
 

 

Introduction 
 
Although catalases have been studied for more 
than 100 years, research continues to reveal 
differences in the functions of mammalian cata-
lases compared to those of prokaryotes. Thus, 
they display oxidase activity, and use unbound 
NAD(P)H to prevent substrate inactivation with-
out displacing catalase-bound NADP(+) [1]. 
Studies on catalase also have gained  momen-
tum recently owing to their postulated impact in 
extending life-span [2-4]. Nearly all aerobic or-
ganisms contain catalase, a well-characterized 
homotetrameric antioxidant enzyme that scav-
enges the toxic free radical H2O2 from cells by 
decomposing it into water and oxygen. Cata-
lases that interact with NADPH include those of 
bovine liver (BLC), human erythrocytes (HEC), 
the Gram-negative facultative anaerobic bacte-
rium Proteus mirabilis (PRC), the fungus Sac-
charomyces cerevisiae (SCC-A), and the bacte-
rium Micrococcus lysodeikticus (MLC) [5-9]. 

Based on the number of aminoacids in each 
monomer the catalases classified into small 
and large subunit catalases. The small subunit 
catalases are around 500 amino-acid residues 
per monomer. The  structures of these catala-
ses , together with biochemical studies, de-
monstrate  that NADPH interacts more strongly 
with mammalian catalases than with fungal- 
and bacterial-catalases [10]; among  these  
small subunit catalases, BLC particularly has 
been  extensively studied. BLC comprises  four 
subunits, with three non-equivalent interfaces 
represented by the three axes P, R, and Q axis,  
following the nomenclature of [5]. Figure 1 
shows the Q-axis related dimers in blue and 
gray. Each subunit consists of an eight-stranded 
β-barrel, and α-helical domain at its one face. 
The swapped Q-axis-related dimers are formed 
by an N-terminal α-helix (red: residue 3-69) of 
one subunit that is hooked through/in a wrap-
ping loop (green: residue 379-437) of the other 
subunit. The NADPH binds to the cleft between 
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the β-barrel and the α-helical domains [5]. 
 
The enzyme cleaves two molecules of hydrogen 
peroxide into two water molecules and one oxy-
gen molecule in a normal reaction cycle that 
involves the formation of a compound I state 
(Fe5+=O) [11-13]. When there is a delay in the 
steady supply of H2O2 an interaction with oxida-
tion substances, such as the superoxide radical 
(O2.-), phenols, and ferrocyanide leads to the 
formation of the compound II state, wherein 
compound I is reduced by a single electron [14-
17]. The compound II state is reduced to the 
native state either spontaneously, or through 
the oxidation of NADPH to NADP+ [18].  
 
In BLC, the bound NADPH plays many functions 
apart from reversing the inactivation state. 
NADPH lowers  the formation of compound II 

and increases the rate of its removal [10]. The 
former action predominates over the latter; Kirk-
man et al.suggested that NADPH might protect 
catalase from oxidative damage through actions 
broader than merely preventing the formation of 
compound II [19]. Observations suggest that 
NADPH also mediates in the inactivation of BLC 
by monochloroamine (NH2Cl) and Dithioerythri-
tol (DTE) [20,21]. The catalase from Aspergillus 
niger, was less sensitive to NH2Cl than BLC, and 
was not sensitized by added NADPH [20]. The 
allosteric effect in bovine liver catalase during 
irreversible inhibition by effectors was postu-
lated, although the hypothesis still lacks experi-
mental proof [22].  
 
To study the role of NADPH during inactivation, 
we completely removed NADPH from all the four 
subunits of BLC, and solved the structure of 
NADPH-depleted BLC (wild type) with the potent 
inhibitors, cyanide and azide. Two of the sub-
units of these structures and their complexes 
with cyanide and 3-amino1,2,4-triazole were 
compared to BLC and to HEC with NADPH [6]. 
Based on the analysis we propose that NADPH-
depleted mammalian catalase may function as 
a domain-swapped dimer of dimers, especially 
during inactivation by inhibitors like azide and 
cyanide. We speculated that the N-terminal 
hinge-loop region and the α-helix is the possible 
structural element that senses the NADPH bind-
ing in mammalian catalase.  
 
