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ABSTRACT

Burkholderia pseudomallei produces catalase-peroxidase (BpKatG) encoded by the
katG gene as part of its cellular defence system against oxidative stress either as catalase
or as peroxidase. BpKatG is 65% identical with KatG of Mycobacterium tuberculosis,
the enzyme responsible for the activation of isoniazid, 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
- Argl08, His112 and Asp141 residues in BpKatG resulted in significant changes in
enzymatic activities as well as changes in absorption spectra and susceptibility to
inhibitors. Changes to His112 caused drastically decreased catalase and peroxidase
activities, while changes to Argl08 lowered catalase and peroxidase activities, but not as
much as changes to His112. These data have confirmed a catalytic role for His112 and
Argl08 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 Asp141 is involved in compound I reduction by H,O,, but not in
compound I formation. Two mechanisms are presented to explain the involvement of
Aspl41 in compound I reduction, direct ionic interaction with the substrate and a

possible electrical potential field effect.
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1. GENERAL INTRODUCTION

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 al., 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 normél aerobic metabolism. Partially reduced forms of oxygen,
including superoxide anion radical (02'_), hydrogen peroxide (H;0,) 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):

H0
e e +2H" e+H* 7\ e+HY
108 _L> 02:_L> H,0, ‘'OH _L> H,O

The paramagnetism of oxygen in the ground state indicates that it contains two unpaired
electrons of parallel spin in separate T antibonding orbitals. This can be illustrated as

molecular-orbital diagram as follows (modified from Imlay, 2003):

o _ _ _
A O N 2 O L
mm | LA g 4

O, i 4 1

O, 0, H,0,



This electronic structure constitutes a barrier to the oxygen reduction by an electron pair
of antiparallel spin. Therefore, the electrons are preferentially transferred 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 7" antibonding orbitals. The

product is superoxide radical (O2") with only one unpaired electron as shown in the

diagram above. The addition of a second electron and two protons to 0, at physiological
pH gives rise to hydrogen peroxide (H,0,), an oxidizing species that has no unpaired
electrons and, therefore, is not a free radical. The one electron reduction of H,O, with one
proton yields H,O and hydroxyl radical ("OH), the strongest oxidant produced in
biological systems. Generation of "OH from H,0, is catalyzed by transition metals,
particularly iron and copper. Finally, ‘OH reduction produces a second molecule of H,O.

Together, 02'-, H,0, and "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
O, and H,0, are unavoidable by-products of aerobic metabolism, because they are

formed whenever molecular oxygen chemically oxidizes electron carriers such as
flavoproteins (Storz and Imlay, 1999). Studies in Escherichia coli determined that
autoxidations of NADH dehydrogenase I, succinate dehydrogenase, sulfite reductase,
and fumarate reductase each generated 0, and H,0; when the reduced enzymes were
exposed to oxygen. These ROS can also be derived from external environment factors
such as the redox active drug (paraquat), radiation (ultraviolet rays), and heavy metals

(Cabiscol et al., 2000b). In addition, some immune cells, which use NADPH oxidase,



upon invasion by phathogenic bacteria, also exploit ROS as a weapon during
phagocytosis (Cabiscol et al., 2000a). In aerobic environments, mutant organisms that
cannot scavenge endogenous O," and H,0; 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 ef al., 2000a). ROS can also damage pl;oteins 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 Harrison, 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 H;0; via the Fenton reaction, which reqﬁires a divalent metal ion, such as iron or

copper and a source of reducing 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 reductants available in the cell. The reactions catalyzed by these

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



0, + 0, + 28 —_— H202 + 0, } Superoxide dismutases
H,O,; + H;0; _ s 2H,O + O, } Catalases

H.0, + 2RH 2H,O + 2R} Peroxidases
—_—

It is clear that efficient removal of the first two intermediates of oxygen reduction o,

and H,O,, 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 remo;/e oxidized bases from nucleic acids and begin the process of repair, and

phospholipases to hydrolyse oxidized phopholipids (Fridovich, 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 (Loew, 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.

2H202 —> 2H20 + Oy (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 order to
protect themselves against reactive oxygen species by catalases, most aerobic organisms

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

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., 2003)

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 b such as bovine
liver catalase. The small-subunit catalases have been found in prokaryotes, eukaryotes
and a limited number of archael species. The second subclass is the large (>75 kDa)
subunit catalase containing heme d such as hydroperoxidase II from Escherichia coli.
The large—subunit catalases are restricted to fungi and bacteria (Loewen, 1999). This

group will be discussed in detail in section 1.3.



1.2.2.2. Bifunctional 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 ef al., 2001). They have been characterized in
both bacteria (Loewen, 1997) and fungi (Fraaije et al., 1996; Levy et al., 1-992). 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 characterized, Lactobacillus
plantarum, Thermoleophilum album, and Thermus thermophilus, but several more have
been sequenced, all of bacteria origin. The active site of each of the three enzymes
contains a manganese-rich reaction centre rather than a heme group (Kono and Fridovich,

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

1.2.2.4. Minor catalases

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 er al., 2001).



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 H,0». In the first stage, Compound I
formation involves oxidation of the heme iron using one molecule of hydrogen peroxide
as substrate. 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

2).

Enz (Por-Fe) + H,0, — Compound I (Por**-Fe'V=0) + H,O (2)
p

Compound 1 is a short-lived catalytic intermediate with a distinct absorption spectrum
characterized by a reduction in absorption intensity of the Sorét 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 of a
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 of compound I, employs a second molecule of

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

Compound I (Por**-Fe™=0) + H;0, — Enz (Por-Fe") + H,0 + O, 3)



1.3.2. Catalase structure

Generally, the monofunctional catalases are active as tetramers, but dimers,
hexamers, even an unusual heterotrimer structure (from Pseudomonas aeruginosa) have
been reported, but not confirmed. To date, the crystal structures of nine monofunctional
catalases have been determined, including the enzymes from bovine liver (BLC) (Murthy
et al., 1981; Fita et al., 1986), Penicillium vitale (PVC) (Vainshtein ef al., 1981 and
1986), Micrococcus lysodeikticus (MLC) (Murshudov ef al., 1982), Proteus mirabilis
(PMC) (Gouet et al., 1995), Escherichia coli (HPII) (Bravo et al., 1995 and 1999),
Saccharomyces cerevisiae (CATA) (Berthet et al., 1997; Maté et al., 1999), human
erythrocytes (HEC) (Ko et al., 1999; Putnam et al., 1999), Pseudomonas syringae (CatF)
(Carpena et al., 2001 and 2003), and Helicobacter pylori (HPC) (Loewen et al., 2004).
The typical features of a heme-containing catalase include an active site deeply buried in
a beta-barrel core and two or three channels providing access to the heme (Loewen ef al,
2004). The recent reports of HPII variant structure (Chelikani et al., 2003) and CatF
(Carpena et al., 2003) have provided significant insights into the channel architecture in
catalases. Three 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 perpendicular to its plane and has long been considered the primary access route
for substrate H>0,. A second channel approaches the heme laterally, almost in the plane
of the heme, and has been referred to as the minor or lateral channel. A third channel
connects the heme with the central cavity, but no evidence of it having a role has been

presented.



1.3.3. An electrical potential field in the channel of monofunctional catalases

A recent site-directed mutagenesis study of the conserved Asp (181 in HPII)
demonstrated that replacement with any uncharged residue, polar or nonpolar, including
Asn, GIn, Ala, 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 D181A, D181S and D181Q variants, and there were
generally fewer waters in the channel. By contrast, the D181E variant exhibited normal
levels of activity and contained not only the sixth ligand water in all subunits, but an
unbroken water matrix extending the full Iength of the 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
of solvent will facilitate the formation of hydrogen bonds, providing an explanation for
increased water occupancy when Asp or Glu are present at position 181 in HPII, A
second result of the induced orientation of hydrogen peroxide is that it will enter the
active site with one oxygen oriented 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 NH; 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 preferred orientation (Chelikani ef

al., 2003).

