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ABSTRACT

Substrate H2O2 must gain access to the deeply buried active site of catalases

through channels of 30 to 50 Ä in length. The most prominent or main channel

approaches the active site perpendicular to the plane of the heme and contains a number

of residues that are conserved in ali catalases. Changes in Val169, 8 A from the heme in

catalase HPII from Escherichia coli, introducing smaller, larger or polar side chains

reduces the catalase activity. Changes in Asp181, 12 ,Ä from the heme, reduces activity

by up to 90Vo if the negatively charged side chain is removed when Ala, Gln, Ser, Asn or

Ile are the substituted residues. Only the Asp18lGlu variant retains wild type activity.

Determination of the crystal structures of the Glu181, Alal81, Serl81 and Gln181

variants of HPtr reveals lower water occupancy in the main channel of the less active

variants, particularly at the position forming the sixth ligand to the heme iron

and in the hydrophobic, constricted region adjacent to Val169. It is proposed that an

electrical potential difference exists between the negatively charged aspartate (or

glutamate) side chain at position 181 and the positively charged heme iron 12 Å distant.

The potential field acts upon the electrical dipoles of water generating a common

orientation that favors hydrogen bond formation and promotes interaction with the heme

iron. SubstrateHzOz would be affected similarly and enter the active site oriented

optimally for interaction with active site residues. To date most structure-function studies

of the main channel have targeted residues in the lower part of the channel in and around

the active site. The second part of this study focused on, Ser234 and Glu530, situated 16

Å and 20 Å. respectively, from active site heme in the main channel of HPtr. These are
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not conserved residues and are present only in large subunit enzymes. A number of HPtr

variants were constructed and characterized at positions 5efl34 and Glu530. The

observed Kn, (HzOz atY^*/2) for the non-polar 5234A and S234I variants are two to

three fold higher than wild type showing that these variants have reduced affinity for the

substrate, suggesting a need for hydrogen bonding at position 234. Similarly, the non-

polar variants E5304 and E530I were less active and exhibited three fold higher observed

K-. Consistent with their lower activity, the non-polar variants contained heme b and

attempt to convert it "invitro" into heme d were unsuccessful, suggesting that Glu530

might be influential in selecting hydrophilic molecules (like HzO and IJzOù early in the

channel. To elucidate the direction of flow of substrate through the channels in catalase,

cysteine mutagenesis of some key residues was initiated to study the effect of reactive

sulfhydryls and their modification in the channels of HPII. Several lines of evidence

indicate that the prosthetic group in one of these cysteine variants, I274c,is covalently

attached to the protein. Another major focus of the work presented here, is to elucidate

the role of the additional domains in large subunit catalases. HPII is the largest catalase

so far characteized, existing as a homotetramer of 84 kDa subunits. Each subunit has a

core structure that closely resembles small subunit catalases, supplemented with an

extended N-terminal sequence and compact flavodoxin tike C-terminal domain.

Treatment of HPtr with trypsin, chymotrypsin, or proteinase K, under conditions of

limited digestion, resulted in cleavage of 72-74 residues from the N-terminus of each

subunit that created a homotetramer of 76kÐa subunits with80% of wild-type activity.

Longer treatment with proteinase K removed the C-terminal domain, producing a

transient 59-kDa subunit, which was subsequently cleaved into two fragments, 26 and32
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kDa. The tetrameric structure was retained despite this fragmentation, with four

intermediates being observed between the336 kDa native form and the236 kDa fully

truncated form corresponding to tetramers with a decreasing complement of C-termini (4,

3,2, and 1). The truncated tetramers retained 80Vo of wild-type activity. The Zm for loss

of activity during heating was decreased from 85 to 77 "C by removal of the N-terminal

sequence and to 59 "C by removal of the C-terminal domain, revealing the importance of

the C-terminal domain in enzyme stability. The sites of cleavage were determined by N-

and C-terminal sequencing, and two were located on the surface of the tetramer with a

third being exposed by removal of the C-terminal domain. The truncated variants were

purified on Superosel2FPLC column in amounts suffîcient for crystallization trials. As

expected, biochemical studies showed that the active site appears to be more accessible in

N- & C-trunc variant than N-trunc and wild type HPtr.
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1. General Introduction

1.1. Oxygen: a boon and bane

The history of life on earth may be presented as having gone through two eras: the

first extending from the origins until oxygen (Oz) levels in the atmosphere reached.2lVo

and the second era beginning then and extending until today with the same level of 02. If
life originated 3.5 to 3.8 billion years ago, it evolved without C,2.Itis likely that 612 began

to appear at a later period and its levels began to increase until they reached the current

level of 2IVo, approximately 780 million years ago. The transition from a completely

anaerobic to an oz tolerant world must have been a gradual and slow process, during

which all living forms used to anaerobiosis, began to confront 02. Several evolutionary

events must have occurred. Those living forms endowed with a mechanism to use çl2, or

at least to defend themselves against the toxic effects caused by it or its derivatives,

survived. They became oxygen-respirers (aerobes) or at least aerotolerant. Aerobic

organisms have a more efficient metabolism as compared to that of most anaerobes; this

advantage comes with a price, because both the chemical and metabolic reduction of Oz

result in the production of highly toxic and reactive oxygen species. Mechanisms had to

evolve to cope with what today a¡e known as toxic forms of oxygen, the reactive oxygen

species (ROS).