Methods 
 
Preparation of BLC without NADPH, and assess-
ments of its activity  
 
Bovine liver catalase (EC 1.11.16; hydrogen 
peroxide oxidoreductase) was purchased from 
Sigma Chemicals. We removed NADPH from 
BLC using the dye-ligand affinity chromatogra-
phy with Red-A matrix gel containing Procine 
HE3B [21]. The protein was dialysed in 0.1M 
Tris-HCl buffer (pH 7.5), loaded on the column, 
and washed with the same buffer. The bound 
BLC was eluted by 0.5mM of adenine diphos-
phate (ADP). In concord with Jouve’s result, only 
35% of the protein was recovered from the col-
umn. The ADP was removed by dialyzing in 
0.1M Tris HCl (pH 7.0) overnight at 4°C. Cata-
lase activity was determined polarogaphically in 
50mM phosphate buffer at the physiological pH 
7.0, using a Clark-type electrode (YSI 5331 Oxy-
gen probe) at 25°C. We also determined cata-

Figure 1. Crystal structure of wild type catalase (BLC 
without NADPH: PDB ID 1TGU). The heme moieties 
are shown in yellow color and their atoms are repre-
sented as spheres. The N and C-terminals of Q axis 
related domain swapped dimer (blue color) are la-
beled. Scheme for NADPH oxidation by catalase and 
protect the enzyme from inactivation through com-
pound II state formation.  
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lase activity spectro-photometrically as 43.6 M-

1cm-1, using an extinction coefficient of hydro-
gen peroxide at 240nm [23, 24]. One unit of 
catalase is defined as the amount that decom-
poses 1mol of H2O2 per min at a pH of 7.0 at 
25°C.  
 
Crystallization of wild-type catalase and prepa-
ration of its cyanide and azide complexes  
 
Wild-type catalase was crystallized at 30mg/ml 
concentration by the hanging drop vapor diffu-
sion method at 20°C. The protein in 0.1M Tris 
HCl at pH 7.0 was equilibrated against the 
same buffer. The cyanide complex of NADPH-
depleted catalase was prepared via the vapor 

diffusion of 10µl of 1M hydrogen cyanide in 1M 
sodium acetate at pH5.0 [6]; diffusion  was con-
tinued  up to 25 minutes to ensure a full color 
change in the protein crystals. Diffusion was 
monitored through formation of insoluble silver 
cyanide on the same cover slip. Azide com-
plexes of wild-type crystals were grown in 0.1M 
Tris HCl at pH 7.0, containing 3mM or 10mM 
sodium azide. Crystals obtained in one week 
were used to collect X-ray data from wild type 
catalase and its complexes on orthorhombic 
crystals that were cryogenically frozen in liquid 
nitrogen after soaking in a mother liquor con-
taining 30% glycerol as a cryoprotectant. The X-
ray data was collected at the National Synchro-
tron Light Source’s (NSLS’s) beam line X29 us-

Table 1. Data collection and refinement 

Values for the highest resolution shell are given within parentheses 
aRmerge = Σ | Ii - <I>|/Σ |Ii| where Ii is the intensity of the ith measurement, and <I> is the mean intensity for that 
reflection. 
bRfactor = Σ ||Fobs| - |Fcalc|| / Σ |Fobs|, where |Fobs| and |Fcalc| are the calculated and observe structure factor ampli-
tudes, respectively.  
cRfree = as for Rfactor, but for 5% of the total reflections chosen at random and omitted from refinement.  

  
  
Data Set 
Cell dimensions 
  
  
  
  
Space group 
Data Collection Statistics
  
Wavelength (Å) 
Resolution range (Å) 
Outermost Shell (Å) 
Unique reflections 
Completeness (%) 
Mean I/σ(I) 
Redundancy 
Rmergea  
Refinement Statistics 
No. of reflections (work) 
No. of reflections (test) 
Rfactorb/Rfreec 
Resolution range (Å) 
R.M.S.D. bond lengths (Å) 
R.M.S.D. bond angles (o) 
<B-values> 
Main-chain (Å2) 
Sidechain (Å2) 
Number of non-H atoms 
 heteroatoms 
 water molecules 

