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ABSTRACT 

Catalase has been found in virtually ail aerobic and some anaerobic 

organisrns which degrade hydrogen peroxide to oxygeci and water, and is 

typically a homotetramer of 65,000 Da subunits, each containing one protohme 

IX prosthetic group. Hydroperoxidase II (HPII) from Eschenchia coli has 

signifiant similanty to the typical shorter catalases from several plant, 

mammalian, and fungal sources, but is a tetramer of 84,000 Da subunits with 

four cishydroxy spirolactone heme d groups which are converted from 

protoheme in a reaction catalyzed by HPII. The additional amino acids of HP11 

are containad in a -75 amino acid N-terminal segment and a -175 arnino acid C- 

terminal segment. The three dimensional structure of HP11 exhibits several 

unusual structural modifications, including a covalent bond between Ni of His392 

and Cp of Tyr41 5. A mechanistic explanation for the autocatalytic conversion of 

heme b to heme d is proposeci to involve formation of this bond, with His395 and 

Aspl97 or an anion may extract a proton from Na of His392, ulümately resulting 

in hydroxyl addition to ring III of protoheme. 

Through site-directed mutagenesism the roles of the amino acids H392, 

H395, 0197, 4419 Vi heme conversion were studied. H3Q2 mutants which 

disabb the His-Tyr bond contain only hem b as their prosthetic group, and loao 

speMc acthrity, themostability and sensiüvity to aie inhibitors NaCN, NaN3, 

NHAH, CH30NH2, C2H60NH2 mpared to wi# type HPlI. Populations of 

0197S~305Q and Q41QA mutant HPll contain both heme b and hem d as 

their prosthetic group, and am îess thermostabk comparsd to wild type HPII, but 



iii 

retain wi# type HPll characteristics mgarding enzyme kinetics and inhibitor 

sensitivity. H395A, H395Q D197A, 0197s and Q419H mutants showed no 

significant diffsrenœs when compareâ to wiki type HPII. 

It therefore apmars that, Mikt His392. His395, Aspl97 and Gln419 are 

a l  invulved in hem8 conversion, only aie presenco of His392 is absolutely cnücal 

for the reaction to proceed. These resub support the mechanistic reletionship 

between the proposed autocatalytic conversion of heme b to heme d mechanism 

proposed by Bravo et al. (1997a). 
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1. HISTORICAL 

Reactive Oxygen Specier 

Oxygen is the most abundant elernent in the earth's cnist with an atornic 

abundance of 53.8% while its atmospheric concentration amounts to 21 %. 

Oxygen in its most stable state has two unpaired electrons in two different r' 

orbitals with parallel spins. Theoretically, two electrons are required to reduce it 

to water. However, according to Pauli's exclusion principle, electrons in the same 

orbital will have antiparallel spins (Dickenon et al., 1984). Oxygen's reactions 

with nonradicals are limited and it has been shown to be a relatively unreactive 

rnolecule which does not display an overt toxicity (Dernple, 1991, Farr and 

Kogoma, 1 99 1 ) . However, several active oxygen species of varying reactivities 
\ 

cari be generated as by-products of oxygen teactions in a van'ety of ways 

including: normal aerobic respiration (Halliwell and Gutteridge, 1989); enzymatic 

reactions including those catalyzed by O-amino acid oxidases, a number of 

dehydrogenases and glutathione reductase, nitric-oxide synthase (Imlay and 

Fridovich, 1991; Fan and Kogoma, 1991 ; Xia et aL, 1998); the autoxidation of a 

number of compounds such as ubiquinols, catechols, thiol, flavins and 

ascorbate; exposure to environmental factors such as ionizing radiation and 

ultraviolet light; other factors including ozone, ultrasound, lithotripsy, freeze- 

drying, transfoning growth factor 1 in lung fibroblast cell and dmgs such as 

paraquat; macrophages in response to bacterial invasion in the rnammalian 

body; and from other organisms in the environment (Frodovich, 1978; Chance et 

al., 1 979; Ames, 1 983; Cenrtti, 1 985; Cross et a/. , 1987; Halliwell and Gutteridge, 



1 989). React ive oxygen species include hydroxyl radicals (HO.), hydroperoxyl 

radicals (HOO.), superoxide anions (O;), singlet oxygen ('O2), and hydrogen 

peroxide (H202). These oxygen species are toxic because they can damage DNA 

(Brawn and Fridovich, 1 981 ; Demple and Linn, 1 Q82), oxidize protein (Brot et 

al., 1981. Daviies et al., 1 987), membrane fatty acids (Mead. 1976; Fridovich & 

Porter, 1981), and have been linked to several diseases such as heumatoid 

arthritis, inflammatocy bowel disorders, and atherosclerosis ( Fan and Kogoma, 

1991). Moreover, these oxygen molecules also appear to play a part in 

advancing mutagenesis, tumorigenesis, and aging (Farr and Kogoma, 1991 ). 

Toxicity ot Hydrogen Peroxide 

While it is known that HO. is the most toxic oxygen species, hydrogen 

peroxide is one of the least potent within this group (Halliwell and Gutteridge, 

1986). Despite this, hydrogen peroxide is still a strong oxidant and can be 

detrimental to the cell through reactions such as the oxMation of thiol groups in 

proteins, of glutathione (Brodie and Reed, 1987) and of keto-acids (Halliwell and 

Gutteridge, 1990). However, hydrogen peroxide cannot damage purified DNA 

unless an iron or other metal ion is available (Filho et al., 1984) to catalyze the 

Haber-Weiss reaction, in which hydrogen peroxide is converted into the highly 

reactive hydroxyl radical (Fenton, 1894; Haber h Weiss, 1934) as follows:(l 4): 

~ e ~ +  + H P 2  + ~ e *  + OH' + HO. (1 

HOm+H&+H1O+H*+Oi (2) 

02' + H202 + o2 + OK + Hoa (3) 



The various highly reactive intemediates can be lethal to bacterial and fungal 

spores (Marquis & Shin, 1994; Levitz & Diamond, 1984). The hydroxyl radical 

can react rapidly with most cellular components in reactions involving hydrogen 

abstraction. Furthemore, in the presence of excess hydrogen peroxide, several 

iron-containing proteins are damaged causing the release of iron that may be 

used for Haber-Weiss reaction (Gutteridge, 1 986). 

Catalaw Reactione 

Protective mechanism(s) to rid the cell of hydrogen peroxide must have 

developed early in the course of evolution once oxygen had become an 

important environmental component. The pnnciple mechanism now is the 

catalytic activity of the hydroperoxidases, which include the catalases and 

peroxidases, in the following reactions(6)(7): 

Catalase (E.C. 1.1 1.1.6): H202 + H202 + 2H20 + O2 (6) 

Peroxidase (E.C. 7.1 1.1.7): H202 + RH2 + 2H20 + R (7) 

In the peioxidase reaction, hydrogen peroxide is converted into water 

using an organic or halide electron donor as substrate without the formation of 

oxygen. In contrast, catalase, or hydrogen peroxide - hydrogen peroxide 

oridoreductase, decomposes and converts the hydrogen peroxide to water and 

oxygen with a very rapid turnover rate. As well as being one of the first enzymes 

descnbed (Gottstein, 1893; Loew, 7901), catalases have been isolateci from 



virtually al1 aerobic cells, including animals (Desiseroth and Dounce, 1970), 

plants (Esaka and Asahi, 1982) and microorganisms (Herbert and Pinsent, 

1948). Beef liver catalase (BLC) was also one of the first proteins to be 

successf ully crystallized (Sumner and Dounce, 1 937) and remains one of the 

best characterized catalases in ternis of general biochemical, kinetic, and 

structural data. Most catalases are homotetramers with molecular weights of 

approximately 240 kilodaltons (kD), and a heme prosthetic group in each subunit, 

although a number of variations are evident. Some catalases also have a 

peroxidase activity and are referred to as catalase-peroxidases. They are 

distinctly different from the monofunctional catalases. 

Phybgenetk relations and grouplng among catalases 

The first catalase of eukaryotic origin to be partially purified was from 

tobacco plant in 1901 (Loew 1901). Haff a century later, catalase from 

Micrococcus luteus was the first catalase of prokaryotic origin to be purified 

(Herbert and Pinsent 1948). It was only after the purification of hydroperoxidase I 

(HPI) and hydroperoxidase II (HPII) from Eschetichie coli in 1979, both of which 

diff ered from their eukaryotic counterparts (Claibome and Fridovich 1 979; 

Claibome et al. 1979; Loewen and Switala 19û6), that a significant number 

(approximately 100) of sequences of catabses from al1 sources have been 

reported. Alignment of 74 rnonofunctional catalase protein sequences, spanning 

bacterial, fungal, animal and plant sources, reveals a conserved core region of 

approximately 360 amino acids with significant sequence similaiity among al1 



catalases. On either side of this consenred core, sequences are more divergent, 

although the subgroup of large-subunit catalases (more than 650 residues) retain 

some similarity in the extended carboxyl domain (Klotz et al. 1997). 

An unrooted phylogenetic tree based on the core amino acid sequence of 

70 catalases has been constructed by parsimony and distance methods by Klotz 

et al. (1 997). Similar trees have aiso been derived using the full lengths of the 

catalase sequences (Klotz et al. 1997). Catalaseperoxidases, which have very 

dissimilar sequences hom monofunctional catalases, were not included in both 

alignments. The core of the resulting tree contains distinct groups for plant and 

animal catalases, two groups of fungal catalases, and three groups of bacterial 

catalases. An overlap of kingdoms occurs within one branch involving fungal and 

bacterial group II enzymes. The other fungal branch is closely linked to the 

animal enzymes. 80th Group I and Group II bacterial catalases occur in normally 

nonpathogenic bacteria, with Group I more closely related to the plant enzymes, 

and Group II cornposed of largesubunit catalases overlapping fungal group I 1. 

Group III bacterial sequences are more closely related to fungal group I and 

animal sequences and indude enzymes mainly from pathogenic bacteria 

(Loewen 1997; Klotz et al. 1997). 

A mechanism for the evolution of catalases was propos& that combines 

these groups into three catalase gene families (consisting of 1. plant catalases 

and group I bacterial catalases; 2. large subunit bacterial and fungal enzymes; 3. 

fungal 1, group III bacterial and animal catalases) which al1 arise frorn a common 

progenitor gene through two gene duplication events (Klotz et a/. 1997). 



Based on a cornparison of the properties and sequences, the bacterial 

catalases had earlier been divided into three groups (Loewen, 1997). Group one 

contains the monofunctional catalases, subdivided into two subgroups on the 

basis of heme content and subunit size. The members of the first subgroup are 

often called typical rnonofunctional catalases and include eukaryotic catalases. 