1,,1.1. Oxygen as stressor

A functional definition ofstress is a situation caused by stressors. Stressors are

agents of physical, chemical or biological nature, which represent a change in the

environmental (intra or extra cellular) conditions for any life form. Excess of oxygen in a
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cell might lead to a condition termed as oxidative stress (Farr and Kogoma, 199i). In a

normal aerobic cell, accumulation of toxic 02 species does not occur because there are

mechanisms for their elimination. However, an imbalance of ROS production and

elimination may happen, leading to ROS accumulation, which can cause oxidative stress,

with ensuing damage to nucleic acids, lipids and proteins. Oxidative stress is in fact one

of the leading mechanisms of aging and cell death (Horsburgh et aL,20O2: Sohal et aI.,

2002\.

1,.1.2. Biology of reactive oxygen species

Molecular oxygen or more appropriately dioxygen is an unusual chemical. Its

thermodynamic potential as an oxidant (+ 0.85 volts, ozl%zoredox couple) is

remarkable (Woods, 1988). Aerotolerant organisms must have capitalized rapidly on the

availability of such a useful oxidant as a thermodynamic sink, but the use of dioxygen in

aerobic respiration is not without its diffîculties. Saraste and Castresana suggested that

dioxygen reducing centers evolved from nitric oxide-reactive sites (Saraste and

Castresana,1994). The molecular-orbital affangement of electrons in dioxygen ensures

that its potential can only be realized through transition-metal catalysts.

Dioxygen is a triplet species, with two spin-aligned, unpaired electrons.

Consequently, potential electron donors that are singlet species (i.e., which have their

electron spin paired) cannot form productive orbital overlaps with the half-filled orbitals

of oxygen and therefore cannot concertedly transfer two electrons to it (Naqui and

Chance, 1986). This kinetic inertness of dioxygen prevents the spontaneous combustion

of biological molecules in aerobic environments. It was generally assumed that, dioxygen
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being a small, uncharged molecule, could readily traverse biological membranes, and that

no significant concentration gradient existed across respiring bacterial membranes

(Unden et al., 1995). On the contrary, recent work suggests that a metabolic advantage

arises from expression of microbial globins (Khosla and Bailey, 1989; Tsai et a1.,7996),

which may act, as in higher organisms (Wittenberg and'Wittenberg, 1990) to facilitate

transport or storage ofdioxygen for aerobic respiration (Fig 1.1.).

only the four-electron reduction of dioxygen to water is 'safe', because

intermediate reduction products are reactive toxic. The schematic below shows the

potential diagram for the reduction of 02 at pH 7 and the possible reactive intermediates.

o; 
qg 

sr_.*qe\L Hror.qry Hzo + Ho.+232\. 2'zo

| +0.281V I | +1.349y 
I

| +o.81_5V 
I

(Woods, 1988)

However, triplet species are not forbidden from participating in univalent

electron- transfer reactions. The reduction of dioxygen to superoxide radical anion (Oz-')

has a lower redox potential than for H2O2 formation ('Woods, 1987). However, only a

single electron needs to be transferred. For this reason, O2-'formation is a characteristic

of autoxidation. The autoxidation of hydroquinones, catecholamines (Misra and

Fridovich, 7912),leukoflavins (Ballou et aI.,1969), thiols (Fridovich, 1978) and reduced

ferredoxins (Misra and Fridovich, T971) have all been shown to generate o2-'. By

contrast O2-'production by neutrophils is a deliberate actof biological warfare (Rossi,

1986), since the radical is used to attack engulfed bacteria.



Figure 1.1. Dioxygen; a boon & bane. Dioxygen readily permeates from the outside (O)
to the cell interior (I) through the outer and cytoplasmic bacterial membranes, and the
intervening periplasm (P), although globins have been suggested to facilitate the process.
Dioxygen is reduced primarily to water in respiration, but is also required for dioxygen
dependent biochemistry such as oxygenase function. The respiratory chain is a source of
ROS. Dioxygen is sensed by several global regulators (like Fnr), which control different
cellular cascades including the antioxidant enzymes soD, catalases.





