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Abstract: Catalase is well known antioxidant enzyme which catalyses the dissociation of hydrogen peroxide directly 
into H2O and O2. Mammalian catalase has been considered as ‘a venerable enzyme with new mysteries’. Some 
aspects of its mechanism of action are mystifying and many of new findings are still unexplained. To fill up the gap 
we propose the ‘Hydroxyl Radical Generation Theory (HRGT)’ with possible mechanism. According to HRGT, mam-
malian catalase apart from its known catalytic reaction generates hydroxyl radicals (HRs). The HR generation mainly 
depends on concentration of specific substrate, hydrogen peroxide. The present theory is supported by previous 
experimental findings and has great deal of observational evidences. The proposed mechanism of generation of 
HRs answer several unexplained features of mammalian catalase, however, should be tested further. 
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Introduction

Catalase plays very important role in mainte-
nance of human body ambiance mainly through 
regulation of hydrogen peroxide metabolism 
[1]. It catalyses the dissociation of hydrogen 
peroxide directly into H2O and O2. The altered 
catalase activity has been observed in number 
of disease conditions [2-4]. The crystal struc-
ture of tetrameric human erythrocyte catalse 
(HEC) has been identified which was very simi-
lar to those of bovine liver catalase (BLC) [5, 6] 
with functionally important amino acid sequenc-
es conserved [7]. 

A structure-based mechanism of catalytic reac-
tion has also been described [8] and accord-
ingly hydrogen peroxide is selected by and con-
centrated at the active site of catalase through 
a molecular ruler. Active site of catalase is 
accessible to H2O2 through a 25 Å long main 
channel containing 2-3 Å hydrophobic constric-
tion near active site. The molecular ruler is gen-
erated in this hydrophobic constriction. As 

shown in Figure 1, The H2O2 molecule than oxi-
dizes the haem iron of the resting state (ferri-
catalase) to form an oxyferryl group with a 
π-cationic porphyrin radical, termed as com-
pound-I. A molecule of water is coproduced. In 
the second step, compound-I oxidize a second 
peroxide molecule to molecular oxygen and 
release the ferryl oxygen species as water mol-
ecule. In this way two molecules of hydrogen 
peroxide are converted into two molecules of 
water and one molecule of oxygen. Heterolytic 
cleavage of the peroxide bond is driven through 
interactions with the electron-rich active site 
metal and nearby amino acids (His75 and 
Asn148) present at distal end of haem group. 
In addition, a charge-relay system including 
amino acid residues Tyr358, Arg354, His218 
and Asp348 (at proximal end) tunes the metal 
site for catalytic reaction. 

Though the above mechanism is widely accept-
ed and overall explains the catalytic reaction 
but leave many aspects mystified; summarized 
in Table 1 and 2 [3, 4]. 
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Figure 1. The catalytic reaction and HRG mechanism. Active site of catalase, the haem moiety, in different stages 
has been shown with surrounding amino acids. The active site is tuned without compromising peroxide binding 
through a charge relay. During catalytic reaction, the direction of charge relay from different amino acids (Tyr-Arg-
His-Asp) is represented by a wide arrow with Tyr358 molecule. Resting state is depicted with forward charge relay 
whereas compound-I with reverse charge relay. In haem, 04 nitrogen atoms form 04 coordination bonds with fer-
rous ion. Coordination bond electrons continuously move from one bond to another. Due to this resonance an elec-
tron cloud (dark shed disc around Fe) is formed which can spare electron to participate in catalytic reaction (shown 
outside the electron cloud). In resting state the fifth bond with Tyr358 drag FeIII (center of the electron cloud) towards 
proximal end. During compound-I formation, forward charge relay system acts to increase electron density at the 
active site and bring iron ion in the plane of haem. In HRG mechanism, one hydroxyl radical is released during the 
formation of compound-II and another during its conversion into resting state.
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 Table 1. The unexplained facts and findings related to mammalian catalase
1. Role of water molecules in catalytic reaction.
2. Compound-II formation during catalytic reaction.
3. The generation of hydroxyferryl form of compound-II.
4. Spontaneous and relatively slow conversion of inactive compound-II to the resting state enzyme.

