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ABSTRACT

Burkholderia pseudomallei produces catalase-peroxidase (BpKatG) encoded by the

katG gene as part of its cellula¡ defence system against oxidative stress either as catalase

or as peroxidase. BpKatG is 657o identical with KatG of Mycobacterium tuberculosis,

the enzyme responsible for the activation ofisoniazid, the anti-tubercular drug. A

structure-function study of BpKatG was carried out via site-directed mutagenesis,

focusing mainly on residues on the distal side of the heme active site. Changing the

Arg108, His112 and Asp141 residues in BpKatG resulted in significant changes in

enzymàtic activities as well as changes in absorption spectfa and susceptibility to

inhibitors. Changes to Hisl12 caused drastically decreased catalase and peroxidase

activities, while changes to Arg108 lowered catalase and peroxidase activities, but not as

much as changes to His112. These data have confirmed a catalytic role for His112 and

Arg108 in compound I formation. Changes to Asp141 caused significantly decreased

catalase activity when Ala and Asn were the replacing residues but not when Glu was the

replacement. None of the replacements affected peroxidase activity. This result

confirmed that Aspl4l is involved in compound I reduction by H2O2, but not in

compound I formation. Two mechanisms are presented to explain the involvement of

Asp141 in compound I reduction, direct ionic interaction with the substrate and a

possible electrical potential field effect.
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I. GENERALINTRODUCTION

1.1. The paradox of oxygen

The fact that aerobic organisms need oxygen to survive and yet must constantly

protect themselves against oxygen toxicity is frequently referred to as the oxygen

paradox (Ho et a1.,1995). Although oxygen is essential to aerobic organisms as a final

electron acceptor, it is toxic to these organisms as well because of partially reduced forms

of oxygen formed during normal aerobic metabolism. Partially reduced forms of oxygen,

including superoxide anion radical (O2), hydrogen peroxide (H2O2) and hydroxyl radical

('OH), are generally termed reactive oxygen species (ROS). They are formed by the

sequential univalent reduction of oxygen to water shown schematically below (modified

from Fridovich, 1978):

e- e'+2H+ e-+H+ î e-+H+

OrS

The paramagnetism of oxygen in the ground state indicates that it contains two unpaired

electrons of parallel spin in separate æ* antibonding orbitals. This can be illustrated as

molecula¡-orbital diagram as follows (modified from Im-lay, 2003):

o'. 
-
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This electronic structure constitutes a barrier to the oxygen reduction by an electron pair

of antiparallel spin. Therefore, the electrons are preferentially transfened to oxygen one

at a time by a sequential univalent pathway (Fridovich, 1999). When molecular oxygen is

reduced by one electron, the electron must enter one of the n* antibonding orbitals. The

product is superoxide radical 1O2r¡ with only one unpaired electron as shown in the

diagram above. The addition of a second electron and two ptotons to 02' at physiological

pH gives rise to hydrogen peroxide (H2O2), an oxidizing species that has no unpaired

electrons and, therefore, is not a free radical. The one electron reduction of H2O2 with one

proton yields HzO and hydroxyl radical ('OH), the strongest oxidant produced in

biological systems. Generation of 'OH from HzO2 is catalyzed by t¡ansition metals,

palticularly iron and copper. Finally, 'OH reduction produces a second molecule of HzO.

Together, Oz'-,HzOzand'OH are known as reactive oxygen species (ROS) and are

continuously produced by aerobically growing cells (Castro and Freeman, 2001).

1.1.1. Oxygen toxicity

02' and H2O2 a¡e unavoidable by-products of aerobic metabolism, because they are

formed whenever molecular oxygen chernically oxidizes electron carriers such as

flavoproteins (Storz and Imlay, 1999). Studies in Escherichia coli determined that

autoxidations of NADH dehydrogenase II, succinate dehydrogenase, sulfite reductase,

and fumarate reductase each generated O2'- and H2O2 when the reduced enzymes were

exposed to oxygen. These ROS can also be derived from extemal environment factors

such as the redox active drug (paraquat), ¡adiation (ultraviolet rays), and heavy metals

(Cabiscol et al.,2000b).In addition, some immune cells, which use NADPH oxidase,
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upon invasion by phathogenic bacteria, also exploit ROS as a weapon during

phagocytosis (Cabiscol et a\.,2000a). In aerobic environments, mutant organisms that

cannot scavenge endogenous Oz'- and HzOz typically grow poorly or die, indicating that

these species are formed in potentially toxic doses inside living cells (Messner and Imlay,

2002). ROS can cause extensive damage to biological molecules including lipids, protein,

DNA and RNA (Cabiscol et a1.,2000a). ROS can also damage proteins by either

oxidizing amino acids or modifying prosthetic groups or metal clusters. DNA is a critical

target for oxidative damage and the DNA lesions caused by oxidants can disrupt

replication and lead to mutations (Demple and Hanison, 1994). However, neither

superoxide radical nor hydrogen peroxide are themselves strong enough oxidizing agents

to damage DNA. Much of the damage to DNA is cause by the hydroxyl radical generated

from H2O2 via the Fenton reaction, which requires a divalent metal ion, such as iron or

copper and a sou¡ce ofreducing equivalents (possibly NADH) to reduce the metal.

1.1.2. Detoxification systems: Antioxidant defences

Aerobic organisms have developed detoxification systems to protect themselves

from oxygen toxicity. The primary mechanism involves superoxide dismutases, catalases,

and peroxidases that catalytically scavenge the intermediates of oxygen reduction. The

superoxide radical is eliminated by superoxide dismutases, which catalyze its conversion

to hydrogen peroxide plus oxygen. The hydrogen peroxide, in turn, is removed by either

catalases, which convert it to water plus oxygen, or by peroxidases, which reduce it to

water, using a variety of ¡eductants available in the cell. The reactions catalyzed by these

enzymes are shown below (modified from Fridovich, 1978):



Oz'- + Oz'- + 2I{ ------------> H2O2 + 02 } Superoxide dismutases

H2O2 + H2O2 -------____> 2HzO + Oz ) Catalases

HzOz + 2RH 2H2O + 2R ) Peroxidases

It is clear that efficient ¡emoval of the first two intermediates of oxygen reduction 02'

and HzOz, will prevent formation of 'OH, the highly reactive hydroxyl radical (Fridovich,

1978).

In addition to the detoxification systems described above, several repair enzymes

also constitute secondary mechanisms that serve to minimize the damage caused by toxic

oxygen species. This group include methionine sulfoxide reductases to reverse the

oxidation of methionine residue, proteases to hydrolyse oxidized proteins, endonucleases

to remove oxidized bases from nucleic acids and begin the process of repair, and

phospholipases to hydrolyse oxidized phopholipids @ridovich, 1999),

1.2. Catalases

1.2.1. Introduction

Catalase, also called hydroperoxidase, is a protective enzyme. It was first

biochemically characterized and named in 1900 (Lnew, 1900). The overall reaction for

catalases is the degradation of two molecules of hydrogen peroxide to water and oxygen

(reaction 1) to prevent the formation of the more reactive hydroxyl radical.

2HzOz -+ 2H2O + 02 (1)



This simple overall reaction can be broken down into two stages, the details of

which differ depending on the type of catalase and will be described below. In orde¡ to

protect themselves against feactive oxygen species by catalases, most aerobic organisms

produce at least one catalase from among the three main classes of the enzyme ([,oewen,

1999).

1.2.2. Categorization

According to the diversity of structures and sequences and the different prosthetic

groups, the proteins that exhibit significant catalase activity are classified into three

groups: the monofunctional catalases, the bifunctional catalase-peroxidases and the non-

heme catalases (Chelikani et al.,20O3)

1.2.2.1. Monofunctional catalases

The monofunctional catalases are the most widespread in nature and the most

extensively characterized class. This class of heme-containing enzymes can be further

subcategorized based on subunit size and the difference in heme prosthetic group. The

first subclass is the small (<60 kDa) subunit catalase containing heme å such as bovine

Iiver catalase. The small-subunit catalases have been found in prokaryotes, eukaryotes

and a limited number of a¡chael species. The second subclass is the large (>75 kDa)

subunit catalase containing heme d such as hydroperoxidase II from Escl¡ erichia coli.

The large-subunit catalases are restricted to fungi and bacteria (l,oewen, 1999). This

group will be discussed in detail in section 1.3.



1,2.2,2, ßifunctional catalase-peroxidases

Catalase-peroxidases constitute the second largest class of catalases. They are

bifunctional hemoproteins that exhibit a significant organic peroxidase activity in

addition to the catalatic activity (Nicholls et a1.,2001). They have been characterized in

both bacteria ([,oewen, 1997) and fungi (Fruuje et at., 1996; I*vy et at, 1992). This

group will be discussed in detail in section 1.4.

1.2.2,3. Non-heme catalases

The third and smallest class includes the non-heme or Mn-containing catalases,

Currently there are only three non-heme catalases so far cha¡acteùzed, Lactobacillus

plantarum, Thermoleophilum album, and Thermus thermophilus, but several more have

been sequenced, all of bacteria origin. The active site of each ofthe three enzymes

contains a manganese-rich reaction centre rather than a heme group (Kono and Fridovich,

1983; Allgood and Perry, 1986; Waldo et aI., 1991).

1.2,2.4. Minor cata lases

Additionally, a miscellaneous group of proteins, all heme-containing such as

chloroperoxidase, plant peroxidase and myoglobin, exhibit very low levels of catalase

activity, attributable to the presence of heme, which alone exhibits catalatic activity

(Nichols etal.,200L).



1.3. Monofunctional catalases

1.3.1. Mechanism

All heme-containing monofunctional catalases have in common a two-stage

mechanism for degradation of two molecules of HzOz. In the first stage, Compound I

formation involves oxidation of the heme iron using one molecule of hydrogen peroxide

as substrâte. Compound I is an oxyferryl species with one oxidation equivalent located on

the iron and a second oxidation equivalent delocalised in a heme cation radical (reaction

t\

Enz (Por-FeII) + HzOz + Compound I (Por+'-Fery=O) + H2O (2)

Compound I is a shortlived catalytic intermediate with a distinct absorption spectrum

characterized by a reduction in absorption intensity of the Sorêt band (at approximately

406 nm; a band which is diagnostic of hemoprotein). The formation of compound I is

believed to be initiated by a histidine side-chain in the active site above the plane of the

heme. The histidine acts as a general base donating electrons in a hydrogen bond with the

hydrogen peroxide molecule coordinated to the heme iron. This facilitates formation ofa

transition complex, which is stabilized by additional hydrogen bond interactions with an

asparagine. This allows scission of the peroxide O-O bond, to form compound I and one

molecule of water (Fita and Rossman, 1985).

The second stage, or reduction ofcompound I, employs a second molecule of

hydrogen peroxide as electron donor providing two reducing equivalents (reaction 3).

Compound I (Por+'-FeN=O) + H2O2 è Enz (por-Ferrl) + H2O + 02 (3)
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1.3.2. Catalase structure

Generally, the monofunctional catalases are active as tetramers, but dimers,

hexamers, even an unusual heterotrimer stru ctlre (from Pseudomonas aeruginosø) have

been reported, but not confirmed. To date, the crystal structures ofnine monofunctional

catalases have been determined, including the enzymes from bovine liver (Bl,C) (Murthy

et al., l98l; Fita et al., 1986), Penicillium vitale (PVC) (Vainshtein et a1.,1981 and

1986), Micrococcus lysodeikticus (Mrc) (Murshudov er a 1., 1982), Proteus mirabilis

(PMC) (Gouet et aL, 1995), Escherichia colí (HPn) (Btavo et a1.,1995 and 1999),

Saccharomyces cerevisiae (CATA) (Berthet et aI., 1997; Il'laté. et al., 1999), human

erythrocytes (ImC) (Ko et al., 1999; Putnam et aI., 1999), Pseudomonas syringae (CatÞ)

(Cørpena et a1.,2001 and 20O3), and Helicobacter pylori (HPC) (Loewen et a1.,2004).

