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Abstract

Disruption of the endothelial barrier in response to Gram positive (G+) bacterial toxins is a major 

complication of acute lung injury (ALI) and can be further aggravated by antibiotics which 

stimulate toxin release. The integrity of the pulmonary endothelial barrier is mediated by the 

balance of disruptive forces such as the small GTPase RhoA, and protective forces including 

endothelium-derived nitric oxide (NO). How NO protects against the barrier dysfunction is 

incompletely understood and our goal was to determine whether NO and S-nitrosylation can 

modulate RhoA activity and whether this mechanism is important for G+ toxin-induced 

microvascular permeability. We found that the G+ toxin listeriolysin-O (LLO) increased RhoA 

activity and that NO and S-NO donors inhibit RhoA activity. RhoA was robustly S-nitrosylated as 

determined by biotin-switch and mercury column analysis. MS revealed that three primary 

cysteine residues are S-nitrosylated including cys16, cys20 and cys159. Mutation of these residues 

to serine diminished S-nitrosylation to endogenous NO and mutant RhoA was less sensitive to 

inhibition by S-NO. G+-toxins stimulated the denitrosylation of RhoA which was not mediated by 

S-nitrosoglutathione reductase (GSNOR), thioredoxin (TRX) or thiol-dependent enzyme activity 

but was instead stimulated directly by elevated calcium levels. Calcium-promoted the direct 

denitrosylation of WT but not mutant RhoA and mutant RhoA adenovirus was more effective than 
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WT in disrupting the barrier integrity of human lung microvascular endothelial cells. In 

conclusion, we reveal a novel mechanism by which NO and S-nitrosylation reduces RhoA activity 

which may be of significance in the management of pulmonary endothelial permeability induced 

by G+-toxins.
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1. Introduction

Acute lung injury (or ALI) is a serious medical condition with a high mortality rate that can 

result in non-cardiogenic pulmonary edema and respiratory failure. A major cause of ALI is 

Gram positive (G+) bacterial infections [1,2] with Streptococcus pneumonia accounting for 

up to 45% of all community-acquired pneumonia (CAP) cases in the US. In the United 

States alone, there are greater than 500,000 yearly cases of pneumonia and 40,000 

pneumococcal-related deaths, which results in a health care burden exceeding 5 billion 

dollars [3]. Currently, there are no effective treatments that specifically target the pulmonary 

barrier dysfunction in ALI and a greater understanding of the cellular and molecular 

foundations of G+-toxin induced pulmonary barrier dysfunction is needed.

The vascular endothelium is a monolayer of tightly connected endothelial cells that forms a 

barrier between the blood and the underlying interstitium which regulates the passage of 

fluid and cells. Dysfunction of the endothelial barrier arises from changes in cell behavior in 

response to signaling events that promote contraction, dissolution of adhesive complexes 

between cells and cell death. Many signaling pathways are involved including calcium, 

MLC (myosin light chain)-dependent mechanisms [4], cytoskeletal rearrangements [5], 

disassembly of junctional proteins between cells [6], activation of PKC (protein kinase C) 

[7], alteration of nitric oxide (NO) signaling [8] and numerous others [9,10]. Unresolved 

disruption of the endothelial barrier results in the inappropriate loss of fluid from the 

vasculature and extensive pulmonary edema which are the major complications of acute 

respiratory distress syndrome (ARDS) and CAP [11].

The mortality rate of ALI remains unacceptably high despite a high level of support and the 

extensive use of antibiotics. A complicating factor in the use of bactericidal antibiotics is the 

release of toxins from G+ bacteria, including LLO (listeriolysin-O, Listeria monocytogenes) 

and pneumolysin (PLY, S. pneumoniae). Both LLO and PLY belong to a family of 

cholesterol-dependent poreforming cytolysins which form plasma membrane pores in the 

presence of calcium that stimulate the entry of calcium and other ions as well as stimulate 

intracellular signaling [7,8]. The mechanisms by which G+ toxins promote endothelial 

permeability are not fully understood.

Nitric Oxide (NO) is an important regulator of vascular homeostasis and pathophysiology. In 

blood vessels, the primary source of NO is the enzyme endothelial nitric oxide synthase 

(eNOS), which is found almost exclusively in the endothelium, and has been shown to 

regulate endothelial permeability [12,13]. Previously we showed that G+ toxins induce 
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eNOS uncoupling which results in increased superoxide production. This occurs in part 

through an increase in PKCα-dependent eNOS T495 phosphorylation which alters 

enzymatic fidelity to reduce NO and increase superoxide synthesis [8]. However, the 

particular role of NO in regulating endothelial permeability is poorly understood and 

complicated by the amount of NO, the vascular bed and the agonist [14]. NO signaling is 

primarily mediated by soluble guanylate cyclase and cGMP-dependent signaling in smooth 

muscle. In endothelial cells, there are higher concentrations of NO and lower levels of 

soluble guanylate cyclase and NO-dependent signaling can be mediated via an alternative 

pathway. Sulfhydryl groups on substrate proteins can be covalently modified by NO and its 

metabolites in a process called S-nitrosylation that can modulate the function of numerous 

substrate proteins [12,15–18]. S-nitrosylation is a reversible modification and the removal of 

S-NO is primarily mediated by two enzymes, the GSNOR (S-nitrosoglutathione reductase) 

and thioredoxin 1(Trx1) [19].

