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Abstract

Catalase is a tetrameric heme-containing enzyme with essential antioxidant functions in biology. 

Multiple factors including nitric oxide (NO) have been shown to attenuate its activity. However, 

the possible impact of NO in relation to the maturation of active catalase, including its heme 

acquisition and tetramer formation, has not been investigated. We found that NO attenuates heme 

insertion into catalase in both short-term and long-term incubations. The NO inhibition in catalase 

heme incorporation was associated with defective oligomerization of catalase, such that inactive 

catalase monomers and dimers accumulated in place of the mature tetrameric enzyme. We also 

found that GAPDH plays a key role in mediating these NO effects on the structure and activity of 

catalase. Moreover, the NO sensitivity of catalase maturation could be altered up or down by 

manipulating the cellular expression level or activity of thioredoxin-1, a known protein-SNO 

denitrosylase enzyme. In a mouse model of allergic inflammatory asthma, we found that lungs 

from allergen-challenged mice contained a greater percentage of dimeric catalase relative to 

tetrameric catalase in the unchallenged control, suggesting that the mechanisms described here are 

in play in the allergic asthma model. Together, our study shows how maturation of active catalase 

can be influenced by NO, S-nitrosylated GAPDH, and thioredoxin-1, and how maturation may 

become compromised in inflammatory conditions such as asthma.
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Introduction

Catalase (EC 1.11.1.6) is a heme containing enzyme capable of destroying high levels of 

H2O2 produced inside the cells under oxidative stress (1,2). Mammalian catalases are 

typically homotetramers that bind 4 Fe-protoporphyrin IX (heme) and 2 to 4 NADPH 
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molecules (1-4). The heme groups are deeply buried in the structure using tyrosine, histidine 

and asparagine (Y415, H75 and N201) as ligands, and thin channels provide H2O2 access to 

heme and allow release of product(4,5). In addition to H2O2 dismutase activity, catalase also 

acts as peroxidase. Both the H2O2 decomposition and peroxidase activities of catalase are 

heme dependent (1,6-8) and these two activities correlate with each other (6) with a few 

exceptions (9,10).

Cellular mechanisms that influence catalase maturation are not very clear. The presence of 

apo-catalase or intermediates of catalase maturation have been reported (11-13). In rat liver 

apo-catalase is present in 3 fold excess (1.6% compared to 0.5%) of holo-monomeric 

catalase (13). Lack of heme can increase the pool of apo-catalase and may promote its 

turnover (14,15). Exposure to oxidative stress can inactivate catalase (16-19), but whether 

this affects its structure is not completely understood.

Nitric oxide (NO) is an important signal and effector molecule in biology, and is generated 

in animals by the NO synthases (NOSs) (20). NO can competitively inhibit catalase by 

direct binding to its heme or limiting its heme content (21-25). NO can also inhibit catalase 

at both translational as well as post-translational level (25-28).

Our previous work showed that NO can inhibit heme insertion into a broad range of 

cytosolic heme proteins, including apo-catalase (23). Follow-up studies on the inducible 

NOS (iNOS) showed: (i) buildup of S-nitrosated glyceraldehyde-3-phosphate 

dehydrogenase (SNO-GAPDH) was required for NO to inhibit iNOS heme insertion(29), 

and (ii) the sensitivity of iNOS heme insertion toward NO inhibition could be modulated by 

altering the cellular thioredoxin-1 (Trx-1) activity, due to Trx-1 controlling the level of SNO-

GAPDH in the cell (30). Although this information shed light on how NO can control iNOS 

maturation, it is still unclear if NO inhibition of heme insertion into other hemeproteins 

follows these principles, or if it may occur naturally in animals during inflammation. To 

address these questions, we investigated if NO inhibition of catalase heme maturation is 

regulated by SNO-GAPDH and Trx-1 in cells, and also looked for evidence of an impact on 

catalase maturation in lungs from mice that were treated to develop an inflammatory asthma, 

as a model of chronic inflammation. Our results suggest that the impact of NO on catalase 

heme insertion is under the control of SNO-GAPDH and Trx1 activity, and may impact 

catalase maturation both in cultured cells and in the inflamed lung.

