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Abstract

The enzyme catalase converts solar radiation into reactive oxidant species (ROS). In this study, we 

report that several bacterial catalases (hydroperoxidases, HP), including Escherichia coli HP-I and 

HP-II also generate reactive oxidants in response to ultraviolet B light (UVB). HP-I and HP-II are 

identical except for the presence of NADPH. We found that only one of the catalases, HPI, 

produces oxidants in response to UVB light, indicating a potential role for the nucleotide in ROS 

production. This prompts us to speculate that NADPH may act as a cofactor regulating ROS 

generation by mammalian catalases. Structural analysis of the NADPH domains of several 

mammalian catalases revealed that the nucleotide is bound in a constrained conformation and that 

UVB irradiation induces NADPH oxidation and positional changes. Biochemical and kinetic 

analysis indicate that ROS formation by the enzyme is enhanced by oxidation of the cofactor. 

Conformational changes following absorption of UVB light by catalase NADPH have the 

potential to facilitate ROS production by the enzyme.
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Reactive oxygen species (ROS) are ubiquitous in mammalian and nonmammalian species, 

generated as by-products of aerobic metabolism and through enzymatic activity1–4 Recent 

studies indicate that the stable reactive oxygen moiety hydrogen peroxide (H2O2) can act as 

a second messenger in signal transduction pathways regulating an array of physiological 

processes including wound healing, immune cell activation, inflammation, cell proliferation 

and apoptosis.5–9 In unicellular organisms, H2O2 principally acts to stimulate the production 

of antioxidants as well as ROS-removing and repairing enzymes, whereas the principle 

physiological role of H2O2 in animals is activation of signaling pathways.10–13 Meanwhile, 
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the production and accumulation of excessive hydrogen peroxide and its decomposition 

products, including peroxynitrite and hydroxyl radicals, is harmful for most cellular 

components.10 Therefore, rapid and efficient removal of ROS is of essential importance for 

all aerobically living cells.11

Tissue peroxide levels are largely regulated by the activity of hydroperoxidases, a group of 

enzymes comprised of both catalases and peroxidases. These oxidoreductases are capable of 

the heterolytic cleavage of the peroxidic bond. In this reaction, hydrogen peroxide most 

commonly is the substrate, however, in some circumstances, small organic peroxides or 

electron rich azo-molecules can also undergo the redox reactions catalyzed by these 

enzymes.1,12–14 Catalases generate molecular oxygen as a byproduct of the oxidation of 

hydrogen peroxide in a process referred to as disproportionation. The activity of the enzyme 

is dependent on the structural conformation of three essential domains, the heme moiety at 

the active site, a reduced NADPH bound in the NADPH-binding domain and a complex 

secondary structure formed by the threading and intertwining of long peptide loops during 

tetramerization.1,13,15 The activity of the enzyme is dependent on the structural 

conformation of three essential domains, the heme moiety at the active site, a reduced 

NADPH bound in the NADPH-binding domain and a complex secondary structure formed 

by the threading and intertwining of long peptide loops during tetramerization.1,13,15 Active 

mammalian catalase is a homotetramer and individual protein monomers have no peroxide 

degrading activity. Mammalian catalase is known for its facile ability to convert hydrogen 

peroxide into water and oxygen (catalatic activity), and its activity oxidizing low molecular 

weight alcohols in the presence of low concentrations of hydrogen peroxide (peroxidatic 

activity). The enzyme is one of the best characterized best characterized of all of the 

antioxidant enzymes and belongs to a family of Fe-protoporphyrin IX containing proteins 

that include a variety of cytochromes, globins, and peroxidases.1,14,16 The conversion of 

hydrogen peroxide to water and oxygen by catalase is a well understood two-step process 

whereby catalase heme Fe+3 reduces one molecule of hydrogen peroxide to water, 

generating a covalent Fe+4O oxyferryl species and a porphyrin cation radical. This reaction 

intermediate, referred to as compound I, then oxidizes a second hydrogen peroxide molecule 

forming molecular oxygen and another molecule of water16–18 The peroxidatic activity of 

catalase results from the ability of compound I to oxidize alcohols to aldehydes and water 

when levels of hydrogen peroxide sufficient for completing the catalytic cycle are 

unavailable.19–21 Each catalase monomer contains a single heme subunit; the tetrameric 

holoenzyme also binds NADPH. In enzymatically active mammalian catalase, only two of 

the four identical NADPH binding sites are occupied by the nucleotide (1/monamer). 

