxis defect and multiple pseudopodia formation were most likely caused by 

impaired depolymerization of the mutant actin in "old" pseudopod, instead of lack of 

functional G-actin for the formation of "new" pseudopod. Taken together, our results 

demonstrate that ROS-induced actin glutathionylation is a key regulatory mechanism for 

efficient neutrophil chemotactic migration.

Grx1 is a key physiological regulator of actin dynamics in neutrophils

The results described above suggest that Grx1 is a positive regulator of actin polymerization. 

It drives the cycle of actin glutathionylation and deglutathionylation. To test whether Grx1 is 

directly involved in neutrophil chemotaxis in vivo, we used a Grx1−/− mouse (Ho et al., 

2007) in which Grx1 protein expression was completely abolished (Figure 6A). Grx1 

deficient mice were similar to their WT littermates in body weight, survival rate, 

appearance, and behavior. The differential leukocyte counts in bone marrow and peripheral 

blood were also normal. In addition, Grx1 deficient neutrophils produced the same amount 

of ROS in response to chemoattractant or phorbol-12-myristate-13-acetate (PMA) 

stimulation compared to WT neutrophils (Figure S4). Grx1 deficiency enhanced 

chemoattractant-elicited actin glutathionylation (Figure 6B) and suppressed actin 

polymerization (Figure 6C). We next examined chemotaxis of WT and Grx1−/− neutrophils 

using a EZ-Taxiscan chemotaxis device in which a stable chemoattractant gradient was 

formed in a 260 µm-wide channel (Figure 6D). Freshly purified WT mouse neutrophils 

migrated robustly up the gradient. fMLF-induced chemotaxis of Grx1−/− neutrophils was 

severely defective, showing slow migration towards the direction of higher chemoattractant 

(Figure 6E–F). Compared to WT neutrophils, more Grx1−/− neutrophils stopped or slowed 

down during the course of chemotaxis (Figure 6G and Supplemental Movie 6). Collectively, 

the results demonstrate that Grx1 directly regulates chemotactic migration by modulating 

actin polymerization. Grx1 did not appear to be involved in directional sensing, since most 

neutrophils depleted of Grx1 could still migrate up the chemoattractant gradient (Figure 6E–

F).

We next investigated the role of Grx1 in several other cellular processes that involve actin 

polymerization. We examined the morphological changes of neutrophils in response to 

chemoattractants. Both WT and Grx1−/− neutrophils were predominantly round before 
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stimulation (Figure 6H, Movies S7). When uniformly stimulated with fMLF, both WT and 

Grx1−/− neutrophils displayed membrane ruffles and polarized, forming distinct psudopods 

and uropods. We quantified the fraction of ruffling neutrophils and found that more WT 

neutrophils ruffled in comparison to Grx1−/− neutrophils (Figure 6I) at each time points 

examined.

It is known that actin is able to modulate integrin activation state directly and indirectly as 

the result of regulated changes in integrin-cytoskeleton linkages (Gardel et al., 2010). Thus 

we also examined whether disruption of Grx1 can cause defect in cell adhesion using a flow-

based adhesion assay (Kasorn et al., 2009) (Figure 6J and Movies S8–9). Grx1−/− and WT 

mouse neutrophils were stimulated or unstimulated (as controls) with chemoattractant fMLF 

and then plated on fibronectin (ligand for α9β1, α4β1, αMβ2)-coated surface. Neutrophil 

adhesion was examined under conditions of fluid shear stress in a parallel plate flow 

chamber. In the absence of any extracellular stimuli, only a small percentage of cells 

adhered to the surface. Upon stimulation with fMLF, neutrophil adhesion was enhanced. 

Disruption of Grx1 significantly reduced the number of adhesion cells, indicating that 

glutathionylation and deglutathionylation also play a critical role in regulating actin 

polymerization during cell adhesion (Figure 6K).

Actin polymerization is also involved in the engulfment of bioparticles during phagocytosis. 

