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ABSTRACT

Catalase-peroxidases (CP's) are bifunctional hemoproteins that are important components

of the oxidative defense system of bacterial and fungal cells. Despite the sequence

sirnilarity between yeast cytochrome c peroxidase and CP's, they differ dramatically in

their reactivities to hydrogen peroxide and electron-donating peroxidatic substrates.

Smaller differences also exist among different bacte¡ial CP's such as EcHPI (/<clG-

encoded CP from E coli) and MtKatG (CP from M. tuberculosis), which has been

implicated in the peroxidatic activation of isoniazid. Previous site-directed mutagenesis

studies on the putative active site residues in EcHPI have suggested the importance of

Trp105 in the catalase activity ofthe enzyme. Trp residues in and around the putative

active site ofEoHPI are highly conserved and show a specific pattern of dist¡ibution

among CP's. The primary objective of this thesis is to investigate the catalytic and

structural role ofTrp88, Trp89 and Trp197 in EcHPI. Using site-directed mutagenesis on

plasmid-encoded frøtÇ these residues were replaced with either Phe or læu and the

variant enzymes were purified fo¡ characterization. Both the wild type and variant

enzymes contained more heme and exhibited higher activities when prepared from cells

grown at 28oC compared to 37oC. Physicochemical, spectral, biochemical, kinetic and

heme inhibition studies together indicate the absence of any significant differences

between wild type EcHPI and its Trp-replacement vatiants. It can thus be implied that

Trp88, Trp89 and Trp197 may be dispensable for the normal functioning of EcHpI. The

only notable effect the mutations may be actually causing are the shifts in the proportions

of the different heme-containing tetrameric enzyme species, as reflected in the reduced

heme/protein ratios of most va¡iants in relation to the wild-type.
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1, GENERALINTRODUCTION

1,1, Oxygen toxicity and oxidative stress

Aerobic organisms use molecular oxygen (O2) for respiration or oxidation of

nutrients to obtain energy. The role of oxygen as a terminal electron acceptor in such

organisms is absolutely essential for their survival. Although, the complete four-

electron reduction of oxygen to water is thermodynamically highly favorabte, the

accomplishment of this process without the formation of free partially reduced

species is mechanistically difficult (Jones and Wilson, 1978). The electronic srructure

of 02 predisposes it to reduction by the univalent pathway. The paramagnetism of 02

in the ground state indicates that it contains two unpaired electrons with paraìlel spin

states. In contrast, all the electrons in stable organic molecules are arranged in pairs

with antiparallel spin states. Moving a pair of electrons from any stable organic

compound into 02 will require the inversion of an electronic spin state, since two

electrons cannot occupy the same orbital unless their spins are antiparallel (Fridovich,

1999). This may be illustrated as follows:

QO-@*@@xz

Inversion of electronic spin states, by interaction with nuclear spins, does occur,

but on a time scale several orders of magnitude longer than the lifetime ofcollisional

complexes. It is thus unlikely to occur while the 02 and the reductant are in contact.

But it can occur during the intervals between collisions; so the electrons are

preferentially transfer¡ed to 02 one at atime (Fridovich, 1999). Four electrons (and



four protons) a¡e needed to reduce 02 to two molecules of water. Hence the univalent

pathway necessitates intermediates, as follows:

ee

Oz*Oz"* H2O2 -----ì OH' ------> HzO

Oxygen Superoxide Hydrogen
Anion Peroxide

Hydroxyl Water
Radical

Oxygen-derived free radicals such superoxide anion (O2 -), hydroperoxyl (HOO),

and hydroxyl (OH) radicals are generally termed as Reactive Oxygen Species (ROS).

Other ROS which contain even number of electrons include hydrogen peroxide (H2O2)

and hypohalous acids (HOX) (Grisham, 1992). ROS may originate from both wirhin

and without the cell. They may be formed as a consequence of several enzymatic

¡eactions within the cell, such as catalysis by different oxidases, dehydrogenases, and

redox enzymes such as peroxidases and P-450 oxygenases and superoxide-dismutases

(SOD). Experimental data indicate fhat, in Escherichia coli, the respiratory chain can

account for as much as 87Vo of total H2O2 production (Gonziílez-Flecha and Demple,

1995). Within mammalian cells, mitochondria have been shown to produce O2,' and

H2O2 (Dionisi et al.,1975) as a consequence of "leaks" in the electron flow into 02

during respiration. Non-enzymatic sources of Ros originating intracellularly include

auto oxidation of catecholamines, reduced flavins, hydroquinone, and reaction with

transition metals in reduced fo¡m (Farr and Kogoma, 1991). There are numerous

extraneous sources of ROS, most of which exert their toxic effects following

metabolic breakdown into free ¡adicals. various toxic chemicals including certain
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herbicides, azo dyes, antfuacycline anticancer drugs and nitroheterocyclic antibiotics

such as metronizadole, have all been shown to form free radical metabolites that can

react with oxygen to generate ROS (Mason, 1992). Environmental sources of

oxidants include such diverse factors as air pollution, natural radiation (ultraviolet

rays), and macrophage response to bacterial infections (Ames, 1983; Cerutti, 1991 ;

Babior, 1981).

The presence of pro-oxidants in the cell is the operational definition of oxidative

stress, and oxygen toxicity occurs when the degree of oxidative stress exceeds the

capacity ofthe cell's antioxidant defense systems (Farr and Kogoma, 1991). Unless

intercepted, ROS can have deleterious effects on the cell. The primary biological

targets of ROS are cellular mac¡omolecules such as DNA, RNA, proteins and lipids.

All reactive oxygen molecules can cause varying degrees of damage to cells although,

most ofthe damage is caused by hydroxyl radicals, which are generated from H2O2

via the Fenton reaction, which requires iron (or another divalent metal ion, such as

copper) and a source of reducing equivalents to regenerate the metal. ROS may react

with DNA to produce base modifications or strand breaks (Ames and Shigenaga,

1992; Farr and Kogoma, 1991; Sies and Menck, 1992), lesions thar would in rurn

block DNA replication. ROS also have been shown to be capable of oxidizing

proteins and enzymes (Weser, 1984; Gardner and Fridovich, 1991). At a cellular level,

when proteins are exposed to ROS, modifications of amino acid side chains occur,

and consequently, the protein structure is altered. These modifications lead to

functional changes that disturb cell metabolism. ROS can directly attack poly-

unsaturated memb¡ane fatty acids and initiate peroxidation (Chance et al., 1979;

Cadenas and Sies, 1984; Koster et aL, 1984). The primary effect of lipid peroxidation



is a decrease in membrane fluidity, which alters membrane properties and disrupts

memb¡ane-bound proteins significantly. Thus, the end result of oxidant-induced

modifications or damage to cellula¡ macromolecules is cell death or tissue damage.

1.2. Anti-oxidant defense mechanisms

1.2.1. Avoidance of formation of Reactive Oxygen Species

"Prevention is better than cure" is an age-old and time-tested adage. Many

biological oxidases utilize mechanisms that accomplish divalent and even tetravalent

reduction of 02, without releasing intermediates. Cytochrome c oxidase is such an

enzyme; by virtue of two heme and two Cu(tr) prosthetic groups it can accumulate

four reducing equivalents, which are then transfened to bound 02, via a bound peroxo

intermediate, to produce two molecules of water (Malatesta et aL,1995). So the first

line of defense is avoidance, which is very effective since in most cells under normal

conditions only 0.1-1.ÙVo of the electrons transferred to 02 produce O2.- (Fridovich,

1999). However, therate of 02 consumption is such that even a}.lTo yield of 02'

would impose an intolerable oxidative burden we¡e there not additional defenses.

1.2.2, Pre-damage defense mechanisms

The appearance of oxygen in the atmosphere led to the development of defense

mechanisms that kept the concentration of O2-derived free radicals at acceptable

levels. organisms have evolved various enzymatic and non-enzymatic antioxidants

that serve to prevent or limit oxidative damage caused by toxic oxygen species. These

include enzymes such as catalases, peroxidases, and superoxide dismutases. Non-
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enzymaÍic antioxidants include various low molecular weight scavengers, reductants

and some iron binding proteins.

Superoxide dismutases (SODs) catalyze the conversion of O2.- into H2O2 and 02

and do so with unmatched efficiency, being limited only by the rate of diffusion

(Fridovich, 1999). Since the creation ofan oxygen-rich atmosphere by photosynthetic

organisms must have imposed a common selection pressure on a varied anaerobic

biota, it is not surprising that several families of SODs currently exist. In eukaryotes

there is a MnSOD in the mitochondria, aCuZnSOD in the cytosol and in the other

organelles, and a different CuZnSOD in the extracellular spaces (Fridovich, 1999).

Plants have a MnSOD, a CuZnSOD, and also an FeSOD (Fridovich, 1999). The

bacferium Escherichia coli is known to produce four SOD isoenzymes: a MnSOD

(Keele et al., 1970), an FeSOD (Yost and Fridov ich, 1973), an FeMnSOD (Clare et

al., L984), and a CuZnSOD (Battistoni and Rotilio, 1995). Recently aNiSOD has

been found in Streptomyces species (Choudhury et al., i999). In all cases, the active

site metal of the SOD is reduced by one 02'and then ¡eoxidized by the next, In this

way it transfers an electron from one 02- to the next while avoiding the electrostatic

repulsion that would hinder direct electron transfer between one 02 - and another

(Fridovich, 1999).

The H2O2 produced from 02 -, and directly by specific oxidases, musr be

eliminated because it can be converted into the highly reactive cytotoxic oH radical

(Fridovich, 1999). Hzoz is metabolized and eliminated by catalases and peroxidases.

cataìases catalyze the mutual oxidation-reduction of two molecules of H2o2 to yield

02 and H2O. Most catalases are heme-containing enzymes but Lactobacilli and

related bacteria, which cannot synthesize heme, can produce a very effective catalase,
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the prosthetic group of which is a binuclear cluster of Mn atoms (Beyer and Fridovich,

198s).

Peroxidases use a variety of reductants to reduce H2O2 t o 2 H2O, although the

initial oxidation step utilizes a molecule of H2O2 similar to the first step of the

catalase reaction. This property has lead to the conception that peroxidases are

functionaìly simila¡ to catalases and that they have a protective effect while using

hydrogen donors other than H2O2. Thus there are peroxidases that utilize glutathione,

ascorbate, fenocytochrome c, reduced thio¡edoxin, NADH, and even iodide and

chloride. Plant peroxidases are notoriously broad in their utilization of reductants.

Most peroxidases are heme-based enzymes; but the prosthetic group of the

Glutathione peroxidases (GPX), so important in higher animals, have a selenocysteine

residue. GPX use reduced glutathione as the hydrogen donor (Ren et aI., 1997), the

reaction products being oxidized glutathione and water. oxidized glutathione is then

reduced via the enzyme glutathione reductase, which utilizes the cofactor NADpH.

Levels of reduced intracellular glutathione are normally maintained high relative to

the oxidized form (Grisham, 1992), allowing efficient interception of ROS. The GpX

deserve special mention for another reason and that is their ability to catalyze the

reduction of alkylhydroperoxides, such as those generated by the oxidation of

polyunsaturated lipids to alcohols. The alkyl hydroperoxidase AhpC of Escherichia

colí and Salmonella typhimuriurn (Storz and Tafa glia, 1992 Sherman et at., 1996;

Jacobson et al., 1989) is capable of reducing organic peroxides such as cumene

hydroperoxide, and the di-heme cytochrome c peroxidase from pseudomonas

aeruginosa, a periplasmic enzyme, is believed to provide protection against toxic

peroxides (Fülöp et al., 1995).
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In addition to the enzymatic antioxidant mechanisms described above, there a¡e

a number of non enzymatic antioxidants including small molecule substances as well

as antioxidant proteins that contribute to removal ofROS species both intracellularly

and extracellularly. Examples of such molecules found in human blood plasma

include ascorbic acid, glutathione, o-tocopherol, B-carotene, albumin (Halliwell and

Gutteridge, 1986), lactofenin, transfenin and metallothioneines (Frei et aL, 1992).

Bacteriofenitin and glutathione are examples of two such molecules that have been

described to play an important role in antioxidant defense in E. coli cells (Andrews er

aL, 1989; Smith and Schdfr, 1979).

1.2.3. Post-damage defense mechanisms

In addition to the primary defense mechanisms mentioned above, there a¡e

secondary mechanisms that serve to repair the damage caused by toxic oxygen

species. These include DNA repair systems and proteolytic and lipolytic enzymes.

All damage produced by free-radical attack on DNA molecules are repaired by the

ubiquitous DNA repair process called base excision repair (BER) (Demple and

Harrison 1994). The enzymatic components of BER inctude DNA N-glycosylases

that recognize damaged purines and pyramidines, 5'-apurinic (Ap) endonucleases that

process strand breaks, sites ofbase loss, and the p¡oducts ofDNA glycosylase/Ap

lyase action, and DNA polymerases and DNA ligases. BER also processes ceÍain

alkylated bases as well as uracil-derived from deamination of cytosine. BER enzymes

have been found throughout all phylogenetic kingdoms and, where examined, retain

the fundamental characteristics ofthe prototypic activities that have been identified in

E. coli (t'Iallace, 1997).



1.3. Catalases

1.3.1. Introduction and Properties

Catalases have been the subject of observation and study for well over one

hundred years, with the first report of a biochemical characterization and naming of

the enzyme appearing in the year 1900 (l,oew, 1900). All catalases whether

eukaryotic, prokaryotic, or archae, are predominantly heme containing enzymes with

a striking ability to evolve molecular oxygen via dismutation of hydrogen peroxide.

The overall reaction for the classical enzyme is very simple on paper! 2H2O2 + ZH2O

+ 02. Because of its prevalence in many mammalian tissues, particularly blood, the

catalase enzyme proved easy to isolate, facilitating its purification to provide

sufficient protein for detailed biochemical studies. Bacterial catalases have been

studied extensively since the first report of the purification of the catalase from

Micrococcus luteus was published in 1948 (Herbert and Pinsent, 1948). Interest in

bacterial catalases also derived from the potential role ofthe enzyme in the

pathogenesis wherein the infecting bacterium frequently has to survive a burst of

active oxygen species, including H2O2 generated by the infected tissue.

Generally, most catalases are homotetramers having subunit sizes ranging

between 55-84 kDa (Nicholls et aL,200I). Each subunit contains a non-covalently

bound heme prosthetic group characte¡ized as protofeniheme (protoporphyrin D()

(Stern, 1936) in the high spin Fe(Itr) state (Maeda er a 1., 1973). High resolution

crystal structures of various catalases (Reid et aI., 1981; Murthy et al., l98l; Fita and

Rossmann, 1985; Vainshtein et al., 1986; Murshudov et aL, 1992 Bravo et aL, 1995)

have shown that the axial ligand at the fifth coordination position ofthe heme iron is
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a tyrosine residue, while the sixth coordination position of iron is probably occupied

by a water molecule (Oakes, 1986; Schonbaum and Chance, 1976).

Catalases show pseudo-first order saturation kinetics (Michealis-Menten

kinetics) with a kinetic constant for the overall reaction being independent of pH in

the range of 4.7-10.5. The kinetic behavior of classical catalases remains widely

misunderstood, as evidenced by the frequent quoting ofK. and k*t/K,, values for

catalases without any rider explaining that these palameters do not have the meaning

they possess fo¡ standard Michelis-Menten enzymes. Mammalian catalases have been

reported to have specific kinetic constants in the range of 0.01 to 6 x 10? M-l s-l and

classically low K- values of about i.0 M (Sevinc el al., 1999; Jones and Wilson,

1978). The reliability ofthe kinetic parameters are questionable, as it has been

demonstrated that H2o2 causes inactivation of the enzyme at concentrations of less

than lM (Sevinc et al.,1999;DeLuca et aI., l995),probably making it impossible to

achieve true saturation conditions for the enzyme with H2O2.