Wild type 
  
  
a=85.53 Å 
b=139.67 Å 
c=225.14 Å 
α=b = γ=90° 
  
P212121 
  
1.0062 
50.0-2.8 
2.80-2.90 
64055 
95.1(68.3) 
14.2 
13(3.0) 
0.114(0.436) 
  
60442 
1822 
0.20/0.25 
40 -2.8 
0.014 
3.0 
32 
29 
33 
16068 
172 
933 

Wild type complexed with cyanide 
 
 
a=86.06 Å 
b=140.11 Å 
c=226.51 Å 
α=b=γ=90° 
  
P212121 
  
1.0062  
50.0-2.8 
2.80-2.90 
58589 
 93.1(66.5) 
12.7 
12(2.4) 
0.123(0.480) 
  
52146 
1553 
0.20/0.26 
39.2-2.8 
0.018 
3.4 
31 
29 
32 
16068 
176 
688 

Wild type complexed with azide 
 
 
a=86.27 Å 
b=140.93 Å 
c=230.69 Å 
α=b = γ =90° 
  
P212121 
  
1.0062 
50.0-2.8 
2.80-2.90 
65743 
98.0(70.2) 
15.7 
13(3.2) 
0.095(0.41) 
  
61545 
1859 
0.23/0.28 
39-2.8 
0.013 
3.2 
31 
30 
31 
16068 
175 
806 
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ing an ADSC Q-315 CCD detector. The X-ray data 
were  processed with the HKL2000  package 
software [25].  
 
Structure determination and refinement  
 
Table 1 summarizes the data collected, its re-
duction, and the structure refinement statistics. 
The structure of bovine liver catalase without 
NADPH was determined by the molecular re-
placement method with AmoRe using 4BLC as 
the model [26]. This model was built using the O 
program [27], and refined with CNS [28]. The 
randomly selected 10% of the data were set 
aside for the Rfree calculation. The refinement 
included the overall anistropic B factor and bulk 
solvent correction. For model building, we em-
ployed the 2Fo-Fc, Fo-Fc and composite omit 
maps.   
 
Structure analysis 
 
Analysis of the stereo chemical quality of the 
protein model and assignment of secondary 
structure were conducted with PROCHECK [29]. 
Superposition of human catalase with NADPH-
depleted catalase was accomplished using the 
package Insight II. We assessed the accessible 
surface area of individual residues using the 
program NACCESS [30]. The figures were pre-
pared with  PyMol [31]. 
 
Protein Data Bank accession numbers  
 
The 2.8Ǻ-resolution structures of the wild type 
catalase and its complexes with azide and cya-
nide were deposited in the Protein Data Bank; 
their respective accession numbers are 1TGU, 
1TH2, and 1TH3.  
 
Results  
 
Overall quality of the structures 
 
Structure analysis of wild type catalase and its 
azide and cyanide compounds, carried out by 
PROCHECK [29] and CNS 1.1 [28], showed that 
the overall stereo chemical statistics are good 
in all  structures (Table 1). This is evident from 
the final R-factors; viz for wild type catalase 
(Rfree =25: R=20), (Rfree = 28; R= 23) for wild-
type azide complex, and (Rfree =26; R=20) for 
wild-type cyanide complex. Almost all the resi-
dues in them exhibited comparable tempera-
ture factors (overall ~31Ǻ2) except for the N-

terminal domain-swapped hinge loop regions 
(48Ǻ2). In all the monomers of the hinge-loop 
region, the residues showed a high temperature 
factor with an average accessible surface area 
of 71Ǻ2. The average accessible surface area 
(ASA) of each monomer in wild type and com-
plexed structures were 26000Ǻ2 for the 
tetramer, the ASA was 61839Ǻ2. These values 
are comparable with the findings of [5] for BLC 
with NADPH. In the wild-type catalase, all four 
NADPH-binding site pockets showed no electron 
density for NADPH in the Fo-Fc map and the 
composite omit map. We made the same obser-
vations for the cyanide- and azide-complex 
structures. These maps also showed that all 
heme molecules in the active sites of wild type 
are planar ones.  
 