1.4. Catalase-peroxidases

1.4.1. Structure and mechanism

The bifunctional catalase-peroxidases are found in a wide variety of organisms
including bacteria, archaebacteria and fungi (Nicholls ef al., 2001). The first catalase-
peroxidase HPI of E.coli was purified and characterized in 1979 (Claiborne and
Fridovich, 1979), and the sequence of its encoding gene, katG, appeared in 1988 (Triggs-
Raine 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-terminal domain contains
heme and active site residues that when modified affect enzyme activity. The C-terminal
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, 1 and
2 or 1, 2 and 3 hemes respectively (Hillar et al., 2000). However, a more accurate
determination of the molar 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 are 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 of enzyme 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 H,O, for the reduction of compound I to the resting state via

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

Compound I (Por**-FeV=0) + AH — Compound II (Por-Fe'Y-OH) + A" @)

Compound I (Por-Fe™-OH) + AH — Enz (Por-Fe™ + A + H,0 (5)

In the presence of a suitable organic electron donor and low levels of H,O,, the
peroxidatic reaction becomes significant. Unfortunately, the in vivo peroxidatic substrate
for the catalase-peroxidase has not been identified, leaving the actual role of the
peroxidatic reaction undefined (Chelikani et al., 2003).

The catalase-peroxidases were brought to researchers’ attention around the world in
1992 when it was confirmed that a mutation of the katG gene encoding the
Mycobacterium tuberculosis catalase-peroxidase causes resistance to isoniazid, an
antitubercular pro-drug (Zhang et al., 1992). This stimulated several groups worldwide to
attempf to crystallize the protein in order to characterize at the molecular level the

interaction of the protein with the drug. Unfortunately, attempts to crystallize a number of
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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 ef al., 2001), from the
cyanobacterium Synechococcus (Wada ef al., 2002), from the Gram-negative bacterium
Burkholderia pseudomallei (Carpena et al., 2002), and of the C-terminal domain of HPI
of E. coli (Carpena et al., 2002) were reported. The crystal structure of catalase-
peroxidase from the H. marismortui enzyme (HmCPx) at 2.0 A was reported first
(Yamada et al, 2002), followed by the structure of B. pseudomallei enzyme (BpKatG) at
1.7A (Carpena 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-a-helical sections joined by linker regions
and just three or four B-strand segments, making the structure very different from

monofunctional catalases (Carpena 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. fuberculosis, 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 al., 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 al., 1992).
This fact was reported shortly after the introduction of INH therapy when INH-resistant
strains of M. tuberculosis were often accompanied by loss of catalase-peroxidase activity
(Middlebrook, 1952 and1954). 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 katG gene into an INH-resistant, catalase-deficient strain (Zhang et
él., 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
katG gene results in the acquisition of isoniazid resistance (Heym et al., 1995; Morris et
al., 1995; Rouse et al., 1996; Saint-Joanis ef al., 1999). In parallel with the studies of
INH-resistance correlating 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;
Takdyama et al., 1972 and 1975). However there is a controversy as to which enzymes of
the mycolic acid pathway are the actual targets of INH (Kremer ef al., 2003). At least two
enzymes have been identified as potential targets of activated INH, the enoyl-ACP

reductase InhA (Banerjee ef al., 1994) and the pB-ketoacyl-ACP synthase KasA (Mdluli et
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al., 1998). The X-ray crystallographic studies have revealed that InhA is probably the
primary target of INH (Dessen et al., 1995; Rozwarski ef al., 1998), revealing
isonicotinoyl-NAD bound in the active site of InhA. This suggests that the active form of
INH, probably an isonicotinoyl radical, reacts with B-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 InhA (N guyen 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 Burkholderia pseudomallei (BpKatG)

Burkholderia pseudomallei, formerly called Pseudomonas pseudomalliei, 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 (Leelarasamee, 2004), B. pseudorﬁallei survives in phagocyte cells (Jones ef 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 ef al., 1997). Catalase-peroxidase of
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B. pseudomallei (BpKatG) is one of the antioxidant enzymes that plays a significant
protective role against such oxidative threats (Loprasert et al., 2003). The sequence of the
katG gene appeared in 2002 (Loprasert et al., 2002), and the purification and
crystallization of the enzyme appeared the same year. BpKatG shows high sequence
similarity to other catalase-peroxidases of bacterial, archaebacterial and fungal origin
including 65% identity to KatG from M. fuberculosis and lesser sequence similarity to
members of the plant peroxidase family (Carpena et al., 2002). In 2003, the 1.7 A crystal
structure of BpKatG was described (Carpena ef al., 2003). The crystallized enzyme
shows that BpKatG is a homodimer of 79 kDa subunits with one modified heme group
and one metal ion, likely 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, Trp111 and His112 is typical of all catalase-
peroxidases and of class 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 (Carpena et

al., 2003).

1.5.1. The unusual covalent modifications

The electron density maps of BpKatG presented two unusual covalent modifications.
A covalent adducé structure linked the active site Trp111 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 al., 2003).
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1.5.1.a. A covalent adduct structure linked Trp111-Tyr238-Met264

The structure of covalent adduct, also found in the crystal structure of HmCPx
(Yamada ef al., 2001), involves the indole ring of the active site Trpl11 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 Trp111 component is a catalytic residue required for
compound I reduction in catalatic reaction (Hillar ef al., 2000 and Jakopitsch et al.,
2003). The possible roles for 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. coli HPI (Donald et al., 2003), and the Synechocytis
KatG (Jakopitch ef al., 2003) have confirmed the presence of the Trp-Tyr-Met adduct in
four catalase-peroxidases and supports the conjecture that the structure may be common
to all catalase-peroxidases (Chelikani et al., 2003). The active site Trp from E. coli HPI
(Hillar et al., 2000) and the Synechocytis KatG (Regelsberger ef al., 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 (Donald ef al., 2003)
or Tyr238 (Jakopitch et al., 2003) have a similar 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 related plant peroxidases
have no, or only a trace, of catalase activity. A free radical mechanism involving
hydrogen peroxide as an -oxidant has been proposed for the creation of the cross-linked

structure among Trpl11, Tyr238 and Met264 (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 hydration-like 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 H202 in the active site,
available for immediate reaction when a peroxidatic substrate is contacted (Chelikani et

al., 2003).

1.5.2. Substrate access channel

There are 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
H202, is provided by a channel positioned similarly to, but longer than, the access route
in peroxidases. The chafmel in BpKatG has a pronounced funnel :shape that approaches
the heme laterally and is narrowest near residues Ser324 and Asp141, about 14 A 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 with the active site residues Argl08, Trp111 and His112 for generation
of compound I in both the catalatic and peroxidatic reactions, or for the reduction 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 A 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 about 2.35 A. It is coordinated to the carbonyl oxygen atom of residues 122,
124 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 Arg426, which exists in two orientations, of which the predominant (>70%)
differé from the orientation in HmCPx. Contributing to the complexity of this region are
the two conformations of the side-chain of Thr119, of which the minor (<30%) is similar
to the conformati(.)n 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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carbonyl group, and the displaced Thr119 and Arg426 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 relative to HnCPx in this region
of the protein. This correlation 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 undefined electron density located in the cavity vacated by the Argd26 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 highly
conserved active site residues, Argl08, His112 and Asp141 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
common heme-binding inhibitors. It is expected that these data will provide important

information about the role of these residues.
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MPGSDAGPRR RGVHEQRRNR MSNEAKCPFH QAAGNGTSNR
DWWPNQLDLS ILHRHSSLSD PMGKDENYAQ AFEKLDLAAV
KRDLHALMTT SQDWWPADFG HYGGLFIRMA WHSAGTYRTA
DGRGGAGEGQ QRFAPLNSWP DNANLDKARR LLWPIKQKYG
RAISWADLLI LTGNVALESM GFKTFGFAGG RADTWEPEDV
YWGSEKIWLE LSGGPNSRYS GDRQLENPLA AVQMGLIYVN
PEGPDGNPDP VAAARDIRDT FARMAMNDEE TVALIAGGHT
FGKTHGAGPA SNVGAEPEAA GIEAQGLGWK SAYRTGKGAD
AITSGLEVTW TTTPTQWSHN FFENLFGYEW ELTKSPAGAH
QWVAKGADAY IPDAFDPSKK HRPTMLTTDL SLRFDPAYEK
ISRRFHENPE QFADAFARAW FKLTHRDMGP RARYLGPEVP
AEVLLWQDPIPAVDHPLIDA ADAAELKAKY LASGLTVSQL
VSTAWAAAST FRGSDKRGGA NGARIRLAPQ KDWEANQPEQ
LAAVLETLEA IRTAFNGAQR GGKQVSLADL IVLAGCAGVE
QAAKNAGHAYV TVPFAPGRAD ASQEQTDVES MAVLEPVADG
FRNYLKGKYR VPAEVLLVDK AQLLTLSAPE MTVLLGGLRV
LGANVGQSRH GVFTAREQAL TNDFFVNLLD MGTEWKPTAA
DADVFEGRDR ATGELKWTGT RVDLVEGSHS QLRALAEVYG

SADAQEKFVR DFVAVWNKVM NLDRFDLA

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

20
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2. MATERIALS AND METHODS

2.1. Escherichia coli strains, 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 vecto; for
mutagenesis, sequencing and cloning. The Burkholderia pseudomallei katG gene,
encoding catalase-peroxidase BpKatG, was inserted into plasmid pKS- to generate the
plasmid pBpG. Strain CJ236, harbouring plasmids pBpG-KC, containing subcloned
fragment II 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



22

Table 2.1. List of Escherichia coli strains, plasmids and bacteriophage used in this study.