There are several inhibitors of catalase activity that include the classical heme

inhibito¡s such as cyanide, azide and hydroxylamine (Nicholls and Schonbaum, 1963;

l|l/aj et a1.,1996), which bind reversibly to the heme iron. 3-amino 1,2,4-triazole

ineversibly inhibits catalases by forming a covalent bond with the histidine residue

on the oxidized catalytic intermediate of catalase (compound I) (chang and scfuoeder,

1972). Other catalase inhibitors include t-butylhydroperoxide, which causes suicide

inhibition through formation of an inactive catalytic intermediate (pichomer et al.,

1993); and thiol reagents, superoxide, and hydrogen peroxide all of which may

directly or indirectly lead to oxidation of amino acid residues on the enzyme (Takeda

et al., 7980; Kono and F¡idovich, 1982; DeLuca et al., 1995).
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1.3.2, The catalase reaction

The heme chromophore of catalases provided a convenient tool for workers

intent on studying the catalase reaction mechanism, eventually leading to the

definition of the two distinct stages in the reaction pathway. The first stage ofthe

catalase reaction involves oxidation of the heme iron using hydrogen peroxide as

substrate to form compound I, an oxyferryl species with one oxidation equivalent

located on the iron and a second oxidation equivalent delocalized in a heme cation

radical (reaction 1). compound I is a sho¡t-lived catal¡ic intermediate with a distinct

absorption spectrum characterized by reduction in absorption intensity of the Sorêt

band (at approximately 400nm; a band which is diagnostic of hemoproteins). The

formation of compound one is believed to be initiated by a histidine side,chain in the

active site above (distal to) the plane ofthe heme. The histidine acts as a gene¡al base

donating electrons to the H2O2 molecule coo¡dinated to the heme iron, forming a

transition complex which is stabilized by additional charge inte¡actions provided by

other residues in the active site. This allows scission of the peroxide O-O bond, to

form compound I and one molecule of water (Fita and Rossman, 1985).

Enz (Por-Feltr) * H2O2---+ compound I (Por* -Ferv=O¡ + H2O (1)

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

peroxide as electron donor providing two oxidation equivalents (reaction 2).

The second H2O2 molecule enters the active site and is preoriented for reaction by

hydrogen bonding and charge interactions with the side chains of the active site

histidine and asparagines residues. As the charge density on the H2o2 molecule shifts,

due to interaction with the arnino acid side chains, it is believed that the O-O bond
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takes on double bond cha¡acter while the oxygen-iron bond is b¡oken. The active site

histidine side-chain then acquires greater nucleophilic characte¡, allowing a

rearrangement in the relative positions ofthe hydroxyl group closest to the active side

chains, while a hydroxyl is simultaneously formed on the heme iron. Wate¡ is then

thought to be formed through transfer of a hydrogen and electron to the OH group

still coordinated to the iron, as the oz molecule is released from the coo¡dination with

the histidine ¡esidue (Fita and Rossmann, 1985).

compound I (Por*-FeN=O) * H2O2 ---> Enz (Por-Feü) + H2O + Oz (2)

Compound I can also undergo a one-electron reduction with or without a proton,

resulting in the formation of an inactive compound tr (Reaction 3 or 3a) with one

oxidation equivalent above that of the ferric heme (Nicholls and Schonbaum, 1963).

Reduction of compound I to the spectrally distinct compound II may either occur in

the presence of H2O2 or hydrogen donors such as ferrocyanide and ascorbate.

Addition of large excesses of Hzoz to catalases leads to formation of inactive catalase

compound III or the oxycatalase form of the enzyme.

Compound I (Por+'-Ferv=O) + e- ---' compound II (Por-FeN=O) (3)

Compound I (Por+'-FeIv=O) + e'+ H+ ---r compound II (por-FeN-OIf) (3a)

Catalases from various prokaryotes and eukaryotes have been shown to contain one

tightly bound NADPH molecule per enzyme subunit (Kirkman and Gaetani, 19g4;

GoueT et aL, Hillar et al., 1994; Yusifov et aL, l9B9). The bound NADpH has been

postulated to prevent the enzyme from accumulating compound II , (Kjrkman et at.,



1987) or a compound ll-like species in which a tyrosinate based radical is present

(Hillar and Nicholls, 1992; Ivancich et a1.,1997; Kirkman et al., 1999).

1.3.3. Catalase: Diversity and Categorization

Structural diversity among catalases, evident in the variety of subunit sizes the

number of quaternary structures, the diffe¡ent heme prosthetic groups, and the variety

of sequence groups allows them to be organized into four main groups: the ..classical,,

monofunctional catalases (type A), the catalase-peroxidases (type B), the nonheme

catalases (type C), and rniscellaneous proteins with minor catalatic activities (tfpe D)

(Nicholls et al., 2001).

Monofunctional catalases (type A):

Monofunctional catalases are the largest and most extensively studied group of

catalases. The dismutation of H2O2 is their predominant activity; any peroxidatic

activity is mino¡ and restricted to small substrates. The group can be further

subcatergorized based on subunit size with an accompanying attention to heme

content (Nicholls et aL,200L). Bovine liver catalase, a small subunit enzyme

containing heme å and hydroperoxidase tr, a large subunit catalase from .E'sc herichia

coli contuning heme d are among the well-studied enzymes in this group.

Catalase-peroxidases ltvoe B):

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

bifunctional hemoprotein enzymes that exhibit a significant organic peroxidase

activity in addition to the catalatic activity (Nicholl s et a1.,2001). They have been
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characterized in both fungi and bacteria. This group will be discussed in detail in

section 1.5.

Non-heme catalases ltvne C):

Currently the smallest group, there are only three nonheme catalases so far

characterized, (Inctobacillus plantarum, Thermoleophilun album, and Thermus

thermophilus) but several more have been sequenced, all of bacterial origin. The

active site of each of the th¡ee enzymes contains a manganese-rich reaction center

rather than a heme group (Kono and Fridovich, 1983; Allgood and perry, l9g6;

Waldo et al., 1991).

Minor catalases ltvoe D):

This group includes heme-containing enzymes including most peroxidases (Arnao er

al., 1990) that have been observed to exhibit a low level of catalatic activity. The

chloroperoxidas e from Caldariomyces fumago exhibits the greatest reactivity as a

catalase (Sun et aL, 1994; Sundaramoorthy et al., 1995). Despite the fact that there is

yet only one such example to consider, it provides an alternate mechanism for the

catalatic reaction (Nicholls et a1.,2001)

1.4. Peroxidases

1,4.1. Introduction

Peroxidases played a key role in the development of modern enzymology.

Much ofthe ea¡ly definitive work on peroxidases was done by Keilin and rheorell in

the 1930's. Horseradish peroxidase was for a long time, the best known, most worked
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upon and the simplest example of a heme-containing enzyme. The explosion in

discove¡ies about enzymes in the last halfofthe twentieth century dwarfs all previous

knowledge. Research on peroxidases and heme enzymes has both contributed to and

benefited from this explosion. Most peroxidases like catalases are hemoprotein

enzymes, which catalyze the overall reaction H2O2 + 2RH -+ HzO + 2R', where RH

represents reduced substrate hydrogen donor and R represents the oxidized hydrogen

donor, which may be a free radical species. Unlike catalases, however, there is a great

deal of variability in peroxidases with regard to their structural properties. This is

probably a consequence of many different roles that individual peroxidases play in

organisms from which they a¡e derived. While a majority of peroxidases are

hemoproteins, such as horseradish peroxidase (HRP), cytochrome c peroxidase (CCp),

and othe¡ mammalian, plant and fungal peroxidases, there are non-heme peroxidases,

such as the vanadium-containing chloroperoxidase enzyme fro m Cumularia

inaequalís (Messerschmidt and Wever, 1996), the FAD cysteine redox center NADH

peroxidase from Streptococcus faecalis (StebTe et al., 1991), the human peroxiredoxin

(peroxidase) (Choi et aI., 1998), and the selenium-containing glutathione peroxidases

(GPXs) (Arthur,2000).

1.4.2, The peroxidase reaction

The peroxidase reaction proceeds in three steps. Reaction (1) or compound I

formation is the f,irst step and is common to catalases and peroxidases. However they

differ in the second and third steps. While catalases proceed with reactions (2) or (3)

for compound I reduction, peroxidases use single electron donor substrates (organic

or inorganic) to reduce compound I, as shown in ¡eactions (4) and (5).



compound I (Por+ .FeN=O) + RH ---+ compound II (Por-FeN-OH) + R' (4)

compound II (Por-FeN-OH¡ + RH ---' Enz (Por-Feu) + R' (5)

1.4.3. Peroxidase: Categorization and Properties

On the basis of sequence homologies, Welinder has proposed three families of

peroxidases, which belong to the plant peroxidase superfamily (Welinder, 1992). The

class I family constitutes intracellular peroxidases of prokaryotic origin. These

include CCP, chloroplast and cytosolic ascorbate peroxidases (ApXs), and bacterial

catalase-peroxidases such as HPI ofEscfterichia coli. Class tr family comprises of

secreted fungal peroxidases such as the lignin and manganese peroxidases of

Phanerocheate chrysosporium and the ink cap mushroom peroxidase from Coprinus

cinereus. Class Itr family is made up of classical secretory plant peroxidases. The

most extensively studied example is HRP isoenzyme C (Dunford, 1999a). Although,

the three classes only show about 20Vo sequence similarity, they have conserved

residues in the heme cavity, namely the distal Arg and His, and the proximal His

hydrogen-bonded with a buried Asp side-chain, which are functionally and

structurally important (Welinder, 1992; Welinder and Gajhede, 1993). The Welinder

classification systematizes existing knowledge of peroxidases, leads to predictions

about unknown properties, and provides a framewo¡k for future work on plant

peroxidases. Heme-containing animal peroxidases such as thyroid, eosinophil, lacto-

and myeloperoxidases constitute a separate superfamily (Dunford, 1999b).

Historically, many important discoveries and achievements in peroxidase

research were first made by investigations of ccP and HRp and comparisons to them.

Between the two of them, they provide an excellent starting point to discuss all of the
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known peroxidases. The CCP enzyme from .ia ccharomyces cerevisiae is a single

polypeptide chain of294 amino acids with a single heme (protoporphyrin D( group)

prosthetic group bound non-covalently and has a molecular weight of 35.4 kDa

(Bosshard et al., l99l).It is present in the mitochondria and is induced under aerobic

conditions flVelinder, 1992). The HRP enzyme found in horseradish roots exists in

the form of several isoenzymes, of which isoenzyme C (neutral), is the most

predominant and also the best character.ized fo¡m. HRP is a monomeric protein with

308 amino acid residues having a non-covalently bound pfotoporphyrin D( group. In

addition, the enzyme possesses two calcium ions, an N-terminal signal peptide for

excretion, four conserved disulfide bridges and eight neutral carbohydrate side chains

attached through Asn residues. The molecular weight of HRP is 34.5 kDa excluding

the carbohydrate content and 42.1 kDa if the carbohydrate side chains a¡e taken into

account (Dunfofd, 1991).

Both CCP and HRP have been successfully cloned and expressed in E coii as

apoenzymes, and then reconstituted with heme (Fishel et a1.,1987 and Smith e¡ ¿/.,

1990). The crystal structure of CCP was solved in the mid-eighties (poulos el al.,

1980; Finzel et al., 1984) while that of HRP was solved only in the late nineties

(Gajhede et al.,1997). Critical amino acid residues on both the proximal and distal

sides of the heme are conserved between CCP and HRP. The conserved residues in

the substrate accessible distal heme cavity include distat histidine (His52 in CCp,

His42 in HRP) and arginine (Arg48 in CCP, Arg38 in HRP). In addition, Trp5l of

CCP and the conesponding Phe41 of HRP are both key distal cavity residues

involved in enzyme catalysis. Both enzymes have histidine side chains as proximal
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axial ligands to the heme (His175 in CCP and His170 in HRP) (Y,lelinder et at.,1992;

Dunford, 1999b).

The original Poulos and Kraut (Poulos and Kraut, 1980) mechanism of

compound I formation that was based on the 1980 crystal structure of CCp laid the

foundation for understanding compound I formation in plant peroxidases, Two

features of their mechanism for the transfer of an oxygen atom from hydrogen

peroxide to iron (Itr) have become accepted fo¡ all other plant peroxidases including

HRP. Poulos and K¡aut suggested that the distal histidine was involved as a proton

acceptor from hydrogen peroxide and the distal arginine acted as a charge stabilizer

during compound I formation (Poulos, 1987).

Both CCP and HRP react rapidly with H2O2 to form a very stable compound I

species that has two oxidizing equivalents above the ferric resting enzyme. The ferric

iron of both enzymes is oxidized in compound I to an oxyferryl (Fe N=O¡ 
species, but

the site that contributes the second electron differs. In HRP an electron is removed

from the porphyrin to give a porphyrin radical ¡¡-cation (Dolphin et al., 1971),but in

CCP the electron is ¡emoved from the proximal Trp191 to give a protein radical

(Sivaraja et aL, 1989). The optical spectrum of HRp compound I consists of a Sorêt

band reduced in intensity by a factor of -2 compared to the band of native HRp, and a

rather featureless visible spectrum. Because the free radical electron in CCp, is

undergoing little interaction with the FeN=O group, the optical spectrum of CCp is

very distinct from that of HRP and in fact ¡esembles that of compound tr of HRp

(Dunford, 1999c). One-electron substrate oxidation reduces the porphyrin or protein

radical and gives the one-electron oxidized ferryl species known as compound II,

which in turn is reduced via a one-electron substrate oxidation to the resting ferric
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state enzyme. Thus the conventional wisdom has been that the reaction cycle ofCCp

and HRP are very similar except for the atypical structure of compound I of CCp and

its atypically large reducing substrate, cytochrome c (Ortiz de Montellano et aL, 1994;

Dunford, 1999c).

In addition to effecting the conversion of H2O2 to H2O plant peroxidases have

also been suggested to have wider roles in reactions ofbiological significance such as

in the peroxidation of plant hormones and lignin ptecursors. The links between

peroxidases and such reactions are appatent from the requirement for different

reducing substrates in the catalytic process (Smith and Veitch, 1999). kr CCp the

compound I reductants are two molecules of fenoc¡ochrome c, while in HRp; the

possible reductants comprise a wide range of compounds such as aromatic phenols,

anilines, amines, and even NADFI/ÌrIADPH (Smith et al., 1995; Dunford, l99i;

Haliwell, 1978). Reduction of CCP compound I is extremely rapid, with a maximum

steady state turnover reported to be 1.4 x 104 s-l (Yonetani and Ray, 1966). The

kinetics of this reduction are very complex, as each reduction step requires the

formation of CCP-cytochrome c complex followed by intramolecular electron

transfer reaction donation to the CCP active site. A recently proposed model for the

mechanism proposes a two binding site model, where the affinity of the two sites for

cytochrome c diffe¡s by 1000-fold and rapid electron transfer occurs only at the high

affinity site (Miller, i996). Reduction of HRP has been described as following a type

ofping-pong (ordered two-substrate, two-product) reaction (Dunford, 1991), which

proceeds though sequential one-electron reductions of the enzyme, and yields an

optically observable second HRP reaction intermediate known as compound tr, which

is one oxidizing equivalent above that resting (fenic) enzyme. Reduction of HRp
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compounds I and tr usually genelates radical products. This feature, in combination

with the involvement of mediating molecules such as scopoletin and oxygen, allows

HRP to carry out peroxidatic as well as oxidatic reactions (Saikumar et al., 1994:

DeSandro et al.,1997), and can often lead to inactivation of the enzyme by formation

of substrate radical adducts (Gilfoyle et aL, i 996) or other types of substrate

inhibition (Bayton et al., 1994). The most parsimonious mechanisms for HRp

compound I and compound II degradation propose that the hydrogen donor donates

an electron to reduce the porphyrin radical and simultaneously donates its hydrogen

to the distal basic histidine chain in reducing compound I to compound II, and then a

second donor molecule donates both its hydrogen and one electron to the oxoferryl

group which is hydrogen bonded to the protonated distal histidine, resulting in the

reduction of the iron and formation of the water leaving group (Dunford, 1991).

In addition to peroxidatic and oxidatic reactions, HRp can also catalyze other

reactions in vitro, such as superoxide anion mediated production of yet another

spectral intermediate, an inactive form ofthe enzyme termed compound III or

oxyperoxidase (Nakajima and Yamazaki, 198?), and formation of compound IV, a

similar but irreversibly inactivated species (Baynton et a1.,1994). However, these

types ofreactions, like those for catalases, may not be physiologically relevant.

1.5. Catalase-Peroxidases

A new class of bacterial enzymes, the cataiase-peroxidases emerged in the late

seventies with the first detections of the catalase-peroxidase hydroperoxidase I (Hpr)

rrom Escherichia coli (claiborne and Fridovich, 1979). Subsequently, many different

catalase-peroxidases wete isolated and char acterized from bacteria (Loewen, 1997)
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and fungi (Frauje et aL, 1996;l*vy et al., 1992). The characteristic feature ofthese

enzymes as their name suggests, is their bifunctional catalytic behaviour. These

enzymes were later tecognized as a part of the class I family of plant peroxidases due

to their high sequence homology with class I members such as CCP and ascorbate

peroxidase. Interestingly, catalase- peroxidases show very little sequence homology

with eukaryotic-type monofunctional catalases (Welinder, I99l;l-oewen, 1997).