Crystal packing 
 
The wild-type structure, as well its complexes, 
contained one tetramer in the asymmetric unit 
crystallized in the P212121 space group. The 
packing of the entire crystal is stabilized along 
the molecular axes a and b. Only limited mo-
lecular interactions stabilize the packing along 
the c-axis, thereby exposing all four active sites 
towards the solvent, and consequently, increas-
ing the accessibility of the inhibitor molecule. In 
human catalase, monomers with NADPH are in 
different packing environment than monomers 
without NADPH. Apart from packing, the se-
quence similarity between the two structures is 
~ 80%.  
 
NADPH-binding site 
 
Observations of structures resolved in the pres-
ence of NADPH revealed that NADPH binds in 
the cleft on the surface of each subunit of the 
molecule formed between the α-helical and β-
barrel regions [5]. In BLC, sixteen residues are 
involved in binding the NADPH molecule, among 
which Arg202 and His234 are strictly conserved 
compared to the residues Pro150, Ser200, 
Asp212, and His304 that are partly conserved 
in the NADPH binding pocket. The NADPH mole-
cule was absent in all four monomers. This re-
gion shows a backbone root-mean-square de-
viation (rmsd) of 0.3Ǻ between NADPH-bound 
and unbound structures. This value is similar to 
that of PMC-PR and human catalases with and 
without NADPH [6, 7]. Interestingly, most of the 
side-chain residues in the cleft showed a similar 
orientation between the monomers with and 
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without NADPH. Nicotinamide- and adenine- 
binding pockets in the cleft were filled by re-
cruiting conserved water molecules in all the 
four subunits. Ser200 residue in the adenine-
binding pocket involved in the recognition of the 
NADPH molecule [8] hydrogen-bonded to a con-
served water molecule at an average distance 
of 3.5Ǻ. The nicotinamide-binding pocket was 
occupied by two or three water molecules that 
form hydrogen bonds with the nicotinamide-
moiety stabilizing residue His304, with an aver-
age distance of 2.9Ǻ. Both the adenine- and 
nicotinamide- binding pockets recruited con-
served water molecules in BLC and HEC without 
NADPH. The same result was observed when 
comparing the BMC-PR catalase structure (PDB 
ID: 1M85) solved at 2 Ǻ resolution. Due to the 
lack of a Rossmann fold [32], Murthy et al 
(1981) proposed that the recognition of nucleo-
tides by BLC was based on the surface-charged 
residues in the binding pocket. Mutations in the 
NADPH-binding pockets of E.coli to the BLC se-
quence did not promote the NADPH binding, 
suggesting that NADPH binding affinity does  
not depend mainly  upon the charged residues, 
even though they are conserved in the binding 
pocket [33]. Accordingly, the underlying cause 
of higher binding affinity for NADPH by mammal-
ian catalase is unknown.  
 
NADPH-linked changes in the active site of wild 
type catalase 
 
The cavities of the four active sites bury a heme 
molecule at 20Ǻ from their surface. The heme 
group in each subunit makes three hydrogen 
bonds with residues Arg71, His361, and Arg111 
residues; four hydrogen bonds with two water 
molecules were noted in all four monomers. A 
similar kind of heme environment was dis-
cerned in human catalase subunits with and 
without NADPH. The orientation and interaction 
of three arginine residues, Arg71, Arg111, and 
Arg365 that supposedly increase the redox po-
tential of the heme during the formation of com-
pound I  [12] are similar. The heme iron coordi-
nate with Tyr357 residue at an average dis-
tance of 1.8Ǻ compared to 1.94Ǻ in HEC. These 
results showed that presence and absence of 
NADPH do not alter significantly heme and its 
environment. This finding also was confirmed 
through EPR spectroscopy  of BLC without and 
with NADPH [21]; the specific activity in the for-
mer case was  3.8µM compared to 3.9µM in the 
latter [21]. Each subunit of the wild type struc-

ture has a catalytic water molecule 49(A), 30(B), 
993(C), 60(D) in close proximity to the heme 
moiety with an average Fe-W distance of 3.6Ǻ 
comparable to 4.09Ǻ  observed in human cata-
lase molecules [6]. Such distances suggest that 
there is no direct coordination between this wa-
ter molecule and heme Fe (Figure 2A). These 
water molecules are stabilized by the formation 
of hydrogen bonds with His74 and Asn147 at 
an average distance of 2.93Ǻ and 3.32Ǻ, re-
spectively.  
 