RhoA belongs to the family of small GTPases which are activated by the binding of GTP 

versus GDP [20]. RhoA is a key regulator of numerous cellular responses involved in barrier 

function including cell adhesion and contraction. Upon activation, RhoA translocates to the 

plasma membrane where it contributes to the loss of barrier function by destabilizing 

endothelial junction proteins and increasing myosin light chain phosphorylation to promote 

cell contraction [21]. The actions of RhoA are opposed by another GTPase, Rac1 and the 

loss of pulmonary barrier function in ALI is partly due to a shift in the balance of RhoA and 

Rac1 signaling where RhoA becomes dominant [22,23]. Several post-translational 

modifications have been shown to modulate the activity of Rho family proteins, including 

transglutamination [24], deamidation [25], glycosylation [26], ADP-ribosylation [26], 

adenylylation [27], and phosphorylation [27]. Our group has previously demonstrated the 

nitration of RhoA in response to LPS which induces enhanced activity through the changes 

in nucleotide cycling [23] but the role of other nitrosative modifications are not well 

understood.

However, the ability of NO (as opposed to ONOO-) to regulate the activity of RhoA in 

human lung microvascular endothelial cells (HLMVECs), i.e. whether NO directly S-

nitrosylates RhoA and whether this pathway is important for G+ toxin-mediated disrupted 

endothelial barrier function are not well described. Therefore, the goal of the current study 

was to determine the role of S-nitrosylation in the LLO-induced activation of RhoA. We 

found that RhoA activity is decreased by NO, that RhoA is an S-nitrosylated protein and 

identify a novel calcium-dependent mechanism by which G+-toxins stimulate the 

denitrosylation of RhoA. We also identify three sites of S-nitrosylation on RhoA (C16, C20 

and C159) and show that mutation of these cysteine residues to serine provides resistance 

against the inhibitory effects of NO and results in a form of RhoA that is more effective at 

promoting endothelial barrier disruption compared to WT.

2. Materials and methods

2.1. Cell culture and transfection

COS-7 and HEK-293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 100 U/ml penicillin, 100 mg/ ml streptomycin, and 10% FBS [28,29]. Human 
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Lung Microvascular Endothelial Cells (HLMVECs) were isolated and grown in house as 

previously described [8,23] or purchased from Lonza and grown in Endothelial Growth 

Medium-2-Microvessel (EGM-2MV) containing the requisite growth factors and 5%FBS 

(Lonza, Allendale, NJ) and used below passage 8. Cells were grown in a 5% CO2 incubator 

at 37 °C and used from passage 2–8. For transfection, COS-7 and HEK-293 cells were 

transfected using Lipofectamine 2000 (Invitrogen, Grand Island, NY) according to the 

manufacturer’s instructions. HEK 293 cells stably expressing eNOS were generated using 

the Flp-In System (Invitrogen, Grand Island, NY) [30].

2.2. DNA constructs, antibodies and reagents

Plasmid DNA coding RhoA have been described previously [23]. The C16, 20, 159S triple 

mutant RhoA was generated by Q5® Site- Directed Mutagenesis Kit (NEB, Ipswich, MA) 

and confirmed by DNA sequencing. The antibody against RhoA was purchased from Cell 

Signaling. The G+-bacterial toxin, listeriolysin (LLO), was purified as described previously 

[7].

GSNOR/TRX genes were transiently silenced using siRNA. The siRNA targeting GSNOR 

(siRNA ID: s1071) and TRX (siRNA ID: s2) as well as validated non-targeting controls 

were purchased from Applied Biosystems (Carlsbad, California). Lipofectamine® RNAi- 

MAX transfection reagent was used to deliver the siRNA in HLMVECs (Invitrogen, Grand 

Island, NY).

2.3. Measurement of nitric oxide and cell viability

Confluent HLMVECs were treated with or without LLO in serum free medium for 1 h, and 

the accumulation of  in the medium was measured by NO-specific chemiluminescence 

as previously described [8,31]. Cell viability was assessed by using the Cell Titer-Glo® 

Luminescent cell viability assay per the manufacturer’s instructions (Promega, Madison, 

WI).

2.4. Measurement of RhoA activity

RhoA activity was measured using the RhoA G-LISA assay kit (Colorimetric format, Cat: # 

BK124) (Cytoskeleton, Denver, CO) following the manufacturer’s instruction. In brief, 

approximately 1– 2 × 106 HLMVECs were plated into 10 cm dishes and incubated overnight 

in EGM-2MV media. Following the indicated treatments, cells were lysed and the level of 

GTP-bound RhoA determined by the absorbance at 490 nm using a PolarSTAR luminometer 

(BMG Labtech, Cary, NC).