Genotype or characteristics Source
E. coli strains
CJ236 dutl ungl thi-1 relA1/pCJ105/ cam'F’ Kunkel et al., 1987
NMS522 supE A(lac-proAB) hsd-5 [F’ proAB Mead et al., 1985
lacld lacZA15]
IM109 recAl supBE44 endAl hsdAl hsdR17 Yanisch-Perron ef al., 1985
| gyrA96 relAl thi A(lac-proAB)
UM262 recA katG::Tnl0 pro leu rpsL hsdM Loewen et al., 1990
hsdR endl lacY
Plasmids
pKS- Ampt Stratagene Cloning Systems
PBDG (pKS-, B. pseudomallei katG clone)  Ampt This study
pBpG-KH (pKS-, subclone I) Amp® This study
pBpG-KC (pKS-, subclone IT) A.mpR This study
Bacteriophage

R408 (helper phage) Stratagene Cloning Systems




I g
v y
Kpn Clal(1001-1006) [nalll(1731-1736) EcoRl

1 528 1002 1731 2772 3369

Figure 2.1. Simplified restriction map of the chromosomal insert containing the B. pseudomallei katG gene in
plasmids pBpG, pBpG-KH (Fragment I) and pBpG-KC (Fragment II). The 1134 bp long katG open reading frame
[ s indicated as part of the chromosomal insert N a5 are the two insert fragments I and II used to

construct the subclone vectors employed in site-directed mutagenesis of B. pseudomailei katG.

€T
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from Invitrogen Canada Inc. (Burlington, 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. coli cultures were usually grown in LB (Luria-Bertani) medium containing 10 g/L
tryptone, 5 g/L yeast extract, and 5 g/L. NaCl. Solid LB media contained 15 g/L agar.
Ampicillin was added fo a concentration of 100 pg/ml 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 pg/ml in order to maintain the
presence of F' episome for the growth of the strain CJ236.

E. coli strains in general were grown in solid or liquid media at 37°C. However, cell
cultures in liquid media for expression of wild type and variant proteins were grown at
either 28°C or at 37°C in shake flasks with good aeration depending on what was
optimum for a particular varjant. Long term storage of stock cultures was in 24%
dimethylsulfoxide (DMSO) at -60°C. Bacteriophage R408 was stored at 4°C in LB

culture supernatant.
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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
oligonucfeotide DNA was determined spectrophotometrically at 260 nm, where 1 unit of
absorban(.:e = 20 pg/ml single-stranded DNA (Sambrook ef al., 1989).

Oligonucleotides used for site-directed mutagenesis were phosphorylated at the 5'-
ends using T4 kinase (Invitrogen Canada Inc.) according to the procedure of Ausubel et
al. (1989). Approximately 100 ng of oligonucleotide DNA in a volume of 25 ul,
containing 1 mM ATP and 10 units of kinase were incubated in appropriately diluted

buffer supplied by the manufacturer at 37°C 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 phagemid-borne B. pseudomallei katG were generated
according to the in vitro mutagenesis protocol described by Kunkel et al. (1987).
Subclones were constructed from parts of the chromosomal insert containing the katG
gene on pKS-. A simplified restriction map of BpkatG gene indicating the locations of
individual subclones is shown in figure 2.1 The 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 BpkatG gene shown in figure 2.3. DNA sequences for oligonucleotides used
in the mutagenesis procedure are 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 in
vitro by unmodified T7 DNA polymerase (New England Biolabs) using the annealed
oligonucleotide as a primer. The 3' and 5' ends of the completed complementary strand
were ligated by adding T4 DNA ligase (Invitrogen Canada Inc.) 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 BpkatG gene, which was then sequenced over the region
containing the mutation for final confirmation. Reconstructed, mutant BpkatG clones
were then transformed into UM262 for determination of enzyme activities and
visualization of protein from crude extracts or whole cells by SDS-PAGE. Clones
expressing significant lgvels of variant BpKatG enzyme were then grown on a large scale

(4-6 liters) for purification and characterization of the enzyme.
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2.4.2b. Reconstruction of B. pseudomallei katG subclones with desired mutation

An outline of the reconstruction protocol is illustrated in Figure 2.2. The plasmids
have been drawn in a linearized form for reasons of simplicity. Reconstruction of mutant
katG genes involved two stages. In the first stage, plasmid poG;KC (subclone I) with
the d¢sired mutation was cut with Kpnl and Clal. The 1002 bp KpnlI-Clal fragment from
PBpG-KC (subclone I) was then ligated into pBpG-KH (subclone II) that was also cut
with Kpnl and Clal. In the second stage; plasmid pBpG-KH (subclone II) with the
desired mutation was cut with Kpnl and HindIll. The 1731 bp KpnI-HindIIl fragment
from pBpG-KH (subclone IT) was then ligated into pBpG that was also cut with Kpnl and
HindlIll to generate the plasmid containing mutant katG gene. All 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 purification

Plasmid DNA was isolated according to Sambrook ef al. (1989). All procedures
were carried 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 giucose—
EDTA buffer (25 mM Tris-HCI, pH 8.0, 1% glucose, 10 mM Na-EDTA). The cells were
then Iysed by addition of 400 pl 1% SDS (w/v), 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.
After 10 minutes incubation on ice, the mixture was centrifuged twice to remove all
precipitates. Plasmid DNA was then precipitated by addition of 550 ul isopropanol to the

remaining supernatant followed by a 15-minutes incubation at room temperature. It was
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Table 2.2. Sequences of oligonucleotides used for site-directed mutagenesis of
Burkholderia pseudomallei katG.

Primer name Base change Oligonucleotide sequence”

R108A CGC —» GCC CTGTTCATCGCCATGGCATGG
R108K CGC — AAA CTGTTCATCAAAATGGCATGG
H112A CAC — GCC ATGGCATGGGCCAGCGGGCAC
HI112N CAC — AAC ATGGCATGGAACAGCGGGCAC
D141A GAC — GCC AGCTGGCCCGCCAACGCGAAC
DI41E GAC — AAC AGCTGGCCCAACAACGCGAAC
D141IN GAC — GAA AGCTGGCCCGAAAACGCGAAC

“The sequences in bold are the codons that have been modified



29

Figure 2.2. General reconstruction protocol used for generation of variant katG’s from
mutagenized subclone I for protein expression. (K:Kpnl, C:Clal, H:Hindlll, E:EcoRI)

1 1002
Subclone 1

Subclone I1

1 533 1002 1731 2235 2772 69

katG



Figure 2.3. Nucleotide sequence of Burkholderia pseudomallei katG showing the

restriction sites, the sequencing primers (BpG 1-6) and mutagenic oligonucleotides

indicating base changes.

