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Abstract

Catalases, heme or manganese, are efficient biocatalysts that split hydrogen peroxide into water and oxygen. We have cloned
a manganese catalase from thermophilic bacterium, Geobacillus thermopakistaniensis, and expressed the corresponding gene
in Escherichia coli. The gene product, Cat,, was synthesized in E. coli as inactive inclusion bodies. Solubilization and refold-
ing of the inclusion bodies resulted in highly active Catg, with a specific activity of 18,521 pmol min~! mg~!. The refolded
protein exhibited apparent K, and k., values of 260 mM and 10,360 s~! subunit™!, respectively. It exhibited a half-life of 1 h
at 100 °C. The unique features of Catg, are its high activity and thermostability. These features make it a valuable catalyst
for industrial applications. To the best of our knowledge, Cat,;, is the most thermostable catalases characterized to date.
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Introduction

Catalases (EC1.11.1.6), more precisely hydroperoxidases,
are a class of enzymes that specifically catalyze the decom-
position of hydrogen peroxide to water and oxygen (Nicholls
et al. 2001; Chelikani et al. 2004). Catalases are found in
all the three domains of life and are involved in the cellular
defense system to combat oxidative stress (Gonzalez-Flecha
and Demple 1995; Fang 2004; Veal et al. 2007; Korshu-
nov and Imlay 2010). On the basis of primary structure,
they are classified into three groups. Two of them are com-
prised heme catalases while the third contains the non-heme
catalases (Klotz et al.1997; Klotz and Loewen 2003). The
most widespread and extensively characterized class con-
sists of monofunctional heme-containing catalases. The
second class is composed of bifunctional heme-containing
catalase—peroxidases which exhibit catalase as well as per-
oxidase activity (Loewen et al. 2000). The active center in
heme-catalases is a mononuclear iron porphyrin. The third
class, non-heme catalases, utilizes manganese instead of
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iron, and is known as manganese catalase group (Chelikani
et al. 2004; Loewen 2004; Nicholls 2012).

The major use of catalases is in food, medical, paper
and textile industries for removing hydrogen peroxide from
products or by-products (Rowe 1999; Akyilmaz and Kozgus
2009; Sharif et al. 2016). A minor use is in contact lens
hygiene. Contact lenses are normally disinfected by hydro-
gen peroxide which is then decomposed by a catalase solu-
tion before using again (Cook and Worsley 1996). These
applications require stable, particularly thermostable, cata-
lases. The thermostable enzymes are usually obtained from
thermophilic organisms, as these organisms are adapted to
function optimally at high temperatures (Coolbear et al.
1992; Adams and Kelly 1998). In addition, the enzymes
from these sources are more resistant to denaturing agents
such as urea (Kristjansson1989; Owusu and Cowan 1989;
Demirjian et al. 2001; Chohan and Rashid 2013; Gharib
et al. 2016; Arif et al. 2018). Among catalases, heme-cat-
alases are well characterized; however, they are generally
thermolabile. In contrast, manganese catalases are more
thermostable because of their characteristic four-helix bun-
dle protein architecture (Chelikani et al. 2004; Whittaker
2011).

A protein data base search, provided by National Center
for Biotechnology Information (https://www.ncbi.nlm.nih.
gov/protein/?term=manganese-catalase), revealed nearly
28,000 protein sequences annotated as manganese catalases.
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However, a very few of them have been experimentally veri-
fied. There are only nine reports available on the characteri-
zation of bacterial and archaeal manganese catalases. These
include Lactobacillus plantarum (Kono and Fridovich 1983;
Barynin et al. 2001), Thermus thermophilus (Barynin and
Grebenko 1986; Barynin et al. 1997; Antonyuk et al. 2000;
Hidalgo et al. 2004), Thermoleophilum album (Allgood and
Perry 1986), Thermus sp. YS 8—13 (Kagawa et al. 1999;
Mizobata et al. 2000), Pyrobaculum calidifontis (Amo et al.
2002), Metallosphaera hakonensis (Ebara and Shigemori,
2008), Thermomicrobium roseum (Baginski and Sommer-
halter 2017), Anabaena sp. PCC7120 (Bihani et al. 2016)
and Geobacillus sp. WCH70 (Li et al. 2017). Purification of
thermostable manganese catalases from their native organ-
isms is difficult due to the low-level production. However,
heterologous expression of these genes in a mesophilic host,
such as Escherichia coli, provides large quantities of recom-
binant protein in less time and cost (Lee 1996; Sorensen and
Mortensen 2005; Rosano and Ceccarelli 2014). Therefore,
we attempted the production of recombinant manganese
catalase from a thermophilic bacterium.

Geobacillus thermopakistaniensis is a thermophilic,
aerobic, Gram-positive bacterium, which exhibits oxidase
and catalase activities (Tayyab et al. 2011). The genome
of the microorganism has been sequenced (Siddiqui et al.
2014) and available online with an accession number
AYSF01000034. The genome sequence contains an open
reading frame annotated as manganese catalase (accession
#ESU72991). Here, we have described cloning, expression
in Escherichia coli, and characterization of the thermostable
manganese catalase, a product of ESU72991.