2.5. Rapid kinetic analysis of nucleotide binding to RhoA

RhoA was treated with MAHMA NONOate (100 μM) (Sigma, St. Louis, MO) for 30 min in 

buffered solution, and then 2 μM of mant- GTP was mixed with RhoA (0.1 μM) in a stopped 

flow instrument (SX-20, Applied Biophysics, Carlsbad, California). The fluorescent 

intensity of mant-nucleotide binding to RhoA was then detected using excitation at 350 nm 

and a cutoff filter of 395 nm for 0.2– 1 s. The kinetic curves acquired from at least three 

experiments were averaged, and the Pro-kineticist software was used to calculate binding 

constants.
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2.6. Endothelial permeability

The trans-endothelial resistance (TER) was measured in confluent HLMVECs. Previous 

studies have shown that acute changes in TER reflect changes in cell permeability [7,8]. In 

brief, approximately 60,000 HLMVECs/well were seeded into 8W10E arrays. Media was 

replaced with fresh media at 24 h and then again to serum free media at 48 h prior to the 

addition of LLO. ECIS Zh model (Applied Biophysics, Carlsbad, California) was used to 

monitor resistance values overtime and then normalized to time = 0. Different concentrations 

of LLO or vehicle were added after the resistance was stable around 1200 O at a frequency 

of 4000 Hz and the capacitance was between 22 and 29 nanoFarads.

2.7. Measurement of protein S-nitrosylation and Western blotting analysis

Cells, cell lysates or recombinant RhoA were treated with either vehicle or different 

concentrations of LLO (60–250 ng/ml), Cys-NO (100–300 μM), Calcium (3 mM), 

ionomycin (1 μM), EGTA (3 mM) and NEM (40 mM). The level of S-nitrosylated RhoA 

was determined using the biotin-switch assay as shown previously [12,32]. Briefly, cells 

were washed two times with cold phosphate-buffered saline and then lysed with HEN buffer 

(250 mM Hepes, 0.1 mM neocuproine (pH 7.7), 1 mM EDTA, SDS (2.5%) and 20 mM 

methyl methane thiosulfonate (Sigma, St. Louis, MO)) at 50 °C for 20 min. Proteins were 

precipitated with acetone, washed three times with 70% acetone, and mixed with 0.2 mM N-

(6-(bioti namido)hexyl)-3′-(2′-pyridyldithio)propionamide (HPDP-biotin, Thermo Fisher 

Scientific, Grand Island, NY) in the absence or presence of 50 mM ascorbate for 1 h. 

Streptavidin–agarose beads (Sigma, St. Louis, MO) adopted to pull down the biotinylated 

proteins, which was then separated by 12% SDS–PAGE, and immunoblotted with anti-RhoA 

antibody (Cell Signaling, Danvers, MA) [33,34]. While, biotinylated proteins were detected 

under non reducing condition using anti-biotin antibody (Cell Signaling, Danvers, MA). 

Alternatively, protein S-nitrosylation was determined using organic mercury assisted 

enrichment assay which has been described previously [35].

2.8. Measurements of intracellular Ca2+

Intracellular calcium levels were monitored using the calcium-activated photoprotein, 

aequorin, as described previously [31]. In brief, HLMVECs were transduced with an 

adenovirus encoding aequorin at 30MOI, and 24 h later the aequorin was reconstituted by 

treating cells with 5 μM coelenterazine (Sigma, St. Louis, MO) for 30 min in serum-free and 

phenol free DMEM. The cells were then exposed to different concentrations of LLO, and 

luminescence was recorded using a PolarSTAR luminometer (BMG Labtech, Cary, NC).

2.9. MS analysis

To identify sites of S-nitrosylation, the biotin-switch assay was performed as described 

above on 1 mg of recombinant RhoA incubated with 100 μM of the S-NO donor, 

nitrosocysteine for 30 min. RhoA was precipitated, washed and then trypsinized overnight 

using 5 μg of sequencing-grade trypsin (Promega, Madison, WI) at 37 °C. Trypsin was 

inactivated by addition of 1 mM 4-(2- Aminomethyl) benzenesulfonyl fluoride 

hydrochloride (AEBSF, Sigma, St. Louis, MO), and biotinylated peptides of RhoA were 

precipitated with streptavidin–agarose (Sigma, St. Louis, MO) and washed four times with 
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50 mM ammonium bicarbonate. Peptide digests were analyzed on an Orbitrap Fusion tribrid 

mass spectrometer (Thermo Fisher Scientific, Grand Island, NY) coupled with an Ultimate 

3000 nano-UPLC system (Thermo Fisher Scientific, Grand Island, NY). Two microliters of 

reconstituted peptide was first trapped and washed on a Pepmap100 C18 trap (5 μm, 0.3 × 5 

mm) at 20 μl/min using 2% acetonitrile in water (with 0.1% formic acid) for 10 min and 

then separated on a Pepman 100 RSLC C18 column (2.0 μm, 75-μm × 150-mm) using a 

gradient of 2–40% acetonitrile with 0.1% formic acid over 40 min at a flow rate of 300 

nl/min and a column temperature of 40 °C. Samples were analyzed by data-dependent 

acquisition in positive mode using Orbitrap MS analyzer for precursor scan at 120,000 

FWHM from 300 to 1500 m/z and ion-trap MS analyzer for MS/MS scans at top speed 

mode (3-s cycle time). Collision-induced dissociation (CID) was used as fragmentation 

method. Raw data were processed using Proteome Discoverer (v1.4, Thermo Fisher 

Scientific, Grand Island, NY) and submitted for Sequest HT search against the Uniprot 

human database. Fixed value PSM validator algorithm was used for peptide spectrum 

matching validation. Sequest HT search parameters were 10 ppm precursor and 0.6 Da 

product ion tolerance, with dynamic carbidomethylation (+57.021 Da) and Biotin- BMCC 

modification (+533.267 Da).