The typical features of a heme-containing catalase include an active site deeply buried in

a beta-banel core and two or th¡ee channels providing access to the heme (I-oewen et aI,

2004). The recent reports of HPII variant structure (Chelik anl et a1.,2003) and CatF

(Carpena et aL,2003) have provided significant insights into the channel architecture in

catalases. Th¡ee obvious channels connect the heme-containing active site with the

surface. The main channel is the most obvious access route to the heme. It approaches the

heme perpendicula¡ to its plane and has long been considered the primary access route

for substrate H2O2. A second channel approaches the heme laterally, ut*ort in the plane

of the heme, and hæ been referred to as the minor or laterål channel. A third channel

connects the heme with the central cavity, but no evidence of it having a role has been

presented.
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1.3.3. An electrical potential fïeld in the channel of monofunctional catalases

A recent site-directed mutagenesis study of the conserved Asp (181 in FIPII)

demonstrated that replacement with any uncharged residue, polar or nonpolar, including

Asn, Gln, AIa, Ser and Ile caused a loss of enzyme activity and a reduction in solvent

occupancy in the channel (Chelikani et aL,2003). Most notably, the sixth ligand water

was absent in all subunits of D1814, Dl815 and D18lQ variants, and theÍe were

generally fewer waters in the channel. By contrast, the D1818 va¡iant exhibited normal

levels of activity and contained not only the sixth ligand water in all subunits, but an

unbroken water matrix extending the full length ofthe channels. The striking influence of

the negatively charged side chain at position 181 of HPII may lie in the generation of an

electrical potential field in the hydrophobic portion of the channel between the negative

charge and the positive charged heme iron. The potential field will influence the

orientation of any molecule with an electrical dipole, including both water and hydrogen

peroxide. In both cases, the preferred orientation will be with oxygen atom pointed

toward the positively charged heme iron and the hydrogens toward the negatively

charged side chain of aspartate or glutamate. Such a uniform orientation in the population

ofsolvent will facilitate the formation of hydrogen bonds, providing an explanation for

increased water occupancy when Asp or Glu are present at position 181 in HPtr. A

second result of the induced orientation of hydrogen peroxide is that it will enter the

active site with one oxygen o¡iented toward the heme iron, the hydrogen on this oxygen

located within hydrogen bonding distance of the essential His and the second oxygen

situated within hydrogen-bonding distance of the NH2 of the active site Asn. This

perfectly explains the suggestion arising from molecular dynamics studies that the
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substrate hydrogen peroxide enters the active site in a prefened orientation (Chelikani er

a1.,2003).

1.4, Catalase-peroxidases

1.4.1. Structure and mechanism

The bifunctional catalase-peroxidases a¡e found in a wide variety of organisms

including bacteria, archaebacteria and fungi (Nicholls et al.,20OL). The first catalase-

peroxidase FIPI of E.coli was purified and cha¡acterized in 1979 (Claiborne and

Fridovich, 1979), and the sequence of its encoding gene, katG, appearcd in 1988 (Triggs-

Rune et al., 1988), providing the first catalase-peroxidase sequence demonstrating the

sequence similarities to plant peroxidases.

The large size of the catalase-peroxidase subunit, which contains two distinct

sequence-related domains, relative to the plant peroxidases may have been the result of a

gene duplication and fusion event (Welinder, 1991). The N{erminal domain contains

heme and active site residues that when modified affect enzyme activity. The C+erminal

domain has less sequence similarity, does not seem to bind heme and does not have the

well-conserved active site motif characteristic of peroxidases. For many years it was

thought that heme occupancy for many catalase-peroxidases was partial, with an average

of 0.5 heme per subunit in a heterogeneous mixture of dimers and tetramers with 0, I and

2 or I,2 and 3 hemes respectively (Hillar et a1.,2000). However, a more accurate

determination of the mola¡ extinction coefficient in light of the protein sequence has

shown this to be incorrect.
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Although the sequence and structure of catalase-peroxidases a¡e different from the

monofunctional catalases, their overall catalatic reaction takes place via the same two

stages (reactions 2 and,3) as were described for the monofunctional catalases. This is

because both types ofenzyme contain heme and their active site residues seem to have

similar roles albeit with arginine replacing asparagine. The main difference in the

enzymatic mechanism between catalases and peroxidases is compound I reduction. The

peroxidatic reaction presents another layer of complexity involving the uses of organic

electron donors instead of H2O2 for the reduction of compound I to the resting state via

two one-electron transfers (reactions 4 and 5).

Compound I (Por+'-FeN=O) + AH + Compound tr (por-FeN-OH) + A'

Compound tr (Por-FeN-OH) + AH -+ Enz (Por-FeII) + A' + H2O

In the presence ofa suitable organic electron donor and low levels of H2O2, the

peroxidatic reaction becomes significant. Unfortunately, the in vivo peroxidatic substrate

for the catalase-peroxidase has not been identif,red, leaving the actual role of the

peroxidatic reaction undefined (Chelikani et a1.,2003).

The catalase-peroxidases were brought to rese¿uchers' attention around the world in

1992 when it was confirmed that a mutation of the katG gene encoding the

Mycobacteriunt tuberculosis catalase-peroxidase causes resistance to isoniazid, an

antitubercula¡ pro-drug (Zhang et aI., 1992). This stimulated several groups worldwide to

attempt to crystallize the protein in order to characterize at the molecula¡ level the

interaction of the protein with the drug. Unfortunately, attempts to crystallize a number of

(4)

(s)
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different catalase-peroxidases were not successful until a decade later when the

preliminary analyses of the crystallization of catalase-peroxidase from the halophilic

archaebacterium Haloarcular marismortui (Yamada et a1.,2001), from the

cyanobacterium Synechococcus (W ada et a1.,2002), from the Gram-negative bacterium

Burkholderia pseudomallei (Catpena et a1.,2002), and of the C-terminal domain of HPI

of E. coli (Catpena et a1.,2002) were reported. The crystal structure of catalase-

peroxidase from fhe H. marismortui enzyme (HmCPx) at 2.0 Å was reported fi¡st

(Yamada et aL,2002), followed by the structure of B. pseudomallei enzyme @pKatG) at

1.7 Ã, (Cæpena et al,2003). Both enzymes have similar structures with two subunits in

the asymmetric unit, consistent with the predominant form of the enzyme in solution

being a dimer. Each subunit is composed of 20-ø-helical sections joined by linker regions

andjusi three or four p-strand segments, making the structure very different from

monofunctional catalases (Caryena et al, 2003).

1.4.2. The role of KatG in INH activation

Tuberculosis is the world's leading cause of death from a single infectious agent.

It is estimated that one-third of the world population is infected with Mycobacterium

tuberculosis, with more than eight million new cases every year and almost two million

deaths annually. The difficulty in controlling tuberculosis has increased by the worldwide

rise of multidrug-resistant strains of M. tuberculosís, including resistance to isoniazid

(INH), the most effective and widely used chemotherapeutic agent in treating the disease

(Espinal and Raviglione, 2003). This has led to an urgent need for understanding the
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molecular mechanism of drug resistance, in order to assist in the discovery and

development of new drugs.

Isonicotinic acid hydrazide (isoniazid or INH) has been one of the first choice

medications used in the treatment of tuberculosis since 1951, but the mode of action of

this compound is still not completely understood (Madkour et a1.,2003). INH is

considered as a pro-drug since its antituberculosis function requires activation by the

catalase-peroxidase enzyme or KatG from M. tuberculosis (MtKatG)(Zhang et aI., 1992).

This fact was reported shortly after the introduction of INH therapy when INH-resistant

strains of M. tuberculosís werc often accompanied by loss of catalase-peroxidase activity

(Middlebrook, 1952 and,l954). This observation was confirmed by the molecular genetic

studies of Zhang and colleagues who demonstrated that INH-sensitivity could be restored

by introduction of the kntc gene into an INH-resistant, catalase-deficient strain (Zhang et

al.,1992 and 1993). The elegant studies by this group have attracted worldwide attention.

Numerous reports have subsequently demonstrated that mutation in, or deletion of, the

ftafG gene results in the acquisition of isoniazid resistance (Heym et ø1., 1995; Monis et

a1.,1995; Rouse ¿t ø/., 1996; Saint-Joanis et aI., L999).In parallel with the studies of

INH-resistance conelating with a defect in the katG gene, the toxic effect of INH on

M. tuberculosis has been studied showing that INH inhibits mycolic acid biosynthesis

required for cell wall synthesis, leading to cell death (Winder and Collins, 1970;

Takayana et aI., 1972 and 1975). However there is â controversy as to which enzymes of

the mycolic acid pathway are the actual targets of INH (Ktemer et a1.,2003). At least two

enzymes have been identif,red as potential targets of activated INH, the enoyl-AcP

reductase InhA (Banerjee et al., 1994) and the p-ketoacyl-ACP synthase KasA (Mdluli ør
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aI.,1998). The X-ray crystallographic studies have revealed that InhA is probably the

primary target of INH Qessen et a1.,1995; Rozwarski et al., L998), revealing

isonicotinoyl-NAD bound in the active site of InhA. This suggests that the active form of

INH, probably an isonicotinoyl radical, reacts with p-nicotinamide adenine dinucleotide

NAD+/NADH), which is the cofactor of the long-chain enoyl-acyl carrier protein

reductase InhA, a key enzyme in biosynthesis of long-chain fatty acids and of mycolic

acid, specific components of the mycobacterial cell wall. The formation of isonicotinoyl-

NAD, which acts as competitive inhibitors, explains the inactivation of lnhA (Nguyen et

aL.,2001). KatG significantly enhances the production of isonicotinoyl-NAD through the

generation of isonicotinoyl radical, but it has not been convincingly demonstrated how

the isonicotinoyl radical is combined with NADH and whether the KatG also facilitates

this process (Chelikani et al.,2003).

1.5. Catalase-peroxidase of Barkholderia ps eadomallei @pl(atG)

Burkholderíø pseudomallei, formerly called Ps eudomonas pseudomallei, is a gram-

negative rod bacterium that causes an acute and fatal septicaemia melioidosis in humans

(Loprasert et al., 2002). The disease is endemic in Southeast Asia, tropical countries and

northern Australia and it is being increasingly recognized as a potential biological

weapon (I-eelarasamee, 2004). B. pseudomalleisurvives in phagocyte cells (Jones el al.,

1996) and as an intracellular pathogen, it has adopted various strategies to evade host

defence mechanisms, including protection against reactive oxygen species produced by

the phagocyte cells of the host (Miyagi et aL, 1997). Catalase-peroxidase of



15

B. pseudomallei (BpKatG) is one of the antioxidant enzymes that plays a signif,rcant

protective role against such oxidative threats (Loprasert et a1.,2003). The sequence of the

katG gene appeared in 20O2 (Lapf3,serÍ et aI., 2O02), and the purification and

crystallization of the enzyme appeared the same year. BpKatG shows high sequence

similarity to other catalase-pe¡oxidases of bacterial, archaebacterial and fungal origin

including 65Vo idenlity fo KatG from M. tuberculosis and lesser sequence similarity to

members of the plant peroxidase family (Carpena et aI.,2OO2).Ii12003, the 1.7 Å, crystal

structure of BpKatG was described (Carpena et aI.,2003). The crystallized enzyme

shows that BpKatG is a homodimer of 79 kDa subunits with one modified heme group

and one metal ion, Iikely sodium, per subunit. Each subunit has distinct N- and C-

terminal domains that are structurally related and similar to plant peroxidases. The heme

environment of BpKatG is similar to that of plant peroxidases. On the distal side of the

heme, the active-site triad of Arg 108, T¡pl I 1 and Hisl 12 is typical of all catalase-

peroxidases and ofclass I peroxidases. On the proximal side, His279 is the fifth ligand to

the heme iron atom as the peroxidases, and it is in close association with fully conserved

Asp389, which interacts with the indole N atom from the proximal Trp330 (Catpena et

a|.,2003).

1.5.1. The unusual covalent modifications

The electron density maps of BpKatG presented two unusual covalent modifications.

A covalent adduct structure linked the active site Trpl 11 with Tyr238 and Tyr238 with

Met264, and the heme was modified likely by a perhydroxy group added to the vinyl

group on the ring I (Carpena et a1.,2003).
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1.5.1.a. Ä, covalent adduct structure linked Trp111-Tyr238-Met264

The structure of covalent adduct, also found in the crystal structure of HmCpx

(Yamada et a1.,2001), involves the indole ring of the active site Trp 1 1 I and the sulfur of

Met264 joined to the ortho positions of Tyr238 ring. It was found in close proximity to a

modification on the heme. The Trpl l 1 component is a catalytic residue required for

compound I reduction in catalatic reaction (Hillar et aI., 2000 and Jakop itsch et al.,

2003). The possible roles fo¡ the covalent adduct include stabilizing the indole ring in the

active site and providing a route for electron transfer. The evidence obtained from mass

spectrometry analyses of BpKatG, E. coliIlPf (Donald et a1.,2003), and the Synechocytis

KatG (Jakopitch et al.,2003) have conf,rrmed the presence of the Trp-Tyr-Met adduct in

four catalase-peroxidases and suppofts the conjecture that the structure may be common

to all catalase-peroxidases (Chelikani et a1.,2O03). The active site Trp from Ê. coli Hpl

(Hillu et a1.,2000) and the .Syr echocytis KatG (Regelsber ger et a1.,2000 and 2001) is

essential for normal catalatic activity, but not peroxidatic activity. The replacement of

Trp by Phe results in the loss of catalase activity, but enhanced peroxidase activity.