5. Mammalian catalase has shown limited ability to act as peroxidase despite the fact that active site is ac-
cessible only for few very small molecules like H2O and H2O2 molecules.

6. The peroxidatic reactions are noticeable at low H2O2 concentrations whereas the catalatic reaction pre-
dominates at higher H2O2 concentrations.

7. The peroxidatic activity relatively slow.

8. The precise role of catalase bound NADPH. It largely seems to be prevention (rather than reversal) of 
compound-II formation.

9. Bovine catalase uses unbound NAD(P)H to prevent substrate inactivation without displacing catalase-
bound NADP+.

10. On exposure to H2O2 generated at a constant rate, bovine liver catalase uses NADPH at a rate several 
times faster the rate at which compound-II is formed in the absence of NADPH.

11. Presence of unknown endogenous donors which is recycled through reduction by a molecule (other than 
NADPH) that is constantly present.

12. In specific condition enzyme consumed H2O2 as its only substrate without generating O2.

13. Compound-I is a powerful oxidant which could cause damage to catalase heme or protein. The paradox of 
this concept that the risk of damage from H2O2 is highest with its low concentration.

14. Catalase produces reactive oxygen species when exposed to UVB light.

Presentation of the hypothesis

We found earlier (unpublished data) that bovine 
liver catalase is involved in generation of 
hydroxyl radicals (HRs) at low concentrations of 
H2O2. The study needed more controls; howev-
er, a possible mechanism of HR generation was 
developed and tested if it can address the 
unexplained features of mammalian catalase. 

Hydroxyl Radical Generation Theory (HRGT)

As per HRGT (Figure 1), the fate of compound-I 
during catalytic reaction is determined by quick 
availability of H2O2 at active site. Sufficient H2O2 
concentration in nearby environment of enzyme 
provides a continuous flow of H2O2 at active 
site. This leads catalytic cycle towards the main 
pathway where a second molecule of H2O2 

Table 2. Reactions
1. Compound-I + H2O2 → Resting state + O2 + H2O
2. Compound-I (H2O) + H2O2 → Compound-II 
3. Compound-I (Por+• ─ FeIV =O) + H2O2 → Resting state (Por•• ─ FeIII) + H2O + O2 
4. Compound-I (Por+• ─ FeIV =O) + e¯ → Compound-II (Por• • ─ FeIV =O) 
5. Fe2+ + H2O2 → Fe3+ + OH• + OH¯ 
6. Compound-I + N3¯ + H+ → Compound-II + N3

•   
7. Compound-II + N3¯ + H+ → Catalase Fe3+ + N3

• + H2O     
8. Compound-I + 2DH → Resting state + 2D•   
9. Compound-I + DH → Compound-II + D•    
10. Compound-II + DH → Resting state + D•                    
11. 2D• + (NADPH)b + H+ → 2DH + (NADP+)b                     
12. D• + (NADPH)b → DH + (NADP•)b                     
13. (NADP•)b + O2 → O2

•¯ + (NADP+) 
*D as ‘D• or DH’ represents unspecified amino acid. ‘Por’ denotes porphyrin ring which with iron ion forms the haem group.
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reduces compound-I. Delayed encounter of 
compound-I with second molecule of H2O2 
leads it to an alternative pathway. The delay is 
instigated either by very low concentration of 
H2O2 in surrounding environment of catalase or 
due to any structural hindrance between com-
pound-I and H2O2. Compound-I has strong oxi-
dant nature which is enhanced by reverse 
charge relay. If H2O2 is not available, to satisfy 
its strong oxidant nature, compound-I consume 
one electron from newly generated water mol-
ecule. This process release one HR and reduce 
the π-cationic porphyrin radical; and com-
pound-I is either converted into compound-II or 
hydroxyferryl form of compound-II.

In earlier state (resting state) water molecule 
was not sterically precluded from the iron but 
may be avoided by the electron rich environ-
ment of haem developed by forward charge 
relay. The inactive compound-II is further con-
verted into resting state (active state) by spon-
taneous release of second HR. The rate of gen-
eration of second HR (from compound-II) 

should be slow as strong oxidant nature of 
compound-I was partially satisfied during the 
formation of compound-II. 