CGGGGTGACGAAGCTCGATATCCCGGCGACGGTGAATTGAGCGCGGCGAGCGCAGCTG
GCCCCACTGCTTCGAGCTATAGGGCCGCTGCCACTTAACTCGCGCCGCTCRCGACGAC

CGGGCCGCCGCGCGCCATGATCGGACGGGGCTTCGGGGCCCCGTTTATTTITGCCTATCG
GCCCGGCGGCGCGCGGTACTAGCCTGCCCCGAAGCCCCGGRGCAAATAAAAACGGATAGE

GATAAATAAAATTTATTAAATTACATATATCAATAGCAAATAATAGAATGCTTCGCATGG
CTATTTATTTTAAATAATTTAATGTATATAGTTATCGTTTATTATCTTACGAAGCGTACC

ATCGGCGCAGCGCCGCCGGACGGTAACTGCAAGCGTCAAGGGAGGATGTCATGATGCAAC
TAGCCGCGTCGCGGCGGCCTGCCATTGACGTTCGCAGTTCCCTCCTACAGTACTACGTTG

CGGCATTGTCGCGCGCGCGGCGGAACATTGCGCCGCGCCCGGCGATCATTGATCGTGCCA
GCCGTAACAGCGCGCGCGCCGCCTTGTAACGCGGCGCGGGCCGCCAGTAACTAGCACGGT

AGGCTGCCATCCGGAGCCTGCGTCCGATTGCGTTCGCTTATCTGGCGGACCGCGCCCALG
TCCGACGGTAGGCCACGGACGCAGGCTAACGCAAGCGAATAGACCGCCTGGCGCGGRTEE

GCGGCTGAGCGCCGCCGCGTGCCGGRCCGCTTTTTTCGCGCCGCGCGTCGCGTCGCACGE
CGCCGACTCGCGGCGGCGCACGGCCCGGCGAAAAAAGCGCGGCGCGCAGCGCAGCGTGCG

M P G S
AGGAGGGGTCAACCTGTTTGTTTCCCCGCAAAGTCGCCCCCCGAACGATGCCCGGLTLCG
TCCTCCCCAGTTGGACAAACAAAGGGGCGTTTCAGCGGGGGGCTTGCTACGGGCCGAGGE

G AGPRRRSGYVY HETU QR RNRMSNE
ATGCCGGGCCCCGCAGGCGGGGCGTACACGAACAAAGGAGAAATCGCATGTCGAATGAAG
TACGGCCCGGGGCGTCCGCCCCGCATGTGCTTGTTTCCTCTTTAGCGTACAGCTTACTTC

AK C P F HQAAGNUGTS NI RUDWWP
CGAAGTGCCCGTTCCATCAAGCCGCAGGCAACGGCACGTCGAACCGGGACTGGTRGCCCA
GCTTCACGGGCAAGGTAGTTCGGCGTCCGTTGCCGTGCAGCTTGGCCCTGACCACCGRGT

N QL DL ST LHRHSSLSDOPMGEK
ATCAGCTGGACCTGAGCATCCTGCATCGGCACTCGTCGCTGTCCGATCCGATGGGCAAGR
TAGTCGACCTGGACTCGTAGGACGTAGCCGTGAGCAGCGACAGGCTAGGCTACCCGTTCC

b F NY A QATFEIKTLIDLAAVYV KR RDL
ATTTCAACTACGCGCAGGCGTTCGAGAAGCTCGACCTCGCGGCGGTGAAGCGCGACCTCC
TAAAGTTGATGCGCGTCCGCAAGCTCTTCGAGCTGGAGCGCCGCCACTTCGCGCTRRAGG
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HALMTTSQQDWWPADTFTGHTYGG
ACGCGCTGATGACGACGTCGCAGGACTGGTGGCCEGGCCGATTTCGGCCACTACGGCGGEC
TGCGCGACTACTGCTGCAGCGTCCTGACCACCGGCCGGCTAAAGCCGGTGATGCCGCCGG
------------------ >BpG6 -

L FIRMAWWHSAGTYRTADGTR RG
TGTTCATCCGCATGGCATGGCACAGCGCGGGCACGTACCGCACGGCCGACGGCCGCAGLG
ACAAGTAGGCGTACCGTACCGTGTCGCGCCCGTGCATGGCGTGCCGGCTGCCGGCGCCGE

-------- AAA--------- R108K
-------- GCC--------- R10BA
--------- GCC--------- H112A
--------- AAC--------- H112N

G AGEGAQQRFAPLNSIWHWPDWNAN
GCGCGGGCGAAGGGCAGCAGCGCTTCGCGCCGCTCAACAGCTGGCCCGACAACGCGAACC
CGCGCCCGCTTCCCGTCATCGCGAAGCGCGGCGAGTTGTCGACCGRGCTATTGCGCTTRE

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

L ODK ARRILILWPTI KO QIKY G RATIS
TCGACAAGGCGCGCCGGCTGCTGTGGCCGATCAAGCAGAAGTACGGCCGCGCCATCTCGT
AGCTGTTCCGCGCGGCCGACGACACCGGCTAGTTCGTCTTCATGCCGGCGCGGTAGAGCA

W A D L L I L T &GNV AL ESMGTF KT

GGGCCGACCTGCTGATCCTGACGGGCAACGTCGCGLTCGAATCGATRGGCTTCAAGACCT

CCCGGCTGGACGACTAGGACTGCCCGTTGCAGCGCRAGCTTAGCTACCCGAAGTTCTGRA
clal

F GG F AGGRADTWEZPETDV Y WG S
TCGGCTTCGCGGGCGGCCGCGCGRGACACGTGGGAGCCCGAGGACGTCTACTGGGGLTCGG
AGCCGAAGCGCCCGCCGGCGCGCCTGTGCACCCTTCRGGCTCCTGCAGATGACCCCGAGE

E K I WL ELSGGPNTSRY S GDRNAQ
AAAAGATCTGGCTGGAACTGAGCGGCGGCCCGAACAGCCGCTATTCGGGCGACCGCCAGE
CTTTTCTAGACCGACCTTGACTCGCCGCCGGCTTGTCGGCGATAAGCCCGCTGGCGGTCG

L ENPLAAY QMG LTI Y V NPEGT?P
TCGAGAACCCGCTCGCCGCCGTGCAGATGGGCCTCATCTACGTGAATCCGGAAGGCCCGR
AGCTCTTGGGCGAGCGGCGGCACGTCTACCCGGAGTAGATGCACTTAGGCCTTCCGRGCC

b GNP DPV AAARTDTIRTDTTFARM
ACGGCAATCCCGATCCGGTCGCCGCGGCGCACGACATTCGTGACACCTTCGCGCGCATGG
TGCCGTTAGGGCTAGGCCAGCGGCGCCGCGCRCTARTAAGCACTGTGGAAGCGCGCRTACC

AAMNDETETV A LTI AGGHTT FGIKT
CGATGAACGACGAAGAGACGGTCGCGCTGATCGCGGGCGGCCACACGTTCGGCAAGACGE
GCTACTTGCTGCTTCTCTGCCAGCGCGACTAGCGCCCGCCGGTGTGCAAGCCGTTCTGCG
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(104)
780

(124)
840

(144)
900

(164)
960

(184)
1020

(204)
1080

(224)
1140

(244}
1200

(264)
1260

(284)
1320



H G A G P A S NV GAEPEAAGTI E A
ACGGCGCGGGGCCCGCGTCGAACGTCGGCGCCGAGCCGGAGGCCGCGGGCATCGAAGCGE
TGCCGCGCCCCGGGCGCAGCTTGCAGCCGCGGCTCGGCCTCCGGCGCCCATAGCTTLGLG

@ G L GW K S AY RTGIKGADATITS
AGGGCCTCGGCTGGAAGAGCGCGTACCGCACGGGCAAGGGCGCGGACGCGATCACGAGCG
TCCCGGAGCCGACCTTCTCGCGCATGGCGTGCCCGTTCCCGCGCCTGCGCTAGTGCTCGE

G L EV T WTTT®PTQWSHNTFF E N
GGCTCGAAGTCACGTGGACGACGACGCCGACGCAGTGGAGCCACAACTTCTTCGRAGAACC
CGGAGCTTCAGTGCACCTGCTGCTGCGGCTGCGTCACCTCGGTGTTGAAGAAGCTCTTGG

L FGY EWELTI KSZPAGAHZ QGQUWV A
TGTTCGGCTACGAGTGGGAGCTGACGAAGAGCCCGGCGGGCGCGCACCAGTGGGRTCGCGA
ACAAGCCGATGCTCACCCTCGACTGCTTCTCGGGCCGCCCGCGCGTGATCACCCAGCGLT

K G ADAVY I PDATFODZPSKIKHTR RTZPT
AGGGCGCCGACGCGGTGATTCCCGACGCGTTCGATCCGTCGAAGAAGCATCGTCCGACGA
TCCCGCGGCTGCGCCACTAAGGGCTGCGCAAGCTAGGCAGCTTCTTCGTAGCAGGCTGLT

M L T TODODULSULRFDPAYEI KT SRR
TGCTCACGACCGACCTGTCGCTGCGCTTCGATCCGGCGTACGAAAAGATCTCGCGCCGLT
ACGAGTGCTGGCTGGACAGCGACGCGAAGCTAGGCCGCATACTTTTCTAGAGCGCGGCGA