2.10. Statistical analysis

Data are expressed as means ± SE and statistical analyses performed using Instat software 

(GraphPad Software Inc., San Diego, CA) with a two-tailed student t-test or ANOVA with a 

post hoc test where appropriate. Statistical significances were considered as p < 0.05.

3. Results

3.1. NO signaling inhibits G+ toxin-induced RhoA activation and prevents G+ toxin-induced 
microvascular permeability

We have previously shown that NO signaling plays an important role in G+ toxin-induced 

endothelial barrier dysfunction [8], however the mechanisms involved are poorly 

understood. RhoA is a key regulator of endothelial barrier dysfunction, but its regulation by 

G+-toxins and NO is not completely understood. To assess whether G+ toxins can influence 

RhoA activity in HLMVECs, cells were exposed to either vehicle or LLO (250 ng/ml) in 

serum-free conditions. In agreement with our previous findings [46], LLO significantly 

increased RhoA activity (Fig. 1). We next examined whether NO is important in regulating 

RhoA activity. Confluent HLMVECs incubated with DETA NONOate or Cys-NO for 30 

min and RhoA activity was measured by the G-LISA assay. We found that both NONOate 

and Cys-NO reduced RhoA activity (Fig. 2A). We then performed kinetic studies to assess 

the relative affinity of RhoA for GTP using fluorescently labeled guanine nucleotides. The 

exposure of recombinant RhoA to NO markedly decreased the GTP binding constant (Fig. 

2B), indicating that the ability of LLO to activate RhoA can be opposed by NO signaling. To 

determine the role NO signaling in G+-toxin-induced microvascular permeability, we 

pretreated the HLMVECs with or without Cys-NO for 30 min and then challenged the cells 

with 60 and 100 ng of LLO. Transendothelial resistance (TER) was monitored overtime on 

an ECIS array. As seen in Fig. 2C, LLO dose dependently decreased transendothelial 

resistance (TER) in HLMVECs which was significantly attenuated in cells pretreated with 
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Cys-NO. Over the duration studied (1hr), we did not detect any significant toxicity of LLO 

(15–120 ng, Fig. 2D).

3.2. RhoA activation is regulated by S-nitrosylation

To investigate whether RhoA is a substrate for S-nitrosylation, the biotin switch assay was 

performed in HLMVECs treated with or without the S-NO donor, Cys-NO (S-

nitrosocysteine). In cells incubated with Cys-NO, there was significantly more S-

nitrosylated RhoA compared to control cells (Fig. 3A). To confirm the specificity of the 

biotin switch assay, we also detected the S-nitrosylation of RhoA using organomercury 

columns. Organic mercury reacts with S-nitrosothiols (Saville reaction) and displaces the 

thiol-bound NO to form a covalent bond with the thiol. S-nitrosylated proteins bound to the 

column were eluted with 50 mM β-mercaptoethanol. Using both methods, our data indicate 

that RhoA is a substrate for S-nitrosylation (Fig. 3B). To identify the sites of S-nitrosylation 

on RhoA, recombinant RhoA was treated with Cys-NO, followed by the biotin-switch 

procedure and MS/MS analysis (Fig. 4A). RhoA peptides containing three modified cysteine 

residues (C16, C20 and C159) were identified from Cys- NO-treated RhoA (Fig. 4B–D). 

The residues are highly conserved among different species, suggesting the potential for 

functional significance. Site-directed mutagenesis was used to make individual cysteine to 

serine mutants in RhoA (C16S, C20S, C83S, C107S, C159S, C190S) but failed to alter the 

ability of Cys-NO to induce S-nitrosylation (data not shown). Combined mutation of 3 sites 

(C16, 20 and 159S) did not prevent Cys-NO induced S-nitrosylation of RhoA in COS-7 cells 

(Fig. 5A), possibly due to the increased S-nitrosylation of RhoA on other sites in the 

presence of an exogenous S-NO donor. To better approximate the levels of NO in cells, we 

generated HEK293-eNOS cells using the Flp-In System to provide a source of endogenous 

NO. We found that the RhoA triple mutant exhibited a substantial reduction in eNOS-

dependent S-nitrosylation compared to wild type (Fig. 5B). To assess the functional 

consequences of the loss of S-nitrosylation of these 3 sites, we next measured activity in the 

presence and absence of Cys-NO. We found that the triple C16, 20, 159S mutant of RhoA 

retains more activity in the presence of increasing concentrations of Cys-NO (Fig. 5C). 

These data indicate that RhoA is S-nitrosylated on many cysteine residues, with C16, 20 and 

159 being the most prominent and functionally important for inactivation of RhoA in the 

presence of NO.