The reduction of dioxygen toHzOzis less energetically favorable than the

complete reduction to water, but requires only two electrons in place of four. For this

reason HzOz is the product of 02 reduction by many oxidases. In 1894, Fenton described

the strong oxidizing properties of a mixture of HzOzand Fe2*. The active species was

shown by Haber & Weiss to be OH , formed by one electron transfer from Fe2* (Haber

and Weiss, 1934).

Fe2* + Hzoz' Fe3* + oH - + oH'

At pH 7, many iron complexes have a redox potential near 0 V (e.g. EDTA, +

0.I14; protoporphyrin-D(, -0.12 V) (Clark, 1960) making electron transfer toH2O2 a

thermodynamically favorable reaction ('Woods, 1988). In addition, the traces of

unprotected iron (Fe3*) present in many biological systems can be sufficient, provided

there is a means of regenerating the ferrous state (Cohen, 1985). This can be

accomplished by one electron reduction of Fe3* by Oz-' (McCorel and Day, 197S).

Fe3*+ oz" ' Fe2* +oz

L.2. Antioxidant defense systems

Biological antioxidants are natural molecules, which can prevent the uncontrolled

formation of free radicals and activated oxygen species or inhibit their reactions with

biological structures. The destruction of ROS and most free radicals relies on the

oxidation of indigenous antioxidant molecules. Therefore redox recycling of such

molecules increases their biological efficacy by decreasing the need for de novo synthesis

or that of large uptakes of these antioxidant molecules (Chaudiere and Ferrari-iliou,

1e99).



1.2.1. Non-Enzymatic defenses

I-ow molecular weight antioxidant molecules form the first line of defense in

both prokaryotes and eukaryotes. Various small molecules frequently referred to as

"antioxidant scavengers" act to neutralize free radicals (Halliwell et al.,1999; Gilbert and

Calton, 1999). Antioxidant scavengers are either physical quenchers of excited species

such as singlet oxygen or chemical traps of oxidizing free radicals (Chaudiere and

Ferrari- iliou, 1999). However from a biological point of view, it may be misleading to

assume that superoxide (O2-'), hydroxyl radical (OH ) and alkoxyl (RO') radicals are

efficiently trapped by endogenous antioxidant scavengers. For example, the biological

degradation of O2-', which is under exclusive control of superoxide dismutase (SOD) in

most cells is not very efficient. It is dealt with in detail in a subsequent section (L2.2).

Non-enzymatic scavengers can be further categorized as either hydrophilic or

hydrophobic scavengers.

1,.2.1.1. Hydrophilic Scavengers

Hydrophitic scavengers are found in c¡osolic, mitochondrial and nuclear aqueous

compartments. Among these, ascorbate and glutathione (GSH) are the most important

free radical scavengers. Their intracellular concentrations are typically between 1 and

10mM, much higher than other nucleophilic and reducing biomolecules (Bendich et aI.,

7996; Gerard-Monnier and Chaudiere, 1996). GSH is a major low molecular weight thiol

and is ubiquitous in nature. Free radical scavenging properties of GSH are due to its

sulfydryl group and because the pKu (GSFVGS ) of the thiol is - 9.2 (Jung et al.,l9j2;
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Huckerby et aL,1985), only l.ZVo of glutathione is in the thiolate form at pH7 .3

(Chaudiere and Ferrari-Iliou, 1999). The mercaptan acts as a scavenger of radicals such

as OH', and also as an H atom donor. GSH in eucaryotic cells is a cofactor for the HzOz

destroying enzyme GSH peroxidase and it also supports the glutaredoxin pathway, which

helps maintain proteins thiols in the cell (Grant,200l Carmel-Harel and Storz, 2000).

More recently, ergothioneine a natural betaine is also shown to have antioxidant

properties (Hartman, 1990; Akanmu et a1.,1991). Only fungi and mycobacteria

synthesize ergothioneine. The ergothioneine content of mammalian cells is exclusively

from vegetables in the food chain. Intracellular concentrations of ergothioneine are

typically in the range of 0.1 to lmM (Aruoma and Halliwell, 1987). Ergothioneine acts as

a physical quencher of singlet oxygen (Rougee et al., 1988), and scavenges hydroxyl

radicals at very high rates (Asmus et al., 1996).