Subsequent studies have shown that replacement of either Met264 (Donatd et at.,20O3)

or Tyr238 (Jakopitch et aL,2003) have a simila¡ effect in eliminating catalase activity

with no effect or a positive effect on peroxidase activity. This suggests that the complete

cross-linked structure is required for catalatic activity but not for peroxidatic activity,

providing a clear explanation for why the apparently closely ielated plant peroxidases

have no, or only a trace, ofcatalase activity. A free radical mechanism involving

hydrogen peroxide as an oxidant has been proposed for the creation of the crosslinked

structure amongTrplll, Tyr238 andMet264 (Chelikani et aL,2003).
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1.5.1.b. Heme modification

A second unusual modification in BpKatG, not evident in HmCPx structure, is an

apparent perhydroxy modification on the ring I vinyl group of the heme. The

modification could arise from a simple hydrationlike addition of hydrogen peroxide

across the double bond of the vinyl group. It is shown to be removed easily by treatment

of the enzyme with INH, a peroxidatic substrate (X. Carpena, personal communication).

The function of the perhydroxy group could be a reservoir of H2O2 in the active site,

available for immediate reaction when a peroxidatic substrate is contacted (chelikani et

aJ.,2003).

1.5.2. Substrate access channel

There a¡e at least two channels that provide access to the active site. Despite the

apparent structural similarity to plant peroxidases, the larger subunit size of BpKatG

(more than twice as large) results in the active site of BpKatG, including the resident

heme, being buried more deeply within the subunit. The most obvious access route of the

enzyme to the distal side of the heme, the active site of the enzyme for reaction with

H2O2, is provided by a channel positioned similarly to, but longer than, the access route

in peroxidases. The channel in BpKatG has a pronounced funnel shape that approaches

the heme Iaterally and is narrowest near residues Ser324 and Aspl4l, about 14 Å from

the heme iron atom. In peroxidases, the channel is not as constricted, and the peroxidatic

substrate, benzhydroxamic acid, binds to horseradish peroxidase (HRp) in a position that

is more constricted in BpKatG. Substrate hydrogen peroxide entering the distal side

cavity of BpKatG through the constricted portion of the channel would immediately
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come into contact \rr'ith the active site residues Arg 108, Trp 1 1 1 and His 1 12 for generation

of compound I in both the catalatic and peroxidatic reactions, or for the ¡eduction of

compound I in the catalatic reaction. A region of undefined electron density located just

before the constricted region in this channel was observed. The location of the density is

over 10 Å further away from the heme than is the benzhydroxamic acid bound in HRp,

but is in close proximity to Ser324, the equivalent of Ser315 in MtKatG, which is thought

to be involved in INH binding because changing it interferes with INH activation.

Another funnel-shaped access channel approaches a small central cavity containing

a single metal ion, which was tentatively identified as sodium on the basis of its

refinement properties and pentavalent, square pyramidal coordination structure with

distances of aboú 2.35,Å,. It is coordinated to the carbonyl oxygen atom of residues 122,

1'A and,494 as well as two water molecules. The second channel provides direct access

to the core of the protein and to a region that encompasses two other structural features

with possible functional significance. The first is a large cleft in the side of the subunit

formed between two domains of the subunit that wraps around the protein, which is

evident and may be a potential substrate-binding site with a clear'pathway for electron

transfer to the active site heme group through the adduct. A second feature is the side-

chain of Atg426, which exists in two orientations, of which the predominant (>707o)

differs from the orientation in HmcPx. contributing to the complexity of this region are

the two conformations of the side-chain of rh¡l19, of which the mi nor (<30To) is simila¡

to the conformation in HmcPx, suggesting coordination between the conformations of

the two side-chains. Changes relative to HmCPx (the single ion, the rotated Asp427
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ca¡bonyl group, and the displaced Thrl 19 and, A19426 side-chains) are in close proximity

to one another, are associated directly or indirectly through hydrogen bonds or ionic

interactions and represent the only changes in structure felative to HmCPx in this region

of the protein. This cor¡elation suggests strongly that the changes are functionally related,

and that the region of the protein may have an, as yet, undefined function, possibly as a

second catalytic center besides the heme. This possibility is reinforced by the fact there is

a region of undef,rned electron density located in the cavity vacated by the A19426 side-

chain in direct contact with the oxygen atom of the side-chain from Tyr238, the central

residue of the covalent adduct (Carpena et al., 2003).

1.6. Objectives of thesis

The objective of this thesis is to confirm the catalytic and structural roles of hig y

conserved active site residues, Arg108, His 1 12 and Asp 141 of catalase-peroxidase KatG

from Burkholderia pseudomallei by using site-directed mutagenesis methodology (Figure

1.1). The BpKatG variants will be characterized for catalase activity, peroxidase activity,

NADH oxidase activity, INH hydrazinolysis activity, kinetic parameters and sensivity to

cornmon heme-binding inhibitors. It is expected that these data will provide important

information about the role of these ¡esidues.



1 MPGSDAGPRR RGVFIEQRRNR MSNEAKCPFFI QAAGNGTSNR

41 DIVWPNQLDI^S ILHRHSSI.SD PMGKDFNYAQ AFEKLDLAAV

8 1 KRDLHALMTT SQDWWPADFG HYGGLFBMA WgSAGTYRTA

I21 DGRGGAGEGQ QRFAPLNSWP DNANLDKARR LLWPIKQKYG

161 RAISV/ADLLI LTGNTVALESM GFKTFGFAGG RADTWEPEDV

201 YWGSEKMLE I.GGPNSRYS GDRQLENPLA AVQMGLTYVN

241 PEGPDGNPDP VAAT{IIDIRDT FARMAMNDEE TVALIAGGHT

281 FGKTHGAGPA SNVGAEPEAA GIEAQGLGWK SAYRTGKGAD

32 I AmSGLEVTW TTTPTQV/SHN FFENLFGYEW ELTKSPAGAH

361 QWVAKGADAV IPDAFDPSKK HRPTMLTTDL SLRFDPAYEK

401 ISRRFI{EME QFADAFARAW FKLTHRDMGP RARYI,GPEVP

441 AEVLLWQDPI PAVDHPLIDA ADAAELKAKV LASGLTVSQL

48 1 VSTAWAAAST FRGSDKRGGA NGARIRLAPQ KDWEANQPEQ

52 1 LAAVLETLEA IRTAFNGAQR GGKQVSLADL TVLAGCAGVE

561 QAAKNAGTIAV TVPFAPGRAD ASQEQTDVES MAVLEPVADG

601 FRNYLKGKYR VPAEWLVDK AQLLTLSAPE MTVLLGGLRV

641 I-GANVGQSRH GVFTAREQAL TNDFFVNLLD MGTEWKPTAA

68 1 DADVFEGRDR ATGELKWTGT RVDLVFGSHS QLRALAEVYG

721 SADAQEKFVR DFVAWVNKVM NLDRFDLA

Figure 1.1. Amino acid sequence of catalase-peroxidase BpKatG.
The underlined letters are the amino acids that have been modified.
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2, MATERIALS AND METHODS

2.1. Escherichia coti strâins, plasmids and bacteriophage

The E coli strains, plasmids and bacteriophage used in this study are listed in Table

2.1. Phagemid pKS- from Stratagene Cloning Systems was used as a vector for

mutagenesis, sequencing and cloning. The Burkholderia pseuàomallei katc geîe,

encoding catalase-peroxidase BpKatG, was inserted into plasmid pKS- to generate the

plasmid pBpG. Strain CJ236, harbouring plasmids pBpG-KC, containing subcloned

fragment tr of the B. pseudomallei katG gene (Figure 2.1) was used for generation of

single-stranded, uracil-containing DNA templates employed for site-directed

mutagenesis. Helper phage R408 was used for infection of the strain CJ236 to generate

single-stranded DNA. Strain NM522 was used for cloning and plasmid propagation.

Strain JM109 was used for production of plasmid DNA for double-stranded DNA

sequencing. Strain UM262, which is catalase negative was used for routine expression of

variant proteins.

2,2, Biochemical and common reagents

All biochemicals and reagents, as well as antibiotics used in the course of these

studies, were purchased from either Sigma Chemical Co. (St. Louis, Missouri), or from

Fisher Scientific Ltd. (Mississauga, Ontario). Restriction nucleases, polynucleotide

kinase, T4 DNA ligase and most other enzymes used in these studies were purchased
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Table 2.1. List of Escherichia coli sÍains, plasmids and bacteriophage used in this study.

Genotype or characteristics Source

.E coli strains

CJ236 dutl ungl thïl rel{llpCJllí/ cam'F' Kunkel et at., l9B7

NM522 supBL(lac-proAB)hsd-5lF proAB Mead,eta1.,1985
lacle IacZAlSl

JM109 recAl supEA4 endAl hsd{l hsdRLT Yanisch-Perron et at., l9B5
gyr{96 relXl thi L(Iac-proAB)

UM262 recA katG::Tnl} pro leu rpsL hsdM L¡ewen et a1.,1990
hsdR endl IacY

Plasmids

pKS-

pBpG-KH (pKS-, subclone f)

pBpG-KC (pKS-, subclone tr)

Bacteriophase

R408 (helper phage)

A*p* Stratagene Cloning Systems

pBpc (pKS-, B. pseudomallei katG clone) A.p* This study

AmpR This study

AmpR This study

Stratagene Cloning Systems



Figure 2'1' Simplified restriction map of the chromosomal insert contai ning the B. pseudomallei katc gene in

plasmids pBpG, pBpG-KH (Fragment I) and pBpG-KC (Fragment rI). The ll34 bp long karG open reading frame

[T[I[Tll i5 indicated as part of the chromosomal inse¡t I as are rhe two insert fragments I and II used to

ionstruct the subclone vectors employed in site-directed mutagenesis of B. pseudomallei katG.

(1001-1006) Hindttt(1731-1736)

3369
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from Invitrogen Canada Inc. @urlington, Ontario). The T7 sequencing kit was purchased

from USB Corporation (Cleveland, Ohio). Components for the media used for growth

of bacteria cell cultures were purchased from DIFCO (U.S.A.). Solutions were prepared

using reverse osmosis distilled water.

2.3. Media, growth conditions and storage of cultures

E coll cultures were usually grown in LB (Luria-Bertani) medium containing lO gtL

tryptone, 5 g/L yeast extract, and 5 g/L NaCl. Solid LB media contained 15 glI- agar.

Ampicillin was added to a concentration of 100 ¡rglnìf for maintenance of selection

pressure on plasmid-harboring strains grown in both liquid and solid media. In addition,

chloramphenicol was added to a concentration of 40 lLgnrl in o¡der to maintain the

presence of F' episome for the growth of the strain CJ236.

E. coli sl.rains in general were grown in solid or liquid mediaat37"C. However, cell

cultures in liquid media for expression of wild type and variant proteins were grown at

eithe¡ 28oC or aT37"C in shake flasks with good aeration depending on what was

optimum for a paficular variant. lnng term storage of stock culturcs was in 2470

dimethylsulfoxide (DMSO) at -60oC. Bacteriophage R408 wæ srored at 4oC in I B

culture supematant.



2.4. DNA manipulation

2.4.1. Preparation of synthetic oligonucleotides

The oligonucleotides used for site-directed mutagenesis were purchased from

Invitrogen (Burlington, Ontario) in non-phosphorylated form. The concentration of

oligonucieotide DNA was determined spectrophotometrically at 260 nm, where 1 unit of

absorbance = 20 pglml single-stranded DNA (Sambrcok et al., L989).