Catalase peroxidases range in size from one to four subunits (Fukumori et dl.,

1985; Dunford, 1999d). They have a protoporphyrin IX (heme å or protoheme) pros-

thetic group with subunit sizes of about 80 kDa (Loewen, 1997). They show a sharp

maximum in their catalatic activity at pH 6,0-6.5, and unlike classical catalases are

not inhibited by 3-amino- 1,2,4+riazole. Catalase-peroxidases are inactivated by an

ethanol-chloroform mixture and also lose half of their activity when dialysed against

2 mM hydrogen peroxide for about 20-30 minutes (Dunford, 1999d). In contrast,

classical catalases have a broad pH range for activity (5.5-10), are unaffected by the

ethanol-chloroform mixture and do not lose activity following dialysis against

hydrogen peroxide for periods up to one hour. Catalase-peroxidases are not activated

by temperature increase, whereas classic catalases are (Dunford, 1999d).

The catalase-peroxidase from Myc obacterium tuberculosis MtKatG has been

implicated in the activation of the antitubercular drug isoniazid (INH). The enzyme

uses isoniazid as a peroxidatic substrate, creating an activated form of the drug (either

isonicotinic acyl anion or isonicotinic acyl radical) that is covalently attached to the

nicotinamide adenine dinucleotide ring within the active site of InhA, an enzyme

essential for mycolic acid biosynthesis. Mutation of katG encoding the enzyme leads

to isoniazid resistance and is found commonly among clinical isolates (Zhang et aL,
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1992; Loewen et a1.,2000).

The importance of isoniazid as an antitubetcular drug and the prevalence of

katG-induced drug resistance generated a lot of interest worldwide, in determining the

crystal structure of KatG. Unfortunately, attempts to crystallize a number of different

catalase-peroxidases including MtKatG we¡e unsuccessful until very recently when

the crystallization of the enzymes ftom Holoarcula marismortuí (yarnada et aL,

2O0l), Synechococcus (Wada et aL,2002), Burkholderia pseudomallei (Carpena et al.,

2002) and, of the C-terminal domain of Escherichia coll HpI were reported

(Carpena et aL,2002). Hence most of the structure-function studies of catalase-

peroxidases were originally modeled on the high-resolution crystal structure of CCp

(Finzel et aL, 1984).

Based on homology and modeling with yeast CCp, important predictions have

been made about catalase-pe¡oxidases (Welinder, 1991;Welinder, 1992). Whereas

the peroxidases ofplants, fungi and yeast ate monomeric and contain 290-350 amino

acid residues, the subunit of bacterial catalase-peroxidases contains approximately

730 residues. The approximate doubling of the molecula¡ weight has been suggested

to be caused by gene duplication and fusion during evolution, leading to the

formation of two domains (Welinder, 1991). The N+erminal domain has a high

degree of sequence homology with ccP and is considered the active half of catalase-

peroxidases. A heme binding consensus sequence has been detected in the N-terminal

half of every subunit. The c+erminal half evolved with a greater sequence deviation

without bound heme and is considered as the inactive half of these enzymes (Dunford,

1999d). It was recently reported that the C-terminal half may be involved in the

manganese peroxidase activity of the catalase-petoxidase CpeB fuom Sffeptomyces
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reticuli (ZnD and Schrempf, 2000). The key residues in the active site of CCp, which

play a part in catalysis, folding and structural stability, are either inva¡iant or highly

conserved in all bacterial catalase-peroxidases (Welinder, i991).

Figure 1.1 shows the orientation of catalytic residues in the putative active site of

catalase-peroxidases based on the structure of yeast CCP. Feniprotopo¡phyrin D( or

heme å that is present in the active site ofyeast CCP is also believed to be present in

the putative active site of catalase-peroxidases. The residue numbers shown in Figure

l. 1 are for the catalase-peroxidase HPI from Escå erichia coli and the numbers in

parentheses are for corresponding residues in yeast CCP. The distal amino acid

residues shown in the figure (Trp5l, His52 and Arg48) have been shown to be

essential for catalysis in CCP (Dunford, 1999b). In CCp, the fifth coordination

position of the iron molecule in the heme facilitates the attachment of the heme to the

apoprotein by covalent bonding with the imidazole side-chain of the proximal

histidine (His175), which is also known as rhe proximal fifth ligand (Dunfo¡d, 1999b).

The sphere shown on the distal side of the heme iron in Figure 1.1 represents a water

molecule (Hillar et aL,200O).

1.6. Catalase enzymes of Escherichia colí

Three different enzymes having catalase activity have been identified in

Escherichia coli. Hydroperoxidase I [HP[l (Claiborne and Fridovich, 1979) and

Hydroperoxidase tr [HPE (Claiborne et al., 1979) are the chromosomally encoded

catalase enzymes, both of which have been well studied. HpI is a catalase-peroxidase

and HPtr is a monofunctional catalase. A third catalase enzyme from E coli Iermed

KatP has been described more recently (Brunder øt a\.,1996).It is a novel catalase-
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peroxidase encoded by the large plasmid of the enterohaemorhagic E coti (EIßC)

strain O157:H7. Nucleotide sequencing revealed an ORF of 2208 bp and predicted a

molecula¡ mass of 81,8 kDa. In addition, an N-terminal signal sequence was found,

suggesting that KatP is exported to, and functions in the periplasm. pCR analysis of

representative strains of all ente¡ic E coli pathogroups (i.e. enterohaemorrhagic,

enterotoxigenic, enteropathogenic, enteroaggregative and enteroinvasive E, coli)

revealed a close association between the occurrence of EHEC-haemolysin and the

katP gene in ShigaJike+oxin-producing E coli OI57 strains (Brunder et at., 1996).

1.6.1. HPII of Escheri.chia coli

HPII, the monofunctional catalase is encoded by the kalE gene which is located

at 37.8 min on the E c¿li chromosome (lnewen, 1984). Hptr with 753 residues per

sub-unit is the largest catalase so far char acterized, existing as a homotetramer of g4.2

kDa subunits (von Ossowski et al., 1991). Each subunit has a non-covalently

associated heme dcis prosthetic group, and lacks the NADpH binding site found in

other catalases. The enzyme has been extensively studied and its high-resolution

crystal structure has been solved (Bravo et al., 1995; Bravo et aI., 1999). Hptr has a

high catalase specific activity of=15,000 U/mg (Loewen and Switala, l9g6) and is

found in the cytoplasm. Like typical catalases, Hptr is sensitive to 3-amino-1,2,4-

triazole (Loewen and Switala, 1986) and is stable in 0.lZo SDS or 7M urea, at 70oC

(Meir and Yagil, 1985; l¡ewen and Switala, 1986). Hptr maintains full catalatic

activity over a pH range of 5- 1 i (Loewen and Switala, i 986) and is extremely

thermotolerant, with a temperature inactivation midpoint of g3oC (Switala et aL,

1999)' The enzyme is only expressed at low levels during the exponential phase. It is
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produced pr.imarily in the stationary phase when there is a ten- to twenty-fold increase

in its levels (Loewen et al., 1985a). Synthesis of HPtr is regulated predominantly by

the alternate sigma factor os (RpoS), which is the central control element for a

generalized stress response, including starvation, acid shock and hypertonic shift

(Loewen and Hennge-Aronis, 1994).

1,6.2. HPI of Escherichia coli

HPI (EcKatG or EcHPI) is a catalase-peroxidase enzyme that is encoded by the

katG gene located at 89.2 min on the E colj ch¡omosome (Loewen et al., 1985b).It

was first purified and described by Claiborne and Fridovich in 1979. It was originally

described as a tetrameric enzyme made up of identical 80 kDa subunits containing

two heme å (protoporphyrin X) prosthetic groups per tetramer (Claiborne and

Fridovich, 1979). However, recent studies have shown that the heme occupation of

HPI like some other catalase-peroxidases is paftial, at an average of 0.5 heme per

subunit in a heterogenous mixture of dimers and tetramers with 0, 1 and 2 or I,2 and

3 hemes respectively (Hillar et a1.,2000). The amino acid sequence of the enzyme

subunits has been deduced from the DNA sequence of the cloned k¿lG to consist of

726 amino acids (Loewen et al., 1983: Triggs-Raine et aI., l98B). The primary

sequence (Triggs-Raine el ø1., 1988), physical and enzymatic properties of HpI are

very similar to those of frarG gene products from other bacteria, such as Salmonella

typhimuríum (Loewen and Stauffer, 1990), Mycobacteriurn tuberculosis (Zhang et al.,

1992) and Bacillus stearothermophilus (l_nprasert et aL, 1989). The cloned plasmid-

encoded HPI enzyme has a catalase-specific activity of about 2000 U/mg (Loewen el

al., 1990; Hillar et aL;2000) which is only about one-seventh of that reported for the
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classical catalase HPII from E. coli (Loewen and Switala, 1986), Kinetic studies have

shown that HPI has app¿uent catalatic K,n and. þu, values of about 5.9 mM and 5300

sec-r respectively (Hillar et at.,2000). In addition to the catalase activiry, the enzyme

has also been shown to elicit a significanr peroxidaric activity (=3.2 tJlmg with o-

dianisidine and =660 U/mg with 2,2-azinobis IABTSI; Hillat et a1.,2000) towards

various aromatic hydrogen donors such as 2,2-aTinobis [ABTS], o-dianisidine,

guaiacol, pyrogallol, p-phenyldiamine (Claiborne and Fridovich, 1979; Hillar et aI;

2000) and also towa¡ds 3-diaminobenzidine which is used for l¿ sl¡ø localization of

peroxidase activity in polyacrylamide gels (Loewen and Switala, 1986).

HPI is not as robust as HPtr, showing a relatively sha¡p pH optimum (6.5-7) for

catalase activity (l,oewen et al., 1990) and a much lower temperature inactivation

mid-point of 53"C (Switala et aL, 1999). HpI is inhibited by rhe classical heme

inhibitors such as cyanide and azide but is resistant to inhibition by 3-amino-I,2,4-

triazole. Recent studies have confirmed that HPI is distributed th¡oughout the

c'.toplasm (Hillar et a1.,1999) and is not localized in the periplasm as previously

reported (Heimberger and Eisenstark, 1988). The enzyme is expressed constitutively

in the exponential phase under the control of the alternate sigma factor os (RpoS) and

its levels increase about two-fold as cells enter stationary phase, presumably because

of elevated os levels (Ivanova e t aL, 1994; Visick and Clark, i 997). Addition of

hydrogen peroxide directly to the medium of exponential phase cells causes a 10- to

20-fold increase in HPI levels (Loewen etal., 1985a). This is aresultof activation of

OxyR regulatory protein which in response to oxidant levels in the cell induces the

expression of nine different genes encoding antioxidant ptoteins such as HpI,

alkylhydroperoxidase and gluthathione peroxidase (Christman et at., 1989).
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1,6.3. Importance of studying structure-function in EcIIPI

HPI has a high degree of amino acid homology with other catalase-peroxidases,

which indicates a common evolutionary origin for members of this group (Zamocky

et q1.,2000).In addition, HPI has significant (-:7OVo) sequence similarity with

MtKatG, the catalase-peroxidase enzyme of Mycobacterium tuberculosis, thathas

been implicated in the peroxidatic activation of the antitubercular drug isoniazid

(INH). MtKatG and HPI have similar physical and chemical properties including

comparable kinetic parameters, subunit sizes, and susceptibility to classical heme

inhibitors such as cyanide. Despite these similarities, HPI is not as proficient as

MtKatG in the peroxidation of INH (Hillar and Loewen, 1995), nor are E coli cells

susceptible to INH, even at high concentrations of the drug, although over expression

of MtKatG in E coli results in the increased susceptibility of cells to INH (Zhang et

al., 1992). Recent spectral and EXAFS (Extensive X-ray abso¡ption fine structure

analysis) studies point to only minor differences in the heme iron environment

between EcKatG and MtKatG, suggesting that greater differences in the protein

structure beyond the immediate redox centre of the enzymes are responsible for

differences in how they interact with INH (Powers et aL,200I).

P¡evious site-directed mutagenesis studies on HPI (Hillar ef al., 2000) and

SynKatG, the catalase-peroxidase from the Syn echocystis PCC 6803 (Regelsberger er

a1.,2O00) have suggested a role for the three active site residues Arg, Tqp and His

(4rg102, T¡p105 His106 in HPI) in the catalatic mechanism, which can be modeled

on the original peroxidatic mechanism (Poulos and Kraut, 1980; English and
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Tsaprailis, 1996). krterestingly, yeast CCP which also has the same Trp, Arg, His

triad in its active site in corresponding positions does not show any catalatic activity

and in fact uses a large molecule, cytochrome c, as a reducing substrate. The

properties of the HPI variants that were generated at the three amino acid positions

(4rg102, Trp105 and His106) were generally consistent with the properties of

variants of CCP with changes in equivalent residues. For example, changing either of

the distal side His (52 in CCP) or Arg (48 in CCP) caused significanr reducrions in

peroxidatic activity of the enzyme (Vitello etal., 1993; Erman et at., 1993).

Minor structural diffe¡ences between HPI and CCP may thus be responsible for

letting HPI behave predominantly as a catalase and yeast CCP as a peroxidase.

Tryptophan residues in and alound the putative active site ofHpl are highly

conserved among catalase-peroxidases (Figure 1.2). Because of their aromaticity,

hydrophobicity, large size and specific pattern of distribution (Figure 1.2), tryptophan

residues may be important constituents involved in the reactivity, substrate access and

stability of the crystal structure of the protein. Studies on HpI (Hillar et at.,2000) and

SynKatG, the catalase-peroxidase from the Synechocystjs PCC 6803 (Regelsberger er

al.,2000) have suggested that the indole ring of the distal Trp (Trp 105 in E. coli) is

essential for the two-electron reduction of compound I of both enzymes. The

reasoning for this was based on the obsewations that in the Trp-replacement mutants

the catalase activity was significantly reduced (Hillar er a L,2O0O) or even lost

(Regelsberger et aI.,2000), whereas the peroxidatic+o-catalatic ratio was increased

dramatically (Hillar et aL,2000), indicating that compound I fo¡mation was not

influenced by this mutation.
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1.7. Objectives of thesis

The objective of this thesis is to investigate the catalytic and structural role of

certain conserved tryptophan (Trp) residues in and around the putative active site of

catalase-peroxidase HPI from Escherichia coli, using site-directed mutagenesis

methodology. The objective would be achieved by creation and construction of active

mutant variants of phagemid-borne katG-encodedHPl TrpS8, Trp89 and Trpl97

were chosen as the target residues for the study. They will be substituted with either

phenylalanine (Phe) or læucine (læu). The Trp-replacement variants would then be

characterized using various pa.rameters such as catalase activity, peroxidase activity,

heme binding, kinetic studies and sensitivity to cornmon heme inhibito¡s, in order to

ascertain the role of target residues in enzyme catalysis.

Enzymatic activity of HPI and other catalase-peroxidases has been associated

with the amino+erminal domain and currently no function has been assigned to the

carboxy-terminal domain, although it may play role in substrate binding. Studies in

MtKatG have shown that deletion of the carboxy-terminal domain results in inactive

enzyme (Heym et al., 1993). A limited study of the carboxy-terminal domain of HpI

would also be initiated in the present study to ascertain its role in catalysis or

structure ofthe enzyme. This study would be performed by progressive truncation of

the carboxy-te.ninus of HPI by insertion of stop codons into phagemid-bome /<ørG in

place of lysine (þs). Lys705 and Lys654 were randomly chosen as the target

residues, which will be mutagenized into termination codons in orde¡ to achieve

truncation at those positions.
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1 MSTSDDIHNTTATGKCPFHQGGHDQSAGAGTTTRDWWPNQ

4 1 LRVDLLNQHSNRSNPLGEDFDYRKEFSKLDYYGLKKDLKA

8 1 LLTESQPWWPADWGSYAGLFIRMAWHGAGTYRSIDGRGGA

1 2 1 GRGQQRFAPLNSWPDNVSLDKARRLL\ryPIKQKYGQKISWA

161 DLFILAGNVALENSGFRTFGFGAGREDVWEPDLDVN\ryGDE

201 KA\ryLTHRHPEALAKAPLGATEMGLryVNPEGPDHSGEPI-S

241 AAAAIRATFGNMGMNDEETVALIAGGHTLGKTHGAGPTSN

28 1 VGPDPEAAPIEEQGLGWASTYGSGVGADAITSGLEVVWTQ

321 TPTQWSNYFFENLFKYEWVQTRSPAGAIQFEAVDAPEM

361 DPFDPSKKRKPTMLVTDLTLRFDPEFEKISRRFLNDPQAF

40 1 NEAFARAWFKLTHRDMGPKSRYIGPEVPKEDLTWQDPLPQ

44 1 PIYNPTEQDIIDLKFAIADSGT"SVSELVSVA\TASASTFRG

48i GDKRGGANGARLALMPQRDWD\¡NAAAVRALPVLEKIQKES

52 1 GKASLADIIVLAGVVGVEKAASAAGI^SIHVPFAPGRVDAR

561 QDQTDIEMFELLEPIADGFRNYRARLDVSTTESLLIDKAQ

6Oi QLTLTAPEMTALVGGMRVLGANFDGSKNGVFTDRVGVLSN

641 DFFVNLLDMRYEWKATDESKELFEGRDRETGEVKFTASRA

68 1 DLVFGSNSVLRAVAEVYASSDAHEKFVKDFVAAWVKVMNL

721 DRFDLL

Figure 1.2. Amino acid sequence of catalase-peroxidase EcHpI.
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2, MATERJALS AND METHODS

2.1. Escheri¿hía cali strains, plasmids and bacteriophage

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

2.1. Phagemids pSK+ and pKS- from Stratagene Cloning Systems were generally used as

vectors for mutagenesis, sequencing and cloning. The E. coli katG gene encoding HpI

was originally cloned into pAT153, to generate pBT22 (Triggs-Raine and l,oewen, 19g7)

and then was later cloned into pKS- (Stratagene Cloning Systems) as pMkatG or pAHT

for site-directed mutagenesis and subsequent variant protein expression. plasmid pAB42

was created by modif,ication of pKS- via removal of the EcoRI and Ba¡øHI restriction

sites located within its multiple cloning site. This procedure was performed using Klenow

polymerase according to the procedure of Ausubel et aL, 1989. The plasmid KS- was first

cut with EcoRI and BamHl and then treated with 5 U of Klenow (Large fragment of

DNA polymerase [) in the presence of 0.5 mM ofeach dNTp at 30oC fo¡ about 30

minutes. The reaction was stopped by heating the mixture to 75oc for 10 minutes or by

adding 1¡rl of 0.5 EDTA. The plasmid pAB45 was c¡eated by tnserting kntG gene into

pAB42.