Materials and methods

Chemicals, bacterial strains and cultivation
conditions

Analytical grade chemicals were used in this study and
procured either from Fluka Chemical Corporation,
Sigma-Aldrich Company or Thermo Fisher Scientific Inc.
Restriction enzymes, DNA polymerase, DNA and protein
standards, and DNA purification kits were obtained from
Thermo Fisher Scientific Inc. Specific oligonucleotide
primers were obtained from Macrogen, Inc. Cloning vector
pTZ57R/T (Thermo Fisher Scientific Inc) and expression
vector pET-21a(+) (Novagen—Merck Millipore) were used
for cloning and expression of the target gene, respectively.
Similarly, E. coli DH5x was used for plasmid preparation,
and E. coli CodonPlus (DE3)-RIL (Stratagene, La Jolla,
CA, USA) was employed for heterologous gene expres-
sion. G. thermopakistaniensis and E. coli were cultivated
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in LB medium (yeast extract 0.5%, tryptonel%, NaCl
0.5%) and cultivated at 60 and 37 °C, respectively.

Recombinant plasmid constructs

The gene encoding Catg, (accession # AYSF01000034)
was amplified by polymerase chain reaction (PCR) using
a set of sequence-specific forward (5'-CATATGGTATTT
CAGCGGATCGACCGGCTGGCG) and reverse (5'-TCA
CAACCCTGCCGACCGCTGCAGCCGCTTGG) primers.
An Ndel restriction site (bold underlined sequence) was
incorporated in the forward primer. G. thermopakistanien-
sis genomic DNA was used as target for amplification of
Cat, gene. The PCR-amplified gene product was inserted
in pTZ57R/T cloning vector and the resulting plasmid
was designated as pTZ-Cat. Cat, gene was excised from
pTZ-Cat plasmid utilizing Ndel and HindlIII restriction
enzymes and ligated at the corresponding sites in pET-21a
(+) expression vector. The resulting plasmid was named
pET-Cat. The gene, in pET-Cat, was sequenced using T7
promoter and T7 terminator primers prior to expression of
the gene in E. coli.

Synthesis of recombinant Cat, in E. coli

Transformation of E. coli BL21-CodonPlus (DE3)-RIL cells
was carried out using pET-Cat recombinant plasmid. Isopro-
pyl p-D-1-thiogalactopyranoside (IPTG) 0.2 mM was used
to induce the gene expression. The cells were harvested by
centrifugation at 6000xg, after 4 h of induction. The cell
pellet, after resuspension in 50 mM Tris—Cl (pH 8.0), was
lysed by sonication. After lysis, soluble and insoluble pro-
teins were separated by centrifugation at 10,000xg. Analysis
of proteins was done by 14% denaturing polyacrylamide gel
electrophoresis (SDS-PAGE).

Solubilization and refolding of recombinant Cat,,

Inclusion bodies, containing recombinant Catg,, were
washed four—five times with 50 mM Tris—Cl (pH 8.0) con-
taining 1% Triton X-100 and dissolved in solubilization
buffer (8 M urea, 2 mM DTT, 50 mM glycine and 20 mM
Tris—Cl pH 8.0) and heated at 100 °C for 10 min. The solu-
bilized Cat, was dialyzed at 4 °C against refolding buffer
(6 M urea in 20 mM Tris—Cl buffer, pH 8.0) for 4 h and grad-
ually decreasing the concentration of urea to 5, 4, 3, 2, 1,
0.5 and 0 M by exchanging the refolding buffer after 3—4-h
intervals. After complete removal of urea, the samples were
centrifuged and supernatant was analyzed by SDS-PAGE
and activity assays.
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Gel filtration chromatography

Oligomeric nature of Catg, was determined by gel filtration
chromatography using Superdex 200 10/300 GL column
(GE Healthcare, NJ). The column was equilibrated with
50 mM Tris—Cl, pH 8.0, containing 150 mM NaCl. Protein
sample (prepared in the same buffer) was loaded and eluted
at a flow rate of 0.3 mL/min.

Catalase activity assays

Catalase activity was determined using a spectrophotom-
eter (Shimadzu UV-1601) equipped with a thermoelectric
cell. Routine activity assays were carried out at 60 °C using
20 mM hydrogen peroxide in 50 mM sodium phosphate
buffer (pH 7.0). Substrate decomposition was measured
at 240 nm (e,4,=43.6 M~! cm™!) (Beers and Sizer 1952;
Hildebrandt and Roots 1975). One unit of catalase activity
was defined as the amount of enzyme needed to convert
1 umol of hydrogen peroxide to water and oxygen per min.

Peroxidase activity, using various substrates, was meas-
ured spectrophotometrically. Assays were performed at
60 °C unless mentioned otherwise. The reactions were
carried out in 50 mM sodium phosphate buffer (pH 7.0)
containing 3 mM hydrogen peroxide as electron acceptor
and appropriate amount of electron donor including pyro-
gallol, o-dianisidine, glutathione, NADH and NADPH. The
oxidation of pyrogallol, at a final concentration of 42 mM,
was monitored by measuring the increase in absorbance at
430 nm. The oxidation o-dianisidine, at a final concentration
of 0.3 mM, was monitored by measuring the decrease in
absorbance at 460 nm. The oxidation of NADH or NADPH,
at a final concentration of 0.2 mM, was monitored by meas-
uring the decrease in absorbance at 340 nm. The oxidation of
glutathione, at a final concentration of 2 mM, was monitored
by coupling with glutathione reductase (1 U) in the presence
of 0.2 mM NADPH and measuring the decrease in absorb-
ance at 340 nm.