1.2.L.2. Hydrophobic S cavengers

Hydrophobic scavengers are mostly found in the membranes and lipoproteins

where they block the formation of hydroperoxides from singlet Oz or prevent lipid

peroxidation by destroying peroxyl radicals (ROO ) (Halliwell and Chirico, 1993). They

include vitamin E (o-tocopherol), carotenoids and ubiquinol. o-tocopherol is the most

efficient scavenger ofperoxyl radicals in phospholipid bilayers. It scavenges lipid

peroxyl radicals (LOO') through hydrogen atom transfer (Burton and Ingold, 1981). The

role of ubiquinol as a membrane antiox id,ant in vivo isdoubtful (Beyer, 1990). However it

does act as apowerful antioxidantininvitromodels of lipoprotein oxidation (Kagan er

al.,1994; Tsuchiya et a1.,1994). The other common antioxidant scavengers embedded in
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cell membranes are the carotenoids. These are unsaturated hydrocarbons which bear 10-

12 conjugated double bonds (Krinsky, 1981). Carotenoid hydrocarbons, such as B-

carotene and lycopene, are located within the hydrophobic membrane core where, Iike the

more polar oxycarotenoids or xanthophyls, they occupy a membrane spanning orientation

(Britton, 1995). Carotenoids act as physical quenchers of singlet oxygen (Sundquist et aI.,

1994). In vitro, carotenoids also behave as scavengers of oxidizing free radicals and this

may account for some of their antioxidant properties (Palozza and Krinsky, 1992; Rice-

Evans et al., I99l).

1.2.2. Enzymatic defenses

The advantage of using specific antioxidant enzymes is that the steady - state

concentrations of peroxide or superoxide can be adapted to cellular requirements. Several

of these enzymes can be induced, activated or inhibited. The induction of some key

proteins in response to oxidative stress has been known for some time. For example, SOD

activity increases in E. coli grown in high levels of oxygen or exposed to redox-cycling

agents (Fridovich, 1995). These agents also induce glucose-6-phosphate dehydrogenase

to replenish NADPH used up in the antioxidant reactions (eg.by GSH reductase) (Kao

and Hassan, 1985). Exposure toH2O2induces catalase activity in many organisms and

increases GSH reductase levels in E. coli and 
^f. typhimurium (Christm an et al., 1985).

Enzymatic degradation of superoxide is catalyzed by SOD, while that of hydroperoxides

is ensured by catalase, glutathione peroxidase (GPx) or ascorbate peroxidases. SOD and

catalase are dismutases and therefore they do not consume cofactors and as such, the

primary reactions catalyzedby these enzymes are not associated with any energetic cost.
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Conversely, GPx and ascorbate peroxidases are reductases whose reducing coenzymes

are regenerated by NADPH equivalent produced in metabolic pathways.

GPxs are absent in E. coli, but in animal cells, GPxs are selenoenzymes, which

catalyze the reduction of hydroperoxides at the expense of GSH (Flohe et al., 1989;

Ursini et al., 1995). The GPx active site contains selenium in the form of a selenocysteine

residue (Flohe et al.,1973; Stadtman, 1991). Selenium incorporation is found to be a

cotranslational process and GPxs do not exist in the form of apoenzymes (Stadtman,

l99l;I-ne et aL,1996). To date selenium dependent glutathione peroxidases have not

been found in plant cells, whereH2O2is degraded by ascorbate peroxidases (Bunkelmann

and Trelease,1996; Smirnoff, 1996). A similar activity has also been reported in insects

(Mathews et a1.,1997).

SOD catalyzes the one-electron dismutation of superoxide into hydrogen peroxide

and 02 (Mc Cord and Fridovich, L969; Steinman, 1982). Almost all aerobic organisms

have at least one form of SOD or a small molecule equivalent (Fridovich et a1.,1995). On

the contrary, with few exceptions (Seibert et a1.,1994) SOD and catalase genes are not

generally present in anaerobes, as illustrated by their absence from most of the complete

genome sequences now available for the anaerobic organisms (Bult et al.,1996; Klenk ¿/

a1.,1997; Kawarabayasi et a1.,1998; Nelson et a1.,1999).

Very recently, the hyperthermophilic anaerobic Pyrococcus furiosus was shown

to possess superoxide reductase (soR) (Jenny et al., Lggg).unlike soD, soR uses

electrons from reduced NADP, by way of rubredoxin and an oxidoreductase to reduce

Oz-' to H2O2 without the production of oxygen. E. coli has three isozymes of SOD,

encoded by the sodA, sodB, and sodCgenes (Imlay and Imlay, l9g6).The products of
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SodA and SodB are cytoplasmic, whereas SodC is periplasmic. The three SOD's of E

coh differ in the metals at their active sites: the SodA protein contains manganese; SodB

contains iron; and SodC contains copper and zinc. S. typhimurium contains a second

copper-zinc SOD in the periplasm, which is hypothesized to be important for virulence

(Fang et a1.,1999).