We wonder whether Grx1 disruption can affect the efficiency of neutrophil phagocytosis. To 

test this, we quantified the number of bio-particles engulfed by each neutrophil using an ex 

vivo phagocytosis assay (Figure 6L). After 30 min incubation at 37°C, an average of 375 

mouse serum-opsonized fluorescein-conjugated Zymosan particles were engulfed by 100 

WT neutrophils (phagocytic index). Grx1−/− neutrophils had a significantly reduced 

phagocytic index: only 250 Zymosan particles were engulfed by 100 neutrophils (Figure 

6M). Reduced phagocytosis was also observed at all other time points examined. The 

suppressed phagocytosis was likely a result of reduced engulfment, since there was 

essentially no difference in the initial bacteria-binding capability between wild-type and 

Grx1-deficinet neutrophils (Figure 6N). A similar effect was detected when the ex vivo 

phagocytosis assay was conducted using purified mouse neutrophils and serum-opsonized 

pHrodo-labeled E.coli bio-particles, which fluoresce brightly red only in low pH of 

phagocytic vesicles (Figure 6O–P).

Disruption of Grx1 attenuates neutrophil recruitment and bacteria-killing capability in 
infected mice

The ex vivo experiments showed that neutrophils depleted of Grx1 displayed reduced 

chemotaxis efficiency. We next investigated whether this defect in chemotaxis will lead to 

impaired neutrophil recruitment to sites of inflammation in live mice using an acute 

peritoneal inflammation (peritonitis) model. Inflammation was induced by intraperitoneal 

injection of live E.coli. Very few peritoneal neutrophils (~ 4–6 × 104) were found in 

unchallenged wild-type and Grx1−/− mice. After induction of inflammatory reactions, the 

number of neutrophils in the wild-type peritoneal exudate reached nearly 6 × 106, 4 hrs after 

E.coli injection. In contrast, Grx1−/− mice showed a dramatic decrease in E. coli induced 

neutrophil recruitment - about 3 × 106 neutrophils were recruited to the peritoneal cavity, 4 
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hrs after induction (Figure 7A). To further evaluate the physiological role of Grx1 in host 

defense, we explored the survival rate of intraperitoneally injected live E.coli (Figure 7B). In 

wild-type (WT) mice, the number of bacteria was reduced significantly 4 hour after the 

challenge, reflecting the bacteria-killing capability of neutrophils. We detected more 

bacteria in inflamed Grx1−/− mice, suggesting that these mice have reduced bacteria-killing 

capability (Figure 7C). In fact, due to bacteria proliferation, the number of bacteria even 

increased 4 hours after the challenge. Collectively, these results support the conclusion that 

ROS-induced actin glutathionylation and its modulation by glutaredoxin 1 are key 

physiological regulatory mechanisms controlling actin dynamics in neutrophils in innate 

immunity and host defense.

In the Grx1−/− mice, Grx1 gene was disrupted in all cell types. Thus neutrophil recruitment 

in these mice could also be affected by the altered endothelial cell function. Additionally, 

abnormal production of cytokine from mast cells or macrophages in peritoneal cavity may 

affect neutrophil recruitment. To compare neutrophil recruitment under exactly the same 

environment, an adoptive transfer experiment was conducted (Figure 7D). We labeled ex 

vivo purified wild-type neutrophils with intracellular fluorescent dye 5-(and -6)-

carboxyfluorescein diacetate succinimidyl esters (CFSE) (green) and Grx1−/− neutrophils 

with 5-(and -6)-chloromethyl SNARF-1 acetate (red), or vice versa. The mixed (1:1) 

population was intravenously injected into wild-type recipient mice 4 hour after the 

intraperitoneal E. coli injection. By doing this, variability caused by difference in 

inflammatory environment in each individual recipient mouse was eliminated. Grx1−/− (red) 

and wild-type (green) neutrophils were identified by their unique fluorescent labels (Figure 