3.3. G+-toxin stimulated calcium entry mediates RhoA denitrosylation

To determine the effect of G+-toxins on RhoA S-nitrosylation, we exposed HLMVECs to 

LLO and measured S-nitrosylation using the biotin-switch assay. We found that LLO 

potently decreased RhoA S-nitrosylation (Fig. 6A). Next, we incubated HLMVECs with 

different amounts of LLO for 1 h and measured NO production using NO-specific 

chemiluminescent. We found no significant change in the level of NO following the short 

term treatment with LLO (Fig. 6B). To further elucidate the mechanisms underlying RhoA 

denitrosylation in response to G+-toxins, we measured the level of intracellular calcium in 

response to LLO using the genetically encoded calcium-sensor, aequorin. LLO robustly 

stimulated calcium entry in HLMVECs (Fig. 6C). The ability of LLO to promote calcium 

entry results from actions on plasma membrane calcium channels [36]. To determine the 

importance of calcium entry to LLO stimulated endothelial barrier disruption, we employed 
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a non-selective steric inhibitor of plasma membrane calcium-channels, lanthanum chloride 

(LaCl3). LLO potently decreased transendothelial resistance (TER) in HLMVECs and this 

ability was significantly reduced in cells pretreated with the LaCl3 (Fig. 6D). We next 

investigated whether calcium entry influences RhoA S-nitrosylation. We found that EGTA 

prevented the loss of RhoA S-nitrosylation following stimulation with LLO (Fig. 6E). We 

also investigated whether RhoA can be nitrated in response to G+-toxins as has been shown 

for the G− toxin, LPS [23]. Using anti-nitrotyrosine antibodies we did not observe an 

increase in RhoA nitration (data not shown).

Protein denitrosylation can be catalyzed by a number of enzymes including GSNOR and 

Trx1 which utilize a catalytic, sulfhydryl based mechanism to remove NO [12,37]. We next 

explored the mechanisms of RhoA denitrosylation and the role of calcium in HEK293-

eNOS cells. Consistent with results in HLMVECs, LLO robustly decreased the S-

nitrosylation of RhoA (Fig. 7A). In addition, the selective and potent calcium ionophore, 

ionomycin, also efficiently decreased RhoA S-nitrosylation (Fig. 7B). However, the genetic 

silencing of either GSNOR or Trx1 expression did not influence the ability of ionomycin to 

stimulate RhoA denitrosylation (Fig. 7C). Furthermore, the thiol-blocking compound N-

ethylmaleimide (NEM) also failed to prevent the calcium-induced denitrosylation of RhoA 

(Fig. 7D) suggesting a non-enzymatic mechanism. To test this directly, we incubated S-

nitrosylated, recombinant RhoA with CaCl2 and observed reduced S-nitrosylation in the 

absence of other factors (Fig. 7E). To determine which sites on RhoA are denitrosylated by 

calcium, we expressed WT and triple mutant C16, C20, C159S RhoA in HLMVECs using 

adenovirus, lysed cells and incubated with calcium for 1hr. We found that exposure to 

calcium promoted the denitrosylation of the WT but not the triple mutant RhoA (Fig. 8A) 

suggesting these sites are preferentially S-nitrosylated and denitrosylated. To assess 

functional significance, HLMVECs were transduced with adenoviruses encoding WT and 

triple mutant RhoA and barrier function measured using TER. Mutant RhoA was more 

effective in promoting endothelial barrier disruption than WT RhoA (Fig. 8B).

4. Discussion

Our previous studies have shown that G+-toxins stimulate endothelial barrier dysfunction 

through the activation of PKCα and increased eNOS T495 phosphorylation, as well as 

through the activation of arginase 1, both events lead to the uncoupling of eNOS activity and 

decreased NO and increased superoxide production [7,8,23,38]. However, the mechanisms 

by which the diminished NO production in endothelial cells contributes to barrier 

dysfunction are poorly understood. The activation of RhoA plays an important role in 

disrupting endothelial barrier function in the lung [39]. In the present study we found that 

LLO increased the activity of RhoA which is consistent with the actions of other G+-toxins 

[40]. In endothelial cells, a major pathway of NO signaling is the S-nitrosylation of cysteine 

residues on target proteins. Using multiple approaches, we found that RhoA is an efficient 

substrate for S-nitrosylation and that the addition of NO reduces RhoA activity. MS analysis 

identified multiple cysteine residues that are modified by S-nitrosylation, including C16, 

C20 and C159. Mutation of these residues to serine prevents S-nitrosylation and reduces 

sensitivity to the inhibitory actions of NO on RhoA activity. We found that G+-toxins 

stimulate the robust denitrosylation of RhoA. The denitrosylation of RhoA is not mediated 
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by GSNOR or TRX or thiol based mechanisms and instead appears to be directly mediated 

by the elevated calcium in response to LLO. Collectively, these data add significantly to our 

knowledge of RhoA activation by G+-toxins and elucidate a new regulatory mechanism that 

includes inhibitory S-nitrosylation and the calcium-dependent denitrosylation at three 

cysteine residues (C16, C20, and C159).

The best known pathway of NO signaling is through the activation of soluble guanylate 

cyclase (SGC) and production of cGMP [41,42]. The activation of the sGC-cGMP-PKG 

signaling pathway signaling accounts for many but not all of the biological effects of NO. 