These are homotetramers of 55-65 kD subunits with one protoheme IX (heme b) 

per subunit, although dimeric and hexameric structures have been observed, as 

have vaned pH and thermal sensitivities. This subgroup was further subdivided in 

the phylogenetic analysis (Klotz et al. 1997) into Group I and III. The second 

subgroup contains the atypical monofunctional catalases, with larger subunit 

sizes (80-84 kD) and cis-hydroxy spirolactone heme (heme d) as the prosthetic 

group (Munhudov el al. 1996). These larger enzymes exhibit significantly 

enhanced stability and retain activity at 70°C, in 7M urea or 1 % SOS, and over a 

broad pH range from 3.0 to 1 1 .O. This became Group II in the phylogenetic 

analysis. T he second major group of bacterial catalases contains the catalase- 

peroxidases, which are most commonly homotetramen of 80 kD subunits and 

contain heme b as a prosthetic group, and which exhibit a relatively sharp pH 

dependency. The third group of bacterial catalases includes the non-hem, 

manganese-containing catalases which have remained largely uninvestigated 

with on% one sequence recently becoming available (Igarashi, 1996). Mn- 

catalases can be inhibited by chloride, nitrate, nitrite, azide, and other singly 

chargeci anions. except cyanide. Their subunit sires are smaller than in heme- 

containing catalases and are stable up to 80% (Khangulov et a/., 1990; Kono 



and Fridovich, 1983; Allgood and Perry, 1986). Recently, the dinuclear 

manganese centers of catalases frorn Themus thennophi/us and Lactobacillus 

plantarum have been investigated (Ivancich, et a/., 1995; Meier et al, 1996). 

Some spectroscopic studies have focused on the electronic structure of the 

active site and its relation to catalysis within the Mn-catalases. 

The catalase reaction mechanism 

The decomposition of hydrogen peroxide by catalase has been the object 

of study for over 150 years, and occurs by two separate and consecutive two- 

electron transfers as shown below (8)(9)(Chance, 1954; F ita and Rosemann, 

1985, Oltiz de Montellano, 1992): 

F et"-~nzyme + H202 -f H20 + ~=~e~-enzyrne (Compound 1) (8) 

Compound I + H202 -t H z 0  + Oz + ~e"'-~nzyme (9) 

Fita and Rosemann have modeled a detailed rnechanism for the formation 

and reduction of the methyl hydroperoxide catalase compound 1. A suitably 

positioned distal histidine (His74 in BLC) and a second distal residue (arginine in 

peroxidases, asparagine in catalases (Asn 147 in BLC)) are important for 

compound I fornation and heterolytic peroxide cleavage. The initial step in the 

formation of compound I is the entrance of the peroxide molecule to the heme 

crevice on the herne's distal side. The peroxide is sterically constrained to move 

between the His-74 residue, which was biochemically confinned to be critical in 

catalysis, and the Asn-147 residue, which is located in the active site close to the 

herne and His-74, before interacting with the h e m  iron. These residues are 
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believed to orient the substrate via hydrogen bonding as the catalase-peroxide 

cornplex is produced. 

An electron 'push-pull" mechanism is then applied (Dunford 1991), with 

the initial push being the flow of two electrons toward the ferric heme iron from 

the deprotonated oxygen atom of the peroxide that is coordinated to the heme. 

The proton is extracted by the imidazole nitrogen of the His-74. This push is 

initially generated by the ferric iron in association with the phenolate group of the 

proximal Tyr-357. The subsequent pull cornes as the cleavage of the 0-0 bond 

takes place, being generated by the electrostatic interactions of one peroxide 

hydrogen with the His-74 imidazole and the second peroxide hydrogen with the 

Asn-147 amine group. The hydrogen extracted by the imidazole ring of the 

histidine is then attached to the oxygen as electrons flow away from the heme, 

forming a rnolecule of water, and an 0x0-iron heme species (~e'"=0) (compound 

1). The first step of this reaction (reaction 8) is extremely rapid with HzOz as the 

7 -1 -1 substrate, having a specific velocity constant of approxirnately 1 .O x 10 M s per 

hematin enzyme (Nicholls and Schonbaum, 1963). The mechanism of compound 

I formation is also generally applicable to peroxidases (Oitiz de Montellano, 

1 992). 

The fom of compound I can be either an oxyfenyl iron at a formal 

oxidation level of IV in conjunction with a n-cation poiphyrin radical as in plant 

peroxidases (Dunford, 1991 ) and eukaryotic catalases (Dolphin et al., 1971), or a 

protein radical structure as in yeast cytochrome c peroxidase (CCP) (Ortiz de 

Montellano, 1 992; Miller et a/. ,1992) and some othei hemoproteins, such as 



metrnyoglobin (Gibson et al., 1958; Catalano et al., 1980; Davies, 1991) 

hemoglobin (Davies and Puppo, 1992). The x-cation radical structure of 

and 

compound I has been confimed with electron paramagnetic resonance (EPR) 

and colourimetric techniques, as well as analysis of synthetic heme systems 

(Dolphin et al. 1971 ). More sensitive studies employing resonance Raman 

spectroscopy have further confimed it is the predorninanl configuration in BLC 

and horseradish peroxidase (HAP) (Chuang and Van Wart, 1992; Palanappian 

and Temer, 1990). 

While the formation of compound I by the two electron oxidation process is 

a well characterized reaction, the reduction of catalase cornpound I is 

mechanistically less clear. The two electron reduction mechanism of catalase 

compound I proposed by Fita and Rosernann (1985), assumes the two electron 

donor reducing agent is a rnolecule of ethanol, rather than H202. The model 

reaction proceeds with the sterically constrained ethanol being positioned via 

coordination of its C2 hydrogen to the oxyferryl heme oxygen and the His-74 and 

Asn-147 side chahs. Extraction of the hydrogen from the C2 carbon by the 0x0- 

iron oxygen weakens the 0x0-iron bond, and increases the nucleophilic character 

of the His-74 imidazole nitrogen. The remainder of this process is still unclear. 

The catalytic reaction would likely be similar, with the obvious feature that the 

H202 is less sterically constrained which would allow a faster reaction rate and 

O2 evolution. It is known that catalases prefer the two-electron reduction, instead 

of two one electron steps which has a much lower rate and foms compound II 

species in the process. The inactive peroxide compound II in which the iron 



remains fenyl, but the porphyrin radical has been lost, may be fonned through 

electron transfer from an endogenous donor on the apoprotein, or via addition of 

the appropriate one electron reductants to cornpound 1. 

Properties of HPll 

Hydroperoxidase II (HPII) from Escherichia CU& is a Group II, or large 

subunit, catalase. Purification and physical characteriration initially concluded 

that HPll was a hexamer of 84.2 kD subunits (Loewen and Switala 1986). The 

presence of heme d prosthetic groups was confirmed later (Chiu et al., 1 989). 

The subunit is encoded by the gene kat€, which is located at 37.8 minutes on the 

E. coli chromosome (Loewen, 1984). The nuckotide sequence of the gene 

encodes a predicted protein of 753 amino acids with significant similarity to the 

typical shorter catalases f rom several plant, rnammalian , and fungal sources (von 

Ossowski et ab, 1991). Like the typical catalases, HPll is active over a broad pH 

range (pH 4-1 1) with two optima at pH 6.8 and pH 10.5 (Meir and Yagil, 1985; 

Loewen and Switala, 1986). Unlike typical catalases, it exhibits enhanced 

stability at 70°C, in 7M urea or in 0.1 % SOS (Meir and Yagil, 1385; Loewen and 

Switala, 1986). It remained for the resolution of the crystal structure to reveal that 

HPll actually exists as a homotetramer like typical catalases (Bravo et al., 1995) 

Regutation of HPll ryntheris 



During exponential growth, E.coli HPII is expressed at a low level in 

nutrient-rich medium, but is expressed at elevated levels in nutrient-poor 

medium. Expression reaches maximal levels eight- to ten- fold above base levels 

as cells enter stationary phase. This increase in HPll expression is coordinated 

with the expression of more than fifty oker proteins as part of the rpoS regulon 

(Loewen and Triggs, 1984; Ossowski ef al, 1991 ; Loewen and Hengge-Aronis 

1994). Only indirect evidence suggests the involvement of additional transcription 

factors (Mulvey et al,  1990; Meir and Yagil 1990). 

RpoS is an alternative a transcription factor for RNA polymerase (Mulvey 

and Loewen, 1989), also referred to as KatF, a3' and 2. In Ecoli, as controls the 

expression of a large number of genes involved in cellular stress responses 

including starvation, osmotic stress, acid shock, cold shock, heat shock and the 

transition to stationary phase (Loewen et al., in press ). Over 50 genes are under 

the control of €aS, including kalE . The synthesis of as is controlled by 

mechanisms affecting transcription, translation, proteolysis and formation of the 

hoIoenzyme cornplex. Transcriptional control of rpoS involves ppGpp and 

polyphosphate as positive regulators (Gentry et al. 1993; Chesbro 1988; Lange 

et al. 1995; Shiba et al. 1997), and CRP-cAMP and oxySRNA as negative 

regulators (Lange and Hengge-Atonis 1991 ; 1994; McCann et al. 1993; Altuvia et 

al. 1997). Translational control of rpoSmRNA involves a cascade of interacting 

factors including Hfq, H-NS, dsrA-RNA, Leu0 and oxySRNA, al1 of which seem 

to modulate the stability of a region of secondary structure in the ribosome 

binding region of rpoS mRNA (Muff îer et al., 199ïb; Barth et al., 1995; Sledjeski 



et al., 1 996; Klauck et al. 1997; Zhang et al., 1998). as is sensitive to proteolysis 

by ClpPX in a reactien that is promoted by RssB and inhibited by the chaperon8 

DnaK (Schweder et al., 1996; Muffler et al, 1997a; Muffler et a/. ,1997c), and its 

activity is modulated by trehalose and glutamate (Kusano and lshihama 1997). 

Through these factors, environmental conditions change os levels and 

activity. For example, carbon, phosphate or nitrogen starvation wiii resuit in the 

onset of the stationary phase of growth, causing changes of CRP-CAMP, ppûpp, 

trehalose, UDPglucose and serine lactone levels, all of which rnay enhance os 

expression (Gentry at al., 1993; Lange and Hengge-Aronis 1994; Zgurskaya et 

al., 1997). Acid shock of several organisms causes a RssB dependent induction 

of the synthesis of about 50 as-dependent proteins (Beanon et al., 1996; Gorden 

and Small 1993; Small et al., 1994). Heat shock causes a DnaK-dependent 

induction of as (Muffler et al., 1997a). Finally, high osmolarity causes an increase 

in as levels invoking H-NS and RssB factors (Muffler et ai., 1996; Pratt and 

Silhavy 1996). This incomplete regulatory picture of os indicates the complexity 

of the direct and indirect response of as, and as a result , HPII, to environmental 

factors. 