HRs are highly reactive oxygen species (ROS). 
The water molecules present at close vicinity of 
active site would be better targets for newly 
generated HRs compare to nearby amino acids. 
HRs by a chain reaction reach out of catalase 
molecule through a lateral channel (Figure 2 & 
3). NADPH present at the end of channel can 
reduce HRs. HR may also come out from main 
channel if no H2O2 molecule is present in the 
main channel and/or with lateral channel 
closed.

Testing the hypothesis 

As a whole, HRGT describe the specific condi-
tions and mechanism of generation of HRs by 
mammalian catalase. It also describes the 
removal of HRs from active site and further 
reduction by NADPH. In following write-up under 
the separate headings, the unexplained facts 
and findings related to mammalian catalase 

Figure 2. Two subunits of tetramer human erythrocyte catalase can be identified in yellow-brown and white colour 
separately. Haem active site and NADPH are shown in cyan color whereas water molecules are in red. Haem mol-
ecules are at the center of image and deep buried in subunit structure. NADPH is present on the surface and linked 
with haem through a lateral channel. Protein structure analysis studies with help of PyMol software shows that 
water molecules can pass through lateral channel. 
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are discussed followed by their explanations 
based upon HRGT. 

Role of water in catalytic reaction

It was earlier postulated that the absence or 
presence of a water molecule at near vicinity of 
compound-I provides the structural basis for a 
redox pathway switching mechanism (Rean 1 & 
2). In absence of water molecule 2-electron 
equivalent reduction of compound-I take place 
(Rean 3) whereas in presence of water only 
1-electron equivalent processes are possible 
(Rean 4), unless release of water can be stimu-
lated [9]. In the same study the nucleophilic 
attack by water on the compound-I was men-
tioned with reference under the heading ‘water 
in enzyme degradation’. 

The HRGT support the role of water in catalytic 
reaction as shown in Figure 1. Mechanism of 
HRG includes the generation of hydroxyferryl 
form of compound-II reported by Rovira [10]. 

Formation of compound-II is coupled with gen-
eration of HRs. It also explains our earlier data 
where addition of NaN3 in catalase/H2O2 sys-
tem increased HR generation. Azide is a known 
inhibitor of catalase activity as it enhances 
compound-II formation during catalytic reac-
tion. HRGT explains the generation of inactive 
compound-II along with production of HRs. It 
also explains relatively slow conversion of com-
pound-II into the resting state enzyme [4]. 

Peroxidatic reactions of catalase

Mammalian catalase has shown limited ability 
to act as peroxidase, known as peroxidatic 
activity. The peroxidatic reactions are notice-
able at low H2O2 concentrations whereas the 
catalatic reaction predominates at higher H2O2 
concentrations [3]. Catalase, with less than 10 
µM H2O2, exhibits significant levels of peroxi-
datic activity oxidizing ethanol and low molecu-
lar weight phenolic compounds [15]. 

Figure 3. The schematic diagram showing possible chain reaction by which HRs (Hydroxyl radicals) come out from 
the lateral channel. Two HRs were produced during the conversion of compound-I into resting state enzyme. In cata-
lase structure, Haem active site with Tyr358 is shown in cyan whereas bound NADPH is in violet color. The possible 
reactions of HRs separately with NADPH (bound or unbound) and ethanol has depicted in outer space. 
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Molecular ruler mechanism is based upon the 
fact that active site of catalase is accessible 
through a very narrow main channel allow only 
water and hydrogen peroxide molecules to 
enter [8]. The present HRGT explains the gen-
eration of acetaldehyde from ethanol and H2O2 
in different way. According to HRGT, the entry of 
ethanol in 25 Å long tunnel is not required. 
Hydroxyl radicals come out from the main or lat-
eral channel and oxidize ethanol molecules 
(Figure 3) into acetaldehyde [12]. It should be 
noted that bound NADPH lies at the mouth of 
one of the lateral channels [7, 13, 14]. HRG 
take place at very low H2O2 concentration thus 
HR produced are less in number. These HRs 
are mainly scavenged by NADPH and if left 
unchecked, ethanol molecules is not the only 
target for hydroxyl radicals. It all makes the per-
oxidatic activity relatively slow. 