Active site analysis of NADPH-depleted cyanide 
and azide structures 
 
Although all the four catalytic active sites in the 
cyanide complex structure are exposed to the 
solvent, the inhibitor cyanide preferably binds to 
only two of the active sites. The remaining two 
sites lack the cyanide molecule and the catalytic 
water molecule. This differs from the structure 
of the human catalase-cyanide inhibitor com-
plex wherein all the four active sites have cya-
nide molecules. These sites form a direct coor-
dination with the Fe atom of heme at an aver-
age distance of 1.62Ǻ with N-C-Fe angle 162° 
(Figure 2B). Such tilted orientation of cyanide 
with heme at an angle of 155° was  observed in 
the structure of the cytochrome c cyanide com-
plex [34], whereas, in human catalase, cyanide 
binds linearly to the heme with a Fe3+-CN dis-
tance of 1.6 Ǻ [6]. The cyanide N-atom is 
strongly hydrogen-bonded with the catalytic wa-
ter molecule at an average distance of 2.53Ǻ in 
both the subunits. However, the distance be-
tween His74 and the catalytic water molecule 
was greater, viz. 3.56Ǻ. This exclusion by cya-
nide of the water molecule from His74 probably 
hindered the molecule’s adoption of a linear 
orientation. Cyanide binding did not alter the 
proximal side Tyr357- to-Fe distance of 1.8Ǻ. In 
the two subunits without catalytic water mole-
cule/cyanide, the heme moiety is slightly saddle 
shaped rather than planar as in wild-type cata-
lase.  
 
In the presence of another non-specific inhibitor 
of catalase, azide at 3mM, only one catalytic 
site interacts with azide molecule, while one has 
a catalytic water molecule; the remaining two 
catalytic sites have neither one of them. The 
result was same when catalase was co-
crystallized with 10mM azide. In contrast, the 
azide molecule binds to heme in all four cata-
lytic sites in the SCC-A, even when only a trace 
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Figure 2. Active site composite omit maps (at 1σ cutoff) and ball & stick diagram of (A) wild- type catalase (1TGU), (B) 
wild-type catalase with cyanide (1TH3) and (C) wild-type catalase with azide (1TH2) are shown. The water molecules 
and iron atoms are represented as W and Fe respectively. The hydrogen bond interactions are shown in dotted lines. 
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(μM) amount of azide is present in the crystalli-
zation buffer [8]. In the wild-type catalase, azide 
inhibited the active site; the azide’s electron 
density extended from the heme molecule to 
His74 (Figure 2C). The Fe-N distance was 2.1Ǻ 
implying a direct coordination between azide 
and the heme molecule. The Fe- N1 (azide)-N2 
(azide) angle is 116° compared 130° in the 
azide complex SCC-A [8]. This bending allows 
the interaction of the azide’s N atom with His74, 
The distance between them being 2.8Ǻ. This 
interaction eliminates the catalytic water mole-
cule from the active site, and the bending en-
sures that it occupies the complete active site 
pocket. Such a tilt in the orientations of the 
azide molecule towards His74 also was evident 
observed in SCC-A catalase. The other subunit 
with catalytic water molecule interacted with 
His74 and Asn147 as in the wild-type catalase.  
 
Discussion 
 
We completely depleted NADPH from all the 
four monomers and made the complexes with 
cyanide and azide to study the role of NADPH in 
BLC. BLC has almost 80% sequence similarity 
with human catalase, as well as the same con-
served active-site residues.  In the human cata-
lase tetramer, only two monomers have an 
NADPH molecule. Wild type crystallizes in 
P212121 as does that of human catalase, and 
BLC with NADPH (4BLC). The presence or ab-
sence of NADPH does not significantly affect 
overall crystal packing, except that in HEC the 
packing environment differs between subunits 
with and without NADPH. So, it is worthwhile to 
discuss the details of human catalase struc-
tures and BLC with NADPH.  
 