A single transcription start site was demonstrated at nucleotides -53/54 

(relative to the translation &art site) by primer extension analysis (Tanaka et el., 

1997). lmmediately up-stream is a putative -10 sequence TATAGT which is 

similar to both the proposed os promoter consensus sequence CTATACT and 

the housekeeping 8 sequence, TATAAT (Hiratsu et al., 1995, Espinosa-Urgel at 

al., 1 996). Espinosa-Urgel has proposed an element of curvature in the DNA 



upstream of the promoter as an ancillary element that compensates for the 

absence of a -35 sequence in as-dependent genes. Curvature rnay be a factor in 

kat€ gene transcription because a specific -35 sequence appears to not be 

necessary for expression of this gene. 

Structure of typical catalasr: BLC ( bovins livei cataiaae) 

To date, the three-dimensional structures of one eukaryotic, three 

bacterial and two fungal catalases have been solved. These are the bovine liver 

catalase (Murthy et al, 1981 ), the Proteus mirsbiiis KatA (Gouet, 1993; Gouet et 

al, 1 995), the catalase of Micrococcus iuteus ( Yusifov et ai., 1 989; Murshudov 

et al., 1 9W), E coli HP l l (Bravo et a/. , 1 995), PenEcillum vitale catalase 

(Vainshtein at al., 1 986; Melik-Adarnyan et al., 1 986; Murshudov et al., 1 996) and 

catalase A from Saccharomyces cerevisiae (Berthet, et ab, 1997). All of these 

were detemined in large part by rnolecular replacement using BLC as a rnodel, 

and have shown extensive structural similanty with the rnammalian enzyme 

(Murthy et al, 1981 ; Reid et al., 1981 ; Melik-Adamyan et a/., 1986). the structure 

of which was first resolved at 2.5 A resolution (Murthy el al., 1 981 ; Reid et al*, 

1981 ) and later refined to 2.0 A (Fita and Rossmann, 1985). 

Th8 subunit of BLC has 506 residues whose structure has been 

subdivided into four principal domains (Fita and Rossmann, 1985). These include 

an amino temiinal extension 'amn (residues 1-70) containing two a-helices (a1 

and w), followed by a cor8 domain (residues 76 - 320) fonning an eight stranded 

8-band region consisting of two four-stranded anti-parallel B sheets (pl to @4 and 



p5 to Be) intercalated with a-helices (w to a7). The amino acids fonning the active 

site (His74, Asn147, and Tyr357) are al1 located in this domain. A wrapping 

domain (residues 321 -436) has little distinct secondary structure apact from an 

"essential" a helix (as), and the carboxy terminal domain (residues 437-506), 

contahs four a helices (aio to als) on the outer edge of the subunit molecule. 

Each catalase subunit in BLC can bind one molecule of NADPH (Kirkman and 

Gaetani, 1 984) in the region near the "hinge" benNeen two subunits. In addition 

there is a "knotting" of 25 residues of the amino teminus of one subunit through 

a loop in the wrapping domain of an adjacent subunl. Two knotted dimers fotm a 

roughly dumbbell shaped tetrahedral structure (Ruis, 1979; Fita and Rossman, 

1985). The tightly bound NADPH has been detected in most typical catalases 

including those from human erythrocytes, bovine liver, dog (Kirkman and 

Gaetani, 1 9&4), Proteus mirabilis (Jouve et al.. 1 986 and 1989; Gouet et al., 

1 995), Micrococcus lysodeikticus (Y usifov et al., 1 989) and Saccharomyces 

cerevisiae (Hillar et al., 1 994). 

Structure of HP11 

The crystal structure of catalase HPll from E.coli was originally 

detemined to 2.8 A resolution (Bravo et al., 1995) and more recently refined to 

1.9 A (Bravo, J. et a/., 1999). The HPll subunit is 753 resMues in length and 

contains a core of approximately 500 residues, with high structural similarity to 

the maI l  subunit heme catalases, including BLC. To this cor8 are added 

extensions of 75 to 80 amino acids and 180 amino acids at the N- and C- termini, 

respectively. Four dornains have been identified within one subunit. 01 these, 



the N-teminal domain contains the first 79 residues in a largely disordered 

structure with two small a-helices involving residues 52-57 and 62-71. The 

interwoven structure described in BLC is enhanced in HPII with 80 N-terminal 

residues inserted through a laop fomied in the hinge region (Bravo et al., 1997). 

This creates a very tightly associated structure that rnay in part explain the 

enhanced stability of the enzyme. The HPll core dornain (residues 80 to 433) has 

a highly conseived structure consisting of a P-barre1 and a-helices. A wrapping 

domain is formed by residues 434-600 with a structure similar to that of BLC, 

although extended in length. This domain links to the C-terminal domain and 

loops over top of the N-terminus. The C-terminal end of HPll (residues 600 to 

753) contains four a-helices and eight estrands and interacts almost exclusively 

with residues from the same subunit. This dornain resembles the flavodoxin 

domain found in a number of nucleotide binding enzymes, but nucleotide binding 

has never been dernonstrated in HPII. To date, the flavodoxin-like region in 

catalases has only been detected in HPll and PVC, and is the major topological 

distinction between the large and small subunit enzymes. 

The flavodoxin-like region is situated such that it blocks what would be the 

entrance to the substrate access channel in BLC, However, dimer formation 

results in a revised channel that is lengthened to 50 A being located along the 

interface of the C-terminal domain and core region of associated subunits. The 

larger channel restricts access to the active site of substrates larger than &O2. 

This rnay also prevent compound II fonnation and make NADPH binding 

redundant. The mie of the extendecl sepuences has been investigated through 



the construction of truncated HPll mutants (Sevinc et al., 1998). Removal of the 

complete C-terminal domain andfor the N-terminal extension, prevents the 

accumulation of any enzyme probably through a disniptionLof the folding 

pathway. In fact the removal of more than nine C-terminal residues or eighteen 

N-terminal residues reduced the accumulation of active enzyme, emphasizing 

the importance of these regions in the folding pathway to create a protease 

resistant, stable structure. 

One structural modification found in HPll involves the blockage of the 

sulfhydryl group of cys438, one of the only two cysteines in HPll (von Ossowski 

et al,  1993). A hemithioacetal structure has been proposed for the blocking 

group, but further work is required to confim the structure (Sevinc et al ,  1 995). 

Several other intriguing peculiarities have been revealed within HPll structure 

which will be introduced in the following sections. 

Structural teatures of bovine liver catalase 

Protoheme, the prosthetic component of BLC, interacts with the protein 

primarily with' non-polar-side chains through van der Waals' forces. The 

propionate groups of hem6 are involved in a network of ionic interactions and 

hydrogen bonding. The heme pocket of BLC is very hydrophobic in character, 

with the distal side of the herne primarily defined by a sunounding f3 barml 

domain "waHn, which also interacts with the porphyrin pyrrole rings 1, II, III. In 

BLC, the distal side of the heme with the essential His74 situated above the ring 

III also defines the catalytic site, into which the main heme channel opens. There 



are several residues which are thought to have functional and /or structural 

importance including the distal side, His74, Serl 1 3, Phel GO, Phel 52, Va11 73 

and Asn147. On the proximal side of the herne, residues His217, Asp347, 

Arg353, Va11 45, Pro335 and Tyr357 have been ascribed important roles. The 

important proximal residues are al1 associated with the a9 helix which lies almost 

paraiiei to the heme plane, including Tyr357 which is the proximal ligand to the 

heme iron. A tyrosine phenolate group serving as the proximal ligand is unusual 

in hemoproteins other than catalase, with this position usually occupied by 

histidine (Dunford, 1991 ; Bosshard et ai., 1991 ). 

Heme binding in HPll 

Heme groups are deeply buried inside the HPll tetramer in locations 

equivalent to those in BLC (Bravo et al, 1995). The structure of the heme pocket, 

both on the distal and proximal sides, is well conseived. The essential residues 

in BLC (His74, Serl 1 3, Asn147, Arg353 and Tyr357) can be superimposed on 

residues His 128, Ser167, Asn201, Arg411 and Tyr415 in the structure of HPII. In 

addition, the solvent structure of BLC is well consewed in HPII. Despite this high 

level of heme pocket structural homology, there are significant differences in the 

heme groups. The HPll heme is oxidized to a cis-hydroxyspirolactone on ring III 

(Murshudov et a/., 1996), and it is Ylipped 180' around the a i s  defined by the 

a-y mes0 carbon atoms with respect to that reported for BLC (Bravo, et aL, 

1995). This resuîts in the relative positions of rings I and IV interchanging with 

rings II and III, respectively, and in a change in the relative positions of the vinyl 

and methyl substituents on rings I and II. Based on the interaction with methyl 



and vinyl groups in heme, the residues which govern heme orientation appear to 

be 110274 and Pro356 (Bravo, et al, 1995), and this has been partially confirmed 

by site-directed mutagenesis studies (Sevinc et al., 1998). Other residues 

determining heme binding are the subject of a continuing investigation. 

Due to the large degree of homology between the heme environments of 

BLC and HPII, the formation of compound I and its reduction to free enzyme by 

two-electron donors, such as HzOz, probably follows similar steps as described 

above and hvolves equivalent residues. Wild type HPll catalase exhibited only 

15% the activity of BLC per heme in one report (Obinger et al., 1997) and 30% in 

a second (Bravo et al. 1998). The differences in activity may be correlated with 

differences in the peroxide entry channel, and recent results (Sevinc et al. 1999) 

have shown that enlarging a second channel in the Arg260Ala mutant enzyme 

increased activity of HPII. 

The mechanism of catalysis involved in the heme modification in HP11 has 

been investigated, revealing that the cis-hydroxylation of protoheme is catalyzed 

by HPll in a reaction that uses hydrogen peroxidase as a substrate and requires 

residues His128 and Asn2Ol (Loewen, et al., 1993; Obinger et al, 1997). A novel 

covalent bond between Na of His392 and CB of Tyr415 was identifid by electron 

density mapping of HPll and confimed by matrix-assisted laser 

deso rptionfionization mass spectrometry anaiysis of t ryptic digest mixtures 

(Bravo et al., 1997a). The linkage was found only in HPll subunls where the 

hem6 b to heme d conversion has also occuired, and a mechanistic relationship 

between the autocatalytic conversion of heme b to heme d and the formation of 



the His392-Tyr415 bond was proposed (Bravo et al., 1 997a) (Fig 1 . 1 ). The 

mechanism involves the geneiation of cornpound I (containing an 0x0-fe" and a 

porphyrin x cation radical) and water in a first step that requiies the active site 

residues His128 and Asn2Ol (Fig. 1.1 A). A second H202 may then approach the 

essential Tyr415 through a cavity on the heme's proximal side, and may be 

orienteci by hydrogen bonding with one or more of the adjacent residues Ser414, 

Thr418, or Gln419 (F ig. 1 .1B). Oh41 9, located in the 9th helix of HPIl, is involved 

in an important hydrogen bond rnatrix with heme d to stabilize it. (Murshudov et 

a/., 1996), and it is known that His395 foms hydrogen bonds with residues H392 

and Aspl97 (Bravo, J. et al., 1999). H395 and Dl  97 may be involved with 

extracting a proton from the N. of His392. This causes the N, of His392 to attack 

the Cg of Tyr415 which in tum attacks the H202 molecule to fom water and 

hydroxide ion (Fig. 1.1 C). The hydroxide ion reacts with the porphyrin x cation 

radical to produce a neutral radical. The subsequent transfer of one electron from 

the heme to the 0x0-iron cornplex generates a cation which facilitates the 

cyclization of the propionate group into the spirolactone (Fig. 1.1 O). The net 

effect of this ieaction is that oxygen in the oxy-iron complex of compound I is 

converted to water, resulting in two H20nmolecules being conveited to three 

molecules of water, one hydroxyl group on the h e m  to form heme d and the His- 

Tyr bond. 