7E). Since neutrophil numbers were measured 5 hour after the E.coli injection, when 

neutrophil death is minimal, the ratio of Grx1−/− neutrophils to WT neutrophils most likely 

reflected their relative capability to migrate to the inflamed peritoneal cavity. Consistent 

with the ex vivo results, we detected a much reduced peritoneal recruitment of Grx1−/− 

neutrophils compared with wild-type neutrophils (Figure 7F). These results further 

demonstrated that Grx1−/− neutrophils have an intrinsic defect in the recruitment to sites of 

inflammation.

Discussion

Cytoplasmic actin in neutrophils continuously polymerizes and depolymerizes in an ATP-

powered cycle (Pollard and Borisy, 2003). Signal-dependent regulation of actin dynamics is 

pivotal for a variety of cellular processes including migration, adhesion, and phagocytosis, 

and thus is crucial for neutrophils to fulfill their roles in innate immunity. Here we show that 

signal-elicited ROS production promoted actin glutathionylation and the subsequent 

depolymerization.

Actin is one of the major glutathionylated proteins in neutrophils undergoing respiratory 

burst. Chemoattractant stimulation led to an increase in actin glutathionylation. Importantly, 

pharmacological inhibition of oxidative burst resulted in complete inhibition of actin 

glutathionylation, suggesting that NADPH-oxidase mediated ROS plays a key role in 

eliciting actin glutathionylation. Neutrophils with inhibited ROS production formed more 

frequent multiple pseudopodia and showed reduced chemotaxis efficiency as they migrated 
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up a chemoattractant concentration gradient. We used two fluorescent dyes to show that 

ROS, including H2O2 specifically, were produced at the pseudopods of cells, where actin 

polymerization is known to be robust. As glutathionylated actin cannot polymerize 

efficiently, we propose that inhibition of ROS production abrogated actin glutathionylation 

and hence resulted in enhanced actin polymerization, leading to formation of exasperated 

multiple pseudopodia. Supporting this model, we detected elevated F-actin in ROS inhibited 

neutrophils. Moreover, we found that the multiple pseudopodia defect observed in ROS 

depleted cells could be rescued by siRNA silencing of Glutaredoxin 1 (Grx1), an enzyme 

that catalyzes actin deglutathionylation and thus decreases the amount of glutathionylated 

actin, or by Cd2+, a potent inhibitor of Grx, suggesting that ROS dependent reversible actin 

glutathionylation plays a physiological role in regulating actin polymerization during 

neutrophil chemotaxis. To further establish the causal link between actin glutathionylation 

and pseudopod formation, we reduced actin glutathionylation by treating neutrophils with 

sodium arsenite, a drug that inhibits actin glutathionylation via blocking the formation of 

sulfenic acid intermediary, or overexpressing Grx1. Similar with the DPI treatment, sodium 

arsenite or Grx1 overexpression could significantly decrease actin glutathionylation in 

neutrophils, and consequently impair neutrophil chemotaxis and increase multiple 

pseudopodia formation during chemotaxis. Taken together, these results demonstrate a 

critical role of actin glutathionylation in neutrophil chemotaxis. In chemotaxing neutrophils, 

actin polymerization, ROS production, and actin glutathionylation occur sequentially. 

NADPH-oxidase mediated ROS production occurs after the initial actin polymerization 

(about 0.5–1 min after chemoattractant stimulation) and pseudopod formation. These ROS 

are produced (about 1–2 min after chemoattractant stimulation) and localized at pseudopods 

and induce modification of actin to a dysfunctional glutathionylated form. ROS-induced 

actin glutathionylation peaks at about 5 min after chemoattractant stimulation, leading to 

enhanced actin depolymerization and disassembly of pseudopods. This mechanism is critical 

for efficient chemotaxis. Neutrophils with reduced actin glutathionylation displayed 

enhanced F-actin polymerization, leading to multiple pseudopod formation and impaired 

chemotaxis.