FHENPEQFADATFARAMWTF K XT
TCCACGAGAACCCGGAGCAGTTCGCCGACGCGTTCGCGCGCGCCTGRTTCAAGCTTACGE
AGGTGCTCTTGGGCCTCGTCAAGCGGCTGCGCAAGCGCEGCGCGRACCAAGTTCRAGTELG
emmmemos T---
HindIII

HRDMG®PRARYTLGTPTEVTPATEUVL
ACCGCGACATGGGCCCGCGCGCGCGCTATCTCGGCCCGGAAGTGCCGECCGAGGTGCTRE
TGGCGCTGTACCCGGECGCGCGCGEGATAGAGCCGGGCCTTCACGGCCGACTCCACGACE
-->BpGl

L Wwabob?PI P AV DHZPILTIDADAAA
TGTGGCAGGACCCGATTCCGGCCGTCGACCATCCGCTGATCGACGCCGCGGACGCCGLLG
ACACCGTCCTGGGCTAAGGCCGGCAGCTGGTAGGCGACTAGCTGCGGCGCCTGCGGCRAEE

ELKAKVLASGLTVY SQLVY ST A
AGCTGAAGGCAAAGGTGCTCGCGTCGGGGCTGACCGTGTCGCAGCTCGTTTCCACCGCAT
TCGACTTCCGTTTCCACGAGCGCAGCCCCGACTGGCACAGCGTCGAGCAAAGGTGGCGCA

W A A ASTF RGS DK RGSGAWNTGAR
GGGCGGCGGCGTCCACCTTCCGCGGCTCGGACAAGCGCGGCGGCGCGAACGGCGEGCGCA
CCCGCCGCCGCAGGTGGAAGGCGCCGAGCCTGTTCGCGCCGCCGCGCTTGCCGCGCGEAT

I R L APQKODWEANI GQPET GQLAAY
TTCGCCTTGCGCCGCAGAAGGACTGGGAGGCGAACCAGCCCGAGCAGCTCGCGGCGGTGE
AAGCGGAACGCGGCGTCTTCCTGACCCTCCGCTTGGTCGGGCTCGTCGAGCGCCGCCACG
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(324)
1440

(344)
1500

(364)
1560

(384)
1620

(404)
1680

(424)

1740

(444)
1800

(464)
1860

(484)
1920

(504)
1680

(524)
2040



L £ET L E AT RTAFNUGATUGRUGSG K Q@
TCGAGACGCTCGAGGCAATTCGCACGGCGTTCAACGGCGCGCAGCGCGGCGGCAAGCAAG
AGCTCTGCGAGCTCCGTTAAGCGTGCCGCAAGTTGCCGCGCGTCGCGCCGCCRTTCATTC

v S L ADLTITVY L AGT CAGVY E Q A A K
TGTCGCTCGCCGATCTGATCGTGCTGGCCGGCTGCGCGGGCGTCGAGCAGGCGGCGAAGA
ACAGCGAGCGGCTAGACTAGCACGACCGGCCGACGCGCCCGCAGCTCGTCCGCCGETTCT

NAGHAVY TV PFAPGRADASNOQE
ACGCGGGCCACGCGGTGACCGTGCCGTTCGCGCCGGGCCGCGCGGACGCATCGCAGRAGC
TGCGCCCGGTGCGCCACTGGCACGGCAAGCGCGGCCCGGCGCGCCTRCGTAGCGTCCTCG

@ T b v E S MAV L EP VY A DG F RNY

AGACCGACGTCGAATCGATRGCCATGCTCGAGCCGGTGRCCGACGRTTTTCGCAACTACC

TCTGGCTGCAGCTTAGCTACCGGCACGAGCTCGGCCACCGRCTRCCAAAAGCGTTRATGG
Cial

L K G K Y RV P AEV L L VDKATQLL
TGAAGGGCAAGTATCGGGTGCCCGCCGAGGTGCTGCTCGTCGACAAGGCGCAACTGCTGA
ACTTCCCGTTCATAGCCCACGGGCGGCTCCACGACGAGCAGCTATTCCGCGTTGACGACT

T L § AP EMTV L L GGGL RV L G AN
CGCTGAGCGCGCCGGAGATGACGGTGCTGCTGGGCGGCCTGCACGTGCTGGGCGCGAACG
GCGACTCGCGCGGCCTCTACTGCCACGACGACCCGCCGGACGCGCACGACCCGCGCTTRL

vV 6 0 S RHGVY FTAREUQATLTNTUDF
TCGGGCAGAGCCGGCACGGCGTGTTCACCGCGCGCGAGCAGGCATTGACCAACGACTTCT
AGCCCGTCTCGGCCGTGCCGCACAAGTGGCGCGCGCTCAGTCCGTAACTGGTTGCTGAAGA

F VvV NLLDMGTEWKPTAADATDV
TCGTGAACCTGCTCGACATGGGCACCGAGTGGAAGCCGACGGCGGCCGACGCGGACGTGT
AGCACTTGGACGAGCTGTACCCGTGGCTCACCTTCGGCTGCCGCCGGCTGCGCCTGCACA

F £ G RDRATGEULI KWTGTRVY DL
TCGAAGGGCGCGACCGCGCGACGGGCGAGCTCAAGTGGACGGGCACGCGCGTCGATCTCG
AGCTTCCCGCGCTGGCGCGCTGCCCGCTCRAGTTCACCTGCCCGTGCGCGCAGCTAGAGE

vV F 6 S HS QL RALAEVYV Y GS ADA
TGTTCGGCTCGCACTCGCAGTTGCGCGCGCTCGCGGAGGTCTACGGCAGCGCGGACGCGE
ACAAGCCGAGCGTGAGCGTCAACGCGCGCGAGCGCCTCCAGATGCCGTCGCGCCTGCGLG

Q E K FVRDFV AV WNZI KV MNTLTDR
AGGAGAAGTTCGTGCGCGACTTCGTCGCGGTCTGGAACAAGGTGATGAACCTCGACCGET
TCCTCTTCAAGCACGCGCTGAAGCAGCGCCAGACCTTGTTCCACTACTTGGAGCTGGCGA

F DL A #
TCGATCTCGCGTGATCGCGCCGCCGCGCCGCCGGAGCGGCGGCGCGCGGLGRCGGRGRAAC
AGCTAGAGCGCACTAGCGCGGCGGCGCGGCGGCCTCGCCGCCGCGCGCCGCCGLCLCTTG
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(564)
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(584)
2220
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2280

(624)
2340
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2400

(664)
2460

(684)
2520

(704)
2580

(724)
2640

(744)
2700

(748)
2760



GGCCGGCTGACGCGGGCCGCTTCCCGCCGGGCCGCTGATATCGTTTCAAGGAGTGACGAT
CATGACGCAAATGATTCTCGACCTGCGCGGGGCGCTCGCGGLGCCGGCCAGGCGCGRLGGR
CGCCGCGGCGTGGCGGCGGCTGATCGGCCTCGCGATCGCGGGRCGGCGGCAGCAGCCGTGRCT
GGCCGCGCAGGCCGCGCGCTACTTCACGGCGGCCGCCGGCGGTTGAGCGEGCCTRCRTTT
CGCGCAAATCGCGCGCTCGCGATCTACGCTAAACTGGTGCGGCGCTCGGCGGGCAGCCGE
ACGCGCGTCTGCCGCCTCTGCATAGGCTGCCCATGCGCATGTCGCCTGCGCGCATCCCGE
ATCGGGCATGCGGATCTTTCGATGCATTTTCGTCGGTTCGAACCATCGGACAAGGAGTTT
CGAGGATGGCCAAGAAAAGCAACGCAACCCAGATCAACATCGGCATCAGCGACAAGGATC
GCAAGAAGATCGCGGCGGGGCTGTCGCGTCTGCTCGCCGATACGTACACGCTGTACCTGA
AGACGCACAATTTCCACTGGAACGTGACCGGCCCGATGTTCAACACGCTGCACCTGATGT
TCGAGGAGCAGTACAACGAACTGTGGCTCGCCGTCGATCTCGTCGCGGAGCGCATCCGCA
CGCTCGGGGTCGTCGCGCCGGGCACGTATCGCGAATTCGCGAAGCTGTCGTCGATTCCCG
AGGCCGACGGCGTGCCGGCCGCCGAGGAGATGATTCGCCAGCTCGTCGAAGGGCATGAGG
CTGTCGTGCGCACCGCGCGCGCGATCTTCCCGGACGCCGACGCGGCRAGCGACGAGCCCA
CCGCCGATCTGCTGACGCAGCGCCTGCAG

2820
2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540
3600
3629

34
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then pelleted by centrifugation, washed twice with 70% (v/v) ice-cold ethanol, and tﬁen
dried under vacuum. The DNA pellet was either stored in this condition at ~20°C or was
suspended in HPLC grade water or TE buffer (10 mM Tris, pH 8.0, 1 mM Na-EDTA)
prior to storage at —20°C until further use.