Figure 1 .lm A proposed mechanism coupling the formation of 
the His-Tyr bond to the oxidation of ring III of the heme in HPll 
of Em coli. (Bravo, J. et al., 1997) 



Thesir objective 

The goal of the research presented hem was to determine whether and 

how the protein conformation of HPll in the vicinh of the heme prosthetic group 

dictates the conversion of heme from protoheme to heme d, and how these 

arnino acid resihes function. This was accomplished by individual amino acid 

modifications using site-directed mutagenesis and a characterkation of the 

properties of these mutant enzymes. The amino acids targeted include His392, 

His395, Asp197 and Gln419, all proximal side residues. It was hoped that this 

project would broaden our understanding of the role of individual amino acids in 

the topography of proteins with respect to catalysis. 



2. EXPERIMENTAL PROCEDURE 

2.1. E8cbrichia cdl STRAINS, PLASMIOS AND BACTERIOPHAGE 

E. coli strain CJ236, NM533. UM255 and JMlO9 were used (Table 2.1). E. 

coliCJ236 sewed as the host for plasmid pKS'H-E, pKS'E-C and for the 

generation of uracil-containing single-stranded DNA for use in site directed in 

vitro mutagenesis. E. coli NM522 was used for most cloning and plasmid 

maintenance. E. coli JM1 O9 was used for production of plasmid DNA for single 

stranded DNA sequencing. E.coli UM255 was used for the expression of 

catalase proteins. 

Helper bacteriophage R408 was employed in the generation of single 

stranded DNA template for use in vitro mutagenesis. 

The k t E  gene encoding HPll catalase was originally cloned into pKS* to 

generate the plasmid pAMkatE72 (von Ossowski et al.. 1991). Two subclones 

(pKS'H-E and pKS+E-C) and pAMkatE72 were used as source of partial or 

complet0 kat€ gene. 

2.2. GROWTH MEDIA, CONDIVONS AND CULTURE STORAGE 

LB (Luria-Bertani) Medium (Miller, 1972) 

Per litre: Bacto-tryptone 10 9 
Bacîo-yeast extract 5 9 
NaCl 5 g 

Solid media: Bacto-agar 14 9 



Table 2.1. Summary of E. coli strains, plasmids and bacteriophage used in 

Name Genotypa Source 

Plasmids 

pAM kat EïZ 

dutl ungl thi-1 Ml @CJ105/@ ce&' 

supE A(lac-proAB) hsd-5 
6' proAB ladq lacZAl51 

pro leu rpsL hsdM hsdR end lacY kaG2 
kaE12::TnlO recA 

recAl supE44 endAl hsdR 1 7 gyrA96 
re/A 1 thid (lac-proAB) 

Kun kel et al.. 1 987 

Mead et aï., 1 985 

Mulvey et al., 1 988 

Yanisch-Perron et a/., 
1985 

(pKS+Pst I - Cla 1, katEclone) 

pKSEcoR I - Hind III 
(subclone II) 

pKS+EcoR I - Cla l 
(subclone III) 

Amp' von Ossowski et d., 1 991 

Amp' von Ossowski et al., 1991 

Ampr von Ossowski et a/., 1991 

R408 (helper phage) Stratagene 



All E. coli strains used in this study were routinely grown in L8 medium (both 

liquid and solid fom). Ampicillin was added to a final concentration of 100pg/ml 

for liquid medium and sotid medium when selecting for plasmid- 

containing cells. Chloramphenicol(40mg/rnl) was also added to liquid medium in 

order to maintain the episorne for the growth of strain CJ236. 

R-top aaar 

Per Mer: Yeast extract 1 g 
Tryptone 10 9 
NaCl 8 g 

Agar 8 9 

After autoclaving, 2 ml 1 M CaCb 3.36 ml 30% Glucose is added. 

A-top agar was used to spread cells on selective LB medium plates after 

transformation with phsmid. 

All E. coli strains, in liquid and on solid media, were grown at 37% unless 

stated otherwise. Liquid cultures were grown with vigorous aeration on 

reciprocating or gyrotoiy shakers. Estimates of cell density were detemined by 

conveiting the cell turbidity values detemined spectrophotometrically at 

k600nm to Klett values (& x 168.6-34.7) where Klett 1 W= 0.1 6 mg dry cell 

weight. 

E. coli cultures were nonally stored at -6OoC in 8% (v/v) dimethyl 

sulfoxide (DMSO). Phage R408 was stored at 4% in culture supernatant. 

Site-directed point mutations on kat€ were generated accordhg tu the in 

vitro mutagenesis protocol described by Kunkel et al. (1987). Target bases of the 



kat€ gene are labeled in Figure 2.1. The sequences of oligonucleotides used in 

mutagenesis construction are listed in Table 2.2. Uracil-containing single- 

stranded DNA obtained from the proper subclones of kat€ gene was extracted 

from Exoli CJ236 and annealed to phosphorylated oligonucleotides. The 

cornplementary strand containing the synthesized mutations was generated in 

vitro and then transformed into Ecoli NM522 wherein the uracil-containing strand 

was degraded. Plasrnid was then recovered from Ecoli NM522 and transfomed 

into Ecoli JMlOS for sequencing. Once the target mutant was identified, the 

cornplete sequence of the subclone was detemined to ensure that no other base 

changes had occurred. The appropriate fragment of mutant subclone was 

inserted hto pAMkatE72 to reconstruct the cornplete mutant kat€, and 

transfomed into Ecoli NM522 , then Ecoli UM255, and lastly Ecoli JM109. The 

insert was sequenced again to verify the nature of the mutant sequence. Cnide 

protein extracts from confimed clones were recovered from Ecoli UM255 and 

examined by SDS-PAGE. Clones expressing HPII-like protein were then grown 

in large scale for enzyme purification and characterization. 

2.3.A. Prepration and isolation of oligonucleotlder 

Oligonucleotides required for in vitro mutagenesis and DNA sequencing 

were synthesized by Mr. J. Switala on a PCR-Mate Synthesizer (Applied 

Biosystems, lm.) according to the rnethod suggested by the manufacturer. 



Figun 2.1. The DNA sequence of the insert of kat€ gene within pAMkatE72. The 
sequences of the mutegenic primers, sequencing pnmers and the restriction enzymes 
used in cloning are also shown (modified from von Ossowski et ai., 1991). 



Pst I 
CTGCACCCTT 
ACTCTGTATT 
TCATTTAAAT 
C AAAAATAGC 
GAAAAAAGAT 
TTTGAATGAA 
GAGGTATGTA 
TGGGCAGATT 
AACGCAACAT 
TGTTCTGGCG 
CGGAGCGGTT 
GTTTAGCCGA 
GAATAGTCTC 
ACAGCGGCCC 

AGTCGAAAGC 
W C A T C T C  
TACAATATAA 
TAGCAAAACT 
TAGC AATAGA 
AAATACAGAA 
AGTCACTTCC 
AAACGCCGGT 
CAGCATCCAG 
CGTGCGTGGG 
TGGCTTCACT 
GTACGTCCCG 
TCTGGCTGGT 
AAATTAAGGA 

CAGGCTTTTA 
CCGCCTCATA 
GTTTAAGAGC 
TAACCATTTT 
TCGTCAAAGG 
TTTCAGGTCA 
CCTTCCTGGC 
GAGCGCAGAA 
ACATCACGAA 
ACATAGCTAA 
AAACGCATAT 
CTTTGCGTGT 
GGTCTATAGT 
GACGAGTTCA 

ATATTTAAAT 
TTGTTAACAA 
GACGCCACAG 
AAAATAAATA 
CAGCTTTTTG 
TGTAACTCCC 
GGATCTGATT 
ATGACTCTCC 
ACGAATCCAT 
TAATCTGGCG 
T W T C A G  
ATTTCATAAC 
TAGAGAGTTT' 

TCTTTAAAAG 
AAGTTTGTAG 
CTAAGTCATT 
TCATCATGAT 
CACTTATTTA 
TGTAGCAACG 
ATCCTTACTC 
CAGGCACAGT 
ATTTGCCACG 
GCGCGGGTTC 
TCTTCATTAC 
TTTAGCCCCT 
CGAAGCGGGA 
TTTCAGTAAT 

CACCATAATT 
AATTATTATC 
GATGAACTAT 
AACAATTAAA 
TTACAGGTGG 
GGCAAACCGG 
TGCCCAACGT 
CATCAGTACA 
CTTTATCGCA 
GTTTTGCTGG 
AAAAACTGTA 
ACCGTTTCCA 
TTTGACCXA 