NADPH has fewer roles to play during the nor-
mal reaction cycle 
 
During the normal reaction cycle, the enzyme 
shuttles between the ground state (Fe(III) state) 
and compound I state (oxy ferryl state), which 
involves the cleavage of two hydrogen-per-oxide 
molecules into two water molecules and an oxy-
gen molecule [11-13]. It is established that the 
NADPH molecule has not direct role during the 
normal reaction cycle [19]. The formation of the 
compound I state requires the presence of a 
catalytic water molecule that is involved in the 
active-site cavity’s water network [6, 35, 36]. 
Observations of the catalytic water molecule 
and its interaction with His74 and Asn147 in 

the wild type catalase and human catalase are 
the same. Spectral studies suggest that the 
heme molecule does not undergo any major 
conformational change, and maintains its active 
site environment even after removing NADPH 
from BLC [21]. The presence of the catalytic 
water molecule in all the four catalytic sites and 
its hydrogen bonding pattern with His74 and 
Asn147 in the wild-type structure, further struc-
turally confirms that NADPH does not play a 
major role in maintaining the normal reaction 
cycle.  
 
NADPH may have a role during inhibitor binding 
 
The most significant observation in the struc-
tures of the cyanide and azide complexes is the 
absence of active site catalytic water molecules 
and the inhibitors in two subunits. In human 
catalases, cyanide- and catalytic water-
molecules are obvious in all the four catalytic 
sites and only two NADPH molecules bind to the 
tetramer [6]. Interestingly, 3-amino-1, 2, 4-
triazole (3AT) that is a specific inhibitor for cata-
lase preferably binds to monomers lacking a 
bound NADPH molecule [6]. Nevertheless, 3AT 
does not interact with heme (as is the case for 
cyanide and azide); rather, it forms an adduct 
with the catalytic water molecule stabilizing resi-
due His75 (His74 in BLC). However, the differ-
ent crystal packing environments between 
monomers with and without NADPH in human 
catalase possibly influence this difference in 
3AT binding.  However, the packing does not 
impose any hurdle for the inhibitor in reaching 
the active site. Hence, we speculate that the 
NADPH binding with monomer may have some 
role during inhibitor binding.  
 
NADPH binding may sense through domain 
swapping 
 
One possible explanation for the absence of the 
inhibitor in two subunits of wild-type catalase 
could be the absence of the catalytic water 
molecules in them because a continuous water 
network in the cavity of an active site plays a 
major role in ensuring that  the substrate 
reaches the active site [36]. So, the absence of 
catalytic water molecule in the two subunits of 
wild-type complex leads to the breakdown of 
this continuous water network, thereby restrict-
ing the diffusion of inhibitors to the active sites. 
This explanation, however, does not fit the 3AT 
inhibited HEC structure. In that, even the   
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monomers with a continuous water network in 
the active site’s cavity lack the inhibitor 3AT. 
Hence, the explanation holds for the absence 
small sized inhibitors, like cyanide and azide, 
but not for 3AT. 
 
Another explanation for the absence of inhibi-
tors in two of the four subunits arises from the 
observation that the structures with an inhibitor 
or catalytic water molecule have an N-terminal 
domain-swapped linkage with subunits without 
an inhibitor. Superimposing a monomer of hu-
man catalase with and without NADPH revealed 
an rmsd more than 1Å in the hinge-loop region 
(residue 12-25: Region I), and also in the wrap-
ping-loop region (residue 379-437: Region II) 
(Figure 3). This deviation is considerable since 
the structure is solved at 1.9Å resolution. Re-
gion I in the human catalase monomers with 
NADPH is highly ordered (rmsd of 0.35Ǻ) com-
pared to monomers without NADPH (rmsd of 
1.6 Ǻ). Region II has an rmsd more than 1Ǻ, 