Role of NADPH

Hydrogen peroxide provides both oxidative and 
reductive potential during catalysis. Because of 
this the precise role of cofactor (NADPH) in 
enzyme activity remains open to speculation 
[11]. It was proposed that NADPH prevents the 
inactivation of catalase as compound-II. NADPH 
is present on the surface of the enzyme where-
as the active site is deep buried. Both were 
accessible to each other by a 19 Å long lateral 
channel [8], an electron tunnel, by which elec-
trons can be exchanged. In cell, catalase bound 
NADPH becomes oxidized while transferring 
electron to active site and the resulting NADP+ 
is then displaced by unbound NADPH present 
in cytosol. But now it has been revealed that 
bovine catalase can use unbound NAD(P)H 
without displacing catalase-bound NADP+ [15]. 
The bound and unbound NADPH, both were 
equally effective to be reduced. 

It is hard to accept that electrons, which are 
highly reactive, can pass through a 19 Å long 
tunnel [8, 13] without reacting with nearby 
amino acids. Moreover, the transfer of electron 
from an unbound NADPH to active site is also 
not palatable. Conversion from compound-II to 
ferricatalase requires single electron whereas 
NADPH provides two electrons for reduction. A 
model that resolved these difficulties assumed 
that an intermediate is formed between com-
pound-I and compound-II. A problem with this 
model was neither the structure nor the absorp-
tion spectrum of the intermediate was known 

[16]. The kinetics of reaction was not complete-
ly explained [3]. According to Kirkman et al. [3], 
the models of the function of bound NADPH 
should be compatible with two observations: 
(A) on exposure to H2O2 generated at a constant 
rate, bovine liver catalase uses NADPH at a 
rate several times faster the rate at which com-
pound-II is formed in the absence of NADPH, 
(B) the action of NADPH is largely prevention 
(rather than reversal) of compound-II formation 
[16]. 

HRGT is compatible with both observations. As 
per Figure 1, compound-II can be converted 
into resting state by releasing one HR. The pro-
cess is slow but it would eliminate the signifi-
cant number of compound-II molecules to be 
measured in absence of NADPH. Therefore the 
utilization of NADPH seems several times fast-
er than compound-II formation in absence of 
NADPH. As per HRGT, NADPH act as a scaven-
ger of HRs and it continuously removes HRs 
coming out from the 19Å long tunnel. In 
absence of NADPH these HRs will not be 
removed quickly from the lateral channel; thus 
from the active site hence the rate of forward 
reaction (conversion of compound-II into rest-
ing state) will be reduced. In this way NADPH 
prevents the persistence of compound-II. 
Present theory also explains the equal efficacy 
of bound and unbound NADPH to be oxidized. 
Bound and unbound NADPH, both are easily 
and equally accessible for HRs coming out from 
the lateral channel. 

Endogenous donor

Kirkman and Gaetani [3] in their review pro-
posed schemes for reducing various states of 
catalase using intermediate model with and 
without NADPH. The radicals of amino acids 
within the structure of catalase were account-
ed specific for the reduction of compound-I to 
form different intermediates. These one or 
more unspecified amino acids, referred as DH 
(Rean 8, 9 & 10) were reduced by catalase 
bound NADPH (NADPHb) through the two-elec-
tron (Rean 11) or via a pair of single-electron 
steps (Rean 12 & 13) [17]. In another study [8, 
18], authors emphasized on the ability of 
endogenous donors (tyrosine or another amino 
acid) to be recycled through reduction by a mol-
ecule (other than NADPH) that is constantly 
present. They also identified the need for creat-
ing and testing hypotheses concerning whether 
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endogenous donors are recycled when NADPH 
is absent. 

As per HRGT, the water molecule act as endog-
enous donor and are continuously present at 
active site. They are abundant (need not to be 
recycled) and can work in absence of NADPH. It 
was observed that water through its protons 
and heme iron has role in ROS generation [11]. 
Therefore, unspecified species ‘D’ (in Rean 
8-13) could be referred as hydroxyl radical (OH•) 
following mechanism of HRG. 