Strain CJ236, harbouring plasmids pAH2, pAHl0 or pAB30, containing subcloned

fragments I or tr o¡ III of the E. coli katG gene (Figure 2.1.) respecrively were used for

generation of single-stranded, uracil containing DNA templates employed for site-

directed mutagenesis. Helper phage R408 was used fo¡ 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 fo¡ double-stranded

DNA sequencing. subclone fragments from pAH10 or pAH2 or pAB30, with the desired
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mutations were used to reconstruct the complete katc Eene using fragments from other

plasmids namely pAH9, pAH7, pAB45 or pAB42 (Section2,4.2b). Strain UM262, which

is catalase negative, was used for routine expression of catalase proteins from various

plasmids.

2,2, Biochemicals and common reagents

All biochemicals and reagents, including antibiotics used during the course of these

studies, were usually purchased from either Sigma Chemical Co. (St. l,ouis, Missouri), or

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

kinase, T4 DNA ligase and most other enzymes used in the study were purchased from

Invitrogen Canada Inc. (Burlington, Ontario). The dideoxy sequencing kit was obtained

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

bacterial cell cultures were usually obtained from Invitrogen Canada Inc. (Burlington,

Ontario). Most solutions were normally prepared using reverse osmosis distilled water.

2.3. Media, growth conditions and storage of stock cultures

E c¿li cultures were routinely grown in LB (Luria-Bertani) medium containing

10 g/l typtone, 5 f yeast extract, and 5 I NaCl. Solid LB media contained between 14

and 20 gll agar. Ampicillin was added to a concentration of between 100 and 250 ¡rglnrl

for maintenance of selection pressure on plasmid-harboring strains grown in liquid media,

and to a concentration of 100 pglml for growth on solid media. In addition,

chloramphenicol was added to 40 pglml in o¡der to maintain the presence of F' episome

for the growth of the strain CJ236.



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

Genotype or characteristics

Strains
CJ236
NM522

JM109

UM262

dutl ungl thï| recAllpCJ iO5/.camF'
supB L(l ac - p r o AB) hs d-5 lF' p ro AB
lacle lacZAlíl
recAl supM4 endAI hsdAl hsdRl7
gyrA96 relAl. thi L(lac-pro\B)
recA kntc:tTnl} pro leu rpsL hsdNI
hsdR endl IacY

Kunkel et aL, 1987
Mead, et al., 1985

Yanisch-Penon et al., 7985

l¡ewen et al., 1990

Stratagene Cloning Systems
This study
Triggs-Raine and
l¡ewen, 1987
This study
Hillar, 1999; PhD. Thesis
Hillar, 1999; PhD. Thesis
This study
This study
This study

This study

Stratagene Cloning Systems

Plasmids
pSK+, pKS-
pAB42 (pKS- minus E'coRI and BamHI sites
pBT22 (pAT153, E. coli køtG clone)

pM¿rtc (pKS- + E. coli katc clone)
pAH2 (pSK+, subclone f)
pAHlO (pSK+, subclone II)
pAB30 (pKS-, subclone IrD
pAH9
pAHT (pKS- + E. coli katG clone)

pAB45 (pAB42 + E. coli køtG clone)

Bacteriophase
R408 (helper phage)

AmpR
A.p*
AmpR

A,npo
AmpR
A-p^
A*p*
A.p*
A-p*

AmpR



+ìF
EcoRl (338-343)

rl--

H,ndlll (1)
Clat (485-490) BamH,t (122s-i290)

Figure 2.1. Simplified resriction maps of the chromosomal inserts containing the E. coli gene in plasmids

pBT22, pAHT 
' 
pMkatG and pAB45 . T"he 217 8 bp long katG open reading frame ITIIil is indicated as part

of the ch¡omosomal insert r as are the three insef fragments I, II and III used to construct the subclone

vectors employed in site-directed mutagenesis of E. coli katG.

(3e64)
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E. coli strains in general were grown in solid or liquid media at 37o C. However, cell

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

grown at 28oC or at 37oC in shake flasks with good aeration. Long term storage of stock

cultures was done in 87o dimethylsulfoxide (DMSO) at -60oC. Bacteriophage R40g was

sto¡ed at 4oC in LB culture supernatant.

2.4. DNA manipulation

2,4,I. Preparation of synthetic oligonucleotides

Oligonucleotides used fo¡ site-directed mutagenesis were synthesized using a pCR-

Mate DNA synthesizer (Applied Biosystems Inc.). Extraction of oligonucleotide DNA

from synthesis colum¡s was accomplished by gently and repetitively washing the

columns with 1 mI volumes of concentrated NII+OH. The NFI+OH wash was then

incubated at 55o C overnight, evaporated to dryness under vacuum, and resuspended in

HPLC grade distilled wate¡ and stored aT -2OoC until further use. Concentrations of

oligonucleotide DNA we¡e determined spectrophotometrically at 260 nm, where one unit

of absorbance =20 ¡rg / ml single-stranded oligonucleotide DNA (Sambrook e t aL, l9g9),

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

end using T4 kinase (Invitrogen canada Inc.) according to the procedure of Ausubel ¿¡ ¿1.,

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

I mM ATP and 10 units ofkinase were incubated in appropriately diluted buffer supplied

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

inactivation at 65oC for 5 minutes.
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2,4.2a, Site-directed mutagenesis strategy

Targeted base changes on phagemid-borne E. coli katG werc generated according

to the i¡r yilro mutagenesis protocol described by Kunkel et al., (1987). Subclones were

constructed from parts of the ch¡omosomal insert containing the katG gene on pKS or

pSK. A simplified restriction map of E. coli katG indicating the locations of individual

subclones is shown in figure 2.l.The subclones rather than the whole gene were

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

mutations in the subclones both after mutagenesis and afte¡ reinsertion inTo the E. coli

katG gene for protein expression. Target codons for mutagenesis were selected from the

DNA sequence of E. coli køtG shown in figure 2.3. DNA sequences for oligonucleotides

used in the mutagenesis procedure are listed inTable2.2, 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 lz

vllro 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 including 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, used to screen for the desired mutation in the

plasmid subclone by DNA sequencing. Once the cor¡ect 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 subclones were then used to
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reconstruct the complete E coli ketc gene, which was then sequenced over the region

containing the mutation for final confirmation. Reconstructed, mutant E. coli katc clones

were then transfomed into UM262 for determination of enzyme activities and

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

expressing signif,rcant levels of variant HPI enzyme were then grown on a larger scale (4-

8 liters) for purification and cha¡acterization of the enzyme.

2,4,2b. Reconstruction of É¿tG subclones with desired mutation

An outline of the reconstruction protocol is illustrated in Fi gure 2,2. The plasmids

have been drawn in a linearized form for reasons of simplicity. Reconstruction of mutant

k¿tc's for W88F and W88L involved three stages. Plasmid pAHlO+ with the desired

mutation and pAH9 were first cut wifh ClaI; the ClaI-ChI fragment of pA10+ was ligated

into pAH9 to form the 4 kb plasmid pABxl. In the second stage, the EcoRI-BamHI

fragment from pABxl was ligated into pAHT that was also cut with Ec¿RI and BamHI,

Ío give the 4.2 kb plasmid called pABx2. Finally, the complete form of the variant /<¿¡G

called pABx3 (=2.1 kb) was generated by inserting the Ba mHI-BamHI fuagment of pAHT

into pABx2 cuT with BamHr. The final plasmid with variant katG had a total size of =6.9

kb. W197F was reconstructed in a very similar manne¡ but since the mutation was

generated on plasmid pAH2, the construction directly proceeded to the second stage; the

900 bp EcoRI-BazHI fragmenr from pAH2 was ligated to rhe 3300 bp Ec oRf-BamHI

fragment from pAHT to give pABx2, which was then used to construct pABx3 as done in

the previous case.

Since the reconstruction processes (the steps involving single enzyme digestions)

were a bit cumbersome, an alternate protocol was designed and implemented during the
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later stages of the study, for the reconstruction of W89F, W89L and W197L variants.

Plasmid pAB45 was substituted in the reconstruction process of W89F, W89L and

W197L with some final modifications in the construction steps, which primarily involved

cutting pABx2 and pAB45 with EcoRI and BaneHI (instead of the single BarzHI

digestion) in the third stage and subsequent ligation to generate pABx3. Plasmid pAB45

is very similar to pABT but lacks the EcoRI and B amHI sites that are indicated by * in

Figure 2.2. The K705 variant was constructed by colig alin1 the 2.7 kb BamúI-Hindil

fragment from pAB30 along with the 1.2 kb Hindfr-BamHl fragment from pAB45 into

Hindm-cut pAB42. All hhe variant constructs were verified for correct positioning and

orientation 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 et al., (1989). Atl procedures

were car¡ied out at 4oC unless mentioned otherwise. Plasmids containing cells from 5 ml

LB cultures grown to stationary phase were pelleted by centrifugation and resuspended in

0.2 ml volumes of Tris-glucose-EDTA buffer (25 mM Tris-HCl, pHB.0, lVo glucose,

10mM Na-EDTA). The cells were then lysed by addition of 0.4 ml l7o SDS (dv),0.2 M

NaOH solution and gently mixed. This was then neutralized by addition of 0.3 ml of

6.2 M ammonium acetate, pH 5.9. After 10-15 minutes incubation, the mixture was

centrifuged twice to remove all precipitates. Plasmid DNA was then precipitated by

addition of0.55 ml propanol to the remaining supernatant followed by a 1S-minute

incubation at room temperature. It was then pelleted by centrifugation, washed twice with
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Figure 2.2: General reconstruction protocol used for generation of variant /<arG's from

mutagenized subclones I or II, for protein expression.
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Figure 2.3: Nucleotide sequence of E. coli katG in the chromosomal insert ofpBT22,

p{llT , pMkatG and pAB45 plasmids. Sequencing primers and mutagenic

oligonucleotides showing base changes are indicated, as are restriction endonuclease

recognition sequences, used for subcloning and excision of an internal gene fragment.

The promoter sequences (-35 and -10), the Shine-Dalgarno sequence (SD), and the

putative transcription terminatot sequences are also indicated in the figure (revised and

modified from Triggs-Raine et a1.,1988, with appended sequence data from Blattner et

al., 7997, indicating an open reading frame {ORF} in the kntG-gtdA intergenic region).

AAGC TTAATTAAGATCAATTTGATC TACATCTC TTTAACCAACAATATGTAAGATCTCAA 6 O

TTCGAAITAATTCTAGTTAAACTAGATGTAGAGAAATTGGTTGTTATACATTCTAGAGTT
Hi ndllI

CTATC GCATCC GTGGATTAATTCAATTATAAC TTCTCTC TAAC GCTGTGTATCGIAAC GG 120
GATAGCGTAGGCACCTAATTAAGTTAATATTGAAGAGAGATTGCGACACATAGCATTGCC

-J5 -10

I'1 STSDDIHNTTA
TAACACTGTAGAGGGGAGCACATTGATGAGCACGTCAGACGATATCCATAACACCACAGC
AÏTGTGACATCTCC C CTC GTGTAAC TAC TC GTGCAGTCTGCTATAGGTATTGTGGTGTC G

SD Áco RV

TGKCPFHQGGHDQSAGAGTT
CACTGGCAAATGC C CGITC CATCAGGGC GGTCAC GAC CAGAGTGC GGGGGC GGGCACAAC
GTGACC GTTTAC GGGCAAGGTAGTC C C GC CAGTGCTGGTCTCAC GCCC C CGC C C GTGTTG

-- --- -AGC--- - -- --- (C165)G17-

T R D l,,/ I^i P N Q L RV D L L N Q H S N R

CACTC GC GACTGGTGGC CAAATCAACTTC GTGTTGACC TGTTAAAC CAACATTCTAATCG
GTGAGCGCTGACCACCGGTTTAGTTGAAGCACAACTGGACAATTTGGTTGTAAGATTAGC

G1-

SNPLGEDFDYRKEFSKLDYY
TTCTAACCCACTGGGTGAGGACTTTGACTACCGCAAAGAATTCAGCAAATTAGATTACTA

AAGAÏTGGGTGACCCACTCCIGAAACTGATGGCGTTTCTTAAGTCGTTTAATCTAATGAT

[coRI

GLKKDLKALLTESQPl,Il,lPAD
CGGC CTGAAAAAAGATCTGAAAGC CC TGTTGACAGAATCTCAAC C GTGGTGGCCAGCC GA
GC C GGACTTITTICTAGACTTTCGGGACAACTGTC TTAGÁ!T'LGîLCÁE!ÁIIGGTCGGCT

-G11
-TïC-________l,l88F-

-..ill¿i:.. -i:"-

(12)
180

(32)
240

(52)
300

(72)
360

(92)
420
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(TI2)
480

l,lGSYAGLFI RMAl,lHGAGTYR
CTGGGGCAGTTACGCCGGTCTGTTTATTCGTATGGCCTGGCACGGCGCGGGGACTTACCG

GAC CCC GTCAATGCGGC CAGACAAATAAGCATAC CGGAC CGTGCC GCGC CC CTGAATGGC
- l,l89 F-
- l,l89 L-

SIDGRGGAGRGQQRFAPLNS
TTCAATCGATGGACGCGGTGGCGCGGGTCGTGGTCAGCAACGTTTTGCACCGCTGAACTC
AAGTTAGCTAC CTGCGC CAC C GCGC C CAGCACCAGTC GTTGCAAAACGTGGC GACTTGAG

Cl aI

l^i P D N V S L D KA R R L L I,I P I KQ K
CÏGGC C GGATAACGTAAGC CTCGATAAAGC GC GTC GCCTGTTGTGGC CAATCAAACAGAA
GACC GGC C TATTGCATTC GGAGCTATTTCGC GCAGC GGACAACAC C GGTIAGTTTGTCTT

G2-

YGQKISl^/ADLFILAGNVALI
ATATGGTCAGAAAATC TCCTGGGC C GACC TGTTTATCC TCGC GGGTAAC GTGGC GCTAGA
TATACCAGTCTTTTAGAGGACC C GGCTGGACAAATAGGAGC GC C CAITGCACC GCGAT CT

N S G F RT F G F GA G R E D V I,J E P D

AAACTC CGGCTTCC GTAC CTTC GGTTTTGGTGCC GGTC GTGAAGAC GTC TGGGAAC C GGA
TTTGAGGC C GAAGGCATGGAAGCCAAAAC CACGGCCAGCACTTCTGCAGAC C CTTGGC CT