Single-stranded template DNA for site-directed mutagenesis was prepared
according to the procedure of Vieira and Messing (1987). Plasmid containing celié ina$l
ml LB culture in early exponential phase were infected with 50 pl of helper phage R408
(10"'-10" PFU per ml) (in presence of 50‘u1 1 M MgSOy4) and grown overnight. 1.5 ml
of overnight grown culture was centrifuged in order to remove the cells and debris. A
solution of 300 ul of 1.5 M NaCl, 20% PEG 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 first 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 equal volume of 7.5
M ammonium acetate, pH 7.5 and 4 volumes of ice-cold 95% ethianol followed by
incubation at -20°C for 30 minutes. Single stranded DNA was recovered by
centrifugation and the pellet was washed once with 95% (v/v) ethanol and two times with

'70% (v{v) ethanol. The dried pellet was stored at -20°C until further use.
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2.4.4. Restriction endonuclease digestion of DNA
Restriction digestions were performed at 37°C for 2-5 hours in total volumes of 10
U, containing 1 pg RNase, 1 pl of 10X appropriate buffer provided by the supplier, ~1-5

ig 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 et al., (1989). Agarose gels containing 1% (w/v) agarose and 0.1
pg/ml ethidium bromide were prepared in TAE buffer (40 mM Tris-Acetate and 1 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 pl Stop buffer
(40% [v/v] glycerol, 10 mM EDTA pH 8.0, 0.25% [w/v] bromophenol blue). 1kb DNA
ladder or 1 kb plus DNA ladder ( Invitrogen Canada Inc.) were used as molecular weight
size standards. 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 (Bio-Rad).

2.4.6. Ligation
DNA fragments to be ligated were excised from agarose gels and purified using the
Ultraclean™ 15 DNA purification kit (Bio/Can Scientific Inc.) according to the

instructions supplied by the manufacturer. Ligation of insert DNA into vector was carried
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out according to the procedure of Sambrook et al. (1989). Purified DNA was mixed in a
ratio of 2-3 of insert to vector in 10 pl volumes, containing lunit of T4 DNA ligase
(Invitrogen Canada Inc.), and the manufacturer’s supplied buffer at the appropriate
concentration. Ligation mixtures were incubated overnight at 15 °C. 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 of cells grown to exponential phase (2-4 hours)
were harvested by centrifugation and made competent by resuspension in 500 pl ice-cold
0.1 M CaCl; for at least 30 minutes on ice. 2-10 ug DNA was usually added to 100 pl of
this cell suspension, followed by a further 30-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 1 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 extract, 1.25 g tryptone, 1 g NaCl, 1 g agar per 125 ml volume with 0.25
ml 1M CaClé and 0.42 ml 30% glucose sterile solutions added after autoclaving) and

poured onto ampicillin-containing LB plates.

2.4.8. DNA sequencing
Sequencing of DNA was performed according to the method of Sanger ef al.

(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 g
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plasmid DNA was resuspended and denatured in a 40 pl volume of 2 M NaOH freshly
prepared. This mixture was incubated for 10 minutes at 37 °C, and reprecipitated by
addition of 10 ul 3M sodium acetate, pH 4.8 and 140 pl ice-cold 95% ethanol. Following
incubation at -20°C for 30 minutes, the DNA pellet was recovered by centrifugation, |
washed once with 1 ml 95% ice-cold ethanol, and once with 200 ul 70% ice-cold ethanol,
and then evapofated to dryness under vacuum in a desiccator. Annealing and sequencing
reactions were carried out using a T7 Sequencing Kit (USB Corporation, USA) according
to the manufacturer’s specifications and using 10 pCi [0-°S] dATP (Amersham
Biosciences). Reaction mixtures were separated and resolved on 8% (w/v)
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 for about 1 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, Purification of BpKatG and its variants

For small scale crude extracts used in determination of relative levels of protein
expression, as well as catalase activity, plasmid containing cells were grown in 30 ml of
LB medium in 125 ml shake flasks at 28°C and 37°C for 16-20 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 over
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 pg/ml of ampicillin and 40 pg/ml hemin (Sigma), for 16-20 hours, at either 28°C or
37°C with good aeration. Isolation of BpKatG and its variant proteins were done
according to the procedure of Loewen and Switala (1986) with modifications. All

isolation and purification steps were carried out at 4°C. Cells were harvested from the

growth media by centrifugation and the cell pellet was kept at -60°C overnight. The cell
pellet was then resuspended in about 150-250 m! 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. Unbroken cells and debris were removed by
centrifugation, yielding the crude extract, to which was added streptomycin sulfate to a
final conicentration of 2.5% (w/v). The resulting precipitates weré removed by
centrifugation and discarded. Solid (NH4),SO4 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
(NH4)2504 at 40-45% saturation. Pellets from the (NH4),SO4 precipitations were
resuspended in 10-20 ml 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 reinaining |
precipitates, and dialyzed overnight using a 12,000-14,000 molecular weigilt cutoff

membrane, against 2 liters of potassium phosphate 50 mM, pH 7.0 overnight.
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The dialyzed resuspensions were centrifuged and loaded onto 2 2.5 cmm x 23 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 Aygp 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 1 liter. Eighty-drop fractions of the eluted proteins from the
column were collected throughout. Purity of the recovered column fractions was based on
Aggoand catalase activity elution profiles or on Azgp and A4gy elution profiles (in case of
mutations that had low or norcatalase activity). 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 1 liter of potassium phosphate 50 mM,
pH 7.0 overnight. The concentrated, dialyzed proteins were checked for purity using
catalase activity, the A4g7,280 (heme/protein) ratios and visualization using SDS-PAGE.
The protein was then loaded on to a 2.5 x 15 cm hydroxyapatite column (Bio-Rad)
equilibrated with potassium phosphate 5 mM, pH 7.0. The proteih was eluted with
potassium phosphate 5-200 mM? pH 7.0, usually in a final volume of 500 ml. Fifty-drop
fractions of the eluted proteins from the column were collected throughout. 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 -60°C until use.
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2.6. Sodinm dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Denaturing SDS-PAGE was carried out according to Weber et al., (1972).
Discontinuous 4% stacking and 8% 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 ug
protein for purified protein. Protein samples were mixed with equal volumes of reducing
denaturing sample buffer (3.4 mg/ml NaH,POy, 10.2 mg/ml Na,HPOQy, 10 mg/ml SDS,
0.13 mM 2-mercaptoethanol, 0.36 g/ml urea and 0.15% 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 IT electropﬁoresis system, using a running buffer
containing 14 g glycine, 3 g Tris base, and 1 g SDS per liter. Gels were stained in a
solution containing 0.5 g/l Coomassie Brilliant Blue R-250, 30% ethanol and 10% acetic
acid for one hour, and destained with repeated changes of destaining solution containing
15% methanol and 7% acetic acid, until the background was clear. Finally the gels were
soaked in the last destaining solution containing 7% acetic acid and 1% 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 1 hour on a slab gel drier under vacuum (Savant).