Oligonucleotides used for site-directed mutagenesis were phosphorylated at the 5'-

ends using T4 kinase (Invitrogen Canada Inc.) according to the procedure of Ausubel el

al. (1989). Approximately 100 ng of oligonucleotide DNA in a volume of25 pl,

containing I mM ATP and 10 units of kinase were incubated in appropriately diluted

buffer supplied by the manufacturer at 37oC for 30 minutes. The reaction was terminated

by heat inactivation at 65"C for 5 minutes.

2.4.2a. Site-directed mutagenesis strategy

Targeted base changes on phagemi d-bome B. pseudomalleí katG were generated

according to the in vitro mutagenesis protocol described by Ku nkel et aL (1987).

Subclones were constructed from parts ofthe chromosomal insert contai ning the køtG

gene on pKS-. A simplified restriction map of BpkatG gene indicating the locations of

individual subclones is shown in figure 2.1The subclone rather than the whole gene was

mutagenized in order to limit the amount of subsequent sequencing required to confirm

mutation in the subclone both after mutagenesis and after reinsertion into the BpkatG

gene for protein expression. Target codons for mutagenesis were selected from the DNA
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sequence of Bpkatc gene shown in figtre 2.3. DNA sequences for oligonucleotides used

in the mutagenesis procedure a¡e listed in Table 2.2. Mutagenesis was performed by

annealing the phosphorylated oligonucleotides encoding the desired base modifications

to uracil-containing single-stranded DNA templates obtained from the appropriate

Bluescript phagemid subclone. The complementary DNA strand was then synthesized ue

uilro by unmodified fi DNA polymerase (New England Biolabs) using the annealed

oligonucleotide as a primer. The 3' and 5' ends ofthe completed complementary strand

were ligâted by adding T4 DNA ligase (lnvitrogen Canada lnc.) in the reaction mixture.

The DNA was then transformed into NM522 cells where the uracil-containing templates

were degraded. Plasmid DNA recovered from the transformants was further transformed

into JM109, recovered from this strain and used to screen for the desired mutation in the

plasmid subclone by DNA sequencing. Once the correct mutant was identified, the

complete subclone sequence was determined in order to ensure that no base changes

apart from those desired had been introduced. The mutated subclone was then used to

reconstruct the complete Bpkatc gene, which was then sequenced over the region

containing the mutation for final confirmation. Reconstructed, mutant Bp&dfc clones

were then transformed into UM262 fo¡ determination of enzyme activities and

visualization of protein from crude extracrs or whole cells by SDS-PAGE. Clones

exprcssing significant levels of variant BpKatG enzyme were then grown on a large scale

(4-6 liters) for purification and characte¡ization of the enzyme.
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2.4.2b. Reconstruction of B. ps eudomallei katG subclones with desired mutation

An outline of the reconstruction protocol is illustrated in Figure 2.2. The plasmids

have been drawn in a linea¡ized form for reasons of simplicity. Reconstruction of mutant

kntG genes involved two stages. In the first stage, plasmid pBpG-KC (subclone I) with

the desi¡ed mutation was cut with Kpnl and CIaL The 1002bp Kpnl-Clal fragment from

pBpG-KC (subclone f) was then ligated into pBpG-KH (subclone II) that was also cut

with Kpnl and C/¿I. In the second stage; plasmid pBpG-KH (subclone tr) with the

desired mutation was cut with KpzI and Hindffi- The l73l bp KpnI-Hinilfr, fragment

from pBpG-KH (subclone tr) was then ligated into pBpG that was also cut with KpnI and

Hindfr. to generate the plasrnid containing mvtant katc Eene. AII the variant constructs

were verified for correct restriction sites using various restriction digestion studies at each

step in the construction process.

2.4.3. DNA isolation and purifÏcation

.Plasmid DNA was isolated according to Sambrook ¿l a/. (1989). All procedures

were car¡ied out at 4"C. Plasmid containing cells from 5 ml LB cultures grown to

stationary phase were pelleted by centrifugation and resuspended in 200 pl glucose-

BDTA buffer (25 mM Tris-HCl, pH8.0,lVo glucose, 10 mM Na-EDTA). The cells were

then Iysed by addition of 400 pl 17o SDS (Wv),0.2 M NaOH solution and gently mixed.

This was then neutralized by addition of 300 pl of 6.2 M ammonium acetate, pH 5.9.

Afte¡ 10 minutes incubation on ice, the mixture was centrifuged twice to remove all

precipitates. Plasmid DNA was then precipitated by addition of 550 ¡rl isopropanol to the

remaining supematant followed by a l5-minutes incubation at room temperature. It was
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Table 2,2. Sequences of oligonucleotides used for site-directed mutagenesis of
B urkholde r ia p s e udomallei køtG.

Primer name Base change Oligonucleotide sequenceo

Rl08A

RlO8K

HIL2A

Hl12N

D1414

DI4IE

D141N

CGC -+ GCC

CGC -+ A.Ar{

CAC -+ GCC

CAC -+ AAC

GAC -+ GCC

GAC +AAC

GAC +GAA

CTGTTCATCGCCATGGCATGC

CTGTTCATCAAAATGGCATGG

ATGGCATGGGCCAGCGGGCAC

ATGGCATGGAACAGCGGGCAC

AGCTGGCCCGCCAACGCGAAC

AGCTGGCCCAACAACGCGAAC

AGCTGGCCCGAAAACGCGAAC

oThe sequences in bold are the codons that have been modified
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I'igrre 2.2. General reconstruction protocol used for generation of variant /carG's from
mutagenized subclone I for protein expression. (K:KpnI, C:Clal,H:Hindil, E:EcoRI)

c
'-l
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Subclone I

I

I
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Subclone II
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+
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kntG
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Figure 2.3. Nucleotide sequence of Burkholderia pseudomallei køtG showing the
restriction sites, the sequencing primers (BpG 1-6) and mutagenic oligonucleotides
indicating base changes.

C GGGGTGAC GAAGCTCGATATCCCGGC GAC GGTGAATTGAGCGCGGCGAGCGCAGCTG 6 O

GCCCCACTGCTTCGAGCTATAGGGCCGCTGCCACTTAACTCGCGCCGCTCGCGACGAC

CGGGCCGCCGC GCGCCATGATCGGACGGGGCTTCGGGGC CCC GTTTATTTTTGCCTATCG I2O
GCCCGGC GGCGCGCGGTACTAGCCTGCC C CGAAGC CC C GGGGCAAATAAAAACGGATAGC

GATAAATAAAATTTATTAAATTACATATATCAATAGCAAATAATAGAATGCTTCGCATGG 180
CTATTTATTTTAAATAATTTAATGTATATAGTTATCGTTTATTATCTTACGAAGCGTACC

ATCGGCGCAGCGCCGCCGGACGGTAACTGCAAGCGTCAAGGGAGGATGTCATGATGCAAC 240
TAGCCGCGTCGCGGCGGCCTGCCATTGACGTTCGCAGTTCCCTCCTACAGTACTACGTTG

C GGCATTGTCGCGCGCGCGGC GGAACATIGCGCC GCGCCCGGCGGTCATTGAICGTGC CA 3OO
GCCGTAACAGCGCGCGCGCCGCCTTGTAACGCGGCGCGGGCCGCCAGTAACTAGCACGGT

AGGCTGC CATC C GGAGC CTGCGTC CGATTGC GTTC GCTIATCTGGCGGACCGC GCCCACG 36 O

TCCGACGGTAGGCCACGGACGCAGGCTAACGCAAGCGAATAGACCGCCTGGCGCGGGTGC

GCGGCTGAGCGC CGC CGCGTGCCGGGCCGCTTTTTTC GCGCCGC GC GTC GCGTCGCAC GC 420
CGCCGACTCGCGGCGGCGCACGGCCCGGCGAAAAAAGCGCGGCGCGCAGCGCAGCGTGCG

M P G S (4)
AGGAGGGGTCAACCTGTTTGTTTCCCC GCAAAGTC GCCCCCCGAACGATGCC C GGCTC CG 480
TCCTCCCCAGTTGGACAAACAAAGGGGCGTTTCAGCGGGGGGCTTGCTACGGGCCGAGGC

- - ->BpGz
------->BpGs

G AG P R R R G V H E Q R R N R I'1 S N E (24)
ATGCCGGGC CCCGCAGGCGGGGC GTACACGAACAAAGGAGAAATCGCATGTC GAATGAAG 5 4O
TACGGCCCGGGGCGTCCGCCCCGCATGTGCTTGTTTCCTCTTTAGCGTACAGCTTACTTC

AKCP FHQAAGNGTSNRDl,lI^IP (44)
CGAAGTGC CCGTTCCATCAAGCCGCAGGCAACGGCACGTC GAACCGGGACTGGTGGCCCA 6O O

GCTTCACGGGCAAGGTAGTTCGGCGTCCGTTGCCGTGCAGCTTGGCCCTGACCACCGGGT

NQLDLS I LHRHSSLSDPt4GK (64)
ATCAGCTGGACCTGAGCATC CTGCATC GGCACTCGTCGCTGTCCGATCC GATGGGCAAGG 66 O

TAGTCGACCTGGACTCGTAGGACGTAGCCGTGAGCAGCGACAGGCTAGGCTACCCGTTCC

D F N Y A Q A F E K L D L A A V K R D L (84)
ATTTCAACTACGCGCAGGC GTTC GAGAAGCTCGACCTCGCGGCGGIGAAGCGCGACCTCC 7 20
TAAAGTTGATGCGCGTCCGCAAGCTCTTCGAGCTGGAGCGCCGCCACTTCGCGCTGGAGG
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H A L M Ï T S Q D l,l I,I P A D F G H Y G G

ACGCGCÏGATGACGACGTCGCAGGACTGGTGGCCGGCCGATTTCGGCCACTACGGCGGCC

TGCGCGACTACTGCTGCAGCGTCCTGACCACCGGCCGGCTAAAGCCGGTGATGCCGCCGG
- - - ->BpG6

L F I R l.1 A I,,I H S A G T Y R T A D G R G

TGTTCATCCGCAÏGGCATGGCACAGCGCGGGCACGTACCGCACGGCCGACGGCCGCGGCG

ACAAGTAGGCGTACCGTACCGTGTCGCGCCCGTGCATGGCGTGCCGGCTGCCGGCGCCGC
----- ---AAA----- ---- R108K
--------GCC---- ----- R108A

--- ------GCC-- ------- Hi12A
------ ---AAC--------- H112N

G A G E G Q Q R F A P L N S I,J P D N A N

GCGCGGGCGAAGGGCAGCAGCGCTTCGCGCCGCTCAACAGCTGGCCCGACAACGCGAACC

CGCGCCCGCTTCCCGTCGTCGCGAAGCGCGGCGAGTTGTCGACCGGGCTGTTGCGCTTGG

---- -----GCC--- ------>D141A
- - - - - - - - -AAC - - - - - - - - ->D141N
-- -- -- ---GAA---- - ---_>D141E

L D KA R R L LI,I P ] KQ K Y G RA I S
TCGACAAGGCGCGCCGGCTGCTGTGGCCGATCAAGCAGAAGTACGGCCGCGCCATCTCGT

AGCÏGTTCCGCGCGGCCGACGACACCGGCTAGTTCGTCTTCATGCCGGCGCGGTAGAGCA

t,l A D L L I L T G N V A L E S t"i G F K T
GGGCCGACCTGCTGATCCTGACGGGCAACGTCGCGCTCG AA TC GA IGGGCT TCAAGACCT
CCCGGCTGGACGACTAGGACTGCCCGTTGCAGCGCGAGCTTAGCTACCCGAAGTTCTGGA

Cl aI

F G F A G G RA D T I,I E P E D V Y W G S
TCGGCTTCGCGGGCGGCCGCGCGGACACGTGGGAGCCCGAGGACGTCTACTGGGGCTCGG

AGCCGAAGCGCCCGCCGGCGCGCCTGTGCACCCTTCGGGCTCCTGCAGATGACCCCGAGC

E K I I^J L E L S G G P N S R Y S G D RQ
AAAAGATCTGGCTGGAACTGAGCGGCGGCCCGAACAGCCGCTATTCGGGCGACCGCCAGC

CTTTTCTAGACCGACCTTGACTCGCCGCCGGCTTGTCGGCGATAAGCCCGCTGGCGGTCG

LENPLAAVQMG LIYVNPEGP

DGNPDPVAAARDIRDTFARM
ACGGCAATCCCGATCCGGTCGCCGCGGCGCGCGACATTCGTGACACCTTCGCGCGCATGG

TGCCGTTAGGGCTAGGCCAGCGGCGCCGCGCGCTGTAAGCACTGTGGAAGCGCGCGTACC

AMNDEETVALIAGGHTFGKT
CGATGAACGACGAAGAGACGGTCGCGCTGATCGCGGGCGGCCACACGTTCGGCAAGACGC

GCTACTTGCTGCTICTCTGCCAGCGCGACTAGCGCCCGCCGGTGTGCAAGCCGTTCTGCG
----->BpG3

(244)
TCGAGAACCCGCTCGCCGCCGTGCAGATGGGCCTCATCTACGTGAATCCGGAAGGCCCGG 1,200
AGCTCTTGGGCGAGCGGCGGCACGTCTACCCGGAGTAGATGCACTTAGGCCTTCCGGGCC