LDVNWG DEKAI,ILTHRHPEAL
TGATGAAAAAGCCTGGCTGACTCACCGTCATCCGGAAGCGCT

AGACC IAEAAILGAC C CCACTACTTTTICGGACC GAC TGAGTGGCAGTAGGCCTTC GCGA
HpaI GBA-

_-____-_TTC_
____-___cTG_

A KA C L G AT E I.1 G L I Y V N P T G P

GGCGAAAGCACCGCTGGGTGCAACC GAGATGGGICTGAITTAC GTTAAC C CGGAAGGC C C

C CGCTTTC GTGGC GAC C CAC GTTGGCTC TACC CAGACTAAATGCAATTGGGCCTTCC GGG

Hpal

D H S G E P L S A A A A I R A T F G N T,I

GGATCACAGC GGC GAAC C GCTTTC TGC GGCAGCAGCTAICC GCGC GAC CTTC GGCAACAT
C CTAGTGTC GC C GCTTGGC GAAAGACGC C GTC GTC GAIAGGCGC GCTGGAAGCC GTTGTA
----cTC--------(H2341)G16- G3-

GI4 N D E IT VA L I A G G HT LG KT
GGGCAIGAAC GACGAAGAAAC C GTGGC GC IGATIGC GGGIGGTCATAC GCTGGGIAAAAC
C CCGTACÏTGCTGCTTCTTIGGCAC CGC GACIAAC GC C CAC CAGTATGCGACCCATTTTG

HGAGPTSNVGPDPEAAPIEE
C CAC GGTGC CGGTCC GACATCAAATGTAGGIC CTGAIC CAGAAGCTGCAC CGATTGAAGA
GGTGC CACGGC CAGGCTGTAGTTTACATC CAGGAC TAGGTC TTC GAC GTGGCTAACTTCT

(i32)
540

(152)
600

(17 2)
660

(192)
720

(2r2)
780

------l,Il97F-
- - - - - -I,t1971-

(232)
840

(252)
900

(27 2)
960

(292)
10?0



QG LGt,lASTYGSGVGADA I TS
ACAAGGTTTAGGTTGGGCGAGCACTTACGGCAGCGGCGTTGGCGCAGATGCCATTACCTC

TGTÏCCAAATCCAACC C GC TCGTGAATGCCGTCGC CGCAAC CGC GTC IACGGTAATGGAG

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

TGGTCTGGAAGTAGTCTGGACCCAGACGCCGACCCAGTGGAGCAACTATTTCTTCGAGAA
AC CAGAC CTTCATCAGACC TGGGTCTGC GGC TGGG'I'CACC TCGTTGATAAAGAAGC TCTT

L F K Y E I^I V Q T RS P A GA I Q F T A
C CTGTTCAAGTATGAGTGGGTACAGACC C GCAGC C C GGCTGGC GCAATC CAGTTC GAAGC
GGACAAGTTCATACTCACC CATGTCTGGGCGTCGGGC C GAC CGC GTTAGGTCAAGC TTCG

--- - - -TïT- -- - --- (Y336F)G4-

VDAPE I I PDPFDPSKKRKPT
GGTAGAC GCACC GGAAATTATC CC GGAICC GTTTGATC CGTCGAAGAAACGTAAAC C GAC
CCAÏCTGCGIGGCCTTTAATAGGGCCTAGGCAAACTAGGCAGCTTCTTTGCATTTGGCTG

BdnHI

I'1 L V T D L T L R F D P E F T K I S R R

AAÏGCTGGTGACCGACC TGAC GC TGC GTTTTGATCCTGAGTTC GAGAAGATCTC TCGTC G

TÏACGACCACTGGCTGGACTGCGACGCAAAACTAGGACTCAAGCTCTTCTAGAGAGCAGC

FLNDPQAFNEAFARAt,lFKLT
TTTC CTCAAC GATC CGCAGGCGITCAAC GAAGC CTTTGC CC GTGC CTGGITCAAACTGAC
AAAGGAGTTGCTAGGC GTC C GCAAGTTGCTTC GGAAAC GGGCAC GGAC CAAGTTTGACTG

H R D I'1 G P K S R Y ] G P I V P K I D L
GCACAGGGATATGGGGC CGAAATC TCGCTACATC GGGC CGGAAGTGC C GAAAGAAGATC T
GCTGTC CCTATACC C CGGCTITAGAGC GATGTAGCC C GGC CTTCAC GGC TTTC TTCTAGA

Il,l/QDPLPQPIYNPTEODI ID
GAÏCTGGCAAGATC C GC IGC C GCAGC CGAICTACAACC C GAC C GAGCAGGACATTATC GA
C TAGACC GTTCTAGGC GAC GGC GTC GGCTAGATGTTGGGC TGGCTCGTC CTGTAATAGC I

G5- Cl aI

L K FA I AD S G L S V S E LV S V AI4
ÏCTGAAATTCGCGATIGCGGATTCTGGTCTGTCTGTIAGTGAGCTGGTATCGGIGGCCTG

AGACTTTAAGC GC TAAC GCC TAAGAC CAGACAGACAATCACTC GAC CAIAGC CACCGGAC

ASASTFRGGDKRGGANGARL
GGCATCTGC TTCTAC CTTCC GTGGTGGCGACAAAC GCGGTGGTGC CAAC GGTGC GC GTCT
C C GTAGAC GAAGATGGAAGGCAC CACCGCTGTTTGCGC CAC CAC GGTTGCCACGC GCAGA

A L I'1 P Q R D I,I D V N A A A V R A L L V
GGCATTAATGCCGCAGC GC GAC TGGGATGTGAAC GCC GCAGCC GTTC GTGCTCTGC CTGT
C C GTAATTAC GGCGTCGC GCTGAC CCTACACTTGCGGCGTCGGCAAGCAC GAGAC GGACA

LEKIQKESGKASLADI IVLA
TCTGGAGAAAATCCAGAAAGAGTCTGGTAAAGCCTCGCTGGCGGATATCATAGTGCTGGC
AGAC CTC TÏTTAGGTC TITCTCAGAC CATTTC GGAGCGACC GCCTATAGTATCACGACC G

fcoRv G6-
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(312)
1080

(332)
1140

(352)
1.200

(37 2)
r260

(392)
1.320

( 41.2)
i 380

(432)
1440

( 452)
1500

(47 2)
1560

(492)
7620

(512)
1680

(532)
17 40



GVVGV E KAASAAG LS I HVPF
TGGTGTGGTTGGTGTTGAGAAAGCCGCAAGCGCCGCAGGTTTGAGCATTCATGTACCGTT

ACCACAC CAAC CACAACTC TTTCGGC GTTCGC GGCGTC CAAACTCGTAAGTACATGGCAA

A P G RV DA RQ DQT D I E þ1 F E L L
TGCGCCGGGTCGCGTTGATGCGCGTCAGGATCAGACTGACATTGAGATGTTTGAGCTGCT
AC GCGGC CCAGCGCAACTAC GC GCAGTC CTAGTCTGACTGTAACTCTACAAAC TCGAC GA

EP]ADGFRNYRARLDVSTTE
GGAGC CAATIGCTGACGGTTTC C GTAAC TATC GCGC TC GTC TGGAC GTTTC CAC CAC C GA
CC TCGGTTAAC GACTGC CAAAGGCATTGATAGCGC GAGCAGACC TGCAAAGGTGGTGGC T

llunl

S L L I D KAQQ LT LTA P E ¡4TA L
GTCAC TGCTGATC GACAAAGCACAGCAACTGACGCTGAC C GC GC C GGAAATGAC TGCGCT
CAGTGAC GAC TAGC TGTTTC GTGTC GTTGACTGCGAC TGGC GC GGC CTTTACTGACGC GA

V G G ¡'I R V L G A N F D G S K N G V F T
GGTGGGCGGCATGCGTGTACTGGGTGGCAACTTCGATGGCAGCAAAAACGGCGTCTTCAC

C CACC C GCC GTAC GCACATGAC CCACC GTTGAAGCTACC GTCGTTTTTGCC GCAGAAGIG
Sphl G7-

D RV G V L S N D F F V N L L DTl RY E

ÏGACCGCGTTGGCGTATTGAGCAATGACTTCTTCGTGAACTTGCTGGATATGCGTTACGA

ACÏGGCGCAACCGCATAACTCGTTACTGAAGAAGCACTTGAACGACCTATACGCAATGCT

14 KAI D T S K E L F T G RD R E T G ;
GÏGGAAAGCGACC GAC GAAICGAAAGAGCTGITCGAAGGC C GTGACC GIGAAACC GGCGA
CACC TTTC GCTGGCTGCTTAGCTTTC TCGACAAGCTTC C GGCACTGGCAC TTTGGCC GCT
- - - -TAA- - - - - - - - --K654*

VKFTASRADLVFGSNSVLRA
AGÏGAAATTTACGGC CAGC C GTGCGGAICTGGTGIITGGTTCTAACTC C GTC CTGC GTGC
TCACTÏTAAATGC CGGTC GGCACGCC TAGAC CACAAAC CAAGATTGAGGCAGGAC GCACG

VAEVYASSDAHEKFVKDFVA
GGTGGCGGAAGTTTACGCCAGTAGCGATGCCCACGAGAAGTITGTTAAAGACTICGIGGC
CCACCGCCTTCAAATGCGGTCATCGCTACGGGTGCTCTTCAAACAATTTCTGAAGCACCG

-ïAG--______-K705*

A I,,i VKVMNLDRFDLL*
GGCATGGGTGAAAGTGATGAACC ICGACCGTTTC GAC CTGC TGTAATC TGACC C CGTTCA
CCGTACCCACTTTCACTACTTGGAGCTGGCAAAGCTGGACGACATTAGACTGGGGCAAGT

GCGGCTGCTTGCTGGCAGTC GCTGAACGIT CTITAC CAGC GTATAGTGGGC GAAC GAAAA
CGC CGACGAAC GAC CGICAGCGAC ITGCAAGAAAIGGTC GCATATCAC CC GCTTGCTTTT
transcr j pt j on terminator

0RF-+
CTACACACTGGATCTCTCATGTCTGCCGCAGGAAAGAGCAACCCACTGGCAATCAGTGGC

GATGIGTGAC CTAGAGAGTACAGAC GGC GTC CTTICTC GTTGGGTGACCGITAGTCAC C G

46

(s52)
180 0

(57 2)
186 0

(s92)
1920

(6r2)
19 80

(632)
2040

(652)
2r00

(672)
2L60

(692)
2220

(112)
2280

(726)
2340

2400

2460
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CTGGTTGTGCTCACACTTATCTGGAGTTATAGCTGGATTTCAIGAAGCAAGTCACCAGTT

GACCAACACGAGTGTGAATAGACCTCAATATCGACCTAAAGTACTTCGTTCAGTGGTCAA
2520

2 580

2640

27 00

27 60

2820

2880

2940

3000

3060

3120

3180

3240

330 0

3360

3420

3480

-GT2

ACATCGGTGCCTTCGACTTTACCGCCTTACGCTGCATTTTCGGCGCTCTCGTTTTATTCA
TGTAGCCACGGAAGCTGAAATGGCGGAATGCGACGTAAAAGCCGCGAGAGCAAAATAAGT

TC GÏC CÏTTTATTACGTGGTCGC GGAATGCGC C C GACAC C GTTTAAATACACC TTAGC CA
AGCAGGAAAATAATGCACCAGCGCCTTACGCGGGCTGTGGCAAATTTATGTGGAATCGGT

TTGCCCTGTTACAAACCTGCGGGATGGTTGGTCTGGCGCAGTGGGCGTTGGTCAGCGGAG

AAC GGGACAATGTTTGGAC GC C CTAC CAAC CAGAC CGC GTCACC CGCAAC CAGTC GCCTC

GTGC GGGGAAGGTGGC GATC CTGAG CTATAC CATGC C GTTCTGGGTGGTGATTITCGC CG
CAC GCC C CTTC CAC C GCTAGGACTCGATAIGGTAC GGCAAGACC CAC CACTAAAAGC GGC

CGTTGTTTCTCGGTGAACGCCTGCGACCTGGGCAATATTTCGCGATTCTGATTGCCGCTT
GCAACAAAGAGCCAGTTGCGGACGCTGGACCCGTTATAAAGCGCTAAGACTAACGGCGAA

TCGGCTTATTTTTGGTGTTGCAGCCGTGGCAACTCGATTTCTCTTCGATGAAAAGTGCCA
AGCCGAATAAAAACCACAACGTCGGCACCGTTGAGCTAAAGAGAAGCTACTTTTCACGGT

TGCÏGGCAATC CTCTC CGGC GTCAGTTGGGGGGC GAGC GCGATTGTIGC TAAACGTCTGT
ACGACC GTTAGGAGAGGC C GCAGTCAAC C C C CC GCTC GCGCTAACAAC GATTTGCAGACA

ATGC C C GTCATC CGC GCGTGGATTIATTGTC GTTAACATCCTGGCAGATGC TGTATGCGG
TAC GGGCAGTAGGC GCGCAC CTAAATAACAGCAATTGTAGGAC CGTCTACGACATAC GC C

CGCIGGTGATGAGTGTGGTCGCTTTACTGGTGCCGCAACGTGAAATTGACTGGCAGCCCA
GC GAC CAC TACTCACAC CAGCGAAATGACCAC GGC GTTGCACTTTAACTGACC GTCGGGT

C C GTGTTC TGGGC GCTGGC C IACAGTGC GATTCTGGC GAC GGCACTGGCGTGGAGCTTAT
GGCACAAGAC C C GCGACC GGATGTCACGC IAAGAC CGCTGC CGIGAC CGCAC CTC GAATA

GGTTGTIIGTATTGAAAAACTTGCCTGCCAGTATIGCCAGCTTAAGCACACTGGCCGTTC
CCAACAAACATAACTTTTTGAACGGACGGTCATAACGGTCGAATTCGTGTGACCGGCAAG

C C GTTTC GCC GCTACTCTTTTC CTGGTGGCTGCIC GGC GAGAATCC GGGGGC C GTTGAAG
GGCAAAGCGGC GATGAGAAAAGGAC CAC C GAC GAGC C GC TCTTAGGCC CCC GGCAAC TTC

GTAGCGGTATTGTGCTGATTGTGCTGGCACTGGCGCTGGTGAGCCGTAAGAAAAAAGAAG
CATCGC CATAACAC GACTAACAC GAC C GTGAC CGC GAC CAC TCGGCATTC TTTTTTCTTC

<_O RF
CCGÏCAGTGTAAAAAGGATCTGAATTTTTTCTTCATGTGGGGCGATCTCTIATTTAACAA
GGCAGTCACATTTTTCCTAGACTTAAAAAAGAAGTACACCCCGCTAGAGAATAAATTGAA

AAÏAAC GATAATGC CC CAC CATC CGC CAGTTAAACAGCACATC TTC TTC CTGC GC GC CTG
ÏTATTGCTATTACGGGGTGGTAGGCGGTCAATTTGTCGTGTAGAAGAAGGACGCGCGGAC

C GC CAATGTTATGTATCAC CAGC GGC GTAC C GTC GCGGGC GAAGCCATCTGAAAC CAC C C

GCGGTTACAATACAIAGTGGTCGCCGCATGGCAGCGCCCGCTTCGGTAGACTTTGGTGGG
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CAATATGTGC CAGC C C GTTATC CAGTCGCCAGGAGACAATATCGCC C GC ITGATAGTCAC
GTTATACACGGTCGGGCAATAGGTCAGCGGTCCTCTGTTATAGCGGGCGAACTATCAGTG

ÏGGGGTTCTTGCTGGTGGGGCGTGTTTTATCATGGCGGCTAAACCAGGTTTCCAGATTAG
ACCC CAAGAAC GAC CACC C CGCACAAAATAGTAC C GC C GATTTGGTC CAAAGGTCTAATC

GCAC CC GACGGTGATC GATGTTGCTGTCC GGGC GCTTTAAC TTCCATTTTTGCGGGTACT
C GTGGGCTGC CACTAGCTACAAC GACAGGCC C GC GAAATTGAAGGTAAAAACGC C CATGA

CAGCAAAATTCTTCGCCATATCTTCGTGAACCAGTTTCTGCAAATCGACCTTCTGGCTGC

GÏCGTTTTAAGAAGCGGTATAGAAGCACTTGGTCAAAGACGTTTAGCTGGAAGACCGACG

GCAATGC GC GGATCAC CACATCGGAACATACAC CGC GTTCTTGCGGAACATCACCGC CAG
C GTTAC GC GC C TAGTGGTGTAGC CTTGTATGTGGC GCAAGAACGC CTTGTAGTGGC GGTC

GATAAGIAAGCTGCACATACGCCGGATCGTAAAATAGCGTGCTGCCAATTTGCTGTCTGG
C ÏATTCATTC GACGTGTATGCGGCC TAGCATTTTATCGCAC GAC GGITAAAC GACAGACC

CACCGTCTGCGATGGCAAGGTTGGTATTGGCCTGGATTTGTACCACGGTTGGTGGAACGG

GÏGGCAGAC GCTAC C GTTC CAAC CATAACCGGAC CTAAACATGGTGC CAACCAC CTTGC C

3600

3540

3660

37 20

3 780

3840

3900

C GGGAGATTTTAAGGAGTGGCTGGIAAATGC C GTTAGCAGGCTGAGCAGCGC CAGTGAAGC TT 3 9 6 3
GC CC ÏCTAAAATTC CTCAC CGACCATTTAC GGCAATC GTC C GACTC GTC GC GGTCACTIC GAA

Hi ndllI
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Table 2,2. Sequences of oligonucleotides used for site-directed mutagenesis
of E. coli køtG.