An alternative pathway of NO signaling involves S-nitrosylation [15,43] which is prominent 

in endothelial cells where NO concentrations are higher. A previous study has shown that 

NO inhibits RhoA activity in smooth muscle cells in a cGMP-independent manner and is 

instead mediated through S-nitrosylation [44]. However, the sites of S-nitrosylation on RhoA 

and the impact of RhoA S-nitrosylation on microvascular endothelial function have not, to 

the best of our knowledge, been investigated. In the endothelium of caveolin-1 knockout 

mice, which synthesize greater amounts of NO, there was no difference in overall S-

nitrosylation, but increased nitration of the GTPase-activating protein (GAP) p190RhoGAP-

A [45]. Others have shown that the S-nitrosylation of beta-catenin mediates VEGF-induced 

endothelial cell permeability in aortic endothelial cells [46]. In our study, we found that S-

NO and nitric oxide donors can inhibit RhoA activity. However, a limitation of our study is 

that we have not directly shown that Cys-NO can reduce the activity of LLO-stimulated 

RhoA. However, we consider this to be likely given the potent ability of Cys-NO to 

attenuate LLO-induced disruption of the endothelial barrier.

The mechanisms by which NO and S-nitrosylation inhibit RhoA activity are not fully 

elucidated. We used both the biotin-switch procedure and organomercury columns to 

confirm that RhoA is a substrate for S-nitrosylation. MS analysis was then used to determine 

the sites of S-nitrosylation on RhoA. We found that RhoA is S-nitrosylated on C16, C20, 

and C159, which are highly conserved residues in the amino acid sequences of RhoA from 

different species [47]. C16, C20, and C159 are predicted to lie within the GTP/ Mg2+ 

binding site and could possibly interfere with GTP binding once S-nitrosylated. To test this, 

we performed kinetic studies to assess the relative affinity of RhoA for GTP using 

fluorescently labeled guanine nucleotides. The exposure of recombinant RhoA to NO 

markedly reduced time to equilibrium and decreased the GTP binding constant. These data 

suggest that S-nitrosylation of RhoA has altered the conformation of the nucleotide binding 

pocket making it harder for the GTP to gain entry and also that when the GTP gains entry to 

the nucleotide binding site it binds more avidly. We also employed a site-directed 

mutagenesis approach to confirm the loss of S-nitrosylation in mutants lacking select 

cysteine residues. However, there was no change in S-nitrosylation in mutants exposed to 

NO donors. This was a surprising observation and suggests that the labeling of other 

available cysteine residues occurs at higher NO concentrations. To determine the effect of 

lower amounts of NO, we employed HEK293-eNOS cells as a source of endogenous NO 

and found that there was a substantial reduction in S-nitrosylation of the RhoA triple C16, 

20, 159S mutant compared to wild type. To confirm that the S-nitrosylation of these residues 

impacts RhoA function we compared the activity of WT and mutant RhoA in activity assays 

that recognize the GTP-bound form of RhoA. We found that a NO donor decreased the 
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levels of GTP-bound RhoA and this was reduced in a mutant harboring the combined 

mutation of C16, 20 and C159S. These results are in agreement with the stopped flow 

analysis of recombinant RhoA in that the S-nitrosylation of these residues alters the normal 

operation of the guanine nucleotide binding pocket.

LLO and other members of the family of cholesterol-dependent pore-forming cytolysins 

from G+-bacteria have been shown to form plasma membrane pores that stimulate calcium 

entry and promote disruption of the endothelial barrier [7,8,36]. In HLMVECs, we found 

that LLO robustly increased intracellular calcium and that calcium entry was necessary for 

disruption of the endothelial barrier. Surprisingly, we also found that LLO stimulated the 

robust denitrosylation of RhoA and that the loss of S-nitrosylation was calcium-dependent. 

Similar results were found with PLY (data not shown). This result was not restricted to 

HLMVEC and in HEK293-eNOS cells, RhoA denitrosylation was also observed with the 

calcium selective ionophore, ionomycin.

Analogous to phosphorylation, the S-nitrosylation of substrate proteins is a reversible 

posttranslational modification. GSNOR (also known as alcohol dehydrogenase 5 or ADH5) 

was one of the earliest identified denitrosylases and has been shown to facilitate the 

denitrosylation of numerous S-nitrosylated proteins [48]. Additionally, thioredoxin1 (Trx1) 

is another enzyme capable of removing NO from a wide variety of S-nitrosylated substrates 

[19,49,50]. Surprisingly, we found that the silencing of either GSNOR or Trx1 expression 

failed to alter the level of RhoA S-nitrosylation in ionomycin stimulated cells, indicating that 

denitrosylation of RhoA is not mediated by GSNOR or TRX. We also used the thiol 

blocking agent, NEM to inhibit other enzymatic pathways of denitrosylation but there was 

no diminution in the ability of ionomycin to stimulate reduced RhoA s-nitrosylation. The 

mechanisms by which calcium promotes the denitrosylation of RhoA in the presence of 

LLO remain unknown. Others have shown that calcium can directly promote protein 

denitrosylation [51,52]. Calcium-induced denitrosylation has been shown to be independent 

of trace metals, but may depend on the activation of calpain as calpain inhibitors block 

calcium-dependent denitrosylation [52]. Alternatively, calcium may allosterically regulate 

RhoA S-nitrosylation as has been shown for hemoglobin where oxygen binding can alter the 

stability of distal S-NO modifications [53]. Calcium-dependent denitrosylation also provides 

an explanation for the paradoxical denitrosylation of eNOS following stimulation with a 

calcium-mobilizing agonist [54].