Experimental Procedures

Reagents

All chemicals were purchased from Sigma (St Louis, MO) unless stated otherwise. 

Antibodies were purchased from following companies: mouse anti-GAPDH from Fitzgerald 

(Fitzgerald Industries Inc., MA, USA), rabbit polyclonal anti-Trx-1 from Cell signaling 

(Cell Signaling Technology Inc., MA, USA) and anti-Catalase from Sigma (Sigma Aldrich, 

USA). NOC18 was bought from Alexis Biochemicals (San Diego, USA). HA-tagged wild 

type and C152S-GAPDH genes in pRK5 expression vector were gifts from Solomon H. 

Snyder (John Hopkins University School of Medicine, MD).
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Cell culture

HEK293T (HEK) cells (ATCC, Rockville, MD) were cultured as described elsewhere(31). 

Cells were transfected with 4μg of his-tagged catalase expression vector using lipofectamine 

(Life Technologies Inc.) and incubated for 24h at 37°C and 5% CO2 in a humidified 

incubator. For generation of apo-catalase, cells were pre-incubated with 250μM of Succinyl 

Acetone (SA) for 2 days. For heme insertion assay, heme was added directly to the media 

containing cycloheximide for 3h in presence or absence of NOC18 or deprenyl. Cells were 

returned to incubator (37°C and 5% CO2) for the desired amount of time. Cells were then 

quickly washed with PBS and immediately frozen on a sheet of dry ice for 5min. Later, cells 

were thawed on ice and supernatants were prepared as described before (29). Lentiviral 

particles over-expressing Trx-1 were generated and used as described previously(30).

Smooth Muscle Cell isolation and culture—BALB/c mice were purchased from 

Jackson Labs. All mice were maintained at the Cleveland Clinic Lerner Research Institute 

Biological Research unit in a temperature controlled facility with an automatic 12-hour 

light-dark cycle and were given free access to food and water. All animal protocols were 

approved by the Institutional Animal Care and Use Committee (IACUC) of the Cleveland 

Clinic. Murine airway SMCs were obtained enzymatically from excised tracheas of BALB/c 

mice. Briefly, the tracheas were carefully cleaned under a dissecting microscope, opened 

longitudinally and digested overnight at 4°C with 0.15% Pronase (Roche, Indianapolis, IN) 

in HAM's F-12 medium (Gibco) with 2X antibiotic/antimycotic (Gibco) to remove the 

epithelial cells. The remaining tissue containing the SMCs was washed carefully with 

Dulbecco's modified Eagle's/Ham's F12 (DMEM/F12) medium containing an antiobiotic/

antimycotic, cut into small (<1 mm) pieces and digested in serum-free DMEM/F12 with 

0.1% type 4 collagenase from Clostridium histolyticum (Worthington Biochemical 

Corporation, Lakewood, NJ), 0.05% porcine pancreatic elastase (Worthington Biochemical 

Corporation) and antibiotic/antimycotic for up to 6 hours at 37°C. Following digestion, the 

cells were thoroughly rinsed and were grown in DMEM/F12 medium with HEPES, 10% 

fetal bovine serum (FBS) (Bio-Whitaker, Walkersville, MD), and an antibiotic/antimycotic 

mixture (complete medium). All cultures were maintained at 37°C in 95% air and 5% CO2 

and split at a maximal ratio of 1:3. Passages 2-3 were employed in these studies.

Biotin switch assay

The biotin switch assay was performed as mentioned(32) and pull-downs from 

NeutrAvidin™ resin (Pierce, IL) were probed by standard western blotting.

Catalytic activity assay

Catalase activity was measured as described elsewhere(33). Briefly, decrease in absorbance 

of 30μM solution of H2O2 was monitored at 240nm for 60 sec. The extinction coefficient of 

43.6 M−1cm−1 was used for calculating activity. Total cellular protein, measured by using 

Bradford assay(34), was used for calculation of activity.
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Peroxidase activity assay

Conversion of methanol to formaldehyde in the presence of added H2O2 (44mM) was 

measured spectrophotometrically (at 550nm) using 4-amino-3-hydrazine-5-mercapto-1,2,4 

trizole (Purplad) as chromogen(35,36). Commercial formaldehyde solution (4.25M) was 

used to determine standard curve. Total protein concentration was used for the activity 

calculation.