Primer name Base changed Oligonucleotide sequence

w88F

w88L

w89F

w89L

w197F

WT97L

K705Stop

GG -+ TC

TG -+ CT

GG -r TC

TG -+ CT

GG -+TC

TG -+ CT

A-+T

CTCAACCGTTCTGGCCAGCC

CTCAACCGCTGTGGCCAGCC

AACCGTGGTTCCCAGCCGAC

AACCGTGGCTGCCAGCCGAC

ATGTTAACTTCGGTGATGAA

ATGTTAACCTGGGTGATGAA

CCCACGAGTAGTTTGTTAA
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707o (vlv) ice-cold ethanol, and then dried unde¡ vacuum. The DNA pellet was either

stored in this condition at -2OoC or was suspended in HPLC grade water or TE buffer

(10mM Tris, pH 8, lmM Na-EDTA) prior to storage at -20"C until further use.

Single-stranded template DNA fo¡ site-directed mutagenesis or DNA sequencing

was isolated and purified 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 ¡rl of helper phage R408 (101r-1012 PFU per ml) (in the presence of 50 pl lM

MgSOa) and grown overnight. 1-2 ûil ofthe overnight grown culture was centrifuged in

o¡der to remove the cells and debris. A solution of300 pl of 1.5M NaCl, 20Vo 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 then centrifuged to pellet the phage

paticles. The pellet was then resuspended in TE buffer on ice and extracted first with an

equal volume of buffer-saturated phenol, followed by extraction with an equal volume of

water-saturated chloroform. single-stranded DNA was precipated by addition of an equal

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

followed by incubation at -20oc fo¡ 30 minutes. single stranded DNA was recovered by

centrifugation and the pellet was washed three times with 70vo (vlv) ethanol. The dried

pellet was stored at -20oC until further use.

2.4.4. Restriction endonuclease digestion of DNÄ

Restriction nucleases and buffe¡s used in this study were products of Invitrogen

canada Inc. Restriction digestions were performed at 3ioc ror 2-5 hours in total volumes

of 10 ¡rl (or 20pl), containing 1 pg RNase, 1¡r.l of iOX appropriate buffer provided by the
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supplier, -1-5 pg DNA, and 0.5-1 pl (50-2,500 Units) ofendonuclease. 5'Phosphate

groups of vector DNA were removed during the latter 0.5- I hour digestion by addition of

12.5-25 units calf intestinal alkaline phosphatase [CIP] (Amersham Pharmacia Biotech

lnc.). Alternatively, the restriction digested DNA was ethanol precipitated (Sambrook er

aL, 1989), the dried DNA pellet was resuspended and then treated with CIP 0,5-1 hour at

37oC, after which the reaction was stopped by heating to about 75oC for 10 minutes or

extracting with phenol, and then precipitating with ethanol (Ausbel et at., 1989).

2,4.5. Agarose gel electrophoresis

Electrophoresis of the restriction endonuclease digested DNA was performed

according to Sambrook ¿l ¿1., (1989). Agarose gels containing l-2Vo (w/v) agarose and

0.1 pgl ml ethidium bromide were prepared in TAE buffer (40 mM Tris-Acetate and

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

electrophoresis trays. Samples of 10 ¡rl volumes were mixed with l-3 pl Stop buffer

(407o lvlvl glycerol, i0 mM EDTA pH 8.0, 0.25Vo [Wv] bromophenol btue). 1 kb ptus

DNA ladder (Invitrogen Canada Inc.) was used as a molecular weight size standard.

Electrophoresis was canied out at 40-60 mA constant current in TAE buffer, usually until

the brornophenol blue marker dye front had migrated approximately half 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 rMi5 DNA purification kit @iolCan Scientific Inc.) according to the
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instructions supplied by the manufacturer. In cases where the fragments of DNA were

less than 200 bp in length, the incubation step with ultrabind was car¡ied out 30 minutes

longer than recommended, to allow for better DNA adherence and recovery. Ligation of

ínsert DNA into vector was carried out according to the procedure of Samb¡ook et ø1.

(1989). Purified DNA was mixed in a ratio of 2-3 of insert to vector in 10 pl volumes

(and some modifications) containing 1 unit T4 DNA ligase (Invitrogen Canada lnc.), and

the manufacturer's supplied buffer at the appropriate concentration. Ligation mixtures

were incubated overnight at 15oc. A mixture without the insert DNA added was used as a

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 cuttures of cells grown to exponential phase (2-4 hours)

were harvested by centrifugation and made competent by resuspension in ice-cold 0.1 M

CaCl2 for at least 30 minutes. 2-10 pg DNA was usually added to 100 pl of this cell

suspension, followed by a further 30-45 minute incubation on ice, and a 90 second heat

shock at 42oc. The cells were then added to 0.9 rnl LB medium and incubated at 37oc for

45-60 minutes without aeration. The mixture was then either spread, or (in the case of

ligation mixture transformations) mixed with 2.5-3 rtl.molten (50oc) R-Top agar (0.125

g yeast extract, 1.25 g tryptone, I g NaCl, 1 g agar per 125 ml volume with 0.25 ml 1M

CaCl2 and 0.42 ml 307o glucose sterile solutions added after autoclaving) and poured

onto ampicillin-containing LB plates.
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2,4,8. DNÀ sequencing

Sequencing of DNA was performed according to method desc¡ibedby Sanger et aI.,

(1977). Sequencing was carried out manually with either single or double stranded DNA

templates using the primers shown in Table 2.2.For preparation of double stranded DNA

template, 5 pg plasmid DNA was resuspended and denatured in a 40 pl volume of 0.4 M

freshly prepared NaOH. This mixture was incubated for ten minutes at 37oC, and then

reprecipitated by addition of 10 ¡rl 3M sodium acetate, pH 4.8 and 140 ¡tl ice-cold,95Vo

ethanol. Following incubation at -zooc for 30 minutes, the DNA pellet was recovered by

centrifugation, washed once with lrnl,95vo ice-cold ethanol, and once with 0.1 ni 70Eo

ice-cold ethanol, and then evaporated to dryness under vacuum in a dessicator. Annealing

and sequencing reactions were carried out using a T7 sequencing Kit (usB corporation)

according to the manufacturer's specifications and using 25 ¡rCi or 1 mCi [ø-3s S] dATp

(Amersham Biosciences). Reaction mixtures were separated and resolved on g7o (wlv)

polyacrylamide vertical slab gels containing 7 M urea, 0.l3 M boric acid, and i0 mM

EDTA. Electrophoresis was carried out using 18-24 mA constant cuffent in TBE buffer

(90 mM Tris, 89 mM 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 g0oc

for about t hour on a slab gel drier under 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. PurifTcation of E. coli HPI and its variants

For small scale crude extracts used in determination ofrelative levels of protein

expression, as well as catalase activity, plasmid containing cells were grown in either 5

ml LB medium in test tubes, or in 125 mI flasks of the same medium at 37oc or 2goc fo¡
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16-20 hours. The cells were pelleted and resuspended in 1-2 mI 50 mM potassium

phosphate buffer, pH 7.0, sonically disrupted, and centrifuged to remove unb¡oken cells

and debris; followed by assay for catalase activity and./or expression profile by SDS-

PAGE' If only protein visualization was to be carried out (in case of mutations that had

low or no catalase activity), 10-50 ¡rl of aliquots of cell suspensions were pelleted by

centrifugation, directly resuspended in sDS protein sample buffer, and analyzed via sDS-

PAGE.

For large scale preparations of EcHPI and its variant proteins, UM262 cells

overexpressing the desired protein from the plasmid-borne fratc genes were grown in

500 ml volumes (in shake flasks) of LB media containing 100 pglrnl of ampicillin, for

l6-20 hours, at either 37oc or 28oc with good aeration. Isolation ofHpI and its proteins

was done according to the procedure ofLoewen and Switala (1986). AII isolation and

purification steps were canied out at 4oc. cells we¡e harvested from the growth media by

centrifugation. The cell pellet was resuspended in about 150-250 ml of50 mM potassium

phosphate buffer, pH 7.0 (KPB). The prorease inhibito¡ pMSF (i00 mM srock solurion)

was added to a final concentration of 100 pM, and EDTA (0.5 M stock solution) was

added to a final concentration of 5 mM, Cells were disrupted by a single pass through a

French pressure cell 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 concentration of 2.5 Vo (wlv). The resulting precipitates were removed by

centrifugation and discarded, solid (Nþ)2so4 was then added in appropriate amounts

with gentle stir¡ing, to achieve the required concentration followed by centrifugation, to

precipitate the desired protein. EoHPI and its variants we¡e found to precipitate in
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(NH¿)zSO¿ aT 20-257o saturation. Pellets from the (NFIa)2SOa precipations were

resuspended in 20-40 mI of KPB. The presence of the desired protein in the pellets was

confirmed by assays for catalase activity and visualization on SDS gels. Resuspensions

were centrifuged to temove any remaining precipitates, and dialyzed overnight using a

12,000-14,000 molecular weight cutoff membrane, against 100 volumes of KpB.

The dialyzed resuspensions were centrifuged and loaded onto a 2.5 cmx23 cm

column of DEAE-cellulose A-500 (Cellufine, Amicon) equilibrated with KpB. The

column was washed with KPB until the A2s¡ of the column fractions was below 0.025.

The protein of interest was then eluted with a 0-0.5 M NaCl linear gradient in KpB,

usually in a total volume of 1 liter. Eighty-drop fractions ofthe eluate proteins from the

colum¡ were collected throughout. Purity of the recovered column fractions was

determined based on A2s¡ and catalase activity elution profiles. selected fractions were

pooled and concentrated under nitrogen in a stirred pressure cell (Model g050, Amicon)

using a YM-30 (Amicon) membrane, to volumes of between 8-12 rnl. The concentrated

protein sample was then dialyzed against approximately 100-500 volumes of KpB

overnight. The concentrated, dialyzed, ctarified samples were checked for purity based on

catalase activity, spectrophotometrically from 4.a6772s6 (hemeþrotein) ratios and

visualization using SDS-PAGE. No further purification was usually necessary fo¡ EcHpI

and its va¡iants. The purified protein samples were aliquoted into eppendorf tubes in 0.5 -

1 mI volumes and either dried and./or stored frozen at -60oC until use.

2,6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-pAGE)

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

4Vo stackrng and 8% separating polyacrylamide gels were cast as vertical slabs of
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dimensions 10 x 10 cm and 0.5 rnrn thickness (mini gels). Samples loaded onto the mini

gels usually contained between 5-25 pg of protein. Protein samples were mixed with

equal volumes of reducing denaturing sample buffer (3.4 mg/ml NaHzpO¿, 10.2 mgln

Na2HPO4, 10 mg/rnl SDS, 0.13 mM 2-mercaptoethanol, 0.36 glml urea and 0.75Vo

bromophenol blue) and boiled for three minutes before loading onto the gels. Samples

were run with 125-175 V constant voltage in a vertical BIO-RAD Mini-protean tr

electrophoresis system, using running buffer containing i4 g glycine, 3 g Tris base, and

1 g SDS per liter. Gels were stained for protein by incubation in staining solution

containing 0.5 I coomassie Brilliant Blue R-250,3o4o ethanol and 107o acetic acid for

about one hour. This was followed by destaining of gels in a solution containing l5Zo

methanol andTVo acetic acid, until the background was judged to be clear. Finally the

gels were soaked in a destaining solution containing 7vo acetic acid and lvo glycerclror

about one hour. Gels were then mounted on 3 mm (whatman) paper, covered with a clear

plastic film, and dried at 60-80oc for 1-2 hours on a slab gel drier under vacuum (Savant).

2,7, Enzymatic assays and protein quantitation

Catalase was determined by the method of Rørth and Jensen (1967) in a Gilson

oxygraph equipped with a clark electrode. one unit ofcatalase activity is defìned as the

amount of enzyme that decomposes I pmol of substrate in I minute in 60 mM H2O2 at

370C, pH 7. Appropriately diluted samples of enzyme or cell cultu¡e aliquots were

incubated in 1.8 rnì of 50 mM potassium phosphate buffer, pH 2.0 for 0.5- 1.0 minutes at

37oc followed by addition of H2o2 ro a final concentration of 60 mM, catalase activity in

units/rnl was determined from the slope of the plot representing oxygen evolution.

Specific catalase activity was expressed as units.ml-l.mg-l purified protein. Specific
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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 a minimum of three or more determinations. pH profile studies for catalase

activity of wild type EcHPI and variants were performed using 50 mM phosphate buffer

over a pH range of 2.5 to i0 (Loewen et aI., 1990).

Peroxidase activity was determined spectrophotometrically using two different

substrates namely o-dianisidine and ABTS {3-ethylbenzothiazolinesulfonicacid } (2,2-

azinobis). Since the pH optima for the peroxidation of both substrates by EcHpI has

never been ascertained before, pH profile studies for o-dianisidine and ABTS

peroxidation were set up. Three different buffers together covering a pH ran ge of 2.5 ro 7

were used for the study: MES (2-[N-Morpholino]-ethane sulfonic acid) buffer (pKa-6.15)

was used between pH 5.5 and 7, sodium acetate buffer (pKa-4.75) between pH 3.5 and

5.0 and potassium phosphate buffer (pKa-2.12) was used for determinations between pH

2.5 and 3.0. Ideal pH and buffering conditions for peroxidatic activity ofboth EcHpI and

its variants were ascertained and incorporated into the assay conditions. o-Dianisidine

assay was done according to the method described in the worthington Enzyme catalogue

with some modifications (worthington chernical co., 19ó9). Assays were carried out at

room temperature in 1 ml final assay volumes containing I mM H2O2, 0.34 mM o_

dianisidine in 50 mM acerate buffer, pH 5. Aliquots (5-20 ¡rl) of the appropriately diluted

enzymes we¡e added to initiate the reaction. peroxidatic activity was determined by the

ÁAqeo/min average over periods of2-3 rninutes and expressed as units.ml-l.mg-l

purified protein calculated as: (ÂAa6e/min average)l (11.3 x mg enzyme/ml reaction

mixture). ABTS peroxidation by EcHPI and its va¡iants was assayed spectro-
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photometrically using the method described by S mith er al., (1990) with some

modifications. Assays were carried out in 1 ml final assay volumes containing 2.5 mM

Hzoz' 0'5 mM ABTS in 50 mM sodium acetate buffer pH 4.3 or pH 4.5. Aliquots (5-20¡rl)

of the appropriately diluted enzymes were added to initiate the reaction. peroxidase

activity was determined by the Â4a65/min. average over peri ods of 0.25-2 minutes.

Activities were expressed as pmoles rmin-l.ml'l by using a molar absorption coefficient

of the ABTS product of 36.8 mM-t cm-r. P¡otein concentration (mg/ml) was estimated

spectrophotometricaÌly based on the A2s6/4266 ratios (Layne, 1957). Specific activities

were always determined as the average of a minimum of th¡ee o¡ more individual

determinations.

2,8. Absorption spectrometry

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

Pharmacia Ultrospec 4000 Spectrometer or a Milton Roy MR3000 Spectrometer.

All experiments were performed at ambient temperature in 1 mI quartz, semimicro

cuvettes. Proteins were normally diluted in 50 mM potassium phosphate buffer, pH 7,

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 acetate buffer,

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 activities of wild

type EcHPI and its variants were studied, For assays of catalase activity in presence of
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diffe¡ent concentrations of KCN and NaN3, the enzyme was incubated for 1 minute in the

reaction mixture containing one ofthe above compounds prior to initiation ofthe reaction

by addition of H2O2.
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3. RESULTS

3.1, Construction of EcHPI variants

The high degree of aminoacid homology of EcHPI with other catalase-peroxidases,

indicates a common evolutionary origin for members of the catalase-peroxidase group

(Zamocky et a1.,2000). AJignment of the EcHPI protein sequence to that of CCP, allowed

identification ofresidues in EoHPI that conesponded to catalytic residues identified in

CCP. Not su¡prisingly, many of these residues a¡e conserved among peroxidases and

catalase-peroxidases (Loewen, 1997). While it was confirmed by previous studies on

EoHPI that Arg102, Trp105 and His106 were indeed active site residues and that they

were involved in the catalatic mechanism, there was also a very interesting finding

regarding the Trp105 residue (Hillar et a1.,2000).In aìl catalase-peroxidases and CCp the

distal Try [rp105 in EoHPI) is present in corresponding positions, but in many other

peroxidases there is a Phe residue in that position. Replacement ofTrpl05 with either Phe

or læu reversed the relative levels of catalase and peroxidase activities of EoHPI,

producing a predominant peroxidase from a catalase, thus giving a clue as to where to

draw the line between behaving as a peroxidase or a catalase (Hillar et a1.,2000).