ATGTCGCAA C A T A A C G W G  
Q H N  
MCCGGGG 
K P G  
ACACCGCCA 
T P P  

GAAMACTT 
E K L  

AATCAGGGC 
N Q G  
ACGCTGCTG 
T L L  

CCGGAACGT 
P E R 

1 M  s 
AGCGAAGCG 
S E A  

GCTGAACCA 
A E P  
ACGCGTAAC 
T R N  

CTGACCACT 
L T T 

CGTGGTCCA 
R G P  

GAGCGCATT 
E R 1  

E K 7 
ATGGAC 
M D 17 

GGTGCA 
G A 47 

AATTCT 
N S 67 

GTGCGC 
V R 07 

GAAGAT 
E D  107 

ATTGTT 
1 V 127 

TCACCACTA 
S P L  

GGCTCTCAT 
G S H  
A G C C T G M  
S L K  

GGCAGTGAA 
G S E  

TCACTGCGT 
S L R  

ATCACCCAC 
I T H  

CACGATTCC 
H D S  

CGTCCAGCG 
R P A 

GCCCCTGAT 
A P D  

AATTATGCG 
N Y A  

GCCGGTAGC 
A G S  
TTTGACCAT 
F D H  

AACCCACAT 
N P  H 

TCACTGGCA 
S L A  

CAACCTACC 
Q P T  

CTGGMGAC 
L E D  

ATCGCCGAC 
I A D  

TTTATTCTG 
F I L  

CAGCACCAG 
Q H Q  
CCTGAGGAC 
P E D  

GCCCCAGGG 
A P G  
GTACGCAAA 
V R K  
G A T C W C  
D Q N  

CGCGAGAAA 
R E K  

Hind I I I  
C C A T A T M  AGaAAGC 
P Y K  S L S  

ACCCCAGTA TTTGTACGT 
T P V  F V R  
CGTGATATC CGTGGCTTT 

R D 1  R G F  

GGATCAGCC 
G S A  
GATTTCCTC 
D F L  
GGTGGTGCT 
G G A  

GCTCACGGT 
A H G 

TCAGATCCG 
S D P  

GGCTCTGCT 
G S A  

TATTTCCAG 
Y F Q  

AACAAAATC 
N K I  
GATACCGTG 
D T V  

GATATT 
D 1 147 

TTCTCT 
F S 167 

GCCACC 
A T 107 

CATGCACGC 
H A R  

ACCAAAGCG 
T K A  

ACCGTTCAG 
T V Q 

GGTATTTTT 
G Z F  

TTCCCCGAT 
F P D  

AGTGCCCAC 
S A H  

ATGTGGGCG 
M W A  

ATTCACACC 
I H T  

AAACCACTG 
K P L  

GACCCGGAC 
D P D  

GGCMTAAC 
G N N  

GCGGTAAAA 
A V K  

TGGGATTAT 
W D Y  
CGCGGCATC 
R G I  

ATTAATGCC 
I N A  

GCCTCACTC 
A S L  

CGCGAGTTG 
R E L  

ACGCCUTC 
T P I  
CCAGAACCG 
P E P  

GTTTCTCTG 
V S L  
CCCCGCAGT 
P R S  

GAAGGGAAG 
E G K  

GTTTGGGAT 
V W D  
TGGGAAGCC 
W E A  

AAGTTCTAT 
K F Y 

ATC CAGGAT 
1 Q D 

GCAATTCCA 
A I P  

GAAACTCTG 
E T L  

ACCATGGAA 
T M E 

TTTGTACGT 
F V R 

CAAAAACTC 
Q K L 

ACCGAAGAG 
T E E  
GCGCATAAA 
A H K  
CAAGGGCAA 
Q G Q  
CACAACGTG 

H N V  

GACCTCGTT TTCTTT 
F F 207 

CACTGG 
H W 227 

CAACCT 
Q P 247 
TACCGC 

Y R 267 
GCAACG 

A T 287 
GAAGCA 
E A 307 

ATTGAA 
. I E 337 

D F V  
TTTGTTCAT 
F V H 

GATACTTTC 
D T F  

ATGTCGGAT 
M S D  
TTCCGCCTG 
F R L  

GCAGGTAAA 
A G K  
TTCCACCGC 
F H R 

GGCTTCGGT 
G F G  

TTCCACTGG 
F H W  

ACCGGACGT 
T G R  

TTTCCGGAA 
F P E  

F 
TTCGATCTT 
F D L  

GGCAAAATG 
G K M 

TACGAACTG 
Y E L  

GGCTTCCAG 
G F Q  

TTGATTCCT 
L I P  

GAAGAAGAT 
E E D 

GAACTGGTG 
E L V  

TTTGCTGAA 
F A E  

GCAGGCGAT 
A G D  

-a------ > 
AAGTTCGAC 
K F D  

CAGCGTGTC 
Q R V  

CTCGATCCA 
L D P  

GTGCTCAAT 
V L N  

ACCAAACTT 
T K L  
CGCAACCCG 
R N P  

ATCCCGGM 
I P E  

GATAACTTC 
D N F  

CCCGTT 
P V 367 

AACGAA 
N E 387 



CAGGCGGCT 
Q A A  

ACCAACGAT CCGCTG 
T N D  P L 4 0 7  

ATCAGTCGT 
I S R  

TACCATAAT 
Y H N  

TTGCAGGGA 
L Q G  

TTCCATGAG 
F H E  
Sph I 
ATGCATCGC 
M H R  
AACTGGCCG 
N W P  

CCCGTGGAA 
R V E  

CCGCGTCTG 
P R L  

AGTTTTGAG 
S F E  

GCGCATATT 
A H 1  

GACGACCAG 
D D Q  

TTAAGTTTG 
L S L  

AATGATGAA 
N D E  

GTTCXTGCC 
V H A  

TTGCCTATA 
L P I  

CCTTGCGGC 
P C G  

GCCTACIUA 
A Y K  

ATCAAGATC 
1 K  1 

TTTATGGAT 
F M D  
ATTGACAAA 

I D K  

ZGTTTGTTC 
R L F  
9TTCCGATT 

KCTATACC 
S Y T  
WCCGTCCG 
N R P  

ZATACACAA 
D T Q  
RCCTGCCCT 
T C P  

CTTGGTGGG CCGAAT 
L G G  P N 4 2 7  

TTCCAGCGT GACGEÇ 
F Q R  D G 4 4 7  I P I  

4TGGGGATC 
M G 1  
CGCGAAACA 
R E T  
SGCAATAAA 
G N K 
TTCTGGCTA 
F W L  

TTAAGCAAA 
L S K  

GATCTCACT 
D L T  

CTGAATATC 
L N 1  

TACGCCATT 
Y A I  

GTGAGATCG 
V R S  
AAACTGCTC 

K  L L 
GCCGCTACC 
A A T 

AATATCGCG 
N I A  

CACCTTAAA 
H L K  

GCTGACCAG 
A D Q  

GAACTGCTA 
E L L  
ATTCCTGCC 
I P A  

TTTATGCCG 
TTGCAGGAA 
GTCTCAAGC 
CGCCGATCT 
CTGAGCGAT 

;ACACTAAC 
D T N  
XGCCGGGG 
P P G  
ZTTCGCGAG 
V R E  
RGTCAGACG 
S Q T  
ZTCGTTCGT 

V V R  
CTGGCCCAG 
L A Q  

ACCCCACCT 
T P P  
CCTGACGGT 
P D G  

GCÀGACCTT 
A D L  

TACTCCCGA 
Y S R  

TTTGCCGGT 
F A G  

GATATCGCT 
D I A  

CCGATTGCG 
P I A  

GGTGAAGAA 
G E E  

ACGCTGATG 
T L M  
TGATGGGAG 

XGGCGAAT 
P A N  
ZCGAFLACGC 
P K R  

CGCAGCCCA 
R S P  
CCATTTGAG 
P F E  

CCGTATATT 
P Y I  

GCGGTGGCG 
A V A 

CCGGACGTC 
P D V  

GATGTGAAA 
D V K  

CTGGCCATT 
L A I  

ATGGGTGAA 
M G E  

GCACCTTCG 
A P S  

GACAACGGC 
D N G  

CTGGCGGGT 
L A G  

GGGATTGTG 
G I V  
GCAGCACAC 
A A H  

TACGAACCG 
Y E P  

GGCGGTTTT 
S G F  

TCGTTTGGC 
S F G  

CAGCGCCAT 
Q R H  

CGTGAGCGC 
R E R 

U T C T C  
K N L  

AACTCGATT AACGAS 
N S I  N D 4 6 7  
GAATCATAC CAGGAG 
E S Y  Q E 4 0 7  

GAATATTAT TCCCAT 
E Y Y  S H S 0 7  

ATTGTCGAT GGTTTC 
I V D  G F 5 2 7  

GTTGTTGAC CAGCTG 
V V D  Q L 5 4 7  
GGTATCGAA CTGACT 
G I E  L T 5 6 7  
A A M G G A T  CCATCC 

K K D  P S 5 0 7  
GTAGCGATT TTACTT 
V A 1  L L 6 0 7  
CTGWGGCC .4AAGGC 

L  K A  K G  627 
GATGACGGA ACGGTG 

D D G  T V 6 4 7  
GATGCGGTC ATTGTC 
D A V  I V 6 6 7  

TACTACCTG ATGGAA 
Y Y L  M E 6 0 7  

AAGTTTAAA GCAACA 
K F K  A T 7 0 7  

AGCGCTGAC GGTAGT 
S A D  G S 7 1 7  

TCACGCATT CCTAAG 
S R I  P K 7 4 7  

MCGGTCTG 
N G L  

GGTCGCGTG 
G R V  
CTCAAGSCG 

L K A  
GTGACTGCG 
V T A 
CTGACGGTC 
L T V  

GATGCCAAC 
D A N  

GACGCGCGC 
D A R  

GUGCTGAC 
E A D 

CGCGTGTGG 

CGCGCAATTGCG CCGCCTCAATG ATTTACATAG 
783 

ACTGTGCAAA 
AGTTTTGCGT 
TCGCCGGATG 
TCCCCAACCG 
CCAGCTCCGT 

GATGCGCGT 
ACACGTAGG 
GGCGGCAGT 
GGCAAACAT 
AGCACCTTT 

GAACGCCTTATC 
CCTGATAAGCGA 
TACGCCGCCTTT 
CCTCACTTACAC 
CAACGACGCTGA 

CGGCCTACAAA 
AGCCATCAGGC 
GTAGGAATTAA 
ATCCCGATAAC 
TGTCAACACAT 

Cla I 
ATCGAT 

3122 TGCGCTTTG 
3 182 TTCAATATA 
3242 TTGTCAGCA 
3302 CAAGGTTCA 
3 3 6 2 ATAACCACG 

GAAACAGTA AGCACTCTG ACGGATAGTATT 3422 TAAGCGTGG 



Tabb 2.2. Sequences of the oligonucleotides used for site-directed mutagenesis 

mutagenesis of kat€ Position Oligonucleotide sequence Subclone 
~ a m e  of Primer within kat€ used ' 
D197A 1 397-1 420 5'- GAGGGTATTmGCCCTCGTTGGC II 
(GAC + GCC) 
0197s 1 397-1 420 5'- GAGGGTAllTTAGCCTCGlTGGC II 
(GAC + AGC) 
H 392A 1985-2005 5'-GCGGCmCSçTCCTGGGCAT 111 
(CAT -t GCT) 
H 392Q 1 985-2005 5'-GCGGCmCCAGCCTGGGCAT iii 
(CAT -t CAG) 
ii 395A 1996-201 3 5'- TCCTGGGGCTATCGTGCCG 11 1 
( CAT -+ GCT) 
H 395Q 1996-201 3 5'- TCCTGGGCAGATCGTGCCG 111 
(CAT -t CAG) 
Q419A 2066-2085 5'-ACCGATACAGCAATCAGTCGT I t l 
(CAA + GCA) 
Q419H 2066-2085 5'-ACCGATACACATATCAGTCGT 11 1 
(CAA + CAT) 

' subclone II: pKSEcoR I - Hind III of kat€ gene 
subclone III: pKS'EcoR I - Cla I of kat€ gene (Table 2.1 .) 