Finally, using a Grx1−/− mouse, we showed that elevating actin glutathionylation by 

disrupting Grx1 attenuated actin polymerization, and consequently impaired neutrophil 

polarization, chemotaxis, adhesion, and phagocytosis. Consistent with the ex vivo results, 

Grx1−/− murine neutrophils showed impaired in vivo recruitment to sites of inflammation 

and reduced bactericidal capability. Taken together, these results demonstrate that 

physiologically produced ROS promote depolymerization of filamentous actin by driving 

reversible actin glutathionylation, and for the first time show that such a mechanism is 

physiologically involved in several cellular processes mediated by actin.

Glutathionylation of the critical cysteine in actin reduces the ability of G-actin to polymerize 

into F-actin polymers. Similar to other types of protein modification (e.g. phosphorylation), 

the glutathionylation is not 100%. In addition, actin glutathionylation doesn't completely 

inhibit actin polymerization (Dalle-Donne et al., 2003; Lassing et al., 2007; Shelton et al., 

2005; Wang et al., 2001). Consistently, we could still detect F-actin in wild-type neutrophils 

at 5 min when actin glutathionylation peaked. However, reducing actin glutathionylation by 
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overexperssing Grx1 significantly increased the amount of F-actin. ROS-induced actin 

glutathionylation peaked at about 5 min after chemoattractant stimulation, thus we observed 

most significant increase in F-actin amount in Grx1 overexpressing neutrophils at this time 

point. In neutrophils, there are different forms of F-actin (e.g. cortical actin, stress fibres, 

endosome and Golgi actin, and nuclear actin)(Chhabra and Higgs, 2007). Many of them are 

not regulated by chemoattractant. Only chemoattractant-elicited actin polymerization is 

involved in pseudopodia formation during chemotaxis. In wild-type cells, the amount of F-

actin goes back to the basal concentration 5 min after chemoattractant stimulation. In 

contrast, more than half of the chemoattractant-elicited F-actin remained in Grx1 

overexpressing cells.

Experimental Procedures

Mice

Grx1−/− mice were kindly provided by Dr. Y.S.Ho and were backcrossed more than 14 

generations onto a : C57BL/6 background (Ho et al., 2007). X-linked CGD mice (Pollock et 

al., 1995) that contain disrupted alleles of the gene encoding gp91phox (B6.129S6-

Cybbtm1Din/J, Strain: C57BL/6) were purchased from the Jackson Laboratories (Bar 

Harbor, ME). In all the experiments performed, we used age-matched C57BL/6 mice as 

wild-type controls. All procedures involving mice were approved and monitored by the 

Children's Hospital Animal Care and Use Committee.

BioGEE Treatment and Immunoprecipitation

Human Neutrophils (107 cells) were incubated with 250 µM Biotynylated glutathione ester 

(BioGEE, Molecular Probes) for 1 hr at 37°C in HBSS containing 5mM 

Diisopropylfluorophosphate (DFP, Calbiochem). Neutrophils were then stimulated with 100 

nM fMLF for 5 min, and then lysed directly in ice cold RIPA buffer (50 mM Tris-HCl, 150 

mM NaCl, 2 mM EDTA, 1% Triton-X, pH 7.4) containing Protease Inhibitor cocktail 

(Roche), 1 mM DFP and 1 mM PMSF. Actin (Millipore) or Ask1 (Cell Signaling) antibody 

was then added to equal portions of the lysate along with Protein A/G beads and mixed for 1 

hr at 4°C. The beads were then washed 3× in RIPA buffer and bound protein was eluted by 

boiling in 2× LDS buffer containing 5% β-Mercaptoethanol. Immunoprecipitated protein 

was then resolved and probed for protein glutathionylation using Streptavidin-HRP (1:1000) 

or actin, using an actin antibody (Cytoskeleton Inc.) and Clean-IP detection kit (Pierce). 