Thioredoxin activity

Thioredoxin activity was measured as per the kit instructions (Caymen Chemicals Company, 

USA).

Oligomerization detection

Cell lysates were mixed with non-reducing sample buffer and loaded onto 8% SDS-PAGE. 

Gel was run at 4°C and 90V. Proteins from gel were then transferred on to PVDF membrane 

using semi-dry transfer apparatus and processed as standard western blotting for detection of 

catalase.

Heme staining

The detailed protocol of in-gel staining is mentioned elsewhere(23,29). Briefly, cell lysates 

were mixed with non-reducing sample buffer and run on 8% SDS-PAGE. Gel was then 

washed, fixed and processed for o-dianisidine staining for heme detection.

OVA-challenge of mice

Airway inflammation was induced as previously described(37). Briefly, 6 week old BALB/c 

mice received an intraperitoneal injection of 10 μg of chicken ovalbumin (OVA) (grade V, 

Sigma-Aldrich) adsorbed to 20 mg of Al(OH)3 (Sigma-Aldrich) in PBS in a volume of 100 

μl. Two weeks later the mice were exposed for approximately 45 min to an aerosol of 1% 

OVA in PBS produced by an Ultrasonic 2000 nebulizer. The mice were treated with OVA 

daily for one or four days. Twenty-four hours after the last OVA aerosol treatment the mice 

were sacrificed by an intraperitoneal injection of sodium pentobarbital. Lungs and trachea 

were excised and frozen in liquid nitrogen.

Fractionation of cytosols

200μg of lung lysates or cell cytosols were fractionated onto gel-filtration column (Superdex 

30/300) coupled with FPLC at 4°C. Column was washed with 5X water and equilibrated 

with 2X lysis buffer before loading the sample. After the passage of bed volume (7.4ml), 

fractions of 0.5ml were collected. Equal volume from each fraction was used to measure 

catalytic activity and western blots.

Immunogold-TEM staining

Lungs from untreated and 1d OVA-challenged mice were harvested and fixed with 

glutaraldehyde based fixative. Sections were made and immunostained with Trx-1 antibody 

followed by gold conjugated secondary antibody. Staining and images were processed at 

Image core facility at Lerner Research Institute.
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Statistical analysis

Two tailed Student's t-test at equal variance was used to calculate p value between the 

groups. P value of 0.05 or less was considered significant.

Results

NO inhibits heme insertion into catalase

We treated catalase transfected HEK cells with SA to generate heme-deficient catalase, and 

then followed heme insertion for 3h into apo-catalase as previously described (23). Addition 

of SA to catalase expressing cells resulted in 50% reduction in its catalytic activity, which 

later showed 100% recovery upon incubation with heme for 3hrs (Fig. 1A). Concurrent NO 

exposure during 3 h incubation with heme, inhibited the heme insertion into catalase, as 

measured by catalytic activity (Fig.1A) confirming our original findings.

To understand how a more chronic exposure to NO may affect the maturation of catalase, we 

subjected catalase-transfected HEK cells (6h post-transfection) to different doses of the NO 

donor NOC18 (0-250μM) for another 18h. This resulted in a dose-dependent decrease in 

catalase activity with no effect on the catalase protein expression level (Fig. 1B). Due to the 

his-tag construct of catalase used in this study, over-expressed catalase ran slightly higher in 

MW compared to endogeneous catalase thereby giving doublet impression in western blots. 

The decrease in activity correlated with a decreased heme content of catalase as evident by 

in-gel heme staining (Fig. 1B). Similar to over-expressed catalase in HEK cells, endogenous 

catalase in primary human airway smooth muscle cells (ASMCs) also showed a dose-

dependent decrease in catalase activity with increasing NO donor concentration after 18 h 

exposure, without any significant effect on the catalase protein expression level (Fig. 1C). 