Oligonucleotides were cleaved from the cartridge using 0.8 ml concentrated 

ammonium hydroxide and incubated at 5S°C ovemight. The sample was then 

lyophilized and resuspended in high pressure liquid chromatography (HPLC) 

grade distilled water and stored at -20°C. Oligonucleotide concentration was 

determinecl spectrophotometrically at L=260 nm (1 O0 unit equal to 40 pg/ml 

single-stranded DNA) (Sarnbrook et ai. 1989). 

2.3.8. Uiacil-containing single stranded DNA isolation 

Single stranded DNA for site-directed mutagenesis was isolated and 

purified according to the rnethod of Vieira and Messing (1987). 20 pl helper 

phage (1 0' ' to 1 ~ '~ l r n l )  was added to plasmid containing cells in rnid-log growth 

and grown 6-8 houn. After centrifuging the lysate twice for 2 minutes at 

13,00Orprn, 300pl of 1.5 M NaCl and 20% Polyethylene glycol, 6000 (PEG) was 

added to 1.2 ml supernatant and rnixed by inversion. The mixture was incubated 

15 minutes at room temperature and centrihiged to pellet the phage particles. 

The pellet was resuspended in 200 pl of 1 E buffet. The mixture was extracted 

with 150 pl of phenol first, then 150 pl water saturated chlorofom. The single 

stranded ONA was pelîeted by centrifuging for 15 min after adding 150 pliI, 7.5 M 

ammonium acetate (pH 7.5), 600 pl, cold 95% ethanol, and kept at -20'~ for 20 

min. The pellet was washed three times with 70% ethanol, dried in a vacumn line 

and kept at -20'~.  Prior to use, aie DNA was dissolved in distilled water. 

2.3.C. Sitedirectd mutagenesi8 

Mutagenic primen were first phosphoiylated by mixing 2 pl of ATP (1 00 

mM), 18 pl dH20, 2 pi primer (OOzso= 3.040 = 200-300 pmol), 2.5 pi 10xT4 



* 

kinase buffer and 1 pl T4 kinase. The mixture was incubated at 37% for 30 to 45 

minutes, and then for 5 minutes at 65%. Based on established mutagenesis 

protocols (Kunkel et al. 1 987; von Ossowski et al., 1 991 ), 2 pl phosphorylated 

primer was annealed to 7 pl ssDNA template in the presence of 1.5 pl 20x SSC 

(3M NaCI, 300 mM Nacitrate) and 20.5 pl dH20. This was incubated first at 7 3 ' ~  

for 3 minutes and then at room temperature for 20 minutes. One pl T7 DNA 

polymerase (- 10,00OU/ml), 2.5 pl T4 DNA ligase, and ïï pl synthesis mix (47 pl 

dH20, 10 pl 200rnM HEPES (pH 7.8), 2 pl 100mM DIT, 4 pl 200mM MgCl*, 10 pl 

10mM ATP and 4 pl 50mM dNTPs (each 1 :1:1:1)) were added to the annealing 

mixture and incubated on ice for 5 minutes, followed by incubation at room 

temperature for 5 minutes and then at 37% for 3 houn. The reaction was 

stopped by the addition of 3 pl TE buffer. Focty pl of this mixture was used to 

transfomi competent E.coli NM522 cells . 

2.3.0. Transformation 

Transformation of E. coli was camed out as described by Chung et al. 

(1 989) with modifications. Cells in eady mid-log phase of growth ( 2-3 hours at 

37% ) were harvested by centrifugation at 7,0009 for 5 minutes (5 mutube) and 

made competent by resuspending in 0.1 M calcium chloride (0.5 mutube) for 30 

minutes on ice. Plasmid DNA (1 pUtube) was added and incubated on ice for a 

hrrther 30 minutes before heat shock at 42OC for 90 seconds. After allowing the 

cells to recover at 370C in LB medium (1 mlltube) for 1 hour without aeration, the 

mixture was added to 2.5 ml premelted R-top agar and instantly plated on 

Ampicillh-containing LB plates to grow ovemight at 37%. 



2.3.E. Plasmid isolation and purification 

Plasmid DNA isolation was conducted according to Sambrook et al. (1989) 

with modifications as described by Sevinc (1 997). 

2.3.F. Restriction endonuclease digertlon of DNA 

Plasmid DNAs were digested with restriction endonucleases (Life 

Technologies) at 37*C for 2.5-3 hours by mixing 1-1 0 pl DNA, 1 pl RNase (1 

mg/ml), 1-2 pl optimal 10 x buffer, 0.5 pl restriction endonuclease and distilled 

water in a 10-20 pl final volume. After incubation, 3 pl stop buffer (40% (v/v) 

glycerol, 10 mM EDTA pH 8.0, 0.25% (wfv) bromphenol blue) was used to stop 

the reaction. 

2.3.0. Agarose gel electrophoresir 

Agarose gel electrophoresis of restriction endonuclease digested DNA 

was conducted as described by Sambrook et al. (1989). Agarose gels were 

prepared in 40 ml TAE buffer (40 mM Tris-acetate and 1 mM EDTA. pH 8.0, 

normally stored as 5x solution at room temperature) containing 1% (wlv) agarose 

using Bio-Rad Mini Sub DNA Cell horizontal electrophoresis trays (6.5 cm x 10 

cm). The gel mixture was supplernented withl pl 4 mgml ethidium brornide 

immediately prior to gel casting. The gel was run at 40 mA constant cunent for 1 

hour h i le  submerged in TAE buffer. The molecular weight size marker used was 

the 1 Kb plus DNA ladder (GIBCO-BRL) and was prepered by adding 1 pl stock 

laddei to 3 pl stop buffer. DNA bands were visualized with ultraviolet light and 

photographeci using a red filter and Polatoid Type 667 black and white fihn, or 

with the Bio-Rad Gel Doc 1000 system. 



2.3.H. Single Stranded DNA sequencing 

Single stranded DNA sequencing was conducted according to the method 

of Sanger et al. (1 977) using the T7 sequencing kit (Phamacia) according to the 

manufacturer's instructions, with electrophoresis conducted on 8% (wfv) 

polyacrylamide gels supplemented with 7M urea. Gels were dried and e ~ p 0 ~ 8 d  

to Kodak X-OMAT AR film overnight at r o m  temperature lo visualize DNA 

bands. Radioisotope used was [u~~P] dATP (Dupont) (5-15 pCi). 

2.3.J. DNA bands recovwy 

DNA bands excised frorn agarose gels were recovered and purified using 

the GENECLEAN DNA extraction kit (BioICan Scientific Inc.). For small DNA 

bands (< 1Oûû bp) a modification of the freeze-squeeze method was used. In this 

method, the frozen gel piece containing the desired DNA band was squeezed 

finnly, then incubated at 5 5 ' ~  for at least 10 minutes with an equal volume of 2% 

CTAB and 2M NaCl solution. The solution was extracted with an equal volume of 

chlorofon and then combined with 2 volumes of 100% ethanol. After incubation 

at -60'~ for one hour, the DNA was pelleted by centrifugation in a table top 

microcentrifuge at 4 ' ~  for 15 minutes and resuspended in TE buffer. 

2.4. PROTEIN PURlFlCATlON 

For large scale preparations, 10 pl frozen E. coli UM255 harbouting the 

desired pMZ plasrnid was used to inoculate 50 ml LB broth supplemented with 

Amp and incubated et 2 8 ' ~  with shaking for 20-22 houn. The culture was 

transferrd to 8-1 6 2 liter flesks (500 ml LE + Amp per flask) with final bacterial 





2.5. PROTEIN CHARACTERlUtlON 

2.5.A. Sodium dodecyl rulfate-plyacrylarnide gel eleetrophoreslr (SDS- 

PAGE) 

SOS-PAGE was carried out according to Weber et al. (1972). Twenty to 

forty pg of each crude protein extract sample or 5-10 pg purified protein were 

rnixed with equal volumes of sample buffer (per 10 ml: NaHoPOo 34 mg, 

Na2HP04 102 mg, SOS1 00 mg, 2-mercaptoethanol 100 pl, Urea 3.6 g) and 3 pl 

1 % bromophenol blue. Samples were run on an 8% polyacrylamide gel with 30- 

50 mA constant current in a vertical 610-RAD Protean II electrophoresis systern 

or 25 mA in a 610-RAD Mini-Protean II cell. Samples were stained in staining 

solution (0.5 g/l Coomassie Brilliant Blue R-250 (Sigma), 30% ethanol and 10% 

acetic acid in water) and destained with repeated changes of the destaining 

solution (1 Sah methanol, 7% acetic acid in water). The gel was dried on 3mm 

Whatman paper at 60 '~  in a slab gel dryer (Savant). 

2.5.6. Catalaae actlvlty asaay and Proteln quantification 

Catalase activity was detemined by the method of Rorth and Jensen 

(1967) in a Gilson oxygraph equipped with a Clark electrode. One unit of 

catalase is defined as the amount of enzyme required to decompose 1 pmol 

H202 in 1 minute in a 60 mM H202 solution at 37% pH 7.0. Catalase activity 

(unitdml) was detemined by adding 20-50 pl of appropnately diluted HPll protein 

to 1 d ml 50 mM potassium phosphate buffer, pH7.0 and 50 pl H202 ( 60 mM final 

concentration). Catalase activity was detemiined in whole cells using SM buffer 

(1 00 mM NaCI, 1 mM MgSO,, 20 mM Tris HCI, pH7.6 and 100 mg/L gelatin). 



Ptotein concentration (mghnl) was estimated spectrophotometricaliy based on 

AzadAzea ratios (Layne,I 957), and total cell dry weight estimated as described 

above (2.2. growth media, condition and culture storage). Specific activity 

(unitdmg purified protein or unitdmg whole cell weight) was calculated by 

dividing the activityhl by protein concentration. 

2.5.C. Inhibition rtudies 

The effect of several inhibitors on HP11 were studied, including CH30NHp, 

C2H50NH2, NH20H, NaCN and NaN3. Various concentrations of these inhibitors 

were incubated with HPll at 37% for 1 min in KP buffer prior to the addition of 

H202 in the reaction cell to test enzyme activity. For spectral analysis, HPll was 

incubated with the various inhibiton for 3 hours at 37%, and the absorption 

spectra detemined from 350 to 750 nm. 

2.5.0 High Performance Liquid Chromatography 

The detection of prosthetic groups in mutant HPll proteins was carried out 

according to the procedures of Loewen et a1(1993), the details of which have 

been desccribed (Sevinc, 1997). The LKB HPLC system was used ta detect the 

heme group at 370 nm extracted from HPll protein. Data were transferred to 

Lotus 123 and Freelance (Lotus) for preparation of elution profiles. 