Temperature, pH and metal ions effect

To estimate the optimum temperature and pH, catalase
activity of Catg;, was measured at different temperatures
(40-80 °C) without changing the pH, or altering the pH
values (5.5-9.0) and keeping the temperature unchanged.
A control experiment (without Cat,) was included at each
temperature and pH, and the control values were subtracted
from the values obtained with Cat,;,.

To study the effect of metal ions on enzyme activity, the
chloride salts of Ni**, Hg?*, Mn**, Fe?*, Cu?*, Mg**, Ca*
and Co”" were added at a fixed concentration of 100 pM.
The activity assays were performed in 50 mM sodium phos-
phate buffer (pH 7.0) at 60 °C. The activity assays were

carried out in triplicate. Control experiments without the
addition of any metal ions and addition of EDTA were also
employed.

Thermostability analysis

To determine thermostability, Catg, samples in 50 mM
sodium phosphate buffer (pH 7.0) were incubated at differ-
ent temperatures (60, 80 and 100 °C). Aliquots were taken
out at various intervals and assayed for residual activity as
described above. The activity of the protein sample kept on
ice was taken as 100%.

Structural analysis by circular dichroism

Structural stability of Catg; was examined by circular
dichroism (CD) spectroscopy utilizing Chirascan' -Plus
CD Spectrometer (Applied Photophysics, UK). Cat, sam-
ples, in 30 mM Tris—CI (pH 8.0), were incubated at 60 and
90 °C for 5 min. CD spectra were monitored in far-UV range
(200-260 nm). The values of solvent spectra were subtracted
from those of Cat, values.

Chemical denaturation analysis

Catg,, at a final concentration of 0.5 mg mL™!, was pre-
pared in various concentrations of urea (0—8 M) or guanidine
hydrochloride (0—6 M) and incubated at room temperature
for 30 min and residual activity was examined as described
above. Similarly, the structural stability of Cat,;,, in the pres-
ence of denaturants, was examined by circular dichroism
spectroscopy as described above.

Kinetic analysis

Initial velocities of decomposition of hydrogen peroxide
were measured in 50 mM phosphate buffer (pH 7.0) using
various concentrations of hydrogen peroxide and fixed
amount of Catg,. The apparent K, and V,,,, were calculated
using the Michaelis—Menten equation.

Analysis of metal content

The metal ion contents of the recombinant Catg, were
analyzed by inductively coupled plasma-optical emission
spectrometry (ICP-OES) using an Avio 500 ICP-OES spec-
trophotometer (PerkinElmer Inc). Calibration curves were
obtained by the analysis of the PerkinElmer multi-element
standard solutions. All solutions were prepared in deionized
double-distilled water.
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Results
Sequence analysis

Cat, gene (accession # ESU72991) comprises 900 nucle-
otides encoding a 33,556 Da polypeptide of 299 amino
acids and a pl of 5.88. A comparison of the amino acid
sequence of Cat, displayed the highest identity of 99.67%
with an uncharacterized manganese catalase from Geo-
bacillus stearothermophilus (accession # KFL16886).
Among the characterized enzymes, the highest identity of
68.15% was found with a manganese catalase from ther-
mophilic bacterium, 7. roseum (Baginski and Sommerh-
alter 2017), followed by 61.56% to an archaeal catalase
from P. calidifontis (Amo et al. 2002) and 58.75% to the
counterpart from 7. thermophilus (Barynin and Grebenko
1986; Barynin et al. 1997; Antonyuk et al. 2000). Manga-
nese ions have been shown to coordinate with Glu®, Glu’°,
His”?, Glu'>® and His'®® amino acids in the crystal struc-
ture of manganese catalase from 7. thermophilus (Barynin
et al. 2001). Furthermore, Lys!*® is shown to be involved
in catalytic proton transfer in this catalase. These amino
acids are completely conserved in Cat, (Fig. 1). Surpris-
ingly, Cat, exhibited only a 22% identity with a recently
characterized manganese catalase from Geobacillus sp.
WCHT70 (Li et al. 2017). The genome sequence search of
G. thermopakistaniensis revealed a similar protein with
92.59% identity, annotated as a hypothetical protein har-
boring a dimanganese centre, which could be a possible
counterpart of manganese catalase from Geobacillus sp.
WCH?70.

Cloning and expression of Cat,

A 0.9-kb DNA fragment, matching exactly the size of
Cat, gene, was amplified by PCR and inserted in pTZ-
Cat. Double digestion of pTZ-Cat using Ndel and HindIII
showed the release of a 0.9-kb DNA fragment confirming
the presence of Catg, gene in the recombinant plasmid.
Similarly, digestion of recombinant pET-Cat utilizing the
same pair of restriction enzymes confirmed the presence
of Catg, gene in the expression vector. DNA sequencing
showed the absence of any unintended mutation in the
cloned gene.