Exposing ASMCs to a higher dose of NOC18 (250μM) for 18h did not decrease the total 

cell heme content relative to controls (data not shown). However, catalase activity in these 

cells was more sensitive to NOC18 and was significantly inhibited even at concentrations < 

30μM.

Heme and NO impact oligomerization of catalase

Catalase that was expressed in SA treated HEK cells had lower heme content and lower 

percentage of tetrameric catalase (Fig. 2A), consistent with heme insertion being required 

for catalase tetramerization. Overnight incubation of catalase transfected HEK cells with 

increasing concentrations of NOC18 also caused a dose-dependent decrease in tetrameric 

catalase (Fig. 2B). In heme-deficient cells expressing apo-catalase, the addition of heme for 

3 h led to formation of tetrameric catalase, and this was prevented if NOC18 was added (Fig. 

2C). This coincided with changes in activity as shown in previous Fig 1A. However, 

treatment of cells with deprenyl protected against the NO-mediated inhibition of catalase 

tetramer formation. Because deprenyl is a pharmacological inhibitor of SNO-GAPDH 

formation in cells (38), this result implies that SNO-GAPDH is involved in mediating the 

NO inhibition of catalase maturation.
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SNO-GAPDH formation limits catalase activity

To investigate if NO-mediated inhibition of catalase heme maturation routes via cellular 

SNO-GAPDH levels, we examined SNO-GAPDH buildup in primary ASMCs and in 

catalase over-expressing HEK cells exposed to NOC18 under conditions where we had 

observed significant impact on the activity and oligomeric structure of catalase. Cells were 

exposed to different doses of NOC18 (as in Fig. 1B) for 18h followed by detection of SNO-

GAPDH by a biotin switch method(30). We observed a concentration-dependent increase in 

cell SNO-GAPDH level in both the catalase over-expressing HEK cells and endogenous 

catalase expressing ASMCs when exposed to NOC18 (Fig. 3A-B), which correlated with the 

loss of catalase activity and its tetrameric assembly (Fig. 1 B & C). In the heme insertion 

assay (3 h), deprenyl prevented the buildup of SNO-GAPDH that otherwise occurred in the 

cells exposed to NOC18 (Fig. 3C). Our results suggest that the SNO-GAPDH buildup is 

associated with poor catalase heme insertion and tetramer formation.

C152S GAPDH protects catalase from the NO inhibition

To gauge the importance of SNO-GAPDH in limiting catalase maturation, we co-transfected 

either wild-type GAPDH or the C152S mutant (which does not undergo S-nitrosation 

(29,39)) along with catalase in HEK cells. We obtained similar levels of expression and 

activity when catalase was co-transfected with either of the two GAPDH constructs (Fig. 

4A). When done in the SA treated cells, a 3h heme addition resulted in similar increases in 

catalase activity as well as peroxidase activity for both the WT- and C152S-GAPDH. When 

NO donor (NOC18) was added during the 3 h heme insertion, it prevented the increase in 

activity in the cells expressing wild-type GAPDH, but in the cells expressing C152S 

GAPDH, the heme-dependent gain in catalase activities was insensitive toward the NO 

donor (Fig. 4A). This suggests that S-nitrosation of GAPDH at cys152 was required for NO 

to block heme insertion into catalase over the 3 h period. We also next tested if C152S-

GAPDH expression would protect catalase maturation during an overnight exposure to 

graded concentrations of NO donor. HEK cells co-transfected with catalase and C152S-

GAPDH did show an increased resistance toward NO compared to cells co-transfected with 

wild-type GAPDH, as measured by catalase activity, tetramer formation and heme content 

(Fig. 4B-C, Supplemental Fig. S1). This indicates that inhibition of catalase maturation 

under chronic NO exposure occurred through SNO-GAPDH formation as well.

Thioredoxin-1 regulates catalase activity and tetrameric structure

To manipulate cellular SNO-GAPDH levels, we targeted Trx-1, a known denitrosylase of 

SNO-GAPDH (30,40,41). We over-expressed Trx-1 using lentiviral transduction, or 

inhibited its activity using a pharmacological inhibitor of Trx-1 reductase (auranofin)(40). 