1.2.3. Antioxidant defenses in E. colí

Yonei et al., were the first to define the specific mechanism of protection

exhibited by the enteric organism E.coli in terms of, predamage and postdamage systems

(Yonei et aI., 1981). The postdamage system consists of DNA repair enzymes (Hagansee

and Moses, 1989; Ahern, Igg3). Some of the components of the enzymatic and non-

enzymatic defenses described in the previous section (1.2), make up the predamage

system of the organism that includes the thiol based antioxidant defenses. In E.coli the

principal thiol present in the cytoplasm is glutathione (GSH) (Meister, 1988). GSH is

capable of reducing the cellular components by itself or through the glutaredoxin (Grx)

system (Prinz et al.,1997).In order to maintain a pool of reduced GSH, E.coli has the

enzyme glutathione reductase (Storz and Tartaglia,Igg2). However, the organism lacks

glutathione transferase and peroxidase two key enzymes involved in thiol based oxygen

detoxification system (Lau et al.,l98o). Recently polyamines, the ubiquitous

polycationic compounds, are implicated in protectin g E.coli from toxic effects of 02, O2-'

and HzOz (Chattopadhyay et a\.,2003). Thiol independent enzymatic systems include

SOD's and catalases or hydroperoxidases the latter dealt in the succeeding section (1.3).
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1.3. Hydroperoxidases or catalases

Catalases or, more correctly, hydroperoxidases have been studied for more than a

century, with the first report and naming of the enzyme appearing in 1901 (Loew, 1901).

The originally described catalases are homotetramers, with each subunit containing a

noncovalently bound heme prosthetic group charucterized as protoferriheme

(protoporphrin D() (Baudhin and Deduve,l9J3; srern, 1936) in the high spin Fe (IÐ

state (Maeda et al., 1973). Subsequently other proteins exhibiting catalase reactivities

were discovered. The overall reaction catalyzed,by catalases is the degradation of two

molecules of hydrogen peroxide to water and oxygen (reaction 1).

ZHzOz-2HzO+Oz (1)

This deceptively simple overall reaction generally is broken down into two stages, but

what is involved in each of the stages depends on the type of catalase. The mechanism

relevant to a particular catalase will be addressed in the appropriate sections.

Three classes ofproteins, unrelated on the basis ofsequence and strueture, exhibit

significant catalase activity. The class that is most widespread in nature and which has

been most extensively characteúzed is composed of monofunctional, heme-containing

enzymes, subdivided based on having large (>75 kDa) or small (<60 kDa) subunits.

Phylogenetic analyses have demonstrated the existence of two distinct clades or sub-

groupings of small subunit enzymes and one clade of large subunit enzymes among the

mono-functional catalases [Von Ossowski ¿/ a1.,1994]. The second, less widespread,

class is composed of bifunctional, heme-containing, catalase-peroxidases that are closely

related by sequence and structure to plant peroxidases. The third class includes the non-

heme catalases. There is also a diverse group of proteins, all heme-containing, such as
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chloroperoxidase, plant peroxidases and myoglobin exhibit a very low level of catalase

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

[Nicholls et al., 2001].

1.4. Regulation of catalase gene expression

Cells usually modulate their stress response systems through regulatory proteins

that sense the stressor or a messenger of the stressor and cause appropriate changes in

transcription and occasionally, translation or proteolysis. However, bacterial gene

function is regulated mainly at the transcriptional level. Cells have evolved

transcriptional modulators that sense oxidative stress and respond by activating regulons.

The earliest studies of catalase gene regulation were carried out in E. colí and these have

been extensively reviewed (Loewen, lggT). OxyR is an H2O2 sensing transcriptional

regulator controlling more than 36 genes in response toHzOzin E.coli. HPI of E coli ts

one of the genes activated by OxyR in log phase cultures (Christman et a1.,1989). As

cells enter stationary phase a 10 to 2O-fold increase in HPtr levels are seen (I-newen et

aI., 1985), this is the result of increasing levels of RpoS, a general stress response

regulator. Recently, polyamines, including putrescine, spermidine and spermine were

shown to protect E. coli cells from the toxic effect of oxygen (Chattopadhyay et al.,

2003), by up regulating both the OxyR and RpoS regulons in E. coli (Tkachenko et al.,

200I; Jung and Kim, 2003), but the mechanism remains unclear. The commonality of a

reactive oxygen sensor and growth phase or o-transcription factor control mechanism in

catalase gene expression is illustrated in Table 1.1. Although in general there is no
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consistency in the type of catalase, the type of regulator, or the sigma factor, the

generality of the two control mechanisms is clear.