3. RESULTS and DISCUSSION 

Section 1: Construction of mutant catalase HPlls 

Catalase HPll has previously been studied for the autocatalytic conversion 

of heme b to heme d in its prosthetic group (Loewen, et al, 1993). The discovery 

of a novel covalent bond between Na of His392 and C, of Tyr41 5 in HPll subunits 

led to the proposa! of a mechanistic relationship between the conversion of heme 

b to hem8 d and the formation of the His392-Tyr415 bond (Bravo et al ,  1997a). 

In this study, the predicted roles of four proximal-side, heme-conversion related 

residues (Gln419, His392, His395, Asp197) in HPll catalase were tested by 

mutation to either alanine or an oppositely charged amino acid. The organization 

of these four presumptive heme-conversion related residues in HPll is shown in 

Figure 3.1.1. 

The amino acid alterations in catalase HPll were D l  97A, 01 97S, H392A, 

H392Q, H395A, H395Q, Q419A, Q419H and Dl  97S/H395Q. Autoradiograms 

confiming the actual base changes in the ONA sequence for each amino acid 

substitution are presented in Figure 3.1.2. DNA fragments identified as having 

the proper base changes were recovered and inseited into pAMkatE72 to 

generdte the mutant kat€ gene, which was then transformed into UM255 cells. 

Section II: Purification of mutant catalase HPllr 

The mutant HPll protein was purified as descnbed in Experimental 

procedures. Purified preparations of the wild type and mutant HPll catalases 



Figure 3.1.1. Amino acids in the vicinity of heme d. 





Figure 3.1.2. Autoradiograms of sequencing gels revealing base changes in the 
codon sites for Asp197, His392, His395, Gin419 in HPll catalase. 

(1) The sequence of wild-type kat€ is shown on the left with sequences of the 
same region for the mutants D l  97A and D l  97s shown on the right. Base 
changes required for the replacement of Asp197 (GAC) in the wild type enzyme 
with the amino acids Ala (GCC), and Ser (AOC) are indicated. 

(2) The sequence of wild-type kat€ is shown on the left with sequences of the 
same regMn for the mutants H392A and H392Q shown on the right. Base 
changes required for the replacement of HM92 (CAT) in the wild type enzyme 
with the amino acids Ala (GCT), and Gln (CM) are indicated. 

(3) The sequence of wild-type kat€ is shown on the left with sequences of the 
same region for th8 mutants H395A and H395Q shown on the right. Base 
changes required for the replacement of His395 (CAT) in the wild type enzyme 
with the amino acids Ala (GCT), and Gln (CAA) are indicated. 

(4) The sequence of wild-type kat€ is shown on the left with sequences of the 
same region for the mutantsQ419A and Q419H shown on the right. Base 
changes required for the replacement of Gin419 (CAA) in the wild type enzyme 
with the amino acids Ala (GCA), and His (CAT) are indicated. 
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Figura 3.2.1. SDSgolyacrylarnide gel eledrophorsris analyuis of vanour 
mutants of HPll bUowing purification. Samples of appmxirnatdy 10 pg 
wem rlectrophomsed on an 8% p l  and rtained with Coomamie Brilliant 
Blue. 



were examined on SOS-polyacrylamide gels and found to be 60-90% pure 

(Figure 3.2.1). 

Section III: Characteriration ot mutant catalase WIIs 

Effect of Tern~erature on Mutant catalase HPll Expression 

The production of mutant proteins was affected by growth temperature. At 

2 8 O ~ ,  wild type HPll yields were about the same compared to 37%. In contrast, 

al1 mutant HPlls exhibited maximal production at 28 '~ .  Levels of HPll production 

at 2 8 ' ~  ranged from 1.1 to 2.0 times that obsewed 37°C for mutants D197Sl 

D l  97A, H392A, H392Q, H395A, H395Q, Q419A and Q419HI while double 

mutant Dl 979  H395Q had production levels at 2 8 ' ~  5.4 tinies those at 37%. 

This effect rnay be due to difficulties in folding experienced by the mutant HPlls 

venus wild type HPII* lncorrectly or incornpletely folded mutant HPlls are subject 

to proteolytic degradation, which would be less efficient at 28% compared to the 

optimum growth temperature of E. coliof 37%, and chaperones would have 

more time to promote proper folding (Sevinc el al*, 1998). Mutant D197S/H395Q, 

the only double mutant studied in this project, appeared to have the most 

difficulty folding properîy, with an activity per dry cell weight of only 17% of the 

wild type at 37%. Single site mutants apparently had only minor folding 

problems (Table 3.3.1 ). 



Table 3.3.1. Effects of growth temperature on the production of the wild type and 
mutant catalase HPlls 

Catalaae Activity 
HPII 'Mutant (unitdmg dry cell weight) Activity Ratio 

37% 2soc 2e0cn70c 
W ild Type 425 f 51 388 I 59 0.9 



0 

S~ectral Pro~erties of Mutant Catalase HPlls 

Due to the cieherne d-isomer bound to catalase HPII, the color of purified 

wild type enzyme is dark green (Chiu et aL, 1989). Mutants Dl 97A. D l  97S, 

H395Q, Q4l9H and H395A retained this coloration, but mutants D l  97S/H395Q 

and Q419A exhibited a combination of dark green and da& reddish-brown color. 

This is indicative of the presence of both heme d and herne b. Mutants H392A 

and H392Q also varied in their coloration from the wild type, with a rich brown 

color characteristic of protoheme in the prosthetic group. 

The absorbance spectra were consistent with color differences of mutants 

of HPII. Herne d has hivo characteristic absorbance peaks at 590 and 71 5 nm 

while heme b has peaks at 535 and 630 nm. Both have a prominent Som? peak 

at 406 nrn (Loewen and Switala, 1986). The UV and visible spectra for wild type 

and HPll variants were determined (Figure 3.3.2). The spectra of the mutants 

Q419A and D l  97S/H39SQ had peaks at 535,590,630 and 71 5 nm, while 

mutants H392A and H392Q only showed peaks at 540 and 630 nm. The 

remainder of the mutants exhibited absorbance peaks at 590 and 71 5 nm. 

HPLC analysis of the extracted hernes were consistent with the spectral 

data obtained (Figure 3.3.1). Mutants H392A and H392Q yielded only heme b 

peaks, while hem0 from mutants Dl  97A, D l  97S, H395A, H395Q and a41 9H 

shared HPLC profiles similar to heme frorn the wild type enzyme, with a 

predominant heme d and a smaller heme b peak. In contrast, mutants Q419A 

and D l  97SR1395Q had predominant heme b peaks and smaller heme d peaks. 



Table 3.3.2. Cornparison of the prosthetic groups of wild type and mutant 
variants of HPII. 

Mutant Dominant Prosthetic Group 

Wild Type 

D197A 

0197s 

0 1 97S/H395Q 

H392A 

H392Q 

H395A 

H39SQ 

Q419A 

Q419i-î 

heme d 

h e m  d 

hem8 d 

heme b and heme d 

hem8 b 

heme b 

herne d 

heme d 

heme d and heme b 

heme d 



Figure 3.3.1. Elution profiles from C 18 reverse phase HPLC chromatography of 
heme extracted from various HPll mutants. 
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Figun 3.3.2. Absorption spectra of wild type HPll and various mutants. The left 
axis is for the range from 350-475 nm h i le  the right axis is for the range from 
475 to 750 nm. 
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It should be mentioned that the kinetic analysis of catalases is not easy, 

as they do not follow th8 nomal pattern of Michaelis-Menten saturation kinetics. 

Enzyme saturation with su bstrate cannot be obtained within a workable 

concentration range. This is because the 5 M hydrogen peroxide required to 

saturate some catalases (including HPII) is high enough to inactivate the 

enzyme. 

Catalase HPll specific activities under non-substrate saturating conditions 

(Table 3.3.3) of mutants H392Q, H392A, H395Q and H395A ranged from 51% to 

69% of wild type activity. The specific activities of HPll mutants 0197A, D197S 

and Dl  97S/H395Q were not significantly d ihen t  from the wild type, falling 

within 7% of wild type values. HPll mutant Q419A was 21 % more active than the 

wild type, while changing the same amino acid to histidine decreased HPll 

activity 1 80h compared to the wild type. 

The dependence of the enzyme reaction rates on substrate concentration 

was examined, with saturation curves generated by fitting the data with the single 

rectangular, two parameter equation found in the SigmaPlot software (v. 4) 

(Jandel, San Rafael, CA.). The apparent V, (the maximal initial reaction 

velocity) and Km (the substrate concentration at which the initial reaction velocity 

is equivalent to half the maximum initial reaction veiocity) values were obtained 

from these cuives. kt (tum over rate, -1 0' sec") was calculated in order to give 

the number of substrate moleailes conveited to product per unit time by each 

active site of the enzyme at saturating substrate concentrations (the turnover 



nurnber). This in turn was used to interpret the structural effects of amino acid 

changes in HPll mutants in cornparison to wild type HPII. The influence of H202 

concentration on initial enzyme velocities rate (Vi) of the mutant and wild-type 

HPlls revealed similar kinetic responses, with much lower Vi at low [H202] and 

much less sensitivity to higher [H202] compared to BLC (BLC data from Sevinc S. 

M. e l  al., 1999 not shown hm).  As shown in Table 3.3.3, the turnover rate for 

most mutants fell within the same range as that for the wild type enzyme when 

standard deviations are considered, except for mutants H395A, D l  97A and 

H392A. Mutants H395A and D197A exhibited a small increase, while H392A 

showed a small decrease in turnover rate when cornpared to wild type HPII. 

The observed differences in activity and turnover rates of mutant HPlls 

when compared with wild type HPll may be conelated with differences in the 

heme pocket, the substrate entry channels and product exhaust channel. For 

example, mutants H392A and H392Q which have heme b as the prosthetic group 

also exhibit a 40-50% decrease in specific activity cornpared to wild type HPII. 

Three channels have been found within HPll protein (Bravo, J., et al., 

1999). Two are close to the distal side heme pocket of each subunit, suggesting 

separate inlet and exhaust functions. The third channel reaches the heme 

proximal side where al1 mutants studied in this project were located, and is 

thought to provide access for aie substrate needed to catalyze the heme 

modification and His392-Tyr415 bond formation. This chaniiel is still not as 

clearly defined as the first two channels, and until now has presented some 

discontinuities. However, changing H395 still slightly affects the spedfic activity 



of the enzyme and since the prosthetic group is not different, there is the 

implication that a long range alteration of tertiary structure may play a role. 