Trx-1 over-expression made cellular catalase activity less sensitive to graded concentrations 

of NOC18, whereas auranofin made the catalase activity more sensitive toward the NO 

donor (Fig. 5A). These responses toward NO coincided with a lower percentage of 

tetrameric catalase in the auranofin-treated cells and a higher percentage in the Trx-1 over-

expressing cells (Fig. 5B).

To confirm our findings by an independent approach, we fractionated cytosols of HEK cells 

over-expressing catalase on a gel filtration column and analyzed each fraction for catalase 

Chakravarti et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2016 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity and catalase protein content (Fig. 5C). Based upon the standard molecular weight 

fractionation, we observed that catalase expressed in HEK cells was predominantly (75%) 

tetrameric and its activity was associated with the tetramer fractions corresponding to 240 

kDa. Cells incubated overnight with NO donor had a lower percentage of tetrameric 

catalase, a lower associated activity, and an increased percentage of catalase monomer 

whose elution time indicated a MW of 70 kDa. Trx-1 over-expression caused the NO-treated 

cells to have a greater percentage of active tetrameric catalase and it prevented buildup of 

monomeric catalase in response to the NO donor. This confirms results we obtained with 

non-denaturing gels, and establishes that cellular Trx-1 activity can modulate the NO 

sensitivity of catalase maturation.

Inflamed airway contains dimeric and less active catalase

Because increased NO production is associated with allergic inflammation in asthma(26,42), 

we explored if changes in catalase maturation occurred in an established murine model of 

allergic asthma. We studied catalase activity in the lungs of mice that had been sensitized to 

and then exposed to ovalbumin (OVA) for 4 days, which causes them to develop a 

pulmonary inflammation that mimics asthma(26).

Lung lysates from the 4d OVA-challenged mice had less catalase activity per mg protein 

than the naïve mice, although they had equivalent catalase protein expression levels (Fig. 

6A). Fractionating the lysates on a gel filtration column showed that their catalase activities 

were maximal in fractions corresponding to an approximate Mr of 240 kDa, indicating the 

active catalase tetramer was present in both naïve and OVA-challenged lung lysates (Fig. 

6B). However, in the OVA-challenged lung lysates, a significant fraction of catalase protein 

eluted in later fractions corresponding to a lower Mr of approximately 188 kDa (Fig. 6B, 

supplementary table S1 and figure S2). This suggests that catalase tetramerization and 

activity were reduced in the inflamed lungs of OVA-challenged mice.

Interestingly, the lungs of OVA-challenged mice had a higher Trx-1 protein expression (Fig. 

7A & B). Immuno-electron microscopy of lung sections after 1 d of OVA-challenge 

confirmed an increase in Trx-1 expression level in the lung epithelial cells, particularly near 

the plasma membrane and around cilia. Despite this, supernatants prepared from the lungs 

and trachea of OVA-challenged mice had lower Trx-1 activity compared to the sham-treated 

control (Fig. 7C), implying that a significant proportion of their airway Trx-1 became 

inactivated during the inflammation.

Discussion

Catalase was initially thought to primarily be a peroxisomal protein, but subsequent studies 

indicated a significant cytosolic pool as well (11,43-46). A number of studies have focused 

on understanding catalase maturation with respect to its sub-cellular compartmentalization. 

Catalase has a noncanonical peroxisome targeting sequence at the C-terminus(47), and a 

shuttle receptor (PEX5) is required for peroxisomal translocation of catalase, which is 

reported to interact only with monomeric catalase (48). This interaction is also shown to 

inhibit catalase tetramerization, suggesting tetramerization of catalase is a peroxisomal 

event(45,48). However, several other reports suggest that cytosolic assembly of catalase can 
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occur independent of peroxisomes (15,49,50). Four amino acids on the N-terminal end of 

Candida Tropicalis catalase are shown to regulate tetramerization of the protein(51). In 

addition to tetramer, catalase is also known to be present as a high order oligomer, a dimer, 

or a monomer in different systems including liver cytosols and erythrocytes(52,53) (54). In 

some cases, dimeric catalase was also shown to be active (8,55). However it is well 

established that apo-catalase is neither active nor tetrameric in structure (1,3,51,55). Several 

reports indicate catalase monomers accumulate in rat liver cytosol (11-13). The 

physiological relevance of such heme-free or heme-containing monomers of catalase is not 

known.