However, because hydrogen peroxide provides both oxidative and reductive potential during 

catalysis, the precise role of this cofactor in enzyme activity remains open to speculation.

Catalase was one of the first proteins to be crystallized in studies conducted by Sumner and 

Dounce in 1937. Since then, 14 3D structures of typical heme catalases in native and 

oxidized form have been solved.22–25 These crystal structures have been integral to 

revealing the mechanism of hydrogen peroxide degradation. In all catalytically active 

enzymes, the architecture of the substrate channels leading to the deeply buried active center 

has been shown to play a crucial role in catalysis. A main, highly restrictive access channel, 

located perpendicular to the plain of the heme, has been identified as the preferred route for 
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H2O2 access to the active site in mammalian catalase structures.22,26 Interestingly, the rate 

of dismutation of hydrogen peroxide by catalase is extremely high, with the substrate 

turnover number exceeding that of any other enzymatic reaction. The maximal turnover 

number for hydrogen peroxide is estimated to be 16,000,000–44,000,000 s-1 per folded 

tetra-heme molecule.1,26,27 However, the affinity of catalase for hydrogen peroxide is 

surprisingly low. Due to the extreme rate of substrate turnover, and deleterious oxidation of 

the enzyme in the presence of high concentrations of hydrogen peroxide, the exact rate is 

undetermined; pseudokinetics studies indicate that the km is approximately 10–30 

mM.1,28–30 In contrast, other peroxide degrading enzymes, including glutathione peroxidase, 

exhibit binding affinities for peroxide in the low micromolar range.

The role of NADPH in catalase activity has long been debated. Whereas full enzymatic 

activity of the holoenzyme requires the presence of two reduced molecules of the nucleotide, 

the cofactor is bound in a peculiar constrained conformation near the protein surface, 

approximately 19Å from the active site. Oxidation of NADPH is clearly associated with 

reduced substrate turnover, but the mechanism underlying this effect has not been defined. It 

has been speculated that during peroxide degradation, catalase is subject to establishing an 

Fe(IV)-oxo (ferryl) species with saturated ð-orbitals, a compound II intermediate. A 

transient tyrosyl radical, first observed in bovine liver catalase (BLC) and generated by the 

spontaneous decay of compound I, is suspected to be involved in this process. NADPH is 

believed to deter compound II formation by donating a reducing equivalent via an electron 

tunneling or charge relay network.11,15,18 Clearly, the severe structural limitations that 

modulate access to the active site and the low affinity of the enzyme for hydrogen peroxide 

are inconsistent with the high rate of enzymatic activity. These, in conjunction with the 

unresolved determination of the role of enzyme NADPH, present perplexing inconsistencies. 

An additional concern arises when considering that when exposed to the low peroxide 

concentrations often found in many mammalian cell types, the degradation of hydrogen 

peroxide is hindered. As there is no strong evidence of high catalase peroxidase activity in 

most mammalian cells, the physiological role of the enzyme is less clear.

To begin to address the problem of determining the physiological functions of catalase, we 

examined the responses of catalase in epidermal cells exposed to ultraviolet light. It is well 

recognized that keratinocytes, skin stromal cells, generate high levels of ROS when 

irradiated with UV light, and we reasoned that catalase may play a role in maintaining 

oxidant levels in these cells. We determined that in response to ultraviolet B light (UVB), 

catalase itself generates reactive oxygen intermediates.5 This finding was highly divergent 

from the well recognized antioxidant functions of catalase and indicated that, depending on 

the intracellular oxidant status, UVB light-induced catalase activity can be either protective, 

degrading peroxide, or toxic, by generating ROS. As strongly reflected in the scientific 

literature, the net response generated by catalase activity in response to ultraviolet light is 

profoundly protective. The absorption of high-energy, DNA-damaging short wave UVB 

light by the enzyme protects nucleic material from light-mediated disruption. Potentially, 

catalase acts to protect DNA by converting damaging UV radiation into ROS species that 

can be further metabolized and detoxified by cellular antioxidant enzymes. Disruption of 

this system, resulting in the excessive or inappropriate accumulation of ROS, may result in 
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oxidative stress, damage to critical cellular molecules, and contribute to the development of 

pathophysio-logical conditions including skin cancer.5

A question arises as to the mechanisms by which catalase converts UVB light energy into 

ROS. To address this problem, we investigated the effects of UVB light on ROS generation 

by bacterial hydroperoxidases. In these studies, Escherichia coli HP-I and HP-II, bacterial 

enzymes that are highly homologous with mammalian catalase but divergent in NADPH 

binding activity, were analyzed. HP-I, and HP-II, are largely identical except for the 

presence of NADPH tightly bound to HP-I. Using recombinant enzymes, we determined that 