Eff ect of Hiph Temnerature on mutant HPll Catalase Adivities 

HPll catalase is a very stable enzyme exhibiting high activity dunng 

incubation at 65'~.  Wild type HPll retained full specHic adivity (Figure 3.3.4) 

with an approximate 20% increase in specific activity after an hour at 65 '~ .  The 

mutants of HPll exhibited some thermal instability. Under the same conditions, 

mutants Dl 97A and Dl  97SIH395Q lost around 45% of their specific activity. 

while mutants H395Q and Q419A showed a slight decrease in specific activity of 

around 15-20%. Mutants H392A and H392Q were the most different from wild 

type HPII, losing about 40°' of their activity after 10 minutes at 6 5 ' ~  and about 

65-70% of their activity after incubation at 6 5 ' ~  for one hour. 

All mutants showed much higher stability compared to BLC, which is 

completely inactivated within 30 minutes at WOc, and HP1 which is completely 

inactivited within 1 5 minutes at 5 8 ' ~  (Switala, J. et al., 1999). The differences 

obsewed between HPII, BLC and HP1 can be rationalized in tenns of a nurnber 

of unusual features characteristic of HPII. One distinct feature of HPll is the 90 N- 

terminal residue overîap between subunits. Another feature is the unuswl 

covalent bond between His392 and Tyr415 Mutant H392A and H392Q, which 

prevent the formation of this bond, showed greater sensitivity to high temperature 

compared to wild type HPII. This data supports the idea that the extra covalent 

bond couîâ help stabilize the enzyme. This contradicts the conclusions obtained 

from aie study of two other mutants of HPII, Hisl P8Ala and Am201 His. These 



showed that His-Tyr bond is not impoltant in the maintenance of enhanced 

resistance to heat denaturaton (Switala, J. et al., 1999). Fuither studies will be 

necessary to rationalize these conflicting results. 

Effect of Cvanide and Azide on Mutant HPll Catalase Activities 

60th cyanide and azide have been reported to reversibly inhibit catalase 

by binding to the heme iron (Beyer and Fridovich, 1988). Both inhibitors alter 

HPll's visible absorbance spectrum, including a red shift in both the Soret band 

and Asw peak by cyanide and an increase in the Am peak by azide if heme d is 

the prosthetic group (Figure 3.3.7). In contrast, addition of cyanide to HPll with a 

heme b prosthetic group results in a red shift of the Soret band, as well as the 

appearance of an absorbance peak at 545 nm with a shoulder at 590 nm, and a 

significant decrease in the 630 nrn peak. No changes are caused by binding 

azide to hema b. Based on the heme present, the absorbance changes obsewed 

were as expected. For example, Dl  97SïQ395H and Q419A appeared to be a 

mixture of heme b and heme d. 

Both wild type and mutant HPlls were found to require much higher 

concentrations of azide (Figure 3.3.5) than cyanide (Figure 3.3.6) to inhibit their 

activity by 50%. Some mutants had a slight increase in sensitivity toward azide. 

This might possibly be explained by the fernoval of important amho acid side 

chahs and the disruption of H3954392,0197-H395, Q419-0417 and Q419- 

5421 hydrogen bonds. These consequently loosen the tightly folded enzyme and 

allow the CN' and N i  



Table 3.3.3. Specific activities and Kinetic parameter of the mutant and wiM 
type HPll catalases 

Ecuyme . Specitic Activity K, VMX k t  

Wild Type 14,322 300 61.6 0.85 



Figure 33.3. Cornparison of the effect of hydrogen peroxide concentrations on 
the initial velocities (VI) of wild type HPll and various mutants. 
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easier access to the catalytic site. The different obseived effects of mutations 

upon cyanide and azide sensitivity may be explained in part by the differences in 

the sizes of these inhibiton. The molecular weights of cyanide, hydrogen 

peroxide and azide are 26 Da, 34 Da and 42 Da respectively. The similar degree 

of'sensitivity of wild type HPll and mutants D197S, H395A, H395Q and Q419H 

to cyanide supports the hypothesis that the heme channel of HPll has 8~0lved to 

accomodate molecules the size of its substrate, H202 with even small changes in 

substrate size (such as to azide) affecting accessibility. It is known that the inlet 

and exhaust channels are both located on the distal side of the prosthetic group. 

The way in which the mutants of H395, Q419 and Dl97 (al1 located on the 

proximal side of the prosthetic group) can affect the rate at which substrate 

accesses the heme and whether or not the proposed third channel of HPll is 

involved in this effect requires further study. In addition to the rate of inhibitor 

entry and exit from the catalytic site, differences in the type of prosthetic group, 

inhibitor binding affinity and dissociation rate in the mutant and wild type HPlls 

may also help to account for the phenotypes obseived. Friend et al. (1980) found 

that every acidic or basic group in the spem whale metmyoglobin (which also 

contains heme b as its prosthetic group) can contribute to the binding affinity of 

the azide anion. Three ionizable groups in metrnyoglobin have been found to 

influence the rate of aride and cyanide association (Lin, J. et al., 1999). These 

are the distal His64, heme propionate and His97 in the heme proximal pocket. 

The kinetics of the formation and dissociation of the mutant HPlVinhibitor 

cornplex must be studied in order to gke a better understanding of the 
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mechanism(s) involved in the alteration of the cyanide and azide inhibition in the 

mutant HPlls studied h m .  

Effect of NHPOH. CH3ONH9. CPHSONH:, on Mutant HPll Catalase 

Hydroxylamine has been reported to react with cornpound I of catalase to 

form nitric oxide (Marcocci et al., 1994), which reversibly reacts with heme to 

cause inhibition of the enzyme (Doyle et a/., 1981 ; Brown, 1995) by structurally 

changing the heme proximal pocket environment (Zhao, Y., et al., 1998). The 

inhibitory effects of hydroxylamine (H2NOH) and its derivatives O- 

methylhydroxlamine (NH20CH3) and O-ethylhydroxylamine (NH20C2H5) were 

studied. Inhibition by hydroxylamine was effective at nM concentrations whereas 

mM concentrations of methylhydroxylamine and ethyhydroxylarnine were 

required to achieve the same degree of inhibition. Similar to the effects of 

cyanide and aride, this is likely due to the size differences of the inhibitors. 

Generally speaking, larger inhibitors have more difficulty in accessing the active 

site, therefore requiring higher concentrations to achieve the same level of 

inhibition. 

Mutants H392A and H392Q exhibited the most significant differences from . 

wild type HPll (Figures 3.3.8,3.3.9, 3.3.1 0 and 3.3.1 1, Table 3.3.4). Consistent 

with the inhibition resuks for cyanide and azide, wild type HPll showed much 

greater sensitivity to HINOH and NH20CHJ than these mutant HPlls, but had 

similar sensitivity to NH20C2H5. This irnplies that the inhibitors have more 

difficuity accessing the active site of the mutants H392A and H392Q 



Figun 3.3.6. Cornparison of the effects of sodium aide on mutant and wild type 
HPII catalases adivities. 
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Agun 3.3.6. Cornparison of the effects of sodium cyanide on mutant and wild type 
HPll catalases activities. 



Figure 3 m 3 m 7 m  Absorption spectra of mutant and wild type HPll catalases in the 
presence and absence ( ) of NaCN and NaN3. Each enzyme was incubated 
with 0.5mM NaCN(---O-) and 1 mM NaN3 (. . . . . ..) at room temperature for 15 min 
prior ta spectral analysis. The left axis is for the range from 350 to 475nm while 
the rlght axis is for the ra'nge frorn 475 to 750 nm. 
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activities. 



Table 3.3.4. Detemination of the 50% inhibitory concentrations of nine mutant 
HPll catalases compared with wild type HPll enzyme. 

Enzyme pmoüi medeâ foi 50% inhibition 

NaCN NaN3 NH20H NH20CH3 NH2OClHs 

O1 97A 35.2 135 0.076 2750 12200 

Dl  97s 3.1 232 0.01 8 1 720 19600 

0 1 97SfH395Q 17 144 0.047 1680 12200 

H392A 250 395 0.3 6800 10000 

H392Q 61 620 0.33 8000 9550 

H395A 5.3 1 O5 0.0375 2350 20000 

H395Q 4.5 180 0.055 2900 8400 

Q4 t 9A 21.5 358 0,048 3730 11400 

Q419H 6.7 128 0.066 2670 16000 

Wild Type 4.2 300 0.035 800 8550 



compared to wild type HPII, but if the inhibitor is big enough there are no 

significant differences its ability to access the active site. In addition to mutants 

H392A and H392Q, wild type HPll also showed more sensitivity tb these 

inhibiton than the other mutants. The effects are relatively small. 

Section III: Summary 

In this project, the effects of the mutation of residues involved in the 

formation of the His392-Tyr415 covalent bond on the proximal side of the 

prosthetic heme group of HPll were studied. 

Changing H392 to alanine or glutamine caused sirnilar phenotypic effects, 

with the His-Tyr bond not being formed and heme b to heme d conversion being 

inhibited. These results suppoit the mechanistic relationship between the 

autocatalytic conversion of heme b to heme d and the formation of the His392- 

Tyr41 5 bond proposed by Bravo et al. (1997a). With heme b as the prosthetic 

group, mutant H392A and H392Q exhibit greater sensitivity to high temperature 

as well as slightly lower specific activities and turnover rates compared to wild 

type HPII. Higher concentrations of the inhibiton NaCN, NaN3, NH20H, 

NH20CH3 and NH20CnH5 were required to cause 50% inhibition of mutant HPll 

specific activity compared to the wild type. 

H395 forms hydrogen bonds with H392 and 0197. The mechanistic 

hypothesis coupling His-Tyr bond fonnation and heme conversion (Bravo el ab, 

1997a) predicts that H395 and Dl  97 are involved in the extraction of a proton 

from the N, of His392 to facilitate the fonnation of the His-Tyr bond. In contrast to 

the H392 alterations which prevented both His-Tyr bond fonnation and heme 



conversion, H395A, H395Q, Dl 97A, Dl 97s and Dl 97S/H395Q all had no effect 

on either reaction, implying that another factor is involved with proton extraction. 

No significantly different phenotypic propeities were observed in these mutant 

HPlls, except that the double mutant showed the most difliculty in foldkig 

properly when cornpared to other mutants. The double mutant also exhibited a 

higher heme b content than the wild type, which was not seen in individual site 

mutants. It would appear that the D197-H395-H392 hydrogen bond is used to 

form the His-Tyr bond, but in the absence of Dl 97, H395 can use other residues 

as substitutes. Dl  97 can work in a similar way in the absence of H395. This 

implies that in addition to the D l  97-H395-H392 proton extraction pathway, 

alternative pathways may also exist, suggesting that the mechanism involved in 

the His-Tyr bond formation is not as simple as has been proposed. 

Q419 also forms hydrogen bonds with heme d and rnay help to orient 

H202 on the proximal side of heme d, for His-Tyr bond formation. The 441 9H 

variant exhibited the sarne spectral propeities as the wild type, whereas Q419A 

was shown to have a mixture of heme b and h e m  d, suggesting that the 4419 

side chain does have a role in His-Tyr bond fonnation and heme conversion. 
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