In E. coli, os or KatF encoded by rpoS controls the expression of more than 50

genes as cells transition from exponential to stationary phase (Loewen et a1.,1998;

Hengge-Aronis, 2002). The mechanism affecting the synthesis and accumulation of os

itself is controlled at the levels of transcription, translation, holoenzyme formation and

proteolysis. Regulation by proteolysis is particularly important in stationary phase or non-

growing cells. Proteolysis might be the only way to significantly reduce the level of

proteins in non-growing cells because of the lack of dilution of components, as by cell

division. Intracellular levels of os are controlled by various cellular factors, which

include the protease ClpXP, recognition factor RssB (Zhou et a1.,2001). Very recently,

high levels of DNA supercoiling have been found to inhibit transcription by Eos (Bordes

et a1.,2003). Recently proteolysis is shown to be the single major factor controlling os

levels in stationary phase (Becker et al.,1999).

OxyR is a redox-sensitive protein of the LysR family of DNA binding

transcriptional modulators (Christman et a1.,1989). Physiological studies in aerobically

growing E. coli indicated that the OxyR regulon is activated by as little as 100 nM

intracellular HzOzand growth is inhibited when internal levels reach 2 pM (Gonzalez-

Flecha and Demple, 1997). As H2O2 decomposition is faster than diffusion across the

cytoplasmic membrane, the addition of 10pM external H2O2is needed to achieve growth

inhibiting levels inside the cell (Costa Seaver and Imlay, 2001).



Table 1.1. Regulatory responses of catalases and catalase-peroxidases in bacteria and fungi.

Organism Catalase Typeu Regulator Additional response Reference

Agrobacterium tumefaciens KatA CPx OxyR

Emericella nidulans CatA 3

Emericella nídulans CatB 2

Emericellas nidulans CatC 3

Emericella nidulans CpeA CPx StuA

Apergillus niger CatR 2

Bacillus firmus Cattr 3

Bacillus firmus CatItr 2

Bacillus subtilis KatA 3 perR

Bacillus subtilis KatE Z o"

Bacillus subtilís KatX 1 oF

Bacteroides fragilis KatB 3 OxyR

Brucella abortus KatE 3 OxyR

Dinococcus radiodurans CatE 2

Post-transcriptional control

Developmental, H2O2

Stationary phase

HzOz

H2O2lAscorbate

Stationary phase

(Nakjarung et a1.,2003)

(Navarro & Aguirre, 1998)

(Kawasaki et a1.,1997)

(Kawasaki & Aguirre, 2001)

(Scherer et a1.,2002)

(Witteveen et aI., 1993)

(Hicks, 1995)

(Hicks, 1995)

(Bsat e/ al,1998)

(Engelmann et aL,1995)

(Bagyan et a1.,1998)

(Rocha et aL.,2000)

(Kim & Mayfield, 2000)

(Wang & Schellhorn, 1995)
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HzOz



Escherichia coli

Escherichia coli

H aemop hiliu s influe nza e

Helicobacter pylori

Mycobacterium sme gmatis

My c ob act e rium tub erc ulo s is

Neíssería gonorrhea

Erinea carotovora

P s eudomonas aerugino s a

P seudomonas aerugino s a

Pseu.domonas putida

Pseudomonøs putida

Pseudomonas syringae

Py rob aculum c alidiþnt i s

Rhizobium etli

S almone IIa ty p himurium

HPI (KatG)

HPtr (KatE)

HKtE

KatA

KatG

KatG

Kat

HPtr

KatA

KatB

CatA

CatC

CatF

Kat pc

KatG

KatM

CPx

2

J

aJ

CPx

CPx

3

2

3

1
I

3

2

1

Mn

CPx

Mn

OxyR

os

Fur

FurA

FurA

OxyR

ot

Fur

OxyR

H2O2 /Ascorbate

(Christman et aL,1989)

(Loewen et aI., i985)

(Bishai et a\.,1994)

(Odenbreit et aI., 1996)

(Zahrt et a1.,2001)

(Pym et a1.,2001)

(Tseng et a1.,2003)

(Calcutt et a1.,1998)

(Hassett et al., 1996)

(Ochsner et al., 2000)

(Katsuwon & Anderson, 1989)

(Katsuwon & Anderson, 1989)

(Klotz & Hutcheson, 1992)

(Amo et a1.,2002)

(Vargas et a1.,2003)

(Robbe-Saule et aI., 2001)
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Log phase

Stationary phase

Stationary phase

aerobic conditions

OxyR

os



Salmonella typhimurium HPI

Salmonella typhimurium HPtr

S ino rhi zo b ium I e g umin o s arumCat

Sinorhizobíum melilotl KatA

Sinorhizobium melíloti KatC

Staphylococcus simulans ACKI

Staphylococcus aureus KatA

Streptomyces coelícolor CatA

Streptomyces coelicolor CatB

Streptomyces coelícolor CatC

Streptomyces reticuli CpeB

Vibrio fischeri KatA

Xanthomonas oryzae KatX

Xanthomonas campestrisi KatE

CPx

2

OxyR

os

J

J

2

CPx

CPx

J

2

2

Log phase

Hzoz

Stationary phase

Oxygen

u 
1 , clade I; 2 clade 2; 3 , clade 3 ; CPx catalase-peroxidase; Mn, manganese-containing catalase