HP-1 but not HP-2 produced ROS in response to UVB light, suggesting a role for NADPH 

in oxidant generation (Fig. 1). In additional studies, spectrophotometric analysis revealed 

that proteins lacking NADPH absorbed significantly less UVB light, further supporting the 

theory that the nucleotide is important in UVB-mediated oxidant generation.14

Further insight into potential mechanisms mediating ROS generation was provided by 

inhibitor studies using mouse and human catalases. As previously mentioned, it is well 

established that catalase possesses an activity responsible for degrading hydrogen peroxide 

via the reaction: 2H2O2 → 2H2O + O2.19–21 In addition, in the presence of low con-

centrations of hydrogen peroxide, less than 10 μM, catalase exhibits significant levels of 

peroxidatic activity oxidizing ethanol and low molecular weight phenolic compounds.20,21 

Biochemical mechanisms by which catalase functions in both catalatic and peroxidatic 

reactions have been the subject of numerous investigations focusing on the role of the heme-

coordinated iron. It has become well recognized that in phase I of the catalatic reaction, a 

single molecule of H2O2 undergoes transient reduction resulting in an oxyferryl heme group 

with a p-cationic porphyrin protein radical, termed compound I.21,26–31 In the subsequent 

phase II of the reaction, a second molecule of H2O2 is oxidized by compound I resulting in 

return of the heme iron to it's resting +3 state, and the generation of water and molecular 

oxygen. In this phase of the reaction, iron-bound heme uncoordinated by water is required 

for enzymatic activity.32,33 More recently, a 1.5-Å resolution structural analysis of catalase 

demonstrated that the inhibitor cyanide blocks substrate access to the heme iron at the active 

site.33 Structural analysis revealed that a critical component required for both the catalatic 

and peroxidatic activities of the enzyme is a highly confined hydrogen peroxide binding site 

with strictly limited hydration. This site restricts both peroxide and water access to the heme 

iron and functions to optimally position peroxide molecules for cleavage by catalase.33–35 

The enzyme inhibitor 3-amino-1,2,4-triazole (3-AT) has been reported to inactivate catalase 

by disrupting this binding site.33,36 It is important to note that analysis of the 2-Å-resolution 

structure of inhibitor-bound enzyme indicates the potential presence of water molecules 

within the substrate channel. It has been suggested that this alteration modifies both 

substrate access and subsequent peroxide hydrolysis.33 Interestingly, the oxidation of 

NADPH also results in similar structural alterations, inhibits peroxide degradation and 

promotes the interaction of water with the compound I intermediate and subsequent oxidant 

generation.

Recent studies indicate that catalatic and peroxidatic enzymatic activity may also require a 

charge-relay network that stabilizes reaction intermediates and facilitates the heterolytic 

cleavage of peroxide. This network has been hypothesized to regulate catalase activity at the 
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metal-binding site by minimizing the charge of a porphyrin-cation radical and an electron 

deficient oxyferryl moiety at Tyr358.33 In cyanide-inhibited enzymes, increased electron 

density formed by the presence of cyanide at the heme iron may serve to alter this charge 

relay network. Interactions between amino acid residues forming this network and azide or 

3-amino triazole, moieties that, in turn, disrupt channel activity, are likely to account for the 

competitive inhibition of the enzyme.29,30,33,34

Our observations that the effects of UVB light on catalase were highly pH-sensitive and 

oxygen-dependent, but did not require additional substrates, suggest that the transfer of 

water-derived protons and subsequent interactions with molecular oxygen may form the 

resulting ROS. To investigate this possibility, inhibitors of the catalytic and peroxidatic 

activity of catalase were used. We found that sodium cyanide induced a biphasic response, 

enhancing catalase activity at low concentrations but inhibiting the generation of ROS at 

higher concentrations equal molar with heme moieties, suggesting a role for the heme iron in 