Catg, gene expression in E. coli BL21-CodonPlus
(DE3)-RIL at 37 °C resulted in the synthesis of the
recombinant protein mainly in insoluble and inactive
form (Fig. 2). Various attempts were made by changing
the expression conditions to get the recombinant protein in
active and soluble form. Neither reduction of the cultiva-
tion temperature nor the inducing concentration of IPTG
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affected solubilization of recombinant Cat,. Furthermore,
activation of host chaperonins, by giving a heat shock to
the host culture at 45 °C, prior to induction with IPTG, and
supply of Mn2* in the growth medium were also proved
unsuccessful for the production of soluble Cat, (data not
shown).

Solublization of inclusion bodies of Cat, in 8 M urea and
fractional dialysis for subsequent removal of urea resulted
in attaining soluble and active protein. From 1-L culture,
2920 mg (wet weight) cells, and nearly 187 mg inclusion
bodies were obtained. Denaturation and refolding of inclu-
sion bodies yielded approximately 41 mg of the soluble and
active Catg,. These results indicate that about 22% of the
initially used insoluble protein was recovered in soluble
and active form. SDS-PAGE analysis of the refolded Cat,,
showed a single protein band (Fig. 2).

When the refolded Cat, was passed through gel filtration
column, the protein eluted at a retention volume of 10.2 mL
that corresponded to a molecular weight of ~ 135 kDa, cal-
culated from the standard curve. These results indicated
that enzymatically active Catg, exists in tetrameric form in
solution.

Temperature and pH effects

To find the effect of temperature on the activity of Catg,,
we examined the activity at various temperatures without
changing the pH. The activity gradually increased with an
increase in temperature till 60 °C and thereafter it decreased
(Fig. 3a). The optimum temperature for catalase activity of
Cat, complemented the optimal growth temperature of G.
thermopakistaniensis (60 °C).

The effect of temperature was also examined by incubat-
ing Catg, at various temperatures for different intervals of
time and the examining the residual activity at 60 °C. Even
after 8 h of incubation at this temperature, no significant
effect on enzyme activity was observed. Cat,, exhibited half-
lives of nearly 8 h at 80 °C and 1 h at 100 °C (Fig. 3b).

To find the effect of pH on activity of Cat,,, catalase
activity was observed at different pH while keeping the
temperature unchanged. Highest activity was found at pH
7.0-7.5 in sodium phosphate buffer (Fig. 3c).

The stability of Cat, structure was examined by CD
spectroscopy at 60 and 90 °C. CD spectra for both samples
did not show any significant change, indicating that Cat,
preserves the secondary structure even at 90 °C (Fig. 3d).

Addition of denaturants such as urea or guanidine hydro-
chloride to proteins usually results in loss of protein activity.
However, some hyperthermophilic proteins are reported as
an exception (Chohan and Rashid 2013; Gharib et al. 2016;
Arif et al. 2018; Rasool et al. 2010). When we examined
the effect of urea on Cat,, we found that enzyme activity
was almost unaffected. When Cat, was incubated in the
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N-domain <= | ==p Central domain (4-helix bundle)