PerR, Fur

CatR

oB

FurA

FurS

(Christman et aI., 1985)

(Fang et aL,1992)

(Ohwada et al.,1999)

(Herouart et a1.,1996)

(Sigaud et aL,1999)

(Fondren et aL,1994)

(Horsburgh et aI., 200 1)

(Hahn et aL,2000)

(Cho et a1.,2000)

(Hahn et a1.,2000)

(Zou et al.,1999)

(Visick & Ruby et a1.,1993)

(Mongkolsuk et al., 1996)

(Vattanavib oon et al., 2000)

n

so-

(t'

Stationary phase, H2O2
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Storz and co- workers elegantly elucidated the structural and biochemical basis

for the redox regulation of OxyR. The initial reaction of OxyR with HzOz is postulated to

occur at Cys-199, leading to the formation of an unstable Cys-sulphenic acid intermediate

(zheng et a1.,200r). once oxidized, cys-199 reacts with cys-2Og to form an

intramolecular disulphide bond. As these two cysteine residues are separated by - ll 
^

in the reduced state it is hypothesizedthatoxidation is necessarily accompanied by

refolding of a central domain in the OxyR promoter (Choi et aL,2001). However, the

requirement of disulphide bond formation for redox regulation of OxyR was recentiy

challenged (Kim et al., 2002) . They proposed that the modificarion of Cys 1 99 to the

sulphenic acid alone is sufficient to account for the observed in vivo regulation by

peroxides. Moreover, they suggest that various modified forms of oxyR (s-oH, s-No

and S-glutathionylation) may have distinct biological roles. In light of the new

development, it may not be surprising to note that OxyR, in addition to being a peroxide

sensor, has been shown to respond to disulphide stress (Aslund et al.,lggg).

Regulators such as OxyR are widely distributed in most Gram-negative (both

aerobes and anaerobes) and some Gram-positive bacteria. For example, Mycobacterium

tuberculosis and Mycobacterium smegmatis are shown to lack a functional OxyR (pym et

a1.,200L; Zahrt et al., 2001).In these Mycobacteria, FurA, a homologue of Fur (ferric

uptake regulator) is hypothesized to act as a second regulator ofoxidative stress, and is

shown to act as a negative regulator of katG Øafut et a1.,2001). The Fur super family of

metallo-regulatory proteins includes several small, dimeric DNA binding proteins that

respond to metal ions including PerR (peroxide sensor), Zur (zinc sensor) and Fur itself
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(iron sensor) (Bsat et.aL.,1998; Gaballa and Helmann, 1998; Escolar et a1.,1999). E. coli

Fur protein is a repressor governing a system of genes involved in iron uptake and the

system is switched on when bacteria are grown in medium with limiting iron

concentrations (Escolar et al., 1999). The B. subtilis PerR regulon is shown to include

mrgA, the gene for the major vegetative catalase (katA), the gene encoding the

alkylhydroperoxide reductase (ahpCF), the heme biosynthesis operon (hemAXCDBL),

fur, perR and azinc uptake system (zosA) (Fuangthong et a1.,2002; Herbig and Helmann,

2002; Gaballa and Helmann,2}02). Like other Fur family members, PerR contains two

metal binding sites per monomer (Faungthong and Helmann, 2003); one site binds Zn (n)

and may play a largely structure role, whereas the second site binds the regulatory metal

(Mongkolsuk and Helmann, 20OZ).

Heme synthesis must be sufficiently rapid to satisfy induced catalase synthesis

rates. E coli successfully increases the rate of heme synthesis to satisfy the demands in

cells expressing plasmid-encoded catalases, but whether this is simply a response to heme

demand or coordinate regulation of heme operons is not clear. In Staphylococcal anreus,

P. aeruginosa and B. subtilis, there is coordinate control of oxidative stress proteins and

iron storage and transport proteins (Horsburgh et a1.,2001;Ma et aI., 1999; Helmann ¿r

a1.,2003), but no link to the control of protoporphyrin synthesis has been demonstrated.

There has been one report of iron deficient PMC being produced in E. coli during its

rapid expression under the control of an inducible T7 promoter (Andreoletti et a1.,2003).

During that study, the protophorphyrin was available for protein folding, but the

availability or insertion rate of iron was limiting.
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1.5. Heme Catalases

L.5.1. Reaction mechanism

Heme containing catalases or monofunctional catalases all have in common a

two-stage mechanism for the degradation of H2o2. In the first step, one hydrogen

peroxide molecule oxidizes the heme to an oxyferryl species in which one oxidation

equivalent is removed from the iron and one from the porphyrin ring to generate a

porphyrin cation radical [reaction 2].