To assess the functional role of RhoA denitrosylation we generated adenoviruses encoding 

WT and triple mutant (C16, 20,159S) RhoA and transduced HLMVECs. The direct addition 

of calcium to cell lysates resulted in the denitrosylation of WT RhoA but not mutant RhoA. 

Furthermore, in HLMVECs expressing both RhoA constructs, the RhoA triple mutant which 

is resistant to the inhibitory effects of NO, was more effective in promoting endothelial 

barrier dysfunction than the WT.

In conclusion, our study reveals that RhoA is directly modified by S-nitrosylation on C16, 

C20 and C159 which inhibits RhoA activity and that S-nitrosylation can be reversed through 

a direct calcium-dependent mechanism. Current therapies to treat G+-toxin induced 

endothelial barrier dysfunction are not effective, and a deeper understanding of the 
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molecular mechanisms of lung microvascular permeability is needed. The findings in this 

study not only advance our understanding of how G+-toxins promote hyperpermeability but 

will facilitate the development of more effective therapeutic approaches that preserve or 

increase the level of S-nitrosylation of RhoA which may be of clinical significance in the 

management of ALI-related pulmonary barrier dysfunction.
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Fig. 1. 
G+-toxins activate RhoA in HLMVECs. Confluent HLMVECs grown in 100-mm dishes 

were treated with or without the gram positive bacterial (G+) toxin, listeriolysin (LLO, 250 

ng/ml) for 30 min. Cells were then lysed and RhoA activity was determined by using the G-

LISA RhoA activation assay. Data are expressed as means ± S.E., *P < 0.05 versus control. 

(n = 6).
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Fig. 2. 
Nitric oxide is an inhibitor of RhoA activity and G+-toxin-induced microvascular 

permeability. (A) HLMVEC cells were grown to confluency in 100-mm dishes, treated with 

NONOate (100 μM) or Cys-NO (100 μM) for 30 min. Cells were then lysed and RhoA 

activity was determined by using the G-LISA RhoA activation assay. Data are expressed as 

means ± S.E., *P < 0.05 versus control. (n = 4–6). (B) The kinetics of binding fluorescently 

labeled GTP to RhoA was performed using stopped flow analysis. Recombinant RhoA (0.1 

μM) was mixed with 2 μM of mant-GTP, excitation set to 350 nm and the cutoff filter for 

emission was 395 nm. Increased fluorescence upon binding mant-GTP was monitored over a 

0.5 s time scale. RhoA nitrosylation was achieved by incubating with 100 μM MAHMA 

NONOate for 30 min prior to mixing with mant-GTP. Three measurements were averaged 

and fitted with bimolecular reaction equation. Nitric oxide decreased the binding constant of 

GTP to RhoA from 19.78 to 5.11. (C) HLMVECs were treated with or without Cys-NO 

(100 μM) for 30 min and then challenged with LLO (60 ng/ml and 120 ng/ml). 
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Transendothelial resistance (TER) was monitored overtime using ECIS. Resistance was 

normalized to time = 0 and plotted as a function of time. Data are expressed as means ± 

S.E., *P < 0.05 versus control. #P < 0.05 versus LLO (n = 3–6). (D) LLO does not influence 

cell viability. Confluent HLMVECs were treated with LLO (0–120 ng/ml) for 1 h, and cell 

viability was measured using the CellTiter-Glo® Luminescent Cell Viability Assay. Data are 

expressed as means ± S.E. (n = 3–6).
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Fig. 3. 
RhoA is a substrate for S-nitrosylation. (A) HLMVECs were treated with either vehicle or 

Cys-NO (100 μM) for 30 min, and the S-nitrosylation of proteins was determined by the 

biotin-switch assay in the presence of ascorbate and trace levels of copper. Biotinylated 

proteins were concentrated using streptavidin–agarose beads, and immunoblotted for RhoA 

(SNO-RhoA, top panel) versus total RhoA in cell lysates (total RhoA, bottom panel). (B) 

HLMVECs were treated with or without Cys-NO (100 μM) for 30 min, and S-nitrosylated 

proteins were selected using organomercury columns followed by immunoblotting for RhoA 

(SNO-RhoA, top panel) versus total RhoA in cell lysates (total RhoA, bottom panel). The 

relative densitometry of SNO-RhoA vs total-RhoA is expressed as means ± S.E., *P < 0.05 

versus control. (n = 3–6).
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Fig. 4. 
Identification of C16, C20 and C159 as sites of S-nitrosylation on RhoA. (A) Recombinant 

RhoA was treated with or without Cys-NO (100 μM) for 30 min and the S-nitrosylation of 

RhoA was confirmed using the biotin-switch assay and Western blotting. (B–D) Biotinylated 

RhoA was analyzed by MS/MS and the spectrum of C16, C20 and C159-carbido-Biotin-

BMCC tryptic peptides is shown with a summary of the molecular weights of these peptides 