(i04)
780

(r24)
840

(744)
900

(164)
960

(i84)
r020

(204)
1080

(224)
1140

(264)
1260

(284)
1.320



HGAGPASNVGAEPTAAGI EA
ACGGCGCGGGGCCCGCGTCGAACGTCGGCGCCGAGCCGGAGGCCGCGGGCATCGAAGCGC

TGCCGCGCCCCGGGCGCAGCTTGCAGCCGCGGCTCGGCCTCCGGCGCCCGTAGCTTCGCG

QGLGt4KSAYRTGKGADAITS
AGGGCCICGGCTGGAAGAGCGCGTACCGCACGGGCAAGGGCGCGGACGCGATCACGAGCG

TCCCGGAGCCGACCTTCTCGCGCATGGCGTGCCCGTTCCCGCGCCTGCGCTAGTGCTCGC

G L E V T t,l T T T P T Q I,I S H N F F E N

GGCTCGAAGTCACGTGGACGACGACGCCGACGCAGTGGAGCCACAACTTCTTCGAGAACC

CGGAGCTTCAGTGCACCTGCTGCTGCGGCTGCGTCACCTCGGTGTTGAAGAAGCTCTTGG

L F G Y E Ii E LT K S P A GA H Qt^, V A
TGÏTCGGCTACGAGTGGGAGCTGACGAAGAGCCCGGCGGGCGCGCACCAGTGGGTCGCGA

ACAAGCCGATGCTCACCCTCGACTGCTTCTCGGGCCGCCCGCGCGTGGTCACCCAGCGCT

KGADAV ] PDAFDPSKKHRPT
AGGGCGCCGACGCGGTGATTCCCGACGCGTTCGATCCGTCGAAGAAGCATCGTCCGACGA

TCCCGCGGCTGCGCCACTAAGGGCTGCGCAAGCTAGGCAGCTTCTTCGTAGCAGGCTGCT

¡'1 L T T D L S L R F D P A Y E K I S R R

TGCTCACGACCGACCTGTCGCTGCGCTTCGATCCGGCGTACGAAAAGATCTCGCGCCGCT

ACGAGTGCTGGCTGGACAGCGACGCGAAGCTAGGCCGCATGCTTTTCTAGAGCGCGGCGA

F H E N P T Q F A D A F A R A I^I F K L*T
TCCACGAGAACCCGGAGCAGTTCGCCGACGCGTTCGCGCGCGCCTGGTTC/4,4 GC TTACGC
AGGTGCTCÏTGGGCCTCGTCAAGCGGCIGCGCAAGCGCGCGCGGACCAAGTTCGAGTGCG

--------T---
HíndIïl

HRDMGPRARYLGPEVPAEVL
AC CGCGACATGGGC CCGCGC GCGC GCTATCTCGGCCCGGAAGTGCCGGC C GAGGTGCTGC
TGGCGCTGTACCCGGGCGCGCGCGCGATAGAGCCGGGCCTTCACGGCCGGCTCCACGACG
- ->BpG1

Ll,lQDPTPAVDHPLIDADAAA
TGTGGCAGGACCCGATTCCGGCCGTCGACCATCCGCTGATCGACGCCGCGGACGCCGCCG

ACACCGTCCTGGGCTAAGGCCGGCAGCTGGTAGGCGACTAGCTGCGGCGCCTGCGGCGGC

ELKAKVLASGLTVSQLVSTA
AGCTGAAGGCAAAGGTGCTCGCGTCGGGGCTGACCGTGTCGCAGCTCGTTTCCACCGCGT

TC GACTTC C GTTTC CAC GAGC GCAGCCCCGACTGGCACAGCGTCGAGCAAAGGTGGC GCA

l,1lAAASTFRGSDKRGGANGAR
GGGCGGCGGCGTCCACCTTCCGCGGCTCGGACAAGCGCGGCGGCGCGAACGGCGCGCGCA

C C CGCCGC CGCAGGTGGAAGGCGC CGAGCCTGTTCGCGC CGCCGCGCTIGCC GCGC GCGT

I RLAPQKDWTANQPEQLAAY
TTCGCCTTGCGCCGCAGAAGGACTGGGAGGCGAACCAGCCCGAGCAGCTCGCGGCGGTGC

AAGCGGAACGCGGCGTCTTCCTGACCCTCCGCTTGGTCGGGCTCGTCGAGCGCCGCCACG

32

(304)
1380

(324)
7440

(344)
150 0

(364)
156 0

(384)
I620

(404)
i 680

(424)
t7 40

(444)
1800

(464)
1860

(484)
1.920

(s04)
1980

(524)
2040
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L E T L E A I R T A F N G A Q R G G K Q (544)
TCGAGACGCTCGAGGCAATTCGCACGGCGTTCAACGGCGCGCAGCGCGGCGGCAAGCAAG 21OO
AGCTCTGCGAGCTCCGTTAAGCGTGCCGCAAGTTGCCGCGCGTCGCGCCGCCGTTCGTTC

V S L A D L ] V L A G C A G V E Q A A K (564)
TGTCGCTCGCC GATCTGATC GTGCTGGCC GGCTGCGCGGCCGTCGAGCAGGC GGCGAAGA 2T60
ACAGC GAGCGGCTAGACTAGCAC GACC GGCCGACGC GCCCGCAGCTCGTC C GCCGCTTCT

N A G H A V T V P F A P G R A D A S Q E (584)
AC GCGGGCCAC GCGGTGACC GTGCCGTTC GCGC CGGGCC GCGC GGACGCATC GCAGGAGC 2220
TGCGCCCGGTGCGCCACTGGCACGGCAAGCGCGGCCCGGCGCGCCTGCGTAGCGTCCTCG

Q T D V E S M A V L E P V A D G F R N Y (604)
AGACCGACGTCGAATCGATGGCCGTGCTCGAGCCGGTGGCCGACGGTTTTCGCAACTACC 2280
TCTGGCTGCAGCTTAGCTACCGGCACGAGCTCGGCCACCGGCTGCCAAAAGCGTTGATGG

C Ìal

LKGKYRVPATVLLVDKAQLL (624)
TGAAGGGCAAGÏATC GGGTGCCCGC C GAGGTGCIGCICGTCGACAAGGCGCAACTGCTGA 2340
ACTTCCCGTTCATAGCCCACGGGCGGCTCCACGACGAGCAGCTGTTCCGCGTTGACGACT

T LSAP E¡,ITV L LGG LRV LGAN (644)
CGCTGAGCGCGCCGGAGATGACGGTGCTGCTGGGCGGCCTGCGCGTGCTGGGCGCGAAC G 24OO
GCGACTCGCGCGGCCTCTACTGCCACGACGACCCGCCGGACGCGCACGACCCGCGCTTGC

VGQSRHGVFTAREQALTNDF (664)
TC GGGCAGAGCCGGCAC GGCGTGTTCAC CGCGCGC GAGCAGGCATTGACCAACGACTTCT 2460
AGCCCGTCTCGGCCGTGCCGCACAAGTGGCGCGCGCTCGTCCGTAACTGGTTGCTGAAGA

F V N L L D t4 G T E l.l K P T A A D A D V (684)
TCGÏGAACCTGCTCGACATGGGCACCGAGTGGAAGCCGACGGCGGCCGACGCGGACGTGT 2520
AGCACTTGGACGAGCTGTACCCGTGGCTCACCTTCGGCTGCCGCCGGCTGCGCCTGCACA

F E G R D R A T G T L K I^J T G T R V D L (704)
TCGAAGGGC GCGACC GCGC GACGGGC GAGCTCAAGTGGACGGGCAC GCGCGTCGATCTCG 2 580
AGCTTCCCGCGCTGGCGCGCTGCCCGCTCGAGTTCACCTGCCCGTGCGCGCAGCTAGAGC

VFGSHSQLRALAEVYGSADA (724)
TGTTC GGCÏCGCACTCGCAGTTGC GCGCGCTCGCGGAGGTCIACGGCAGC GCGGACGCGC 2640
ACAAGCCGAGCGTGAGCGTCAACGCGCGCGAGCGCCTCCAGATGCCGTCGCGCCTGCGCG

Q E K F V R D F V A V l,l N K V M N L D R (744)
AGGAGAAGTTC GTGC GCGACTTCGTCGC GGTCTGGAACAAGGTGATGAACCTC GACCGCT 27 OO

TCCTCTÏCAAGCACGCGCTGAAGCAGCGCCAGACCTTGTICCACTACTTGGAGCTGGCGA

FDLA*(749)
TCGATCTCGCGTGATCGCGCCGC CGC GC CGC C GGAGC GGC GGC GCGCGGCGGCGGGGAAC 27 60
AGCTAGAGC GCACTAGCGCGGC GGC GCGGC GGCCTCGCC GCC GCGC GCCGC CGC C CCTTG

BpG4<- -
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GGCCGGCTGACGCGGGCCGCTTCCCGCCGGGCCGCTGATATCGTTTCAAGGAGTGACGAT

CATGACGCAAATGATTCTCGACCTGCGCGGGGCGCTCGCGGCGCCGGCCAGGCGCGCGGG

CGC CGCGGC GTGGC GGCGGCTGATCGGCCTCGCGATCGCGGGC GGCGGC GCGGC CGTGCT
GGCCGCGCAGGC C GCGCGCTACTTCAC GGCGGC CGCCGGCGGTTGAGCGGGC CTGC GTTT
CGCGCAAATCGCGCGCTCGCGATCTACGCTAAACTGGTGCGGCGCTCGGCGGGCAGCCGC

ACGCGCGTCTGCCGCCTCTGCATAGGCTGCCCATGCGCATGTCGCCTGCGCGCATCCCGC

AÏCGGGCATGCGGATCTTTCGATGCATTTTCGTCGGTTCGAACCATCGGACAAGGAGTTT
CGAGGATGGCCAAGAAAAGCAACGCAACCCAGATCAACATCGGCATCAGCGACAAGGATC
GCAAGAAGATCGCGGCGGGGCTGTCGCGTCTGCTCGCCGATACGTACACGCTGTACCTGA

AGACGCACAATTTCCACTGGAACGTGACCGGCCCGATGTTCAACACGCTGCACCTGATGT
TCGAGGAGCAGTACAACGAACTGTGGCTCGCCGTCGATCTCGTCGCGGAGCGCATCCGCA

CGCTCGGGGTCGTCGCGCCGGGCACGTATCGCGAATTCGCGAAGCTGTCGTCGATTCCCG

AGGC C GACGGC GTGC CGGCC GCCGAGGAGATGATTCGC CAGCTCGTCGAAGGGCATGAGG
CTGTCGTGC GCACC GCGC GCGC GATCTTC CCGGACGCCGACGC GGCGAGCGAC GAGCC CA
C C GCC GATCTGCTGAC GCAGC GCCTGCAG

2820
2880
2940
3000
30 60
3120
3180
3240
3300
336 0
3420
3480
3540
3600
3629
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then pelleted by centrifugation, washed twice with 70Vo (v/v) ice-cold ethanol, and then

dried under vacuum. The DNA pellet was either stoted in this condition at -20oC or was

suspended in HPI-C grade water or TE buffer (10 mM Tris, pH 8.0, 1 mM Na-EDTA)

prior to storage at -20oC until further use.