Catalase at low concentration of H2O2

de Groot et al. [19] studied the catalytic behav-
ior of bovine liver catalase at low fluxes of H2O2 
(relative to catalase concentration), adjusted by 
H2O2-generating systems. At a ratio of a H2O2 
flux (given in μM/min−1) to catalase concentra-
tion (given in μM) of 10 min−1 and above, H2O2 
degradation occurred via the catalatic cycle. At 
lower ratios, however, H2O2 degradation pro-
ceeded with increasingly diminished produc-
tion of O2. At a ratio of 1 min−1, O2 formation 
could no longer be observed, although the 
enzyme still degrades H2O2. These observa-
tions that the enzyme consumed H2O2 as its 
only substrate without generating O2 confirm 
HRGT. In alternate pathway catalase degrade 
H2O2 and generates HRs instead of O2 and 
water molecule. 

Compound-I is a powerful oxidant [3] which 
could cause damage to catalase heme or pro-
tein. The paradox of this concept that the risk of 
damage from H2O2 is highest with its low con-
centration can be explained with HRG. Low con-
centration of H2O2 increases the generation of 
highly reactive HRs which can cause serious 
damage. The need for NADPH is minimal when 
the H2O2 molecules are in excess. Fast removal 
of H2O2 from near vicinity of catalase molecule 
may reduce H2O2 availability at the active site 
for a short time. This, for a short period of time, 
leads compound-I towards alternative pathway. 
It may be the explanation of compound-II for-
mation and NADPH consumption during cata-
lytic reaction with excess H2O2. 

Catalase and UV light

Catalase has been identified as the source of 
ROS when cultures of skin cells (keratinocytes) 
were exposed to UVB light (290–320 nm) [20]. 
The nature of the ROS was unknown, but sin-

glet oxygen and superoxide radicals seem to 
have been eliminated. This was speculated that 
NADPH may act as a cofactor regulating ROS 
generation by mammalian catalases [11]. 
Chelikani et al. [14] suggested that the effect 
could occur through bound NADPH and pro-
posed that it should be tested whether it arises 
with catalase lacking bound NADPH. It was also 
proposed to test whether the most effective 
wavelengths for ROS production are those of 
the absorbance of bound NADPH. Structural 
analysis of the NADPH domains of several 
mammalian catalases revealed that the nucle-
otide is bound in a constrained conformation 
and that UVB irradiation induces NADPH oxida-
tion and positional changes [11]. Biochemical 
and kinetic analysis indicated that ROS forma-
tion by the enzyme is enhanced by oxidation of 
the cofactor. Depending on the intracellular oxi-
dant status, UVB light-induced catalase activity 
can be either protective (degrading peroxide) or 
toxic (generating ROS) [11]. The intracellular 
oxidant status was thought to be the capacity 
to reduce bound NADP+ into NADPH by other 
cellular components. 

NADPH cannot reduce the HRs (generated by 
catalase) if it is already oxidized by UVB light. 
These HRs will be released in cytosol and if left 
unchecked by intracellular oxidants like 
unbound NADPH and NADH, may augment toxic 
effects. 

Implications of the hypothesis

In mammals, the role of catalase and its sub-
strate (H2O2) both needs to be explored com-
pletely. Recent studies provide evidence of 
interlink between intracellular catalase, amy-
loid aggregation and increased ROS genera-
tion; and role of these interactions in Alzheimer 
disease [21]. In normal physiological condition, 
HRG from catalase might be used for the H2O2 
mediated oxidation of amino acid residues 
which, as reported, are responsible for the 
physiological ageing of erythrocytes [22]. 

The single HRGT with mechanism can explain 
almost all the unusual characteristics of mam-
malian catalase. It clarifies the role of NADPH 
and formation of compound-II. However, further 
studies are required to establish HRGT with its 
mechanism. If characterized completely, the 
HRGT provides the opportunity to explore the 
role of catalase again as an ‘HR producer’ in 
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cell signaling, aging and apoptosis making it 
more relevant in human health and diseases. 
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