Gt MVFQRIDRLATELPKPKYADPNAAAAVQELLGGRFGEMSTLNNYLFQSFNFRQKK--KLRPFYELVASITAEEFGHV 75
Tr -MYLRIDRLQIELPQPKEADPNAAAAVQOELLGGRFGEMSTLMNYTYQSFNFRGRD--KLRPYYDLIANIATEELGHI 74
Pc  -MYLRIDRLQIQLPAPKEPDPNAAAAVSELLGGRFGEMNTLMTYTYQSFNFRMHKNPAIKPFRDLVSNIATEELGHI 76
Tt -MFLRIDRLQIELPMPKEQDPNAAAAVQALLGGRFGEMSTLMNYMYQSFNFRGKK--ALKPYYDLIANIATEELGHI 74
Ts -MFLRIDRLQIELPMPKEQDPNAAAAVOALLGGRFGEMSTLMNYMYQSFNFRGKK--ALKPYYDLIANIATEELGHI 74
Mh -MFLRIDRLQIELPMPKEQDPNAAAAVQOALLGGRFGEMSTLMNYMYQSFNFRGKK--ALKPYYDLIANTIATEELGHI 74
Ta -MYLRIDRLQVELPMPSDPDPQAAAAVQELLGGRFAEMSTLMNYTYQSFNLRGRS--KVKPFYDLIANIATEELGHI 74
Lp -MFKHTRKLQYN-AKPDRSDPIMARRLQEALGGQWGETTGMMSYLSQGWASTGAE-——-— KYKDLLLDTGTEEMAHV 70
As -MFFHKKEPTHA-VKVDAADPRFAQLLLEQFGGATGELSAALQYWVQSFHVEN-S—-—-— GIRDMLQDIAIEEFGHL 69
Gs -MWIYEKKLQYP-VRVSTCNPKLAKYLIEQYGGADGELAAALRYLNQRYSIPD-K---—-- VVGLLTDIGTEELAHL 68
* * * % * * * * % *
Gt ELVSNAINLCLTGST----- HPGDPDAAPMKDA-KDKRNTYHFTATAQTAFPGDSMGKAWTGEYVFNSGNLILDLLH 142
Tr ELVAATVNLMLTGTT----- KPGDPESAPLSPA-VNLRNTHHFIGTAQTAFVGNSMGAFWHGDYVFSSGNLVLDLLH 141
Pc  ELVSAVVNALYVGST----- KPAPPDQAPLKPL-KDVRNTYHAINTGLGAFPMDSHGTPWRGDYIFVSGNLVLDFLY 143
Tt ELVAATINSLLARNPGKDLEEGVDPVSAPLGFA-KDVRNAAHFIAGGANSLVMGAMGEHWHGEYVFTSGNLILDLLH 146
Ts ELVAATINSLLAKNPGKDLEEGVDPASTPLGFA-KDVRNAAHFTAGGANSLVMGAMGEHWNGEYVFTSGNLILDLLH 146
Mh ELVAATINSLLAKNPGKDLEEGADPAATPLGFA-KNARNAAHFIAGGANSLVMGAMGEHWHGEYVFSSGNLILDLLH 146
Ta ELVAATINGLLTGAT----- DGDDPRETPLRSALRDAGIKHHF INTGAGALVTNSLGQGWNGEYVFNSGDLVLDLLH 142
Ip EMISTMIGYLLEDAPFGTEDLKRDPSLAIT----MAGMDPEHSLVHGLNASLNNPNGAAWNAGYVTSSGNLVADMRE 139
As EMVGQLIEAHTKNTDQTEA--—-—-—--- Y----KS----SLFAVRGVGPHFLDSQGNAWSAKYLNEGGDVVRDLRA 124
Gs EMIATMVYKLTKDATLEQL---—-—-—-- K----EAGL-DAHYVDHDRALFYHNAAGVPFTATYIQAKGDPIADLYE 126
* * * * *
< | wmmp C-domain
Gt NFFLECGARTHKMRVYEMTDHPTAREMIGYLLVRGGVHILAYAKAIEVATGVDVTKLLPIPKLDNRVFDEARKYEDQ 223
Tr NFFLECGARLHKIRVYEMTTNPVAREMIGYLLVRGGVHATAYAKALETLTGVQVTKLLPIPNIENSKFPEARKYEAM 222
Pc  NFFLEVGARLAKIRVYEMTDNPVAREMIGYLLVRGGVHAMAYGKALEALTGVEVWRMLPIPKIEDSKFPEAAKYMKM 221
Tt NFFLEVAARTHRLRVYEMTDNPVAREMIGYLLVRGGVHAAAYGKALESLTGVEMTKMLPIPKIDNSKIPEAKKYMDL 227
Ts NFFLEVAARTHKLRVYEMTDNPVAREMIGYLLVRGGVHAAAYGKALESLTGVEMTKMLPIPKIDNSKIPEAKKYMDL 227
Mh NFFLEVAARTHKLRVYEMTDNPVAREMIGYLLVRGGVHAAAYGKALESLTGVEMTKMLPIPRIDNSKIPEAKKYMDL, 227
Ta NFFLECGARMAKIRVYEMTDHPTARQMLGYLFVRGV-HAL-ASKALEELTGVDVKKMLPIPKIPDADFKE-RKFIDQ 220
ILp NVVRESEARLQVSRLYSMTEDEGVRDMLKFLLARETQHQLQFMKAQEELE—{-—-—-—-—— EKYGVIVPGDMKKIEHS 210
As NIAAEAGARQTYEALIKLATDEGTKKTLVHLLTREISHTQMFMKALDSLGKLTDP--L----FGNIQPDETV----- 194
Gs DIAAEEKARATYQWIINMSDDPDLNDGLRFLREREIIHAQRFREAVEILKEERDRKKI—-—-F-—-—-—-——————- 189
* * % * * * *
Gt GVHRRLYTFSDRYYKEIVRIWQGTHPSDGQPLEVVEGAPQGGAIPDLDEVPEEFAPGISAEDFFETAKRLORSAGL 299
Tr GVHRRLYRFSPEDYREIAKIWRGPAPAGDGDLEVVDGPPAGGPVPDLPEVPEEFAPGLAPEEIAEIARKLAAG--— 295
Pc  GVHRTLYRFSPSDYKDIEKIWKGAHPADGQPLQVHDGPPEGGEYLELPEVPEEFAPGLYKDDFERIAKRLGINL-- 298
Tt GFHRNLYRFSPEDYRDLGLIWKGASPEDGTEVVVVDGPPTGGPVFDAGHDAAEFAPEFHPGELYETAKKLYEKAK- 302
Ts GFHRNLYRFSPEDYRDLGLIWKGASPEDGTEVVVVDGPPTGGPVFDAGHDAAEFAPEFHPGELYETAKKLYEKAK- 302
Mh GFHRNLYRFSPSDYQDLGLIWSGPSPEDGSEVRVVDGPPEGGPVFDAGHDAAEFAPEFHPGELYEIAKKLYEKAK- 302
Ta GIHTKLYRFSPDDFRDIASIWKGEHPHDGAKLEVQDGPPQGGGPADPPEEPAVFSPGLHPEELRQIAERLVKNA-- 294
Lp EFSHVLMNFSDG---DGBKAFEGQVAKDGEKFTYQENPEAMGGIPHIKSGD----PRLHNDQG-———-——=-————~ 266
As ---SLYYNLSTNGNDQ---NERG-PWNSEPTFKYIANPLETHFS——————-—-—-—=——————————— o 231
GS  m 189