Alternatively, Streptavidin-agarose pull down was performed using BioGEE treated or 

untreated neutrophil lysates, as described earlier (Clavreul et al., 2006).

Glutathionylation Immunostaining

Human neutrophils (0.3×106) in HBSS with 0.1% BSA were stimulated with 25 nM fMLF 

and plated onto glass coverslips for 5 mins. Neutrophils were then fixed with ice cold 

methanol/acetone (50%–50%) containing 100 mM NEM for 5mins, washed twice with PBS 

plus 100 mM NEM for 5 min each to remove free glutathione from the cells and then fixed 

with 4% formaldehyde in PBS plus 100 mM NEM for 10 min. After three washes with 

PBS/100 mM NEM, neutrophils were permeabilized with 0.2% Triton-X in PBS plus 100 

mM NEM, blocked with PBS plus 25 mM NEM (PBS/NEM) for 30mins at 4°C and then 
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preblocked with PBS/NEM/2% BSA blocking buffer for 30mins at RT. Primary antibodies 

(1:500, Mouse GSH (Virogen) and 1:200, rabbit actin (Sigma)) were then added to the fixed 

cells in the blocking buffer for 1 hour, washed three times with PBS/NEM, followed by 

incubation with secondary antibodies (1:1000, anti-mouse IgG, anti-rabbit IgG, Molecular 

Probes) for 30 min and three washes with PBS/NEM. For DTT treatment, NEM in all steps 

after Triton-X permeabilization was replaced with 10 mM DTT.

Assays for neutrophil functions

Some related assays, including quantification of F-actin by phalloidin labeling, measurement 

of superoxide production by luminol chemiluminescence, micropipette chemotaxis assay, 

culturing and differentiation of HL60 cells, and Wright-Giemsa staining were described in 

previous publications (Hattori et al., 2007; Prasad et al., 2011; Subramanian et al., 2007). 

Other methods, such as neutrophil isolation, glutathionylation immunoblotting, labeling and 

imaging of ROS, EZ-taxiscan chemotaxis assay, neutrophil adhesion under shear flow, 

analysis of cell tracks and morphology, polarization assay, siRNA silencing of glutaredoxin, 

generation of Grx1-overexpressing HL-60 cells using lentivirus, phagocytosis assay, 

peritonitis model, in vivo bacteria killing, and neutrophil adoptive transfer were described in 

the Supplemental Experimental Procedures.

Statistics

Analysis of statistical significance for indicated data sets was performed using the Student’s 

t test capability on Microsoft Excel.

Supplementary Material

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

► Chemoattractant-elicited ROS lead to elevated actin glutathionylation.

► ROS negatively regulate actin polymerization by driving actin 

glutathionylation.

► ROS-induced actin glutathionylation is tightly regulated by Grx1.

► Disruption of Grx1 impairs neutrophil recruitment and bactericidal capability 

in vivo.
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Figure 1. NADPH oxidase-mediated ROS production induced actin glutathionylation in 
chemoattractant-stimulated neutrophils
(A) Protein glutathionylation in chemoattractant-stimulated human neutrophils. (B) 
Treatment with DTT leads to reduction of glutathione mixed disulfides. (C) Biotinylated 

glutathione (BioGEE)-modified proteins were pulled down from neutrophil lysates using 

Streptavidin agarose beads and probed with a β-actin antibody. (D) Actin was 

immunoprecipitated from BioGEE labeled neutrophil lysates (5 min after fMLF stimulation) 

and probed for Biotinylated-glutathione modification using Streptavidin-HRP. ASK1, a 

cytosolic protein, was used as a negative control. (E) Actin glutathionylation in fMLF-

stimulated human neutrophils is dependent on NADPH oxidase activation. Human 

neutrophils pretreated with 50 µM DPI for 30 min were stimulated with 100 nM fMLF. 