even for monomers with NADPH. This signifies 
that the deviation in region I is NADPH-
dependent. The superimposition of BLC with 
and without NADPH also demonstrates an rmsd 
value of 1.5Ǻ in the hinge-loop region (region I) 
and in the N-terminal helices. However, this 
value is not discernable at 2.8Ǻ resolution. But 
the high accessible surface area (75Å2) and 
thermal factor (>45Å2) of the hinge-loop region 
confer high flexibility and make it structurally 
less stable. In addition to that the different 
packing environment of human catalase mono-
mers with and without NADPH also influences 
deviation in the hinge loop. Thus, the calculated 
average value of helix distortion for N-terminal 
domain-swapped α-helix in HEC is, respectively, 
6 and 11 for monomers with and without 
NADPH, compared with the ideal α-helix distor-
tion value of 5. These values were calculated 
using the program developed by [37]. Our analy-
ses show that the N-terminal domain-swapped 
helix is more distorted in human catalase mono-
mers without NADPH than with NADPH. Muta-
tion of the N-terminal α-helix stabilizing residue 
Gln10 in rat catalase (Gln11 in BLC and Gln12 
in HEC) to His leads to an unstable enzyme [38]. 
This residue is conserved in all mammalian 
catalases and is involved in anchoring the N-
terminal α-helix by interacting with R and Q-
related subunits. In correspondence with the 
above studies, we suggest that the distorted N-
terminal domain swapped α-helix in human 
catalase without NADPH might have some ef-
fect on the inhibitor’s binding affinity of the 
catalytic pocket. In a broad sense, there is a 
possibility that the binding of NADPH in one sub-
unit is communicated to the other domain-
swapped subunit catalytic pocket either by sta-
bilizing the N-terminal α-helix or by stabilizing 
both the N-terminal α-helix and the hinge-loop 
region (region I), thereby controlling the inhibitor 
binding. In support of such dimeric behavior, 
BLC purified as a dimer  showed slightly higher 
enzyme activity than the native tetramer [39]. 
This involvement of 3D-domain swapping in 
allosteric signal transmission through ligand 
binding  also is observed in membrane-
associated guanylate kinases [40]. It is pro-
posed that in domain- swapped proteins this 
kind of domain swapping structural elements 
sense ligand binding [41, 42] . Based on the 
above argument, we speculate that the domain-
swapping elements the N-terminal hinge loop 
and the N-terminal α-helix act as putative sen-
sors of NADPH binding.  

Figure 3. Cα superimposition of human catalase 
monomers with (blue and Green), and without NADPH 
(red and black). The N and C terminals are labeled. 
The circles showing the regions (I and II) have an 
rmsd of more than 1.5Å. Note that the region I is 
more distorted in monomers without NADPH. 
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Putative NADPH binding sensors are not pre-
sent in fungal catalases  
 
The mammalian (BLC and human) and fungal 
catalases (SCC_A, PMC and MLC) have high 
sequence similarity in their active sites, heme 
binding, and catalytic residues. But mammalian 
catalases  easily form the compound II state 
and are highly subject to inactivation induced by 
hydrogen peroxide, DTE and NH2Cl  compared 
to fungal catalases [20, 21, 43]. Mammalian 
catalase binds to NADPH with much higher af-
finity than the fungal catalases [10]. Adding  
NADPH to fungal catalase has a very minimal 
effect on the removal of the compound II state  
[20, 21]. The lower  affinity of fungal catalases 
to NADPH (SCC-A and MLC) also is evident  in 
their structures through the partial occupancy of 
NADPH [8, 9]. All the small subunit catalases 
superimpose with an average rmsd of 1.8Å.  
However, the N-terminal domain-swapped re-
gion of mammalian catalases have an α-helix 
(residues 10-17 in BLC), whereas it is a β-turn in 

almost all small subunit catalases from lower 
organisms (PDB ID: 1M85, 1QWL, 1SI8, 1A4E 
and 2ISA) (Fiure 4). There is no conserved resi-
due or interaction in fungal catalases to stabi-
lize the β-turn, as in the case of Gln in the N-
terminal domain-swapped α-helix of mammalian 
catalases. Hence, the proposed allosteric signal 
transmission through ligand-binding signal 
transduction through domain swapping seem-
ingly is likely only in mammalian catalases, not 
fungal catalases. Accordingly, we consider 
NADPH stabilization of the N-terminal domain-
swapped α-helix plays a major function in mam-
malian catalase but not in fungal catalase. This 
maybe one reason why fungal catalases are 
less vulnerable to inactive state formation com-
pared to mammalian catalases. 
 
Although the above arguments we presented 
are speculative and need further verification, as 
a whole our studies have opened up a new pos-
sibility, viz. that mammalian catalase acts as a 
domain-swapped dimer of dimers, especially 
during inhibitor binding. To generalize this con-
cept to the formation of the inactive state in 
mammalian catalases in the absence of tightly 
bound NADPH molecules needs further explora-
tion. The present study adds one more intrigu-
ing fact to the existing mysteries of mammalian 
catalases. 
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