ROS generation (Fig. 3). However, emerging studies suggesting interaction of ferrocyanide 

with enzyme-bound NADPH and resultant disruption of NADPH-heme electronic linkage 

offer an alternative explanation for this effect.36 In our studies, both sodium azide and 3-AT, 

which disrupt peroxide access, enhanced UVB light-mediated ROS production.5 The actions 

of these inhibitors on the activities of catalase suggest a role for altering substrate access in 

the mechanism mediating UVB light-induced responses. However, the possibility that 

increases in production of ROS at low concentrations of sodium cyanide, or in the presence 

of 3-AT or sodium azide, result from inhibition of a competing hydrogen peroxide 

degrading activity of catalase can not be ruled out. In the presence of higher concentrations 

of cyanide, interaction of the anion with catalase heme is likely to block substrate access to 

heme iron as well as limiting the activity of the charge relay network, rendering both 

structures unable to participate in the UVB-induced production of ROS. The increased 

generation of ROS that is observed in the presence of 3-AT and sodium azide suggests that 

the presence of reactants at the peroxide binding site, and the activity of the charge relay 

network implicated in peroxide degradation,35–38 are both important in UVB light-mediated 

oxidant production. This is not in agreement with the contention that ROS generation results 

from light-induced heme degradation.39,40 Analysis of these findings prompted us to 

hypothesize that, similar to 3AT, UVB light-induced effects alter the peroxide binding site 

allowing water molecules to access the heme iron. In our scheme, proton extraction from 

water molecules is also facilitated by azide-induced disruption of the charge relay network. 

Therefore, acting as substrates, water molecules provide a source for the generation of 

protons, which subsequently interact with molecular oxygen to generate ROS.

If disruption of the heme preserving substrate access channel and charge relay network 

through chemical inhibitors or NADPH absorption of UVB light is central to disrupting 

hydrogen peroxide degradation and facilitating ROS generation, it becomes critical to better 

understand the fundamental role(s) of NADPH in catalase function. To address this 

challenge, we have developed a potential scheme for the reaction that involves the formation 

of functional dimers. In this scheme, two catalase monomers are linked via a network of 

residues capable of supporting charge relay. Through this virtual electronic circuit, an 

enzymatic reduction in one heme is coupled to the corresponding oxidation at the linked 

heme, driving the overall reaction and facilitating high substrate turnover. A critical aspect 
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of this process is the existence of paired Tyr370 residues (Fig. 2). We speculate that amino 

acid residues Asp141, His75, His364, His362, Tyr358, and Arg354, residues we and others 

have found critical to full enzyme activity, are important in this relay network. Special 

alterations which further separate the dimer's paired residues in inhibited and irradiated 

catalase mediate reduced catalatic activity and facilitate ROS formation (Fig. 3).11,36–38 In 

this scheme, a complete catalase structure, comprised of four monomers, requires the 

intertwined protein arms results in a holoenzyme comprised of two functional dimers. This 

scheme provides a role for the requirement for the complex linkage that is needed for full 

enzyme activity.

In summary, we have devised a novel mechanism that encompasses the numerous 

unresolved observations stemming from years of analysis of the activity of the enzyme 

catalase. We speculate that this peculiar tetromeric enzyme functions as conjoined identical 

dimers, degrading hydrogen peroxide at an exceptional rate for an enzymatic reaction, 

through in an electrochemically driven process.
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Figure 1. 
Differential effects of UVB on NADPH binding (HP I) and NADPH-independent (HP II) E-

coli catalases. Recombinant catalases [(catalase (2.2 μM)] were incubated with 50 μM 2′,7′-

dichlorofluorescein diacetate (Molecular Probes, Eugene, OR) and the reaction mixtures 

were irradiated in uncovered 96-well tissue culture plates (Costar, Corning, NY) with UVB 

light emitted from two Westinghouse FS20 light tubes. The UVB lights were calibrated with 

an IL 442A Phototherapy Radiometer (International Light, Newburyport, MA). 

Fluorescence was quantified using an HTS 7000 plus bio-assay reader (PerkinElmer Life 

Sciences, Beaconsfield Buckinghamshire, UK) with 495 nm excitation and 520 nm emission 

filters. E. coli hydroperoxidases were generously provided by Peter Loewen, U. Manotoba).
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Figure 2. 
Model of proposed heme-heme and heme-NADPH linkage in human catalase. (Upper panel) 

Model illustrating functional dimmer in 1.5A structure of human catalase.14 (Lower panel) 

Position of migrating potential tyrosinate radical in adjacent protein domains. We speculate 

that the migration of this radical facilitates the formation of an electronic charge relay 

linkage associating two heme moieties in each functional dimer.13,22,26,33,36
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Figure 3. 
Detail of potential charge relay network in one catalase tertromer. The red arrow identifies 

the proposed path of charge relay. Mutations to residues noted have inhibited the rate of 

peroxide degradation in mammalian and bacterial catalases and enhanced ROS generation in 

response to UVB light (data not shown).13,22,26,33,36
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