Despite the important role heme plays in catalase activity, our understanding of heme 

insertion into apo-catalase is very limited. One recent in vitro study using Enterococcus 
faecalis catalase demonstrated the importance of heme insertion in formation of tetrameric 

active catalase(14). To understand heme maturation of catalase in mammalian cells, we 

utilized our previous finding of NO-mediated inhibition of heme maturation into catalase to 

identify factors regulating its heme incorporation and therefore tetramerization to make the 

active enzyme.

Our results suggest that NO inhibits catalase maturation by causing build-up of SNO-

GAPDH in the cells. This is supported by our finding that (i) over-expression of a 

denitrosylase enzyme (Trx-1) that decreased cellular SNO-GAPDH levels, (ii) 

pharmacologic prevention of SNO-GAPDH formation with deprenyl, or (iii) expression of 

the S-nitrosation-resistant GAPDH variant (C152S), all made catalase activity, and/or its 

heme insertion and tetramer formation, resistant to the NO inhibition. Indeed, the degree of 

protection afforded to catalase by these manipulations was high enough to suggest that the 

SNO-GAPDH pathway may be the primary mechanism by which NO inhibits catalase in the 

cellular systems that we utilized. Thus, catalase maturation appears to be regulated through 

the same mechanisms that regulate cell iNOS maturation during NO exposure(29), with 

SNO-GAPDH buildup as a key required feature. We have also identified a cellular 

mechanism, based upon Trx-1, that can protect catalase maturation from the deleterious 

effect of NO.

In our current study and previously, we found that NO can block heme insertion into apo-

catalase when this form of the protein is already present in cells at the point of addition of 

heme and an NO donor. But in our current experiments where cells underwent a prolonged, 

continuous low level NO exposure for 12-24 h, additional mechanisms may play a role. For 

example, upon initiation of the prolonged NO exposure the cells contained tetrameric, heme-

replete catalase, and so the loss of bound heme from this population should be considered. 

However, NO binding to the catalase heme does not result in any structural disturbance that 

could cause heme loss (22). Catalase heme groups are also sequestered in the protein 25 Å 

from the surface of the enzyme (56), and tetrameric catalase is quite stable (4). On the other 

hand, the holo-catalase protein has a half-life in rat liver of about 40 h(57), and consistent 

with this, inhibiting cellular heme synthesis caused apo-catalase to build up within 18 h in 

our hands, presumably due to holo-protein turnover and new apo-protein synthesis and 

accumulation. Thus, during a longer exposure, NO may still act primarily to prevent heme 

insertion into apo-catalase, rather than cause heme loss from the holoenzyme. In addition to 
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catalase, other cellular components that can destroy H2O2, but do not require heme, seems to 

be unaffected by SA or NO treatments as evident by our observing about 50% reduction in 

total H2O2 decomposition activity as shown in Fig. 1A. Therefore, incubation with SA 

and/or NO can provide a measure of the catalase-specific H2O2 decomposition in cells.

Catalase can undergo several post-translational modifications that impact its activity, 

including nitration, oxidation, chlorination, ubiquitinylation, S-nitrosation, phosphorylation 

(21,26,28,58,59), and modification of the enzyme catalytic site in vitro (21,22,24). An 

inhibition of cellular catalase activity after 9 h of NO exposure has also been attributed to a 

decrease in cell heme availability brought on by NO-induced changes in heme biosynthesis 

and degradation(21). In addition, direct NO-mediated S-nitrosation or oxidative damage 

within catalase are also possible, and may affect its activity. Whether such modification 

pathways or changes in heme availability play a role was not tested in our study. However, 

our findings do imply that their involvement would still have to rely on SNO-GAPDH 

buildup in some way in order to impact catalase maturation.