One ofthe major challenges in investigations on catalase-peroxidases like EcHpI is to

explain their bifunctional capability in molecula¡ terms. Due to the absence of high-

resolution crystal data for EcHPI, structure-function investigations have to rely strongly

on information from amino acid sequence alignment studies, in order to identify target

residues for site-directed mutagenic analysis. Amino acid sequence alignment studies

between EoHPI and other catalase-peroxidases in our laboratory have shown that

tryptophan residues in and around the putative active site ofHPI are highly conserved and
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show a specific pattern of distribution among catalase-peroxidases. Thus the goal of this

study was primarily to investigate the possible involvement of some of these conserved

Trp residues in the catalysis of HPI. T¡p88, Trp89 and Trpl97 were chosen as the target

residues for this analysis. Trp88 and Trp89 were chosen primarily because oftheir

sequential proximity to the putative active site of ECHPI. All target residues were replaced

with either Phe or Leu by site-directed mutagenesis of the phagemi d,-borne katG gene.

The role of the carboxy-terminal domain of EcHPI in catalysis or structure is unclear.

Recent studies on MtKatG have detected intra-molecular domain interactions between the

amino and carboxy-terminal domains, which may have a role in the mechanism of the

enzyme (Wilming and Johnsson, 2001). In order to investigate the role of the carboxy-

terminal domain, a mutagenesis-based approach involving progressive truncation of the

carboxy-terminal domain region of the phagemid -borne katG gene was initiated.

Unfortunately, the studies were unsuccessful primarily because the very first variant

created using that method (Lys 705) produced insufficient protein to allow isolation and

characterization.

3.2. Purification of EcHPI and its variants

Plasmid-borne wild type or variant EcKatG's were expressed in the catalase-deficient

E' coli strain uM262 and grown on a large scale in batch cultures either at 28oc or 37oc

fot 16-20 hours. The enzyme was purified using the same basic protocol (section 2.5),

which involves breaking the cells using a French press, streptomycin sulfate treatment,

ammonium sulfate precipitation, and ion-exchange chromatography (DEAE-cellulose). A

course of typical purification of EoHPI enzym e ftomtJM262 expressed via plasmid

pBT22lpMKatGlpAHT is shown in Table 3.1. WB8F, W88L, W89F, W89L, Wt97F and



W197L variants, were also purified using the protocol in Table 3.1. HPI and its variants

precipitated betw een 20-25Vo concentrations of ammonium sulfate.

3.3. Comparison of the effect of culture growth temperature on the heme/subunit

ratios and specific activities of purified wild type EcHPI and its variants

Wild type EoHPI binds mo¡e heme and conespondingly shows higher specific

activity when prepared from cells grown at 28oC compared to 37'C (Table 3.2).

Heme/subunit ratios increased by about 1.7 times and specific activity increased almost

2-fold when EoHPI protein was expressed in E coll cultures grown at 28oC when

compared to 37o C. There was also a remarkable improvement in the heme/subunit ¡atios

(1.5 to 3-fold increases) and specific activities (1.5 to 4-fold increases) ofthe Trp-

replacement variants when cultures were grown at 28oC (Table 3.2). All the variants

whether grown aI37oC or at 28oC had reduced specific activities when compared to the

wild type. The results indicate that the lower temperature (28oC) facilitates better heme

binding in EcHPI and its Trp-replacement variants when compared to 37oC.

3.4. Physicochemical characterization of EcHPI variants

Purified EcHPI and its variants that were isolated from both 28oC and 37oC cultures

were analyzed by SDS-PAGE, as shown in Figure 3.1a and 3.lb respectively. EcHpI and

its variants show very similar electrophoretic mobilities and express a predorninant band

with an apparent molecular mass of about 80 kDa. The presence of larger bands at

= 160 kDa probably represent the dimeric forms of the enzymes, which may be the result

of some covalent crosslinks which are not labile to reduction by either B-mercaptoethanol

or dithiothreitol added to the sample buffer. All further studies and characterizations on



Table 3.1. Purification of wild type HPI from the Escll erichia coli srrain UM262 harboring plasmid-borne
katG, grown at28oC.

PurificationStep Tot¿l
protein
(mg)

Crude extract

(NH4)2S04
precipitation

Anion exchange
(DEAE-A-500)

Total
catalase
activity

1450

135

59

W88F' W88L, W89F, W89L, W197F, Wlg7Lvariants were also purified using the above protocol.

Specific
catalase
activity

338

Recovery Purilication
(Vo) (fold)

517

2507

3200189

45

Ã¡rr,lzu
(Heme/
Subunit)

25

4.8

0.110

0.570

0.6246.2
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Table 3.2. Comparison of the effect of culture growth temperature on the
heme/subunit ratios and specific activities of purified wild-type EcHPI

and its variants.

Anozlzao

Variant

280C 370C

Specific activity
(units/mg)

wr-HPI 0.624

w88F 0.522

w88L 0.469

w89F 0.516

w89L 0346

w197F 0.638

w197L 0s34

0.359

0.321

0.164

0.254

0.159

0.279

0.296

3200

2100

2400

1900

1600

2300

1100

1500

1300

630

860

500

620

s90
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Figure 3.1: sDS-polyacrylamide gel electrophoretic analysis of purified EcHpI and
its variants, isolated from the 28oC cultures (a) and the 37oC cultures (b).

80 kDa

50 kDa

o\



66

EcHPI and its variants were performed using the purif,red proteins isolated from the 28oC

cultu¡es.

Figure 3.2 shows the optical absorption spectra ofthe variants compared to that ofthe

wild type EoHPI. The Sorêt maxima of the wild type EcHPI and its Trp197 variants are at

407 nm while that of the Trp88 and 89 replacement variants differ by one nm or less from

that of the wild type. No significant shifts are observed in the positions ofthe charge

transfe¡ bands of the va¡iants in comparison to that of the wild type. Shifts in the charge

transfer bands are generally indicators of changes in the hydrogen bond network in the

vicinity of the heme. Table 3.2 lists the A¿ozr2se values (heme/protein ratios) of the wild

type and the va¡iants enzymes isolated from the 28oC cultures. All va¡iants except W197F

show lower heme/protein ratios when compared to that of the wild type. The percentage

reductions in the heme content of such variants ranged between l4-45Vo in comparison to

the wild type.

3.5. Biochemical characterization of EcHPI and its variants

3.5.1. pH profile for catalase and peroxidase activities

The pH profiles for catalase and peroxidase activities of wild type EcHPI a¡e shown

in Figure 3.3. The pH optima for peroxidase activity were measured using two

substrates, o-dianisidine and ABTS. The pH optima for catalatic and peroxidatic activities

differ significantly, with catalatic pH optima between 6.5-7 and peroxidatic pH optima

depending on the substrate, between pH 4.3 (ABTS) and pH 5.0 (o-dianisidine). Ail the

Trp- replacement va¡iants exhibit catalatic pH optima betw een 6.5-i and peroxidatic
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optima around pH 4.3-4.5, using ABTS as substrate (Figure 3.3).

3.5.2. Catalatic and peroxidatic properties

Table 3.3a summarizes the specific enzymatic activities of EcHPI and its variants

measured under optimal conditions of pH. Wild type EcHPI has a catalase specific

activity of 3200 U/mg. The catalase specific activities of the variants are reduced in

comparison to that ofthe wild type EcHPI, at least in part because they contain less heme

when compared to that of the wild type (Table 3.2). Variants at position Trp88 have their

catalase activities reduced by about 30Eo while those at Trp89 have theirs reduced by 40-

507o in compar.ison to that of the wild type. Among the variants at position Trp197,

W197F has abouTl2%o and W197L only 357o of the oliginal catalase acrivity in

comparison to the native enzyme.

Two different organic electron donors were evaluated as substrates for the

peroxidatic reaction namely, o-dianisidine and ABTS. EcHPI and its variants show

detectable peroxidase activity with both commonly used synthetic electron donors, EcHpI

elicited specific peroxidase activity of 22400 U/mg in the presence ofABTS and 9.i

U/mg in presence of o-dianisidine. The variants have either reduced or increased activities

in comparison to the wild type depending on the peroxidatic substrate used for analysis.

Variants at position Trp88 have only about 70-80% of ABTS peroxidatic activity but have

5Vo grealer o-dianisidine peroxidase activity relative to the wild type. Among the

Trp89 variants, W89F shows 8670 (ABTS peroxidation) and l42%o (o-dianisidine

peroxidation) peroxidase activities, in relation to the wild type. W89L on the other hand

shows reduced peroxidase activities towards both substrates with about 25-607o reduction

in peroxidatic activities in comparison to the wild type EcHPL WISTF has about 5-30Vo
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higher peroxidase specific activity, while W197L has activities quite similar to that of

wild type EcHPI.

In order to make the data more meaningful the catalatic and peroxidatic specific

activities of EcHPI and its variants were normalized to the heme content and represented

as shown in Table3.3b. The table also shows the relative peroxidatic versus catalatic

activities of the wild type and variants. Variants at position Trp197 show significant

reductions in catalase activity ranging between 30-60Vo. However, their peroxidase

activities towards ABTS were increased significantly and their activities towards

o-dianisidine were unaffected in relation to the wild type. The peroxidase versus catalase

activity ratios were significantly higher in the Trp197 variants. Variants at positions

Trp88 and Trp89, did not show any remarkable ¡eductions in their catalase activity,

relative to the native enzyme. In addition, the peroxidase versus catalase activity ratios of

Trp88 and Trp89 variants are notably higher only with o-dianisidine primarily because of

relative increases in their o-dianisidine peroxidation activity.

3.5.3. Kinetic characterization

The effect of hydrogen peroxide concentration [H2O2] on the rate of catalase

reaction of EcHPI and its va¡iants is shown in Figure 3.4. The initial velocities (VJ have

been corrected for differing heme content and expressed as micromoles of hydrogen

peroxide decomposed per minute per micromole of heme. There seems to be a good

cofielation between theoretical Michealis-Menten and observed catalase kinetic curves.

However, this conelation seems to be stronger only at lower concentrations of hydrogen

peroxide especially for the variants. Surprisingly, when the data were re-plotred as

Lineweaver-Burk plots (Figure 3.4), it was found that the regression lines intercepted



Table 3.3a. Catalatic and Peroxidatic specific activities of purified
HPI variants.

Varianf Catalase
Activity
(U/mg)

Peroxidase Peroxidase
Activity Activity
(U/me) (U/mg)
(ABTS) (o-dianisidine)

Wt- HPI

w88F

w88L

w89F

w89L

wl97F

wt97L

3200 È 3oo

21001300

2400 r soo

1.900 t 4oo

1600 r 3oo

2300 r 4oo

1100 r 2oo

22400 t34oo

17700 r 1900

15300 r 14oo

19300 r 1600

8700 r rooo

28900 tzToo

23400 xztoo

9.1r r.6

9.7 tt.6

9.5 t 1.6

12,9 ! r.4

6.8 r 1.3

9.6 r o.s

8,2 to.7
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Table 3.3b. Catalatic and Peroxidatic molecular activities of purified HPI variants.

Catalase
Variant Activity

(U/nmol
of heme*

Peroxidase activity
(U/nmol of heme*)

Peroxidase/ Catalase
ratio

(Normalized)++

ABTS o.dianisidine ABTS o-dianisidine

Wt-HPI

w88F

w88L

w89F

w89L

w197F

w1,97L

410

330

400

300

380

290

170

2900

2700

2600

3000

2000

3600

3500

1.2

1.5

1.6

2.0

1,.6

1.2

1.2

1.0

1.2

0.9

1.4

0.8

1.8

3.0

1.0

1.6

1.4

2.3

1.5

1.5

2.6

*The normalization to heme content was based on Aasl1ssrctio assuming that
a ratio of 0.5 represents 0.5 heme/subunit.

*t Given numbers are for comparison with the wild-type ratio normalized to l.
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on the x-axis at positive integer values that were very close to zero. The kinetic behavior

of the catalase reaction ofEcHPI and its variants has been calculated and compared using

classical Michealis-Menten terms in Table 3.4. since it is incorrect to treat catalase

kinetics in Michealis-Menten terms, (and therefore the classical definition of K- and þo¡

should be avoided), K,n and þu¡ have been expressed as apparent values. The data in Table

3.4 show that the apparent affinities ofrqpSg and rrp197 va¡iants to H2o2are about two

to three-fold lower than the wild type. while the apparent turnover rates of wggF and

\v197F are about 3-fold higher, those of w89L and'wL9'lLare quite similar to that of the

wild type. Native EcHPI and the Trp88 variants have quite similar peroxide affinities and

turnover rates.

The effect of ABTS concentration [ABTSj on the rate ofperoxidase reaction of

EoHPI and its variants is shown in Figure 3.5. The initial velocities have also been

corrected for heme content. Table 3.5 lists the apparent peroxidatic K. and þo¡ calculated

for purified HPI and its va¡iants. The apparent K, values fo¡ all the variants a¡e not

significantly different from that of the wild type enzyme. No significant trend is apparent

in the apparent lç", values of the v¿uiants; W88L and W89L have lower and Wl97L has

higher turnover numbers when compared to the wild type enzyme.

3.5,4. Effect of heme inhibitors on the catalase activity

KCN and NaN3 are common reversible heme inhibito¡s used in structure-function

studies of heme-containing enzymes like catalases. In the present study, the inhibitory

effects of KCN and NaN3 on the catalase activity of EcHpI and its variants were

compared, The top panels in Figure 3.6 show the inhibition profile of catalase activity in

the presence of KCN while the bottom panels represent the catalatic inhibition profile in



HPI

á. 300o
x

t 
2oo

100

0 100 200 300 400

[H202] mM

Figure 3,4: Effect of hydrogen peroxide concentrations on the

initial catalatic velocities (V/ of purified wild type EcHpI and its

va¡iants. Outer panels: Michealis-Menten (primary plots); Inset

panels: Lineweaver-Burk (double reciprocal) plots.

V¡ = pmoles of H2O2 min-r ¡rmole heme-r



W88F

1llH2o2l

80

500

400

300
o
x

t 2oo

100

250

200

150
o
x

t 1oo

50

0 100 200 300 400 5oo

[H2o2] mM

W88L

l4Ha02l

0 100 200 300 400 5oo

[H2o2] mM

Figure 3.4. (continued)



1600

1400

1200

1000

%
E 8oo

5
600

400

200

o
ð 2oo

t

0 100 200 300 400 5oo

lH2O2l mM

w89L

0 100 200 300 400 500

[H2o2j mM

Figure 3.4, (continued)



82

1600

wl97F

0 100 200 300 400 500

[H2o2] mM

w1971

0 100 200 300 400 5oo

[H2O2] mM

Figure 3.4, (continued)

1400

1200

1000

o
E 800

t
600

400

200

600

500

400

o
ì1 3oo

f
200

100



Table 3.4. Apparent catalatic K. and þu¿ calculated for purified HpI
and its variants.

v/r-HPI 1,3.7 + 2.4

w88F 20.7 !2.8

w88L 14.t !2.0

w89F 31.9 !9.3

w89L 33.5 t9.3

w197F 35.9+7.2

w197L 39.5+7.8

4.3 1+ 6.2¡ * 1¡s

4.2 (+ 9.2¡ * gs

2.3 (+ 0.1) x 10s

15.2 (+1.2) x rc5

3.7 (+ 9.3¡ * 16s

14.8 (+ Q.!; ¡ 16s

5.3 (f 0.3) x 105

7.2 (+ Q.i) a 6z

7.1 (+ 0.3) x 103

3.9 (+ Q.l¡ ¡ 16r

25.3 1+ 2.1¡ * 6t

6.2 (f 0.5) x 103

24.7 (t 1.6) x 103

8.8 (t 0.6) x 103

*Corrected for differing heme content based on Aa¡1l2ss ratio,
assuming 2 hemes/tetrameric holoenzyme.
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Table 3.5. Apparent peroxidatic K- and k"", calculated for purified HpI
and its variants, using ABTS as subsúate.