Ratio of glutathionylated-actin to total actin is reported as actin-glutathionylation in the bar-

graph (right). ROS production was evaluated by monitoring chemiluminescence (left). (F) 
Actin glutathionylation in fMLF-stimulated murine neutrophils stimulated with 1 µM fMLF. 

Data represents mean±SD from n=3 wells from one experiment representative of three. *, p 

< 0.001, versus WT. #, p < 0.001 versus time 0.
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Figure 2. Both NADPH oxidase-mediated ROS production and protein glutathionylation 
occurred at pseudopodia of migrating human neutrophils, colocalizing with actin
(A) Human neutrophils were labeled with ROS dye CM-H2DCFDA and exposed to a 

micropipette tip filled with 1 µM fMLF (denoted by solid white circle). Leading edges of 

migrating cells were marked by white arrows. Scale bars represent 10 µm. (B) 
Quantification of NADPH oxidase-dependent ROS localization at the front of migrating 

neutrophils. Four to five regions of interest (ROIs, red circles in Figure 2A) were randomly 

drawn at the front and back of the cell, as well as background regions of the image. Data are 
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represented as mean±SD from n=12 cells. *, p < 0.001, versus untreated neutrophils. (C) 
Murine bone marrow neutrophils were labeled with 1 CM-H2DCFDA and exposed to a 

uniform bolus of chemoattractant (50 nM fMLF). Fluorescence images show randomly 

migrating neutrophils in three consecutive frames with 15 sec interval. Arrow heads point 

towards ROS localization at pseudopodia. Scale bars represent 5 µm. (D) Front to back ratio 

and ROS fluorescence intensity at the front of the untreated or DPI treated WT or CGD 

neutrophils were measured as described above. Data are represented as mean±SD from n=10 

cells. *, p < 0.001, versus untreated WT neutrophils. (E) Mechanism of selective detection 

of intracellular H2O2 by PF6-AM. (F) Subcellular localization of H2O2 in chemotaxing 

neutrophils in a fMLF gradient. Human neutrophils were labeled with 1 µM of PF6-AM. 

Fluorescence intensity was measured by scanning a line (white line) through a cell with 

IPLab software. Shown are profiles of two representative cells. In this experiment, 

chemotactic gradient was generated with a micropipette filled with 10 µM fMLF. Scale bars 

represent 10 µm. (G) Front to back ratio and ROS fluorescence intensity at the front of the 

cell were calculated from images of untreated and 50 µM DPI-treated cells. Data are 

represented as mean±SD from n=15 cells. *, p<10−5 versus untreated neutrophils. (H) 
Distribution of glutathionylation and actin in fMLF-stimulated human neutrophils. Scale 

bars represent 5 µm. (I) Glutathionylation staining was conducted in the presence of 10 mM 

DTT. (J) Addition of excess amount of reduced GSH to primary antibody mix abrogated 

glutathionylation localization at the leading edge but did not affect detection of actin 

localization using the actin antibody. (K) Neutrophils were treated with 50 µM DPI before 

the fMLF stimulation. Glutathionylation staining was conducted as described in (H). The 

scale bars in I–K represent 20 µm.
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Figure 3. Suppression of NADPH oxidase-mediated ROS production led to elevated actin 
polymerization in neutrophils
(A) Actin polymerization in human neutrophils treated with (or without) DPI. (B) Actin 

polymerization in WT and CGD murine neutrophils. Results are the means (±SD) of three 

independent experiments. *p < 0.01 versus WT neutrophils (Student’s t test).
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Figure 4. Reducing actin glutathionylation led to increased F-actin, formation of multiple 
pseudopods, and defective chemotaxis
(A) Actin glutathionylation is a dynamic reversible process that can be regulated by 

glutaredoxin. (B) Overexpression of Grx1 in neutrophil like differentiated HL60 cells. (C) 
Grx1 overexpression reduced actin glutathionylation. Data represents means ± SD of three 