2.7. Enzymatic assays and protein quantitation
Catalase activity was determined by the method of Rarth and Jensen (1967) in a
Gilson oxygraph equipped with a Clark electrode. One unit of catalase is defined as the

amount of enzyme that decomposes 1 [tmol of H,O; in 1 minute in 60 mM H,0O; 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 ul of H,O; 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/ml was determined from the slope
of oxygen evolution. Specific catalase activity was expressed as unitseml«mg™ purified
protein. Specific catalase activity in whole cells (units/mg dry cell weight) was
determined by converting 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 1 ml final assay volumes
containing 1 mM H;O, 0.34 mM o-dianisidine in 50 mM sodium acetate buffer pH 4.5.
Aliquots (1-5 pl) of the appropriately diiuted enzymes were added to initiate reaction.
Peroxidase activity was determined by the AA4p/min average over periods of 2 min and
expressed as unitssmg 'sml” purified protein calculated as: (AAsge/min)/(11.3 x mg
enzyme/ml reaction mixture), using a molar extinction coefficient at Asgo nm for
o-dianisidine product of 11,300 Mcm™. Peroxidase activity was also determined
spectrophotometrically by the 2,2"-azinobis {3-ethylbenzothiazolinesulfonic acid}
(ABTS) method (Smith et al., 1990) with minor modifications. Assays were carried out at
room temperature in 1 m! final assay volumes containing 2.5 mM H,0,, 0.4 mM ABTS
in 50 mM sodium acetate buffer pH 4.5. Aliquots (1-5 ) of the appropriately diluted
enzymes were added to initiate reaction. Peroxidase activity was determined by the

AAsps/min average over periods of 2 min and expressed as units-mg"-mi'1 purified
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protein calculated as: (AA4s/min)/(36.8 x mg enzyme/ml reaction mixture), using a
molar extinction coefficient of ABTS product at Asgs nm of 36,800 M 'em™. One unit of
peroxidase activity is defined as the amount that decomposes 1 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'em™) by enzymatically oxidized radical species of
isoniazid. Assays were carried out in 1 ml final volumes containing 10 mM INH and 200
LM NBT in 50 mM tris buffer, pﬁ 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 ml final
volumes containing 250 uM NADH and 200 pM NBT in 50 mM tris buffer, pH 8, at
room temperature. Aliquots (1-5 ul) of the appropriately diluted enzymes were added to
initiate the reaction. INH hydrazinolysis activity was determined by the AAsgy/min
average over periods of 10 min. NADH oxidase activity was determined by the
AAseo/min average over periods of 5 min. INH hydrazinolysis and NADH oxidase
activities were expressed as unitserng™ eml” purified protein by using a molar extinction
coefficient of 15,000 M '«cm'for the monoformazan product from the reduction of NBT.
One unit of INH ﬁydrazinolysis and NADH activities are defined as the amount that
produces 1 nmol of free radical in 1 minute in a 10 mM INH or 250 uM 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 uM NADH in 50 mM tris buffer, pH 8, at room temperature.
Aliquots (1-5 pl) of the appropriately diluted enzymes were added to initiate the reaction.
NADH oxidase activity was determined by the AAs4/min average over periods of 5 min.
NADH oxidase activities were expressed as unitsemg™ «ml™! purified protein, using a
molar extinction coefficient of 6,300 M '«cm'for 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 (mg/ml) was estimated spectrophotometrically based on Assgg
calculated as: (Azg0x 79198)/ 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
Pharmacia 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, and 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 NaN; 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 NaNj3, the enzyme was incubated for 1 minute in the
reaction mixture containing one of the above compounds prior to initiation of the reaction

by addition of H;0,.
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3. RESULTS

3.1. Introduction

Based on the crystal structures of catalase-peroxidases from Haloarcula marismortui
(Yamada et al., 2001) and Burkholderia pseudomallei (BpKatG)l(Carpena et al., 2003),
four residues are located in the distal side active site of the enzyme, arginine, histidine,
tryptophan and aspartate (residues 108, 112, 111 and 141 respectively in BpKatG), which
are highly conserved among known catalase-peroxidases. Previous studies using the
catalase-peroxidase from Escherichia coli (EcKatG) suggested that the tryptophan,
arginine and histidine are indeed active site residues because they are important for
enzyme catalysis (Hillar et al., 2000). Similarly, the aspartate in the catalase-peroxidase
from the cyanobacterium Synechococcus (SyKatG) is critical for catalatic activity, but not
for peroxidatic activity (Jakopitsch et al., 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, R108A, R108K, H112A, H112N, D141A, D141N and
DI41E, were pﬁriﬁed 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 predominant band with an apparent molecular
mass of about 79 kDa. The larger band at approximately 160 kDa is probably crosslinked

dimer which is not reduced by either B-mercaptoethanol or dithiothreitol added to the
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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 Argl108
and His 112 variants (Figure 3.2b). This is probably a result of incomplete formation of
the covalent structure linking Trp111, Tyr238 and Met264 (Figure 3.1).

Figure 3.3 compares the absorption spectra of the variants with that of the wild type
BpKatG. Table 3.2 summarizes the positions of absorption maxima, heme/protein ratio
(Aso7/280) and heme/subunit ratio. The Sorét 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 H112A and
H112N variants also show a small shoulder at 375 nm. The spectra in 500-700 nm region
were also the same for all variants 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 A4g7ps0 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 summarizes the catalase and peroxidase activities of the BpKatG variants.
The catalase specific activities of all of the variants are reduced to 0.1 - 87% of the wild
. type BpKatG activity. Two different organic electron donors (ABTS and o-dianisidine)
were evaluated as substrates for the peroxidatic reaction. All of the variants exhibit
reduced peroxidase activity in comparison to the wild type ranging 1-2% to 83% of wild

type activity.
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Figure 3.1. Two views of residues in the active site of BpKatG related by a 90° rotation.
Top view shows Arg108, His112 and Asp141 on the distal side of the heme and the
covalent structure linking Trp111, Tyr238 and Met264. Bottom view shows the location
of Asp141 close to the substrate access channel.
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Table 3.1. Purification of wild type BpKatG from the Escherichia coli strain UM262
harbouring plasmid encoded katG of Burkholderia pseudomallei.

Total Specific
Total
Purification catalase catalase Recovery Purification
Protein
Step (mg) activity activity (%) (fold)
m
8 (units x 10>} (units/mg)
Crude extract 7332 774 106 100 1
(NH4)>SO4
o 409 581 1421 75 14
precipitation

Anion exchange
(DEAE-A-500)

250 3780 32 38

R108A, R108K, H112A, H112N, D141A, D141IN and D141E variants were also purified
using the above protocol.
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Figure 3.2. SDS-polyacrylamide gel electrophoretic analysis
of purified wild type BpKatG and its variants.
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Figure 3.3. Absorption spectra of wild-type BpKatG and its variants.
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Table 3.2. Summary of observed optical absorbance maxima, A4gypgoratio
and heme/subunit ratio for purified BpKatG and its variants.

Sorét
Mutant maximum Auorpge ratio Heme/s_ubunit
(nmy) ratio
Wild-type 407 0.61 0.85
R108A 407 : 0.58 0.81
 R108K 415 0.51 0.71
H112A 406 0.65 , 0.90
H112N 406 0.48 0.67
D141A 406 0.59 0.82
D14IN 406 0.57 0.79

DI41E 406 0.55 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 ef al, 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. Tablle 34

-summarizes tﬁe 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 H112A 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 [H,0,] on the rate of catalase reaction of BpKatG and its variants is
shown in Figure 3.4. The initial velocities (V;) have been corrected 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 initial 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 cata}ase and peroxidase are summarized

in Tables 3.5 and 3.6 respectively.



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

Catalase Peroxidase Peroxidase
Mutant (units/mg)” ABTS o-dianisidine
& (units/mg)” (units/mg)®
Wild-type 3,780+ 130 6.81+04 8.1+0.2
R108A 1,250 £ 110 1.0£0.1 7.5+£05
R108K 325+20 09+0.1 3.6+£04
H112A 1£0.2 0.1 +0.01 0.1 £0.01
HI112N 2106 0.1 £0.01 0.1 £0.01
D141A 60+ 10 58+04 6.51+0.02
D141N 390420 54+0.5 4.5 +0.07
DI141E 3,290+ 40 6.3+03 25%+0.04

%1 vnit = 1 umol/min).
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Table 3.4. NADH oxidase and INH hydrazinolysis activities
of BpKatG and its variants,

NADH oxidase NADH oxidase INH
Mutant (units/mg)” (units/mg)” Hydrazinolysis
at Azqg at Asgo (units/mg)”
Wild-type 6.9+1.0 77+1.2 0.9+£0.02
RI08A 3.7+0.5 224104 0.3+0.01
R108K 22103 1.3+0.1 0.3+£0.01
HI112A nd® nd” nd®
H112N 3.1+£03 1.3+05 0.2+0.06
Di141A 22402 0.7+£0.1 0.5+£0.04
D141IN 2.810.1 12403 0.6 £0.04
Di141E 341+05 2.8+03 0.8 £0.03

%1 unit = 1 nmol/min).,
bnd : not detectable.



58

Figures 3.4 and 3.5 show that all of variants follow Michaelis-Menten kinetics
except R108A and R108K when analyzed using ABTS.

The data in Table 3.5 show that the K, values for H,O, for all of the variants éxcept
D141A are higher than the wild type and the k., values are all significantly decreased,
except for D141E. The catalase k. Ky, values of all of the variants are lower than that of
the wild type.