Variant K'n (app)
(pM

ABTS)

wr-HPI 48t99

w88F 59 r 16.0

w88L 53 t 10.7

w89F 55 !22.5

w89L 39 !20.0

w197F 52 !.19.5

w197L 51 r 17.5

Vrr*
(pmoUmin)*

8.9 (+ 9.5¡ * 16s

8.6 (t 0.6) x 105

4.7 1+ 9.3¡ * 16s

11.6 (t 1.2) x 105

1.2 (t0.2) x 10s

7.8 (t 0.8) x 105

15.9 (l 1.9) x 105

k"",
(r')*

14.8 (+ Q.$) ¡ 16r

14.3 (l 1.1) x 103

7.9 1+ 6.4; * 16r

19.4 (t2.1) x 103

2.0 (+ Q.l¡ ¡ 1gr

13.1 (t 1.3) x 103

26.5 (t 3.1) x 103

*Corrected for differing heme content based on 4407/280 ratio,
assuming 2 hemes/tetrameric holoenzyme.
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presence of NaN3. Both KCN and NaN¡ produced similar inhibition patterns for catalase

activities of variants in relation to the wild type. The variants also had similar end-point

inhibítions. Table 3.6 summarizes the effects of azide and cyanide on the catalase

activities of wild type EcHPI and its variants. The numbers indicate the amount of azide

or cyanide required to cause 507o inhibition of catalase activity. Wild type HpI showed

507o inhibition of catalase activity in the presence of250 ¡rM KCN. The variants differed

by requiring slightly highly or lower concentrations for inhibition of catalase activity but

such va¡iations remained within l2-20%o of that of wild type. hhibition of half the

catalase activity of the wild type in presence NaN3 was achieved at a concentration of

about 460 ¡rm. The variants show only negligible differences in their inhibition profiles in

presence of NaN3 (+/- lÙvo). These studies show that the¡e are no significant differences

in the activities of the variants in the presence of either cyanide or azide compared to the

native enzyme.



90

100

80
ct)
.E
.c
Eoo
E

.E 40
o
(ú

I
20

0

100

80
ct)
.Ec'G 60
E
c)

()
(g

òS
20

0

0 500 1000 1500 2000

[KcN] pm

HPI

0 1000 2000 3000 4000

[NaN3l tm

Figure 3.6: Inhibition of catalase activity of EoHPI and its
variants by KCN (top panels) and NaN3 (bottom panels).

HPI



9t

100

80
E)c'-'F 

60È
(!)

>40
o
(ú

òS

20

100

t¡) 80
.Ec'õ
c -_bnu
:>õ40(ú

20

0

---+- w88F
'tr w88L

0 500 1000 1500 2000

[KCN] ¡rm

---+- w88F
D . W88L

0 1000 2000 3000 4000

INaN3] ¡rm

Figure 3.6, (continued)



92

100

o80
'¿,
'6

5oo
.>õ40(g

àe

20

0

80
U)
.çc'E 

uo
c)

'E oo
G

òe

20

0

---r- W89F
tr. w89L

0 500 1000 1500 2000

[KCN] ¡rm

-r- w89F
tr . w89L

0 1000 2000 3000 4000

INaNg] pm

Figure 3.6. (continued)



93

100

Þ)80
.Ec'õ
E60I

840
(ú

òe

20

0

-¡- w197F
'tr wl97L

1000 1500

[KcN] pm

---r- w197F
tr . w197L

1000 2000 3000 4000

INaN3] ¡rm

Figure 3.6. (continued)

E)
,c
.E
(ú

E
c)

:>
o(g

àS

100

80

60

40

20

0



94

Table 3.6. Comparison of sensitivity of HPI and its variants to
cyanide (KCN) and azide (NaN3).

Variant [KCN] causing [NaNs] causing
507o inhibirion 50Vo inhibirion
(micromoles) (micromoles)

Wt-HPI

w88F

w88L

w89F

w89L

\v197F

wt97L

250

250

225

280

240

280

200

460

470

490

430

480

450

480
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4. DISCUSSION

4.1. Structure-function studies on EcIIPI

Over the past few decades, protein biochemists and biophysicists have been

extensively using site-directed mutagenesis studies in conjunction with information from

crystal structures to understand the structure-function of va¡ious proteins. yeast

cytochrome c peroxidase (CCP) and horseradish peroxidase (HRp) arc the best studied

plant peroxidase enzymes. various groups have carried out detailed studies on the role of

individual amino acid residues in the active sites of ccp (vitello et al., 1993; Erman et aL,

1993) and HRP (Howes et aI., 7997; Gilfoyle et al., 1996; Nagano et al.,1996; Newmyer

et al., 1996). structural and functional data from these enzymes have both facilitated and

contributed to many impoftant discoveries and achievements in the area ofpe¡oxidase

research. The notable sequence similarity of catalase-peroxidases to plant peroxidases

such as CCP especially in the vicinity of the heme active site has allowed certain

assumptions to be made about the identity and location of a number of highly conserved

active site residues in the catalase-peroxidase EcHPI (Hillar et aL,2000).

Previous site-directed mutagenesis studies on EcHpI not only confirmed the

important catalytic role ofrrpl05 but also demonstrated successfully, the modulation of

the catalase versus peroxidase activities via modification of the key Trp residue in the

distal heme pocket (Hillar et a1.,2000). Interestingly, Trp105 is conserved either as Trp in

class I peroxidases (including yeast ccP residue #51) or as a phe in all type tr and type III

peroxidases (including HRP residue # 4i) (Nicholls et al., 2001). Site-directed

mutagenesis studies on CCP where Trp51 was replaced with phe (Fishel et at., I9g7),led,

to sirnilar qualitative effects to those seen for W105F in EcHpI. The opposite F4lW
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mutation, which would result in HRP more closely resembling HPI, caused a reduction in

the peroxidatic activity to 5% of wild-type (Smulevich et al ., 1994). Unfortunately,

whether this HRP variant exhibited any catalase activity was not reported.

The specific pattern of distribution of Trp residues in and around the putative active

site ofEoHPI (Figure 1.2) and their conservation among other catalase-peroxidases is of

great significance in light of previous findings on Trp105 and also due to the

hydrophobicity and large size of the tryptophan molecule. The aim ofthe present study

was primarily to investigate the role of some of these conserved Trp residues (Trp88,

Try89 and rryl97) while at the same time to attempt to successfully modulate the catalase

versus peroxidase activities of EoHPI.

The investigation of the effect of culture growth temperature on heme binding was

limited to only two temperature points (28"c and 37oc) due to experimental constraints.

Native EcHPI and its variants prepared from cells grown at 28oC bind mo¡e heme and

conespondingly show higher specific activities. The observed increases in the specific

activities basically confirm that the measured increases in the hemeþrotein ratios are

indeed real. Previous studies on certain variants ofcatalase HPII from E. colihave

suggested that the lower temperature (28oc) provides better conditions for conect folding

of the protein into a catalytically active form (Sevinc et aL, 1998). This effect might be

responsible for the higher uptake and binding of heme by EcHpI and its variants, when

E. coli cultures are grown at 28oC. SDS-PAGE reveaìs that there are no fundamental

visual differences between proteins from the 28oc and 37oc cultures. However, relatively

higher concentrations of EoHPI p¡oteins were obtained from cultures grown at 37oc than

the ones grown at 28oc. This could be primarily due to higher growth rates of bacteria at
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37oC. The presence of more background proteins in the 37oC isolates could be rendering

them more difficult to purify, which in turn is reflected in their lower hemeþrotein ratios.

Hemoproteins such as catalase-peroxidases exhibit two types of absorption bands

within the visible and near ultraviolet region. They are the Sorêt band and the o and p -

charge transfer transition bands. These absorption bands are influenced by the properties

and energy levels of the five d electrons of iron (Itr) and the æ electrons of the porphyrin,

which is present in the active site of these enzymes. Spectral analysis of EcHpI and its

Trp-replacement variants reveals that they have very similar spectral profiles within the

visible and near ultraviolet regions. This indicates that the electronic configuration ofthe

heme environment is not visibly altered by the mutations.

Previous pH profile studies on the catal¡ic activities of bacterial catalase-peroxidases

from Mycobacterium tuberculosr,s (Johnsson et aL, 1997), Synechocystis PCC 6803

(Jakopitsch er al., 1999), Streptomyces reticuli (7nu and Schrempf, 2000), Klebsiella

pneumoniae (Hochman and Goldberg, 1991) have consistently shown ¡esults very similar

to those observed in the present study. It can be easily concluded that the EcHpI enzyme

shows different pH optima for catalase and peroxidase activities. The absence ofany

fundamental differences between the catalatic and peroxidatic pH profiles of both wild-

type and its Trp-replacement variants suggest that the sensitivities of the catalytic

reactions to pH are not affected by the mutations. The pH optimum for catalase activity

hovers a¡ound the pH 7 mark while that for the peroxidase activity remains approximately

around pH 5. The amino acid histidine present at position 106 on the distal side ofthe

heme in active site of EcHPI has been suggested to be involved both in compound I

formation and reduction (Hillar et aL,2000). The pKa value of histidine is = 6, which is
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about half way between the pH 7 required for catalase activity and pH 5 required for

peroxidase activity. Thus it can be implied that the catalase activity would involve the

deprotonation of Hisl06 while the peroxidase activity would involve the protonation of

that residue.

The significant reduction in the catalase activity of W197F and W197L coupled with

the conesponding increase in their peroxidase activities is indicative of their possible

importance for catalatic activity ofEcHPI. Variants at Trp88 and Trp89 have reduced

heme binding in comparison to the witd+ype. However, subsequent to coffection for

differing heme content they show no significant differences in their catal¡ic activity in

relation to the wild-type. This indicates that T¡p88 and Trp89 may not be impofant for

catalytic activity of EcHPI but may have a minor role in heme binding.

Although catalases in general do not show Michealis-Menten behavior, several

catalases including catalase-peroxidases seem to show true substrate saturation at much

lower levels of peroxide (in the range of a few millimolar) (Nicholls et al., 2001).

Previous kinetic studies on catalase-peroxidases from K/e bsiella pneumoniae (Hochman

and Goldberg, 1991), Synechococcus PCC 7942 (Mutsvda et al., L996), Synechocystis

PCC 6803 (Jakopitsch et al., 1999) and Septoria tritici (Lavy et al., I99Z) have shown

that these catalase-peroxidases exhibit Michealis-Menten behavio¡ at lower concentrations

of HzOz (i0-40 mM). This means that, in these enzymes the ìimited maximal turnover is

slower and the lifetime of the putative Michealis-Menten intermediate (with the redox

equivalent of two molecules of peroxide bound) is much tonger (Nicholls et at.,200I).In

the present study on the catalatic kinetic parameters, wild-type EcHpI and most variants

seem to exhibit true saturation at approximately 50-100 mM concentrations of HzOz,

beyond which there is no apparent conelation with theoretical Michealis-Menten curves.
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The apparent K^ values for EcHPI in the present study are about 2-fold higher than

previously reported values for EcHPI (Hillar et al,2000) and most other catalase-

peroxidases in the literature (Engleder et al., 2000; Jakopitsch et al., 1999; Hochman and

Goldberg, 1991). However, the turnover numbers are in line with findings from previous

EcHPI studies (Hillar et a1.,2000). The notable variation in apparent K. values in relation

to previous EcHPI findings must be taken into consideration before venturing to make

direct comparisons with apparent K- values calculated for Trp-replacement variants in the

present study. Trp88 variants show very similar catalatic kinetic profiles to that of native

EcHPI, implying that the mutations at this position do not alter the kinetic parameters of

the enzyme. Inspite ofthe apparently reduced affinities of Trp89 and Trp197 variants for

H2O2 in relation to the wild type, their turnover numbers do not show similar trends.

Considering the fact that the turnover numbers calculated for the wild type are inva¡iable

unlike their apparent K^ values, it is logical to conclude that mutations at position T¡p89

and Trp197 do not significantly affect their steady-state kinetic behavior in relation to the

wild type.

Determination of kinetic constants for peroxidase activity of catalase-peroxidases

should be ideally done by performing two types of V¡ (initial velocity) measuremenrs in

tandem; one by keeping the concentration of peroxidatic substrate constant while varying

[HzOz] and the other by varying the concentration of the peroxidatic substrate while

keeping [H2O2] constant. However, due to the complex nature of these assays, most

¡esearchers expfess the peroxidatic K. and þu¡ values either in terms of hydrogen

peroxide (Hochman and Goldberg 1991; lævy et al., 1992) or in terms ofthe organic

electron donor (Hillar er al., 2000). The present study discusses the peroxidatic kinetic

constants in terms of the organic peroxidatic substrate ABTS, that was found to support a
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2000-fold higher reaction rate than o-dianisidine. The peroxidatic kinetic constants of the

Trp-replacement variants in the present study do not show any relevant trends and

generally indicate the lack of any important changes in steady-state kinetic behavior

towards ABTS, relative to native EcHPI.

Universal heme ligands such as cyanide and azide are competitive inhibitors of

catalytic activities of hemoprotein enzymes such as catalase-peroxidase EoHPI. In the

present study, both KCN and NaN¡ were used to study their inhibitory effects on the

catalase activity of EcHPI variants. The apparent similarities in the sensitivities of the

EcHPI and its variants to both KCN and NaN3 show that the heme environments are not

greatly distorted by mutations in the targeted Trp residues.

Physicochemical, spectral, biochemical, kinetic and heme inhibition studies together

provide evidence that Trp88, Trp89 and Trp197 may be dispensable for the normal

functioning of the catalase-peroxidase EcHPI. Most of the Trp-replacement variants

contain relatively less heme than the native enzyme suggesting that the heme binding in

EoHPI is easily disrupted. It is well known from previous mass spectral studies that

EcHPI exists as a mixture of tetrameric species containin 92, 3 and 4 hemes; all subunits

are capable of binding heme and incomplete occupancy probably arises from limited

heme availability (Hillar et a.1.,2000). Hence it is possible that replacement of Trp88,

Trp89 or Trp197 may actually be causing shifts in the proportions of the different

tetrameric species, which in tum might be affecting the heme/protein ratios ofthe enzyme.

4.2. Future directions

Catalase-peroxidases such as EcHPI present a unique challenge to the protein

biochemist interested in understanding the bifunctional behavior of enzymes. The present
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study involved only a handful of conserved Trp residues atound the putative active site of

EcHPI. It did not provide any substantial evidence to show that Trp88, Trp89 and Trp197

are important for catal¡ic activity of EcHPI. However, furthe¡ studies using other

peroxidatic substrates such INH (Isoniazid) and physiological hydrogen donors such

NADPH and NADH a¡e needed to fully gauge the effects of the mutations on catalysis of

EoHPI. In addition future studies could also focus on other conserved Trp residues in

ECHPI, that still are potential targets for site-directed mutagenesis studies.

The recent explosions in the reported crystallizations of catalase-peroxidases from

Synechococcus ('lrr ada et a1.,2002) and, Holoarcula (Yamada et aI., 2001), and the C-

terminal domain of EoHPI (Carpena et aL, 2002) have genetated a renewed interest in

structure-functional investigations of catalase-peroxidases. kr addition, they have also

opened up new opportunities fo¡ those interested in crystallizing other catalase-

peroxidases enzymes. The 2.0 Å crystal structure of the catalase-pe¡oxidase HmCp from

Holoarcula marismortuí was very recently published (Yamada et a1.,2002).It shows that

the affangement of the catalytic residues and the cofactor heme å in the active site is

virtually identical to that ofclass I peroxidases but the heme moiety is buried inside the

domain, similar to that in a typical catalase. This in turn would favor the reduction of

compound I by hydrogen peroxide rather by typical bulky peroxidase substrates. The

HmCP structure also reveals that, in the vicinity of the active site, novel covalent bonds

a¡e fo¡med between the phenol group of the Tyr218 and the side chains of Trp95 (distal)

andMet244. Together with the C+erminal domain, these covalent bonds fix two long

loops (LLl andLLz) on the surface of the enzyme that cover the substrate access channel

to the active site (Yunada et aL,2002). It has been suggested that the mutation of the

distal tryptophan (Trp105 in EcHPI) might be disrupting the covalenr bonding berween
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the side chains in the active site which would destabilize the first long loop (LLl) and

remove it from the accessible channel, thereby exposing the heme to the solvent, as seen

in CCP and APX.

The vital info¡mation obtained from the refined structure of HmCP has paved the way

for a better understanding of the bifunctional nature of catalase-peroxidases. Future

investigations on EcHPI can now be modeled on the refined HmCP structure. Tyr2t8 and

Met244 of HnCP are conserved among all catalase-peroxidases. Conesponding residues

in EoHPI are potential targets for future site-directed mutagenesis studies; so are other

conserved residues that are involved in anchoring the long loops (LLI andLL2) covering

the substrate access channel. Both LLl and LL2 in HmCP have been found to be part of

intra-subunit and inter-subunit interactions between the N-terminal and C-te¡minal

domains of HmCP, which are thought to be important for subunit association (yamada er

a1.,2002). Future EoHPI investigations could also focus on conserved residues in LL1 and

LL2 in order to understand the precise role of these subunit interactions in structural

stability of the enzyme.
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