experiments. * p<0.01 versus the control. (D) Grx1 overexpression augmented the amount 

of F-actin. fMLF-elicited actin polymerization was calculated as the increase of F-actin 

amount compared to time 0. Data shown are means ± SD of five experiments. * p<0.01 
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versus the control (vector only). (E) Cells overexpressing Grx1 displayed defective 

chemotaxis. Data are represented as mean±SD for n=20 cells, * p<0.05 versus control 

neutrophils. (F) Cells overexpressing Grx1 displayed multiple pseudopodia. The multiple 

pseudopodia was identified during cell chemotaxis in the EZ-taxiscan device. Scale bars 

represent 5 µm. (G) Sodium arsenite treatment inhibits actin glutathionylation in human 

neutrophils. Human neutrophils pretreated with (or without) 50 µM sodium arsenite for 30 

min were stimulated with 100 nM fMLF for 5 min. * p<0.05 versus untreated neutrophils. 

(H) Effect of sodium arsenite treatment on human neutrophil chemotaxis. Neutrophils were 

evaluated for migration speed, directionality, upward directionality (n=16 cells, *, p<0.0005 

by Student’s t-test), and percentage of multiple pseudopodia (n>30 cells, **, p<0.05, 

Fisher’s exact test, 2-tail).
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Figure 5. Neutrophil chemotaxis defects induced by ROS depletion could be rescued by 
inhibiting glutaredoxin
(A) Actin glutathionylation was augmented in cells treated with CdCl2. Data represents 

means ± SD of three experiments. *, p<0.01 versus untreated dHL60 cells. (B) Augmenting 

protein glutathionylation by CdCl2 rescued DPI-induced chemotaxis defect. Neutrophils 

chemotaxis was analyzed as described in Figure 4E. *, p<0.05 versus untreated neutrophils; 

*, p<0.05 versus DPI treated neutrophils. (C) siRNA silencing of Grx1 in differentiated 

HL60 cells. (D) Actin glutathionylation was enhanced in cells transfected with glutaredoxin 

siRNA. Data represents means ± SD of three experiments. *, p<0.01 versus dHL60 cells 

transfected with control siRNA. (E) siRNA silencing of glutaredoxin rescued DPI-induced 

chemotaxis defect. **, p<0.005 versus dHL60 cells transfected with control siRNA. (F) 
ROS depletion-induced formation of multiple pseudopodia and impaired directional 

migration were partially rescued by treatment with latrauculin B. Mouse neutrophils were 

pretreated with 50 µM DPI, 5 nM latrauculin B (LAT), 5 nM LAT + 2 µM CdCl2, or left 

untreated, and then exposed to a chemoattractant gradient generated by addition of 100 nM 

fMLF (1 µl) in the EZ-taxiscan device. *, p<0.005. (G) Schematic representation of wild-

type and mutant forms of human β-actin fused with GFP. (H) Cys374 is critical for ROS-
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elicited actin glutathionylation. dHL60 cells overexpressing indicated protein were 

stimulated with 1µM fMLF. Overexpression of wild-type and mutant forms of GFP-actin 

was confirmed by western blotting with a GFP antibody. Ratio of glutathionylated GFP-

actin to total GFP-actin was calculated as actin-glutathionylation. Shown in the bar-graph 

are the fold increases of actin-glutathionylation compared to unstimulated cells (time 0). 