Fig. 1 Comparison of amino acid sequence of Catg; and charac-
terized manganese catalases. Abbreviations at the left terminal
are Tr (Thermomicrobium roseum; WP_012642239), Pc (Pyrob-
aculum calidifontis VA1; BAB97198), Tt (Thermus thermophilus;
WP_014630234), Ts (Thermus sp. YS 8-13; BAA75627), Mh (Met-
allosphaera hakonensis; BAF81110), Ta (Thermoleophilum album;
BAB87719), Lp (Lactobacillus plantarum; WP_103420789), As
(Anabaena sp. PCC7120; WP_016949195), and Gs (Geobacillus sp.
WCH70; ACS24898). Alignment was carried out using CLUSTAL

presence of 8 M urea for 30 min, 90% of the enzyme activ-
ity remained intact. These results indicated that although
there was no significant decrease in catalase activity of the

W. Amino acids conserved in all the sequences are shown by aster-
isks. The structure of 7. thermophilus catalase was used to determine
the domain boundaries (Antonyuk et al. 2000). The amino acid resi-
dues involved in coordination with manganese atoms are shown with
a grey background. The Lys'>® (in T. thermophilus) or Glu'™ (in L.
plantarum) residues considered to be involved in catalytic proton
transfer are encircled. The box shows calcium-binding site of L. plan-
tarum catalase

sample, the secondary structure was affected as reflected by
the CD spectra (Fig. 3e).

In contrast to urea, incubation of Cat, in the presence
of 2 M guanidine hydrochloride caused a 25% decrease in
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Fig.2 Coomassie brilliant blue-stained SDS-PAGE demonstrat-
ing the production and refolding of recombinant Cat;. Lane M,
molecular weight marker; lane 1, crude cellular extract of E. coli
BL21-CodonPlus(DE3)-RIL harboring pET-21a(+); lane 2, crude
cellular extract of E. coli BL21-CodonPlus(DE3)-RIL-harboring
pET-Cat; lane 3, soluble fraction of E. coli BL21-CodonPlus(DE3)-
RIL harboring pET-Cat; lane 4, insoluble fraction of E. coli BL21-
CodonPlus(DE3)-RIL harboring pET-Cat; lane 5, refolded and active
Catg,

enzyme activity. The activity was almost completely lost
when Cat, was incubated for 30 min in the presence of 6 M
guanidine hydrochloride. The CD spectrum of this sample
was also significantly changed. This agrees to the fact that
guanidine hydrochloride is a more effective denaturant being
a charged molecule, whereas urea being an uncharged mol-
ecule is devoid of ionic strength effects.

A comparison of structural changes (Fig. 3e, f) revealed
that the spectral shift is higher in the Cat, sample incubated
with 8 M urea compared to 2 M guanidine hydrochloride, in
contrast to their catalase activities. Therefore, we examined
the manganese content of both the samples assuming that
guanidine hydrochloride affects not only secondary struc-
ture but also the binuclear manganese active site, resulting
in loss of catalase activity. However, we could not come to
any logical conclusion as manganese contents of both the
samples were almost similar. Therefore, we speculate that
the denaturation of Cat, is reversible in the presence of urea
(as it is denaturant only), and irreversible in the presence of
guanidine hydrochloride (as it is a denaturant as well as a
salt, hence exhibits ionic strength). Similar results have been
reported by Rajagopalan and co-workers (Rajagopalan et al.
1961) who have concluded that the enzymes which require
metal ions as cofactors or which contain a metal as an inte-
gral part of the molecule have been found to be resistant
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to inhibition by urea. They have reported that urea causes
denaturation which can be reversed upon dilution due to
subsequent restoration of structural and catalytic properties.
We speculate the same in case of Catg, because the protein
treated with urea or guanidine hydrochloride was 100 times
diluted in our reaction mixture. The observed spectral shift
in the presence of urea or guanidine hydrochloride was of
the undiluted sample.

Effect of metal ions

Incubation of Catg, with 1 mM EDTA or addition of 1 mM
EDTA in the assay mixture considerably decreased the activ-
ity of enzyme. This indicated that enzymatic activity of
Cat;, might be activated by metal ions. When we examined
the effect of various metal ions, a twofold enhancement in
the Catg, activity was found in the presence of 100 pM Mn?*
(Fig. 4a). Therefore, the activity was examined in the pres-
ence of different concentrations of Mn2+, and there was more
than tenfold increase in activity with 2 mM Mn?* compared
to the control containing no additional metal ions (Fig. 4b).

When we examined the catalase activity of Cat, refolded
in the presence and absence of 2 mM Mn2+, a twofold
enhancement was observed in the protein sample refolded
with the addition of Mn?*. These activity measurements
were performed without the addition of MnCl, in the assay
mixture. This indicated that most of the Cat,;, refolded with-
out Mn?* might be in an apo-form which could be converted
to holo-form by Mn** supplementation.

When Cat,,, refolded in the presence or absence of 2 mM
Mn?*, was incubated with 2 mM Mn2* at 60 °C for 1 h and
assayed for catalase activity, there was a tenfold enhance-
ment in the activity of both the samples as compared to their
respective samples without incubation. These results indi-
cate that higher temperature might be contributing to the
incorporation of Mn?" in active catalytic center which was
confirmed by comparing the manganese contents of both
the samples.