Single-stranded template DNA for site-directed mutagenesis was prepared

according to the procedure of Vieira and Messing (1987). Plasmid containing cells in a 5

ml LB culture in early exponential phase were infected with 50 pl of helper phage R408

110r1-1012 PFU per mì) (in presence of 50 pl I M MgSOa) and grown overnight. 1.5 ml

of overnight grown culture was centrifuged in order to remove the cells and debris. A

solution of 300 ¡tl of 1.5 M NaCl, 20Vo PE,G 6000 was added per ml of medium

supernatant and mixed by inversion. This mixture was then incubated at room

temperature for 15 minutes and centrifuged to pellet the phage particles. The pellet was

resuspended in TE buffer on ice and extracted fust with an equal volume of buffer-

saturated phenol, followed by extraction with an equal volume water-saturated

chloroform. Single-stranded DNA was precipitated by addition of an equâl volume of 7.5

M ammonium acetate, pH 7.5 and 4 volumes of ice-cold 95Vo ethanol followed by

incubation at -20"C fo¡ 30 minutes. Single stranded DNA was recovered by

centrifugation and the pellet was washed once wíth 95Vo (vlv) ethanol and two times with

70Vo (v/v) ethanol. The dried pellet was stored at -20oC until further use.
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2.4.4. Restriction endonuclease digestion of DNA

Restriction digestions were performed af 37"C for 2-5 hours in total volumes of 10

pl, containing 1 pg RNase, 1 pl of 10X appropriate buffer provided by the supplier, -1-5

pg DNA, and 0.5-1 pl (50-2,500 Units) of endonuclease.

2.4.5. Agarose gel electrophoresis

Electrophoresis of the restriction endonuclease digested DNA was performed

according to Sambrook ef al., ( 1989). Agarose gels containing l%o (wlv) agarose and 0. I

pglml ethidium bromide were prepared in TA-E buffer (40 mM Tris-Acetate and I mM

EDTA, pH 8.0) and cast in Bio-Rad Mini Sub Cell Plexiglass horizontal electrophoresis

trays (6.5 cm x 10 cm). Samples of 10 pl volumes were mixed with 2 ¡rl Stop buffer

(407o fvlvl glycerol, l0 mM EDTA pH8.0,0.257o [w/v] bromophenol blue). lkb DNA

ladder or I kb plus DNA ladder ( Invitrogen Canada Inc.) were used as molecular weight

size standa¡ds. Electrophoresis was carried out at 40-60 mA constant current in TAE

buffer, usually until the bromophenol blue marker dye front had migrated approximately

two-thirds of the length of the gel. Following electrophoresis, the DNA bands were

visualized with ultraviolet light and recorded in a digitized form using a Gel Doc 1000

image capture system @io-Rad).

2.4.6.Ligation

DNA fragments to be ligated were excised from agarose gels and purified using the

Ultracleanru 15 DNA purification kit (Bio/Can Scientific Inc.) according to the

instructions supplied by the manufacturer. Ligation ofinsert DNA into vector was carried
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out according to the procedure of Sambrook ¿r ¿/. (1989). Purified DNA was mixed in a

ratio of2-3 ofinsert to vector in 10 ¡rl volumes, containing lunit ofT4 DNA ligase

(Invitrogen Canada lnc.), and the manufacturer's supplied buffer at the appropriate

concentration. Ligation mixtures were incubated ovemight at 15 oC. A mixture without

the insert DNA added was used as control.

2.4.7. Transformation

Transformation of E. coli cells with the various plasmids was achieved according to

Chung et al. (1989). 5 ml LB cultures ofcells grown to exponential phase (2-4 hours)

were harvested by centrifugation and made competent by resuspension in 500 pl ice-cold

0.1 M CaCl2 for at least 30 minutes on ice.2-10 ¡rg DNA was usually added to 100 pl of

this cell suspension, followed by a further 3O-minute incubation on ice, and a 90 second

heat shock at 42 'C. 0.9 ml LB medium was then added to the cell suspension and

incubated at 37 "C for I hour without aeration. The mixture was either spread, or (in the

case of ligation mixture transformations) mixed with 3 ml molten (50"C) R-Top agar

(0.125 g yeast extr^ct, 1.25 g tryptone, 1 g NaCl, 1 g agar per 125 ml volume with 0.25

ml 1 M CaClz and0.42 ml3OVo glucose sterile solutions added afte¡ autoclaving) and

poured onto ampicillin-containing LB plates.

2.4.8. DNA sequencing

Sequencing of DNA was performed according to the method of San get et aI.

(1977). Sequencing was carried out manually with double stranded DNA templates using

the primers shown in Table 2.2. For preparation of double stranded DNA template, 5 U.g
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plasrnid DNA was resuspended and denatured in a 40 ¡r.l volume of 2 M NaOH freshly

prepared. This mixture was incubated for 10 minutes at37 "C, and reprecipitated by

addition of 10 pl 3M sodium acetate, pH 4.8 and 140 pl ice-cold 95Vo ethanol. Foltowing

incubation at -20"C for 30 minutes, the DNA petlet was recovered by centrifugation,

washed once with L rnl95Vo ice-cold ethanol, and once with 2O0 ¡tl707o ice-cold ethanol,

and then evaporated to dryness under vacuum in a desiccator. Annealing and sequencing

reactions were ca¡ried out using a T7 Sequencing Kit (USB Corporation, USA) according

to the manufacturer's specifications and using 10 pci [cr,-35s] dATp (Amersham

Biosciences). Reaction mixtures were separated and resolved on 8Vo (wlv)

polyacrylamide vertical slab gels containing 7 M urea,0.13 M Tris,0.13 M boric acid,

and 10 mM EDTA. Electrophoresis was carried out using 18-24 mA constant current in

TBE buffer (90 mM Tris , 89mM borate, 2.2 mM EDTA) for 1.5-4 hours as required.

Gels were mounted on 3 mm paper (Whatman), covered with clear plastic film, and dried

at 80"C fo¡ about I hour on a slab gel drier vacuum (Savant). Dried gels were exposed to

X-ray film (Kodak X-OMAT AR) in order to visualize and record the DNA bands.

2.5. Purifïcation of BpKatG and its variants

For small scale crude extracts used in determination of relative levels ofprotein

expression, as well as catalase activity, plasmid containing cells were grown in 30 ml of

LB medium in 125 mI shake flasks at 28oC and 37oC îor 76-20 hours. Whole cell

cultures were assayed for catalase activity and expression profile by electrophoresis on

sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE).
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For large scale preparations of BpKatG and its variant proteins, UM262 cells ove¡

expressing the desired protein from the appropriate plasmid borne genes were grown in

4-6 liters of LB media, in 2 liter shake flasks (500 ml LB per flask) supplemented with

100 pglml of ampicillin and 40 ¡rg/ml hemin (Sigma), for 16-20 hours, at either 28oC or

37'C with good aeration. Isolation of BpKatG and its variant proteins were done

according to the procedure ofLoewen and Switala (1986) with modifications. All

isolation and purification steps were carried out at 4oC. Cells were ha¡vested from the

growth media by centrifugation and the cell pellet was kept at -60.C ovemight. The cell

pellet was then resuspended in about 150-250 ml of potassium phosphate 50 mM, pH 7.0

containing 5 mM EDTA. The cells were disrupted by a single pass through a French

pressure cell press at 20,000 psi. Unb¡oken cells and debris were removed by

centrifugation, yielding the crude extract, to which was added streptomycin sulfate to a

final concentration oî 2.5Vo (dv). The resulting precipitates were removed by

centrifugation and disca¡ded. Solid (Nþ)2SO4 was then added in appropriate amounts

with gentle stirring, to achieve the required concentration followed by centrifugation, to

precipitate the desired protein. BpKatG and its variants were found to precipitate in

(Nþ)2SOa at 40 -4570 saturation. Pellets from the (NIIa)2SOa precipitations were

resuspended in 10-20 rnl of potassium phosphate 50 mM, pH 7.0. The presence of the

desired protein in the pellets was confirmed by assays for catalytic activity and

visualization on SDS gels. Resuspensions were centrifuged to remove any remaining

precipitates, and dialyzed overnight using a 12,000-14,000 molecular weight cutoff

membrane, against 2liters of potassium phosphate 50 mM, pH 7.0 overnight.
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The dialyzed resuspensions were centrifuged and loaded onto a2.5 cmx23 cm

column of DEAE-cellulose A-500 (Cellufine, Amicon) equilibrated with potassium

phosphate 50 mM, pH 7.0. The column was washed with potassium phosphate 50 mM,

pH 7.0 until the A2s0 of the eluting solution was below 0.05. The protein of interest was

then eluted with a 0-0.4M NaCl linear gradient in potassium phosphate 50 mM, pH 7.0,

usually in a total volume of I liter. Eighty-drop fractions of the eluted proteins from the

column were collected throughout. Purity of the recovered column fractions was based on

Azso a¡d catalase activity elution profiles or on Azso and Aa¡r elution profiles (in case of

mutâtions that had low or no,catalase activiÐ. Selected fractions were pooled and

concentrated under nitrogen in a stirred pressure cell (Model 8050, Amicon) using a YM-

30 (Amicon) membrane, to volumes of between 5-10 ml. The concentrated protein

sample was then dialyzed against approximately I liter of potassium phosphate 50 mM,

pH 7.0 overnight. The concentrated, dialyzed proteins were checked for purity using

catalase activity, the Aasz2se (hemdrotein) ratios and visualization using SDS-PAGE.

The protein was then loaded on to a2.5 x 15 cm hydroxyapatite coluÍn (Bio-Rad)

equilibrated with potassium phosphate 5 mM, pH 7.0. The protein was eluted with

potâssium phosphate 5-200 mM, pH 7.0, usually in a final volume of 500 mL Fifty-drop

fractions of the eluted proteins from the colurnn were collected thoughout. Selected

fractions were then pooled and concentrated as before. The purified protein samples were

aliquoted into eppendorf tubes in 0.5 ml volumes and stored frozen at -60oC until use.
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2.6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PÀGE)

Denaturing SDS-PAGE was carried out according to Weber et al., (1972).

Discontinuous 4Eo stacking and 87o separating polyacrylamide gels were cast as vertical

slabs of dimensions 10 x 10 cm and 0.5 mm thickness (mini gels). Samples loaded onto

the mini gels usually contained about 10-20 pg protein for crude extracts or 2-5 ¡rg

protein for purified protein. Protein samples were mixed with equal volumes of reducing

denaturing sample buffer (3.4 mg/rnl NaHzPOa, 10.2 mg/ml Na2HPO4, 10 mg/ml SDS,

0.13 mM 2-mercaptoethanol, 0.36 glrítl urea and O.l5Vo bromophenol blue) and boiled for

3 minutes before loading onto the gels. Samples were run with 150 V constant voltage in

a vertical BIO-RAD Mini-Protean II electrophoresis system, using a running buffer

containing 14 g glycine, 3 g Tris base, and I g SDS per liter. Gels were stained in a

solution containing 0.5 I Coomassie Brilliant BIue R-250 ,3OVo ethanol and lOTo acetic

acid for one hour, and destained with repeated changes gf destaining solution containing

157o methanol and,77o acetic acid, until the background was clear. Finally the gels were

soaked in the last destaining solution contai ning 7 Vo acetic acid and 17o glycerol for 30

minutes. Gels were then mounted on 3 mm (Whatman) paper, covered with a clear plastic

film, and dried at 80"C for t hour on a slab gel drier under vacuum (Savant).

2,7. E,nzymatic assays and protein quantitation

Catalase activity was determined by the method of Rørth and Jensen (1962) in a

Gilson oxygraph equipped with a Clark electrode. One unit ofcatalase is defined as the

amount of enzyme that decomposes I pmol of H2O2 in 1 minute in 60 mM H2O2 solution
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at pH 7 and 37'C. 1.8 ml of 50 mM potassium phosphate buffer, pH 7 was added to the

reactor chamber followed by addition of 50 pl of HzOz solution to a final concentration of

60 mM, incubated for 0.5-1.0 minute at 37"C, then appropriately diluted enzyme samples

or cell cultures were added. Catalase activity as units/Í was determined from the slope

of oxygen evolution. Specific catalase activity was expressed as units.ml-l.mg-l purified

protein. Specific catalase activity in whole cells (units/mg dry cell weight) was

determined by convening the cell turbidity values at 600 nm to Klett values. Specific

activity was always determined as the average of three or more determinations.

Peroxidase activity was determined spectrophotometrically by the o-dianisidine

method described in the Worthington Enzyme Catalogue (Worthing Chemical Co.,

1969). Assays were carried out at room temperature in I ml final assay volumes

containing 1 mM H2O2, 0.34 mM o-dianisidine in 50 mM sodium acetate buffer pH 4.5.

Aliquots (1-5 pl) of the appropriately diluted enzymes were added to initiate reaction.