Data represents means ± SD of three experiments. *, p<0.01 versus unstimulated cells. (I) 
Glutathionylation at actin-Cys374 is a key regulatory mechanism for efficient neutrophil 

chemotactic migration. Cells overexpressing EGFP-actin were identified by their higher 

fluorescent intensity compared with untransfected cells. The chemotaxis of transfected 

dHL60 cells was analyzed using an EZ-taxiscan device as described above (n>20 cells; *, 

p<0.005 versus dHL60 cells expressing wild-type actin).
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Figure 6. Disruption of glutaredoxin resulted in reduced actin polymerization and impaired 
neutrophil migration, polarization, adhesion, and phagocytosis
(A) Grx1 protein expression was completely abolished in neutrophils isolated from Grx1−/− 

mice. (B) Glutaredoxin disruption resulted in increased amount of glutathionylated actin in 

neutrophils. (C) Disruption of Grx1 reduced actin polymerization. (D) Chemotaxis of mouse 

neutrophils in response to chemoattractant fMLF. (E) Cell tracks of migrating neutrophils 

(cells that move at least 65 µm from the bottom of the channel) (n=20). (F) Disruption of 

Grx1 reduced the efficiency of neutrophil chemotaxis. * p<0.05. (G) The percentage of cells 

that stopped or slowed down during chemotaxis. * p<0.0001 versus WT neutrophils. (H) 
Chemoattractant-induced ruffling in WT and Grx1−/− neutrophils. Scale bar represents 10 

µm. (I) The percentage of polarized neutrophils (cells that ruffled or extended pseudopods) 

was calculated at indicated time after fMLF stimulation. Data shown are mean ± SD 

collected from (n=3) separate preparations of neutrophils. *, P<0.01 versus WT neutrophils. 

** p<0.0001 versus WT neutrophils. (J) Adhesion of WT and Grx1−/− neutrophils on 

fibronectin-coated flow chambers in response to fMLF stimulation. Scale bar represents 50 

µm. (K) Grx1 disruption reduced fMLF induced cell adhesion on fibronectin-coated flow 
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chambers. * p<0.001 versus WT neutrophils. (L) In vitro phagocytosis assay. FITC-labeled 

Zymosan A bioparticles were opsonized with mouse serum and incubated with neutrophils 

at 37°C for indicated time. Extracellular fluorescence was quenched by trypan blue. The 

results shown are representative of three experiments. (M) Phagocytosis index (PI) was 

expressed as the number of bioparticles engulfed by 100 neutrophils. (N) Binding index was 

expressed as the number of bioparticles bound to 100 neutrophils (4°C for 30 min). (O–P) In 

vitro phagocytosis assay using pHrodo labeled E.coli bioparticles. Results are the means 

(±SD) of three independent experiments. *p < 0.01 versus WT neutrophils (Student’s t test). 

Scale bars in L represent 10 µm. Scale bars in O represent 5 µm.
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Figure 7. Disruption of Grx1 led to reduced neutrophil recruitment and impaired bacterial 
killing
(A) Disruption of Grx1 led to reduced neutrophil accumulation in the inflamed peritoneal 

cavity. Data shown are mean ± SD of n=3 mice. *p < 0.01 by Student's t test. (B) Disruption 

of Grx1 led to impaired bacterial killing. Images of representative culture plates are shown. 

(C) Total numbers of survived E.coli in the inflamed peritoneal cavity. Data are means ± SD 

of 4 independent experiments. *p < 0.01 versus WT mice by Student's t test. (D) Schematic 

diagram of neutrophil adoptive transfer assay. Bone marrow neutrophils from WT and 
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Grx1−/− mice were labeled with different colors (SNARF1 or CFSE labeled), mixed 1:1 and 

then intravenously injected into WT recipient mice that have been challenged with E.coli 

(intraperitoneally injected). The relative recruitment of Grx1−/− and WT neutrophils in the 

WT recipient was evaluated 60 min after the challenge. (E) The amount of adoptively 

transferred neutrophils recruited to the peritoneal cavity. Shown are representative FACS 

plots of an input control (left) and a mouse transplanted with labeled neutrophils (right). The 

double negative cells are the unlabeled endogenous cells. (F) Relative recruitment of 

neutrophil was calculated as the ratio of indicated populations in the peritoneal cavity. 

Results are the means (±SD) of three independent experiments. *, p < 0.01 versus WT 

neutrophils (Student’s t test).
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