Metal content of Cat,

When we examined the metal content of the refolded Cat,,
it was found that one subunit of Catg,, refolded in the
absence of Mn%*, contained 0.45 +0.05 manganese atoms.
However, Catg, refolded in the presence of Mn>* contained
0.8 +£0.04 atoms of manganese per subunit of Catg,. These
results are consistent with catalase activity of both the sam-
ples as described above. We further examined the manga-
nese contents of Cat,, refolded in the presence or absence
of Mn?*, and later on incubated with 2 mM Mn?* at 60 °C.
The results showed 1.22 +0.02 manganese atoms per subu-
nit of Catg, sample refolded in the absence of Mn”>" and
1.51+0.04 atoms per subunit in Catg, sample refolded in
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Fig.4 Effect of metal ions on Catg, activity. a Effect of various metal
ions. Catg, activity was measured in the presence of various metal
ions at a final concentration of 100 uM. b Effect of various concen-
trations of Mn>* on Catg, activity. Catalase activity was determined

the presence of Mn?*. The higher content of Mn?* in the
Cat, sample incubated at 60 °C may be attributed to flex-
ible structure at higher temperature (60 °C), which may have
facilitated the incorporation of Mn?* in catalytic center. Sim-
ilar results have also been previously reported by Mizobata
and co-workers (Mizobata et al. 2000).

Effect of sodium azide

Sodium azide is a potent inhibitor of heme-catalases whereas
manganese catalases are considerably resistant to it (Nicholls
1964). Inhibition by sodium azide is usually employed to dif-
ferentiate between these catalases. We, therefore, compared
the inhibition of Cat, and a heme-catalase from bovine liver
(Sigma-Aldrich). Activity assays were conducted with the
addition of 0—5 mM sodium azide. Cat, exhibited more than
90% activity at | mM sodium azide. In contrast, under same
concentration of sodium azide, the activity of heme-catalase
from bovine liver was completely inhibited. Even at 0.1 mM
sodium azide there was a 50% inhibition of the heme-cata-
lase (Fig. 5). Furthermore, the absorption spectra of Cat,,
and heme-catalase from bovine liver were compared. The
heme-catalase, due to the heme prosthetic group, showed
a Soret band at 407 nm (Fig. 6a), while no such band was
found in Cat,;, spectra (Fig. 6b). These results indicated that
the Catg, is a manganese catalase, not a heme-catalase.

Substrate specificity
When the substrate specificity of Catg, was analyzed for
different substrates including hydrogen peroxide, pyro-

gallol, o-dianisidine, NADH, NADPH, and glutathione.
Highest activity was observed against hydrogen peroxide
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Fig.5 Comparison of catalase activities of Cat, (circles) and heme-
catalase from bovine liver (squares) after addition of various concen-
trations of sodium azide. The error bars represent standard deviation
(SD)

(18,521 U mg™") followed by pyrogallol (463 U mg~"). No
significant peroxidase activity was observed with o-dianisi-
dine, NADH, NADPH, or glutathione.

Kinetic analysis

Kinetic analysis of Cat, was carried out under optimal con-
ditions (at 60 °C and pH 7.0). Initial velocities against vari-
ous concentrations of hydrogen peroxide were plotted. The
reactions followed the Michaelis—Menten kinetics (Fig. 7a).
Cat, displayed apparent K, and V,_, values of 260 mM
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catalyzed by Catg,

and 18,521 pmol min~' mg~", respectively. A k., value of
10,360 s~! subunit™! was calculated from the data.
Arrhenius plot was drawn to calculate the activa-
tion energy for the reaction catalyzed by Cat, (Fig. 7b).
The activation energy was found 8 +0.5 kJ mol~!. Simi-
larly, Eyring—Polanyi plot was used to calculate activa-
tion enthalpy and entropy of the reaction (Fig. 7c). These
values were 15+0.5 kI mol~! and — 158 +3 J mol~! K1,

respectively.

Discussion

We have described here a catalase from G. thermopakistan-
iensis and produced substantial evidence that it is a manga-
nese catalase because it contains manganese-binding resi-
dues, it is tenfold activated by Mn?*, Mn>* are found in the
protein, it is resistant to inhibition by sodium azide, and does
not show a Soret band in the absorption spectrum. Three
domains, including an N-terminal domain, a central four-
helix bundle domain, and a C-terminal domain, have been
identified in manganese catalases (Antonyuk et al. 2000;
Barynin et al. 2001). The central domain contains the amino
acids involved in coordination with manganese atoms, these
amino acids are conserved in Catg, and all other character-
ized manganese catalases (Fig. 1). However, the amino acid
residue considered to be involved in catalytic proton transfer
is either Lys (Lys'*®) (Antonyuk et al. 2000) or Glu (Glu'"#)
(Barynin et al. 2001). In Catg, it is Lys!** similar to the
counterpart from Thermus sp. YS 8—13 (Kagawa et al. 1999)
and in contrast to Glu'®! and Glu'" in the counterparts from
Geobacillus sp. WCH70 (Li et al. 2017) and L. plantarum,
respectively (Barynin et al. 2001) (Fig. 1).