Pe¡oxidase activity was determined by the Âfu6¡/min average over periods of 2 min and

expressed as units.mg-l.ml-1 purified protein calculated as: (ÂAa6s/min)(1 1.3 x mg

enzymelml reaction mixture), using a molar extinction coefficient at Aa6o nm for

o-dianisidine product of 11,300 M-rcm-l. Peroxidase activity was also determined

spectrophotometrically by the 2,2'-azinobis { 3-ethylbenzothiazolinesulfonic acid}

(ABTS) method (Smith et a|.,1990) with minor modifications. Assays were carried out at

room temperature in I ml final assay volumes containing 2.5 ntM HzOz, 0.4 mM ABTS

in 50 mM sodium acetate buffer pH 4.5. Aliquots (1-5 ¡rl) of the appropriately diluted

enzymes were added to initiate reaction. Petoxídase activity was determined by the

ÁA,a¡5lmin average over periods of 2 min and expressed as units.mgl.ml-l purified
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protein calculated as: (ÂAae5/min)(36.8 x mg enzyme/ml reaction mixture), using a

molar extinction coefficient of ABTS product at Aa65 nm of 36,800 M-lcml. One unit of

peroxidase activity is defined as the amount that decomposes I pmol of electron donor

(ABTS or o-dianisidine) in 1 minute at pH 4.5 and room temperature.

Isoniazid (INH) hydrazinolysis by BpKatG was determined spectrophotometrically

at 560 nm by monitoring the reduction of nitroblue tetrazolium (NBT) to a

monoformazan dye (e = 15,000 M-lcm-l) by enzymatically oxidized radical species of

isoniazid. Assays were canied out in I mI final volumes containing l0 mM INH and 200

¡rM NBT in 50 nlM tris buffer, pH 8, at room temperature. Aliquots (1-5 pl) of the

appropriately diluted enzymes were added to initiate the reaction. Nicotinamide adenine

dinucleotide (NADH) oxidase activity was determined spectrophotometrically at 560 nm

by monitoring the reduction of nitroblue tetrazolium (NBT) to a monoformazan dye by

enzymatically oxidized radical species of NADH. Assays were carried out in 1 mt final

volumes containing 250 ¡rM NADH and 200 pM NBT in 50 mM tris buffer, pH 8, at

room temperature. Aliquots (1-5 pl) ofthe appropriately diluted enzymes were added to

initiate the reaction. INH hydrazinolysis activity was determined by the ÁA56s/min

average over periods of 10 min. NADH oxidase activity was determined by the

Â4566/min average over periods of 5 min. INH hydrazinolysis and NADH oxidase

activities were expfessed as units.mg-l .ml-l purified protein by using a molar extinction

coefficient of 15,000 M-l.cm-lfor the monoformazan product from the reduction of NBT.

One unit of INH hydrazinolysis and NADH activities are defined as the amount that

produces 1 nmol of free radical in 1 minute in a l0 mM INH or 250 pM NADH solution

at pH 8.0 and room temperature.
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NADH oxidase activity was also directly determined spectrophotometrically at 340

nm by monitoring the rate of NADH disappearance. Assays were carried out in 1 ml final

volumes containing 250 pM NADH in 50 mM tris buffer, pH 8, at room temperature.

Aliquots (1-5 pl) ofthe appropriately diluted enzymes were added to initiate the reaction.

NADH oxidase activity was determined by the ÁA3a¡/min average over periods of 5 min.

NADH oxidase activities were expressed as units.mg-l .nrl-t purified protein, using a

molar extinction coefficient of 6,300 M-r.cm-lfor NADH. One unit of NADH activity is

defined as the amount that decomposes 1 nmol of NADH in 1 minute in a solution of 250

pM NADH at pH 8.0 and room temperature.

Protein concentration (mglml) was estimated spectrophotometrically based on Aes¡

calculated as: (A2s¡ x 79198)1 138870, where the molar extinction coefficient of BpKatG

is 138870 based on amino acid composition and the molecular weight of BpKatG is

79198. Specific activities were always determined as the average of a minimum of three

or more individual determinations.

2,8, Absorption spectrophotometry

Absorption spectra, time courses, and peroxidatic assays were performed using a

Pharmacìa Ultrospec 4000 Spectrophotometer, a Milton Roy MR300 Spectrophotometer

or Ultrospec 3100 pro. All experiments were performed at ambient temperature in 1 ml

quartz, semimicro cuvettes. Proteins were diluted in 50 mM potassium phosphate buffer,

pH 7.0 unless otherwise stated, ând the same buffer was used as a reference. For the

ABTS and o-dianisidine peroxidation assays, proteins were diluted in 50 mM sodium
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acetate buffer, pH 4.5 and the same buffer was used as a reference. For preparation of

spectral and time course plots, data collected were transferred to Sigma plot software.

2.9. Effects of inhibitors

The effects of classical heme inhibitors, KCN and NaN3 on catalase activity of wild

type BpKatG and its variants were studied. For assays of catalase activity in presence of

different concentrations of KCN and NaN3, the enzyme was incubated for I minute in the

reaction mixture containing one of the above compounds prior to initiation of the ¡eaction

by addition of HzOz.
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3. REST]LTS

3.L. Introduction

Based on the crystal structures of catalase-peroxidases from F1¿ loarcula mnrismortui

(Yarnada et a1.,2001) and, Burkholderia pseudornaltei (BpKatG) (Cupena et at.,2O03),

four residues a¡e located in the distal side active site of the enzyme, arginine, histidine,

tryptophan and aspaÍate (residues 108, 112, I 1l and 141 respectively in BpKatG), which

are highly conserved among known catalase-peroxidases. Previous studies using the

catalase-peroxid ase from Escherichia coli (EcKatG) suggested that the tryptophan,

arginine and histidine a¡e indeed active site residues because they are important for

enzyme catalysis (Hillat et a1.,2000). Similarly, the aspartate in the catalase-peroxidase

from the cyanob acterh)m Synechococcus (SyKatG) is critical fo¡ catalatic activity, but not

for peroxidatic activity (Jakopitsch et aI.,2003). The goal of this study was to confirm the

catalytic and structural roles of the conserved arginine, histidine and aspartate in BpKatG.

The tryptophan residue is considered elsewhere.

3.2. Characterization of BpKatG variants

The BpKatG variants, R1084, R108K, Hl124, Hl12N, Dt41A, D14tN and

D14lE, were purified as outlined in Table 3.1 and described in Materials and Methods.

The wildtype and variant proteins were analyzed by SDS-PAGE (Figure 3.2a) revealing

similar electrophoretic mobilities and a predorninant band with an apparent molecular

mass of about 79 kDa. The larger band at approximately 160 kDa is probably crosslinked

dime¡ which is not reduced by either B-mercaptoethanol o¡ dithiothreitol added to the



47

sample buffer. If smaller amounts of proteins (-1 pg) were analyzed by SDS-PAGE, the

presence of a double band becomes obvious in place of the single band for the Argl08

and His 112 va¡iants (Figure 3.2b). This is probably a ¡esult of incomplete formation of

the covalent structure linking Trpl I 1, Tyr238 andMet264 (Figure 3.1).

Figure 3.3 compares the absorption spectra ofthe variants with that of the wild type

BpKatG. Table 3.2 summarizes the positions of absorption maxima, hemeþrotein ratio

(A¿ottzaù and heme/subunit ratio. The Sorêt band is within one nm of 407 nm for all

variants except R108K where it is red shifted by 8 nm to 415 nm. The Hl12A and

Hl12N variants also show a small shoulder at 375 nm. The spectra in 500-?00 nm region

were also the same for all va¡iants except R108K where the shoulder at 640 nm is

decreased (Figure 3.3). Shifts in the charge transfer bands between 500 and 700 nm are

generally indicators of changes in the hydrogen bond network in the vicinity of the heme.

All variants and wild type show similar Aa¡7¿s6 ratio between 0.48-0.65 suggesting 0.67

to 0.90 heme per subunit.

3.3. Biochemical characterization of BpKatG variants

Table 3.3 summa¡izes the catalase and peroxidase activities ofthe BpKatG variants.

The catalase specif,rc activities of all of the variants are reduced to 0.1 - 87 vo of the wild

type BpKatG activity. Two different organic electron donors (ABTS and o-dianisidine)

were evaluated as substrates for the peroxidatic reaction. All ofthe variants exhibit

reduced peroxidase activity in comparison to the wild type ranging l-2vo to B37o of wild,

type activity.
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Figure 3.1, Two views ofresidues in the active site of BpKatG related by a 90. rotation,
Top view shows Arg108, Hisl 12 and Aspl41 on the distal side of the heme and the
covalent structure linking Trp111 , Tyt238 andMet264. Bottom view shows the location
ofAsp141 close to the substrate access chan¡rel.
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Table 3.1, Purification of wild type BpKatG from fbe Escherichia coli sEalnIJM262
harbouring plasmid encoded fr¿¡G of Burkholderia pseudomallei.

Total
Purification

Protein
Step

(mg)

Total Specific

catalase câtâlase

activity activity

(units x 103) (units/mg)

Recovery PurifÏcation

(Vo) (fold)

Crude extract

(NlI4)2S 04

precipitation

Anion exchange

(DEAE-A-500)

7332

L4

r00

75

106

I42l

3780

R1084, R108K, Hl12A, H112N, D14lA, D14lN and Dl4lE va¡iants were also purified
using the above protocol.
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Table 3.2. Summary of observed optical absorbance maxima, þ4s11s¡fttio
and heme/subunit ratio for purified BpKatG and its variants.

Sorêt

Mutant maximum
(nm)

A¿m¡uso ratio Heme/subunit
ratio

Wild-type 4O7

RIOSA

R1O8K

Hl124

H112N

DI41A

D141N

D141E

407

415

406

406

406

406

406

0.61

0.58

0.51

0.65

0.48

0.59

0.57

o.55

0.85

0.81

0.7t

0.90

0.67

0.82

0.79

0.76
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BpKatG has recently been shown to catalyze the oxidation of NADH to NAD+ and

the hydrazinolysis of isonicotinic acid hydrazide (INH) (Singh et aI,2004). The NADH

oxidase activity was assayed directly, following the rate of NADH disappearance

spectrophotometrically at 340 nm, and indirectly using NBT (nitroblue tetrazolium) as a

radical sensor to follow the superoxide radical formation spectrophotometrically at 560

nm. The INH hydrazinolysis activity was assayed using NBT as a radical sensor to follow

the production of isonicotinoyl radical spectrophotometrically at 560 nm. Table 3.4

summarizes the NADH oxidase and INH hydrazinolysis activities of the BpKatG

variants. The NADH oxidase activities of the variants are reduced in comparison to that

of the wild type BpKatG, most dramatically for the Hl 124 mutant, where there was no

detectable activity. Similarly the INH hydrazinolysis activity of the variants are all

reduced compared to that of the wild type enzyme.

3.4. Kinetic characterization

The effect of [H2O2] on the rate of catalase reaction of BpKatG and its va¡iants is

shown in Figure 3.4. The initial velocities (V) have been conected for differing heme

content and expressed as.micromoles of hydrogen peroxide decomposed per minute per

micromole of heme. The effect of [ABTS] on the rate of peroxidase reaction of BpKatG

and its variants is shown in Figure 3.5. The initiat velocities (v) have also been corrected

for differing heme and expressed as micromoles of ABTS oxidized per minute per

micromole of heme. The kinetic constants of the catalase and peroxidase are summarized

in Tables 3.5 and 3.6 respectively.



Table 3.3. Catalase and peroxidase activities of BpKatG and its variants.

Mutant

Peroxidase Peroxidase
. 
t?:lut"." ABTS o-dianisidine(unlrs/mg)- (units/mg)o (units/me)o

Wild-type

RlO8A

Rl08K

Htt2A,

Hl12N

D141A'

D141N

D141E

1,250 + 110

325 + 20

t+0.2

2+ 0.6

60r10

390+ 20

3,290 + 40

1.0 t 0.1

0.9 + 0.1

5.8 + 0.4

5.4 + 0.5

6.3 + 0.3

8.1 + 0.2

7.5 + 0.5

3.6X0.4

6.5 + 0.O2

4.5 + 0.O7

2.5 + 0.04

3,780 f 130 6.8 + 0.4

0.1+0.01 0.110.01

0.1 + 0.01 0.1 + 0.01

o(i unit = I pmoVmin).



Table 3.4. NADH oxidase and INH hydrazinolysis activities
of BpKatG and its variants.