(top right).
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Fig. 5. 
Mutation of RhoA on C16, 20, 159S reduces the eNOS-dependent S-nitrosylation of RhoA 

and protects RhoA from the inhibitory effects of NO. (A) COS-7 cells transfected with WT 

or mutant C16, 20, 159S RhoA constructs were treated with or without Cys-NO (100 μM) 

for 30 min. Cells were then lysed, the biotin-switch assay performed and biotinylated 

proteins concentrated using streptavidin agarose. Total S-nitrosylated proteins were 

identified using an anti-biotin antibody (top panel) and S-nitrosylated RhoA using a RhoA 

antibody (lower panel). (B) HEK293-eNOS cells were transfected with RhoA WT or the 

RhoAC16, 20, 159S mutant, and the degree of S-nitrosylation of RhoA was determined 
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using the biotin-switch assay and immunoblotted for RhoA (SNO-RhoA, top panel) versus 

total RhoA in cell lysates (total RhoA, bottom panel). (C) COS-7 cells were transfected with 

WT or mutant C16, 20, 159S RhoA and exposed to the indicated concentrations of Cys-NO 

for 30 min. Cells were then lysed and RhoA activity determined using the G-LISA RhoA 

activation assay. Data are expressed as means ± S.E., *P < 0.05 versus control. (n = 4–6).
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Fig. 6. 
G+-toxin stimulated calcium entry is necessary for endothelial barrier disruption and 

mediates RhoA denitrosylation. (A) Confluent HLMVECs were treated with or without the 

G+ toxin, listeriolysin (LLO, 250 ng/ml) for 30 min. The levels of S-nitrosylated RhoA were 

determined using the biotin-switch assay, and the relative densitometry of SNO-RhoA vs 

total-RhoA is shown. (B) Acute treatment of G +-toxin LLO does not significantly change 

the level of NO in HLMVECs. Confluent HLMVECs were treated with listeriolysin (LLO, 

0, 125 and 250 ng/ml) for 1 h, and NO release was measured by chemiluminescence. (C) 

Intracellular calcium was monitored in HLMVEC cells transduced with an adenovirus 
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encoding the calcium-sensor aequorin (30MOI) in response to the indicated amounts of 

LLO. (D) HLMVECs were pretreated with LaCl3, a non-selective inhibitor of calcium 

channels for 30 min and then challenged with LLO (120 ng/ml). Transendothelial resistance 

(TER) values were monitored overtime on an ECIS array. Resistance was normalized to time 

= 0 and plotted as a function of time. (E) Confluent HLMVECs were treated with or without 

LLO (LLO, 250 ng/ml) in the presence or absence of EGTA (3 mM). The level of S-

nitrosylated RhoA was determined using the biotin-switch assay and immunoblotting for 

RhoA (SNO-RhoA, top panel) versus total RhoA in cell lysates (total RhoA, bottom panel). 

Data are expressed as means ± S.E., *P < 0.05 versus control. (n = 3–6).
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Fig. 7. 
Denitrosylation of RhoA is mediated by calcium and not the denitrosylates GSNOR and 

TRX. (A-B) HEK293-eNOS cells were transfected with WT RhoA for 48 h and then treated 

with or without LLO (250 ng/ml), the selective calcium ionophore, ionomycin (1 μM) for 30 

min. The degree of RhoA S-nitrosylation was determined by the biotin-switch assay, and the 

relative densitometric ratio of SNO-RhoA (top panel) vs total-RhoA (bottom panel) 

determined. (C) HEK293-eNOS cells expressing RhoA were transfected with a scrambled 

negative control siRNA or siRNAs targeting GSNOR or TRX, exposed to ionomycin (1 μM) 

for 30 min and the level of S-nitrosylated RhoA determined by the biotin-switch assay and 

shown by the relative densitometry of SNO-RhoA (top panel) vs total-RhoA (lower panel). 

(D) HEK293-eNOS cells transfected with WT RhoA for 48 h were treated with NEM (40 

mM) to block free thiol groups, and then stimulated with or without ionomycin (1 μM) for 

30 min. S-nitrosylated RhoA was determined by the biotin-switch assay, and the relative 

densitometry of SNO-RhoA (top panel) vs total-RhoA (lower panel) determined. (E) 

Recombinant RhoA was nitrosylated with 100 μM Cys-NO for 30 min and then exposed to 3 

mM CaCl2 for 1 h. The level of S-nitrosylated RhoA was determined by the biotin-switch 

assay, and shown by the relative densitometry of SNO-RhoA (top panel) vs total-RhoA 

(lower panel). Data are expressed as means ± S.E., *P < 0.05 versus control. (n = 3–4).
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Fig. 8. 
Calcium promotes the denitrosylation of WT but not C16, 20, 159S mutant RhoA, and 

mutant RhoA is more effective at promoting barrier disruption in HLMVECs than WT. (A) 

HLMVECs were transduced with adenoviruses encoding WT or mutant C16, 20, 159S 

RhoA (30MOI), lysed and then incubated with or without 3 mM CaCl2. The level of S-

nitrosylated RhoA was determined by the biotin-switch assay, and shown by the relative 

densitometry of SNO-RhoA (top panel) vs total-RhoA (lower panel). (B) HLMVECs were 

transduced with WT or mutant C16, 20, 159S RhoA viruses (30MOI), and transendothelial 

resistance (TER) values were monitored overtime on an ECIS array. Resistance was 

normalized to time = 0 and plotted as a function of time. Data are expressed as means ± 

S.E., *P < 0.05 versus control. (n = 3–4).
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