Previously characterized manganese catalases are either
homotetrameric or homohexameric proteins. The molecu-
lar weight of one subunit of Catg, estimated from SDS-
PAGE, was ~33 kDa (Fig. 1) whereas the molecular weight
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determined by gel filtration chromatography was ~ 135 kDa.
This indicated that Cat, is a homotetrameric protein. The
manganese catalase from 7. roseum which has the high-
est identity with Cat, is also a homotetrameric protein
(Baginski and Sommerhalter 2017).

Previously reported crystal structures of manganese cata-
lases indicated the presence of two manganese atoms per
subunit of the protein (Antonyuk et al. 2000; Barynin et al.
2001). In this study, we could detect 1.22 +0.02 manganese
atoms per subunit of Cat, sample refolded without addition
of 2 mM Mn** and 1.51 +0.04 atoms per subunit in Cat,
refolded in the presence of 2 mM Mn>*. These results are
comparable with manganese contents of previously reported
counterparts from Lactobacillus plantarum (1.12+0.37)
(Kono and Fridovich1983; Barynin et al. 2001), Thermo-
leophilum album (1.4 +0.4) (Allgood and Perry 1986),
Thermus sp. YS 8-13 (1.2) (Kagawa et al. 1999), Pyrob-
aculum calidifontis (1.32 +0.03) (Amo et al. 2002), Ther-
momicrobium roseum (1.31 pg manganese per mg protein)
(Baginski and Sommerhalter 2017), Anabaena sp. PCC7120
(1.8 £0.03) (Bihani et al. 2016) and Geobacillus sp. WCH70
(1.42+0.08) (Li et al. 2017). It can, therefore, be assumed
that Catg, also contains two manganese atoms per subunit.

A novel feature of Catg, is its high thermostability.
The amino acid composition of a protein contributes
significantly to the thermostability (Baldwin 2007; Pace
2009). When we analyzed the amino acid composition of
Catg,, we found that the number of Ala residues (9.7%),
the best a-helix former, was highest. The content of heat-
sensitive amino acids such as Gln (3.3%), Asn (3.7%) and
Cys (0.7%) was low. These residues are usually in low
percentage in thermostable enzymes (Hensel 1993; Muir
et al. 1995; Russell and Taylor 1995). When compared
the thermostability of characterized catalases, we found

Table 1 A comparison of various parameters of manganese catalases

Cat, more thermostable than its counterparts (Table 1).
Cat, exhibited a half-life of 60 min at 100 °C while the
nearest counterpart, in terms of thermostability, was a
manganese catalase from the hypethermophilic archaeon
P. calidifontis which showed a half-life of 50 min at this
temperature (Amo et al. 2002). We, therefore, compared
the amino acid contents and found that the enzyme from
P. calidifontis contains 26 Ala residues compared to 29 in
Catg,. Furthermore, the proportion of charged residues,
Asp, Glu, Lys and Arg, is reported to be higher in thermo-
stable enzymes (Arif et al. 2018). Among these residues,
Glu tends to form multiple ion pairs and hydrogen bonds
which makes the structure rigid and hence thermostable.
High fraction (24.8%) of these residues was found in Cat,,
compared to 23.5% in the enzyme from P. calidifontis.
The thermostability of a protein is correlated to the ratio
of preferred (Glu and Lys) and avoided (Gln, Cys and His)
amino acids (Farias and Bonato 2003). The percentage of
Glu and Lys in Cat, is 12.8 while that of Gln, Cys and
His is 6.3. A high ratio of charged amino acids contributes
to stabilization of the exposed regions of a protein fold
by forming additional electrostatic interactions (Bagautdi-
nov and Yutani 2011). High thermostability of Cat;, may
partly be due to the lower number of thermolabile and
higher number of charged amino acids. Among other fac-
tors, abundance of Ala and the tetrameric nature of Cat,
may contribute to its thermostability.

In conclusion, Cat;, was produced in inactive and insol-
uble form in E. coli, which was refolded into soluble and
active form. The refolded protein is highly active and ther-
mostable, probably the most thermostable catalase charac-
terized to date. These features make it a promising candi-
date for use in textile and paper industries. Further studies
are needed for its applications in industry for the removal
of residual hydrogen peroxide in products or by-products.

Source organism Half-life (min) Vimax (U/mg) K,, (mM) kear ) References
L. plantarum <5at80°C 7800 350 3.3x10* Kono and Fridovich (1983)
T. thermophilus NA NA 83 2.6x10° Barynin and Grebenko (1986)
T. album > 1440 at 60 °C 17,745 15 6.2x10° Allgood and Perry (1986)
Thermus sp. 6 at 100 °C 8000 60 NA Kagawa et al. (1999)
P. calidifontis 50 at 100 °C 23,500 170 29x10* Amo et al. (2002)
Anabaena sp. 10 at 80 °C NA 1.63 2.23%x10* Bihani et al. (2016)
T. roseum NA 6280 20 2.02x10* Baginski and Sommerhalter (2017)
Geobacillus sp. >300 at 80 °C 75,300 67.26 2.9x%10* Lietal. (2017)
M. hakonensis <10 at 80 °C 3667 NA NA Ebara and Shigemori (2008)
G. thermopakistaniensis 60 at 100 °C 18,521 259.2 1.036x 10* This study

480 at 80 °C

NA data not available
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