The data in Table 3.6 show that the peroxidase Ky, values of all of variants except
R108A are significantly lower than the wild type and the k., values of all of variants
except D141N are significantly decreased, particularly the His112 variants. The
peroxidase kco/ K, values of the Arg108 and His112 variants are all lower than that of the

wild type, but those of Aspl41 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 NaNj on the catalase
activity of BpKatG and its variants. KCN and NaN; are common heme-binding inhibitors
used in structure-function studies of heme-containing enzymes. H112A and H112N
variants 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 NaNj; showed similar inhibition patterns for catalase activities of
the variants in relation to the wild type, although a much higher [NaNs] was required.
The R108A variant showed decreased susceptibility to inhibition by both KCN and NaNj

whereas the R108K variant showed decreased susceptibility to inhibition by KCN, but
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slightly more sensitive to NaN3; The D141 variants were more sensitive to KCN but less
sensitive to NaNj,.

Table 3.7 summarizes protein concentrations present in the reaction mixture and the
inhibitor concentrations that cause 50% inhibition of catalase activity, The R108K and
R108A variants were less sensitive to KCN than wild type by two and three times
respectively. The R108A variant also showed greatly reduced susceptibility to NaNs,
whereas R108K did not exhibit any significant changes to inhibition by NaNs. The
greatest increase in the sensitivity to KCN was observed for the Asp141 variants. The
data showed that less than 10% of [KCN] needed for wild type caused 50% inhibition of
the Asp141 variants. By contrast, 2 times more [NaN3] was required to inhibit the

Aspl41 variants compared to wild type.



]

oS 1.0 1.5 20

Il 1 L i ] ’ﬂr]i.ol] I}
0 100 200 300 400 500 600
[H,0,] mM
—o
T T
. , w0, .
0 100 200 300 400

[H,0,] mM
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Table 3.5. Comparison of the observed catalatic kinetic parameters of
purified wildtype BpKatG and its variants, using H,O, as substrate.

Vaimt (S amy @b iR
Wit-BpKatG  556+14 5901 9267+233 1.6x 10°
R108A 143+6 6302 2383+100 3.8x10°
R108K 20+09  95x02  483x15 5.1x 10*
H112A 04+001 128x2.6 58+0.2 4.6 x 10
H112N 1.0£0.02 5709 17+03  3.0x 10
DI141A 1006  47+03 167 = 10 3.6 x 10*
D14IN 33£1.6 8.0x02 556+2.7  69x 10
D141E 360 £ 2 6.9+08  6000+33 87x10°

* Vimax is expressed as pmoles of H,0, decomposed min™! pmole heme™!
p u
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Figure 3.5. Effect of ABTS concentration on the initial peroxidatic velocities (V;) of
wild type BpKatG and its variants. Outer panels: Michaelis-Menten (primary plots);
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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 Vmax (fhﬂ/}) (I;‘E?t) fﬁtll ff")'
Wt-BpKatG  1,250+30  179+5 208+0.5  1.2x10°
R108A 435 + 24 185 2 7.3+0.4 3.9 x 10*
" R108K 174 + 14 26 2 2.9+0.2 1.1x10°
H112A 46+01  47+02 008+0.002 1.6x10*
H112N 2901 3101 0.05+0.002 1.5x10*
D141A 556 =2 1321 93+0.03 7.0x10°
DI4IN  1,333%£50 1721 222+08  13x10°
D141E 833 =20 62+2 13.9+033 22x10°

* Vmax is expressed as ftmoles of ABTS oxidized min™! pmole heme™
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Table 3.7. Comparison of sensitivity of BpKatG and its variants to

cyanide (KCN) or azide (NaN3).

Variant [heme]” [KCN] causing [NaN;] causing
50% inhibition 50% inhibition
(LM) (M)
Wt-BpKatG 3 88 890
R108A 9 : 285 1260
R108K 33 211 850
H112A nd® nd”
HII2N nd” nd”
Dl141A 100 7.6 1800
D141IN 26 32 1200
DI41E 3 6.6 1650

“ [protein] in reaction mixture expressed as : nM of heme.
> nd : not determined.
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4. DISCUSSION

4.1. Structure-function studies on BpKatG

The apparent sequence similarity of catalase-peroxidases to members of the plant
peroxidase family (about 20% identity), suggested that the active site residues would
include arginine, tryptophan and histidine on the distal side of the heme based on analogy
with the active site of yeast cytochrome ¢ peroxidase (CCP) (Finzel ef al., 1984) and
plant ascorbate peroxidase (APX) (Patterson et al., 1995) identified in the crystal
structures. This was confirmed in EcKatG (Hillar ef al., 2000) and SyKatG (Regelsberger
et al., 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 Arg108, His112 and Asp141 and modifications were introduced via site-directed
mutagensis to confirm their catalytic and structural roles, predicted by the crystal
structures of HmCPx (Yamada et al., 2001) and BpKatG (Carpena et al., 2003). Trplil
of BpKatG is also in the active site but it has already been studied and reported by
Donald et al. (2003).

The catalase and peroxidase activities of Arg108 variants were reduced 67% to 91%
and 7% to 87%, 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 than ABTS. The properties
of Argl08 variants are similar in most respects to the properties of Argl19 variants of
SyKatG and Arg102 variants of EcKatG. The role of Argl08 is proposed to be the

stabilization of compound I during its formation (Nicholls et al., 2001), and any
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modification of the residue, even to lysine, which removes the H-bonding interaction
decreases the rate of compound I formation.

His112 variants of BpKatG exhibited less than 1% of wild type activity for catalase
and peroxidase activities consistent with observations of His106 variants 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 ez al., 2001).

The effect of changes in Asp141 depended on the replacing residue varying from a
reduction of 90-98% in catalase activity for uncharged Ala or Asn to only a 13%
reduction for Glu. In all cases there was little effect on peroxidase activity. Once again
these results are similar to those for the Asp152 variants of SyKatG which exhibited
significantly decreased catalase activity but increased peroxidase activity (Jakopitsch et
al., 2003). These results suggest that compound I formation is not affected by changes to
Aspl41 but that compound I reduction by H,0, requires a negatively charged side chain
in this location. Jakopitsch ez al. (2003) have proposed a mechanism in which the
carboxylate of residue141 (152 in SyKatG) is essential for binding H,0, along with
Trp111 and facilitates proton removal (Figure 4.1). However based on an analogous
situation in monofunctional catalases, an alternative or complementary role for Aspl4i
can be proposed. In EcHPII, Asp181 located in the main substrate access channel 12 A
from the heme and having a negatively charged residue at this location enhances the
catalase reaction. The D181E variant exhibited normal catalase activity and contained an
unbroken water matrix extending the full length of the substrate access channel, whereas
the other variants, D181A, D181S and D181Q, 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 A distant was proposed, and that this field acts upon the electrical dipoles of
water and H,O, 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 H,0, would enter the active
site in a preferred orientation as proposed by molecular dynamics studies (Chelikani ef al,
2003). The position of Asp141 of BpKatG is just 9 A from the heme, slightly closer than
Asp181 in HPII making a similar mechanism a possibility. While the data from the
Aspl41 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 ef 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 water residency
and a data set for an inactive variant such as D141A would be needed for comparison.

In conclusion, the data presented in this and the previous study of Trp111 (Donald
et al., 2003) have confirmed that the four active site residues of BpKatG, Argl08,
His112, Trp111 and Asp141 all have differing roles in the catalatic mechanism. His112
and Argl08 are involved in compound I formation while Trp111 andAsp141 are 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 H,O; (2) and its orientation in the active site by His and Arg (3). The O-O

bond is broken and one molecule of H,O is released (4) to create compound I (5). The
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reduction of compound I requires a second H,0, (6) which is oriented by Asp and Trp (7)
leading to the formation of one molecule of H>0, one molecule of O,. (8) and the native

enzyme (1) (Nicholls 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, D141E and $324T, have so far
been crystallized. This difficulty in obtaining crystals may be the result of incomplete
formation of the covalent structure linking Trp111, Tyr238 and Met264 which disrupts
the delicate crystal matrix. If 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 et 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-tubercular drug, isonicotinoyl-NAD. Much work remains to be done to
characterize these reactions and the substrate binding sites. For example, the structure of
KatG presents several potential substrate-binding sites in its surface topography, one of

which may be an NADH binding site and others for as yet unidentified substrates.
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