Mutant
NADH oxidase NADH oxidase INH

(units/mg)o (units/mg)' Hydrazinolysis
at Ar¿o at A<ro (units/ms)o

WiId-type

R1O8A

Rl08K

HIT2A

HIl2N

Di4lA

D141N

DI4TE

6.9 i 1.0

3.7 + 0.5

2.2 + 0.3

ndå

3.1 + 0.3

2.2 + 0.2

2.8 + 0.1

3.4 t 0.5

7.7 t t.2

2.2 + 0.4

1.3 + 0.1

ndå

1.3 + 0.5

0.7 + 0.1

1.2 + 0.3

2.8 + 0.3

0.9 LO.O2

0.3 + 0.01

0.3 È 0.01

ndå

0.2 t 0.06

0.5 + 0.04

0.6 + 0.04

0.8 + 0.03

o(1 unit= l nmoVmin).,
¿nd : not detectable.
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Figures 3.4 and 3.5 show that all of va¡iants follow Michaelis-Menten kinetics

except R1084 and R108K when analyzed using ABTS.

The data in Table 3.5 show that the K,n values for H2O2 for all of the variants except

Dl4lA are higher than the wild type and the ftcat values a¡e all significantly decreased,

except for D14lE. The catalase É",/ K. values ofall of the variants are lower than that of

the wild type.

The data in Table 3.6 show that the peroxidase K,n values of all of variants except

R1084 are significantly lower than the wild type and the **¡ values of all of va¡iants

except D141N are significantly decreased, particularly the His112 variants. The

peroxidase fr*/ Kn' values of the A¡g108 and His112 variants are all lower than that of the

wild type, but those of Asp141 variants are higher than wild type.

3.5. Effect of heme inhibitors on the catalase activity

Figure 3.6 and Figure 3.7 compare the effect of KCN and NaN3 on the catalase

activity of BpKatG and its variants. KCN and NaN3 are conìmon heme-binding inhibitors

used in structure-function studies of heme-containing enzymes. Hl 124 and Hl 12N

va¡iants were not tested due to the requirement for extremely large concentrations of

enzyme in order to achieve reaction rates high enough to study the effects of inhibitor

action. Both KCN and NaN3 showed simila¡ inhibition pattems for catalase activities of

the variants in relation to the wild type, although a much higher [NaN¡] was required.

The Rl08A va¡iant showed decreased susceptibility to inhibition by both KCN and NaN3

whereas the R108K variant showed decreased susceptibility to inhibition by KCN, but
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slightly more sensitive to NaN3. The D141 va¡iants were more sensitive to KCN but less

sensitive to NaN3.

Table 3.7 summarizes protein concentrations present in the reaction mixture and the

inhibitor concentrations that cause 50% inhibition of catalase activity. The Rl08K and

R1084 varianb were less sensitive to KCN than wild type by two and three times

respectively. The R1084 variant also showed greatly reduced susceptibility to NaN3,

whereas Rl08K did not exhibit any significant changes to inhibition by NaN3. The

greatest increase in the sensitivity to KCN was observed for the Aspl41 variants. The

data showed that less than 107o of [KCN] needed fo¡ wild type caused 50zo inhibition of

the Asp141 variants. By contrast,2 times more [NaN:] was required to inhibit the

Asp141 varialts compared to wild type.
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Table 3.5. Comparison of the observed catalatic kinetic parameters of
purified wildtype BpKatG and its variants, using H2O2 as substrate.

Variant
V,n*o
(x 103)

K*
(mM)

ku,
(s-t)

Ic"u, /K^
(M-ts-1)

Wt-BpKatG 556 t 14

R1084 143 + 6

R108K 29 + O.9

Hllz{ 0.4 r 0.01

Hl12N 1.0 + 0.02

D1414 10 + 0.6

D141N 33 + 1.6

D141E 360 +2

5.9 + 0.1 9,267 !.233 1.6 x 106

6.3 t-O.2 2,383 * 100 3.8 x 105

9.5 + 0.2 483 + 15 5.1 x 104

128 x,2.6 5.8 t 0.2 4.6 x 10

57 l¡O.g l7 x,0.3 3.0x 102

4.7 :tO.3 167 tLO 3.6x!04

8.0 + 0.2 556 + 2.7 6.9 x I}a

6.9 É 0.8 6,000 t 33 8.7 x 105

o V,n* is expressed as pmoles of H2O2 decomposed min-l pmole heme I
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Table 3.6. Comparison of the observed peroxidatic kinetic parameters
of purified wildtype BpKatG and its variants, using ABTS as substrate.

Variant Kn
(pM)

k*, k*r/K^
(r-t) (M-rs-t)

Wt-BpKatG

RIOSA

Rl08K

HI12A

Hl12N

DI4lA

DI4lN

D1418

1,250 + 30

435 È,24

174 + 74

4.6 t 0.1

2.9 t0.1.

556+2

1,333 É 50

833 +20

I79+5 20.8+0.5 l.2xl}s

185 + 2 7.3 ¡0.4 3.9 x 104

26+2 2.9+O.2 1.1 x10s

4.7 x0.2 0.08 r 0.002 1.6 x lOa

3.1 -r 0.1 0.05 + 0.002 1.5 x 104

13.2 x. 1, 9.3 + 0.03 7.0 x 105

17.2+L 22.2tO.8 1.3x106

62x.2 13.9x0.33 2.2xt}s

o V** is expressed as ¡tmoles of ABTS oxidized min-l pmole heme-t
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Tal¡le 3.7. Comparison of sensitivity of BpKatG and its variants to
cyanide (KCN) or azide (NaN).

[heme]' [KCN] causing [NaN3] causing
507o inhibition 507o inhibition

(ttM) (ttlvÐ

Wt-BpKatG 3

R1084 9

R108K 33

HI12A

Hl12N

Ðl4LA 100

D141N 26

D141E 3

88

285

2tt

nd¿

nd¿

7.6

3.2

6.6

890

t260

850

nd'

nd'

1800

1200

1650

I [protein¡ in reaction mixture expressed as : nM of heme.
" nd : not determined-



4. DISCUSSION

4.1. Structure-function studies on BpKatG

The apparent sequence similarity of catalase-peroxidases to members of the plant

peroxidase family (about 207o identity), suggested that the active site residues would

include arginine, tryptophan and histidine on the distal side ofthe heme based on analogy

with the active site of yeast cytochrome c peroxidase (CCp) (Finzel et aI., l9g4) and,

plant ascorbate peroxidase (APX) (Pâtterson et aL, L995) identified in the crystal

structures. This was confirmed in EcKatG (Hillar et a1.,2o00) and syKatG (Regelsberger

et a1.,2000 and 2001), which revealed that changes to the identified residues caused both

increases and decreases in activities. The equivalent active site residues in BpKatG

include Argl08, Hisl12 and Asp141 and modifrcations were introduced via site-directed

mutagensis to confirm their catalytic and structural roles, predicted by the crysta.l

structures of HmCPx (Yamada et a1.,2001) and BpKatG (Carpena et a/., 2003). Trpl l I

of BpKatG is aìso in the active site but it has already been studied and reported by

Donald et al. (2003).

The catalase and peroxidase activities ofArgl0B variants \Ã,ere reduced,6TTo to glvo

and,7 Vo to 87 7o, respectively, compared to the wild type enzyme. The effect on

peroxidase activity was dependent on the peroxidatic substrate used, presumably a size or

structure effect, with o-dianisidine providing higher activity thân ABTS. The properties

ofArg108 variants a¡e similar in most respects to the properties of Argl lg va¡iants of

SyKatG and Arg102 variants of EcKatG. The role ofArgl0g is proposed to be the

stabilization of compound I during its formation (Nicholls et a1.,200I), andany



74

modification ofthe residue, even to lysine, which removes the H-bonding inte¡action

decreases the rate of compound I formation.

Hisl 12 va¡iants of BpKatG exhibited less than lvo of wild type activity for catalase

and peroxidase activities consistent with observations of His106 va¡iants of EcKatG and.

His123 of syKatG. such a drastic effect on activity is consistent with the residue having

a key role in initiating base catalysis to form compound I (Nicholls et at., 2O0l).

The effect ofchanges in Asp141 depended on the replacing residue varying from a

reduction o190-987o in catalase activity for uncharged Ala or Asn to only a l3Vo

reduction for Glu. In all cases there was little effect on pe¡oxidase activity. once again

these results a¡e similar to those for the Asp152 variants of syKatG which exhibited

significantly decreased catalase activity but increased peroxidase activity (Jakopitsch ¿t

al.' 2003). These results suggest that compound I formation is not affected by changes to

Aspl4l but that compound I reduction by H2o2 requires a negatively charged side chain

in this location. Jakopitsch et al. (2003) have proposed a mechanism in which the

carboxylate ofresidue14l (152 in SyKatG) is essential for binding H2O2 along with

Trpl11 and facilitates proton removal (Figure 4.1). Howeve¡ based on an analogous

situation in monofunctional catalases, an altemative or complementary role for Aspl4l

can be proposed. In EcHPtr, Asp181 located in the main substrate access channel 12 Ä,

from the heme and having a negatively charged residue at this location enhances the

catalase reaction. The D18lE variant exhibited normal catalase activity and contained an

unbroken water matrix extending the full length of the substrate access channel, whereas

the other variants, D18lA, D18ls and D18lQ, were much less active and contained less

water in the channel. It is proposed that an electrical potential field is created between the
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negatively charged aspartate side chain at position 181 and the positively charged heme

iron 12 Å distant was proposed, and that this field acts upon the electrical dipoles of

water and H2O2 forcing them into a common orientation. The oxygen atoms would be

oriented towards the positively charged heme iron and hydrogen atoms oriented towards

the negatively charged side chain of aspartate, thereby favouring hydrogen bond

formation. In addition it provided an explanation for how H2o2 would enter the active

site in a prefened orientation as proposed by molecular dynamics studies (chelikani et aI,

2003). The position of Asp141 of BpKatG is jusr 9 Å from rhe heme, slighrly closer than

Aspl8l in HPII making a simila¡ mechanism a possibility. While the data from the

Asp 141 variant of BpKatG support such a hypothesis, it is not possible to distinguish

between the electrical field mechanism and a direct ionic bond interaction as proposed by

Jakopitsch et aL (2003). Indeed both mechanisms may be operative. unfortunately, the

X-ray diffraction data set is not at high enough resolution to accurately assign waters to

the structure. Therefore, it is not possible to make any statement about \{ater residency

and a data set for an inactive variant such as D1414 would be needed for comparison.

ln conclusion, the data presented in this and the previous study of Try1l 1 (Donald

et a1.,2003) have confirmed that the four active site residues of BpKatG, Argl0g,

Hisl 12, Trpl 11 and Asp141 aìl have differing roles in the catalatic mechanism. His I 12

and Argl08 are involved in compound I formation while Trp l l I andAspl4l a¡e involved

in compound I reduction. This is described in Figure 4.1. The formation of catalase-

peroxidase compound I proceeds from the resting state enzyme (1) through the

introduction of H2oz (2) and its orienrarion in the active site by His and Arg (3). The o-o

bond is broken and one molecule of H2O is released (4) to create compound I (5). The
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reduction ofcompound I requires a second H2O2 (6) which is oriented by Asp and Trp (?)

leading to the formation of one molecule of HzO, one molecule of 02. (8) and the native

enzyme (1) Q.{icholls et al.,2001).

4.2. Future directions

The availability of the crystal structures of the catalase-peroxidases, BpKatG and

HmCPx, has assisted researchers in the identification of residues involved in catalysis

and structural roles. Unfortunately, only two variants, D14lE and S324T, have so far

been crystallized. This difficulty in obtaining crystals may be the result of incomplete

formation of the covalent structure linking Trp I I 1, Tyr238 andMet264 which disrupts

the delicate crystal matrix. ff optimum conditions could be found to assist the complete

formation of the covalent structure, crystallization may ultimately be possible. The

complexity of KatGs has recently been reinforced with the observation of an NADH

oxidase activity (Singh ef al., 2004).In addition INH binds in the entrance channel near

Ser324 and the hydrazine portion of INH is removed prior to combination with NAD to

form the anti-tubercula¡ drug, isonicotinoyl-NAD. Much work remains to be done to

characteÅze these reactions and the substrate binding sites. For example, the structure of

KatG presents several potential subst¡ate-binding sites in its surface topography, one of

which may be an NADH binding síte and others for as yet unidentified substrates.
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