There is a consensus that heme needs to be inserted into apo-catalase before its 

tetramerization can occur(1,2). Initially, maturation of catalase was thought to occur in the 

peroxisomes, but catalase expression studies in a peroxisome-deficient dermal fibroblast, in 

S. cerevisiae, or in bacterial expression systems, all indicate that its maturation can be 

peroxisome-independent (7,44,45,50,60). Thus, NO effects on catalase heme insertion 

probably take place before the tetramer forms. Our results are also consistent with heme-free 

or otherwise not fully-mature forms of catalase existing and being fairly stable in cells (13). 

Apo-catalase was also found in rat liver extracts under various conditions, and different 

oligomeric states of catalase have been reported to exist in equilibrium under in vitro as well 

as in vivo circumstances (54,55). Thus, natural conditions may exist that would allow NO to 

limit maturation of apo-catalase by limiting its heme insertion, and thus preventing its 

tetramerization. An NO-mediated limitation on heme insertion that impacts tetramerization 

of catalase has not been previously considered.

The tetrameric status of catalase has not been investigated before in physiologically-relevant 

models of inflammation, although a decrease in catalase activity has been observed (25,26). 

In different models of diabetes and asthma, loss in catalase activity was not correlated with 

any decrease in its protein expression level (25,26). The presence of inactive dimeric 

erythrocytic catalase in patients with Swiss Type Acatalasemia has also been indicated (54). 

Our observing a dimeric catalase in the diseased mouse lung compared to only finding 

tetrameric catalase in the healthy lung implies that its change in oligomerization status might 

be an epiphenomenon of inflammation and the increased NO exposure or oxidant stress as 

described in our cell culture studies. Although we observed an increase in Trx-1 expression 

in the allergen challenged lungs, it was not sufficient to fully protect catalase activity and 

tetramer structure. This could reflect an insufficient increase in Trx-1 to counter the stress 

during the pulmonary inflammation, or alternatively, it could reflect a decreased activity of 

the Trx-1. Indeed, in both lung and tracheal lysates from the OVA-challenged mice, we 

found a significant decrease in Trx-1 catalytic activity. Thus, a loss of Trx-1 activity, despite 

increased Trx-1 protein expression, is consistent with the poor catalase maturation in this 

circumstance.
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Summary

Defects in catalase activity under various diseases that involve oxidative stress and 

inflammation have been widely reported. Here we show that there is destabilization of 

catalase structure, possibly contributing to a decrease in its activity. Under circumstances of 

chronic NO exposure, the cellular Trx-1 and SNO-GAPDH levels are key regulatory factors 

that determine catalase heme content, oligomeric structure, and enzyme activity.

Supplementary Material

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

1. Heme is essential for catalase tetramerization and activity.

2. NO antagonizes heme insertion and formation of an active catalase 

tetramer.

3. Cellular SNO-GAPDH and TRX1 levels determine NO sensitivity of 

catalase.

4. Chronic inflammation of lungs in asthma affects catalase 

oligomerizaton and activity.
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Figure 1. Exogeneous NO decreases catalase activity by decreasing the heme content of enzyme
A) Heme insertion in SA pretreated catalase was studied by incubating heme (H) in absence 

or presence of 250μM of NOC18 (N), and measuring its catalytic activity by H2O2 

decomposition assay. Representative catalase expression is shown. B) Effect of long-term 

(18h) NOC18 on heme content and activity of catalase as measured by in-gel heme staining 

and H2O2 decomposition activity. Loss of heme content increases at higher NO 

concentrations. C) Catalase activity in the primary airway smooth muscle cells (ASMCs) 

from mice was found to decrease when incubated with increased NO concentrations 

(0-300μM) for 20h. Each experiment repeated at-least 3 times. *indicates p <0.01, ** 

indicates p <0.001 and ~ indicates non-significant difference.
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Figure 2. Oligomerization of catalase is heme and NO-sensitive
A) HEK-Catalase cells incubated with SA, to create heme deficiency, resulted in loss of 

heme stain as well as tetrameric structure of catalase as evident by heme stain (left) and 

western blot (right). Difference in tetramer to monomer ratio upon SA treatment was 

quantified using Image J. No effect on GAPDH or Trx-1 expression was observed. B) 

Tetrameric catalase content is reduced with increasing concentration of NOC18 (0-250μM) 

(n=2-3). Representative western blot and its quantitation are shown. Each experiment 

repeated 3-4 times. Presence of higher-order of oligomers that remained stuck in the wells of 

SDS-PAGE and did not migrate through the gel are not shown. * indicates p <0.01 and ** 

indicates p <0.001. C) Heme (H, 7.5μM) insertion promotes tetramerization of catalase © 

which is sensitive to NO (N, 250μM) and reversed if deprenyl (D, 5μM) was present.
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Figure 3. SNO-GAPDH levels are increased upon NO treatment
A) HEK cell transiently overexpressing catalase, or B) Primary ASMCs, when treated with 

different NOC18 concentrations for 20h show dose-dependent increase in cellular SNO-

GAPDH levels as measured by biotin-switch pull-downs. C) Increase in SNO-GAPDH 

levels in the 3h heme insertion assay was evident when NO (250μM) was present which was 

prevented in the presence of deprenyl (5μM).
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Figure 4. SNO-GAPDH regulates oligomerization and catalase activity
A) Over-expression of C152S GAPDH protected NO mediated inhibition of heme insertion 

into catalase as measured by both catalytic and peroxidase activity. No effect on the 

expression of catalase was observed. Both C152S GAPDH and wild-type GAPDH were 

expressed at equal level as shown by western blot of anti-HA tag antibody. B) C152S 

GAPDH over-expression protected catalase activity and tetramerization from long-term NO 

effects, especially at lower doses of NOC18. C) Over-expression of C152S GAPDH mutant 

(lower panel) helped in retaining heme content of catalase in presence of NOC18 (top panel 

from Fig. 1B). * indicates p <0.01, and ~ indicates non-significant.
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Figure 5. Thioredoxin can regulate catalase activity in response to NO
A) Treatment with 2μM of auranofin or over-expression of Trx-1 significantly affected 

catalase activity in response to NOC18. Presence of auronofin made catalase activity more 

susceptible to NO, in opposite Trx-1 overexpression provided protection against NO and 

retained catalase activity. B) Corresponding tetramer/monomer ratio of catalase at 0 or 

150μM of NOC18 treatment in presence of Trx-1 (T) or auroanofin (A) compared to control 

(C). C) Cell lysates, from HEK cells over-expressing catalase with/without Trx-1, and 

treated with NOC18 were separated using gel filtration column on FPLC and catalase 

activity was measured (upper). Fractions were tested for the presence of catalase protein by 

western blots and the expression was quantified by densitometric analysis using ImageJ 

(lower). Representative blots are shown. Distribution of catalytic activity and protein 

expression vs. MW indicate most of the activity resides in the tetrameric structure 

corresponding to 240KD. * indicates p <0.01, ** indicates p <0.001 and ~ indicates non-

significant.
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Figure 6. Catalase is altered in the lungs of OVA-challenged mice
A) Catalase activities were significantly reduced after 4d of OVA challenge while no change 

in total protein expression was detected. B) lung cytosols of Naïve and 4d-OVA challenged 

mice were fractionated using FPLC gel filtration column. Fractions were analyzed for 

catalase activity and expression. Top Panel Most of catalase activity in both samples was 

observed in 8th fraction. Lower panel Fractions were tested for presence of catalase by 

western blot and expression was quantified by densitometry.
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Figure 7. Trx-1 expression and activity in the lungs of OVA-challenged mice
A) Thioredoxin-1 expression level in the lung lysates of two Naïve or 4d OVA-challenged 

mice is shown. B) Immuno-EM of Trx-1 in lungs from 1d OVA-challenged mice indicate 

increased expression upon inflammation. At 49000X magnification, gold staining (shown as 

clusters of black spots circled by red) representing Trx-1 was observed. Scale bar=500nM. 

C) Trx-1 activity was measured in the lung & Trachea lysates during the different time 

points of OVA-challenge in mice. Each experiment was repeated 2 times using 3 mice per 

condition. * indicates p <0.01, ** indicates p <0.001 and ~ indicates non-significant.
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