Enz (Por-FeIrI; + H2o2 - Cpd I (Por+'-FeN=o) + HzO

The second hydrogen peroxide is utilized as a reductant of compound I to regenerate the

resting state enzyme, water and oxygen [reaction 3].

Cpd I (Por+'-Fery=O)+ H2O2 - Enz (Por-Fettt¡ + HrO + O, (3)

Despite this common reaction, there arc great differences in reactive capability among the

members of this very large family of enzymes.

T.5.2. Phylogeny

Three reviews of catalase phylogeny have appeared, each succeeding review

involving an increasing number of sequences from 20 in 1993 (Von Ossowski et aI.,

1993) to 74 in 1997 (Klotz et al., 1997) to 256 in 2003 (Klotz and l-oewen, 2003). By

l99l , the clear division of mono-functional catalases into 3 clades was obvious, arising

from a minimum of two gene duplication events. The more exhaustive recent analysis

confirms these conclusions, but integrates a larger picture including catalase-peroxidases

and non-heme catalases into a universal tree of life. Clade 1 catalases are predominantly

of plant origin, but with one algal representative and a subgroup of bacterial origin.

(2)
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Clade 2 enzymes are all large subunit enzymes of bacterial and fungal origin. The one

archaebacterial clade 2 enzyme is postulated to have arisen in a horizontal transfer event

from a Bacillus species. The clade 3 enzymes are all small subunit enzymes from

bacteria, archaebacteria, fungi, and other eukaryotes. The archytypal mono-functional

catalase is probably a large subunit clade2 enzyme from which an early gene duplication

event, accompanied by loss of the sequence at the 5'and 3'ends gave rise to the clade 1

enzymes (Klotz and Loewen,20O3). Clade 3 enzymes are not present in older taxonomic

groups suggesting that they arose much later in evolution as a result of a gene duplication

in bacteria that then spread by horizontal and lateral transfers among bacteria, to

archaebacteria and eukarvotes.

1.5.3. Kinetic properties

Many catalases have been characterized over the century of study, but very few of

the enzymes have been characterized in tandem. This has resulted in many independent

reports of activities and properties, but no way to properly compare the results. Such a

comparison of 16 common catalases, including eight for which the structures have been

determined has revealed just how great a divergence in properties there is within the

catalase family (Switala and Loewen,2002). Catalases do not follow Michaelis Menten

kinetics except at very low substrate concentrations, and different enzymes are affected

differently at higher substrate concentrations. Most small subunit enzymes begin to

suffer inhibition atlH2O2l above 300-500 mM and never reach the Michaelis-Menten

V,o* predicted by extrapolation from rates at low substrate concentrations. On the other

hand, large subunit enzymes start to suffer inhibition only above 3 M [H2O2], if at all, and
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exceed the predicted Michaelis-Menten V,nu*. Consequently, the presentation of observed

data in terms of the typical constants K* and V,n* is misleading because true Michaelis-

Menten kinetics are not applicable. With this proviso in mind, the observed þo¡ values

ranged from 54,000 (Pseudomonas aeruginosaKatB) to 833,000 (Proteus mirabilis) sec-

t, ând the [HzOz] atY^*/Z ranged from 38 to 599 mM (Switala and Loew en,2O02).

Sequence differences among catalases must be responsible for the widely differing

reaction rates and substrate affinities, but providing a rationale for how is not yet

possible.

I.5.4. Structural diversity among heme-catalases

Heme-containing catalases consist of a scaffold, made up of a beta barrel inside

which is the deeply buried heme active site. Eight heme-containing catalase structures

have been reported. They include, the small subunit clade 3 enzymes from bovine liver

(BLC) (Murthy et al., 1981; Fita et al., 1986), Micrococcus luteus (MLC) (Murshudov er

aI.,1982), Proteus mirabilis (PMC) (Gouet et al.,1gg5), Saccharomyces cereviisiae

(CATA) (Berthet et aI.,l99l;Mate et al.,1999), and human erythrocytes (HEC) (Putnam

et aI., 1999), and the large subunit clade 2 enzymes from Penicillium vítale (PVC)

(Vainshtein et a1.,1981; Vainshtein et a1.,1986), Escherichia coli (HPII) (Bravo et aL,

7995; Bravo et al.,19991and CatF fromPseudomonas syringae (Carpena et a1.,2001

Carpena et a1.,2003). CatF provides the first look at a clade 1 catalase which presents an

unexpected heme orientation and lacks NADPH. In addition, the presence of four

subunits in the asymmetric unit of CatF makes possible an assessment of asymmetry,

particularly in solvent location, among subunits and in comparison with other catalases

(Carpena et a1.,2003).
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Figure 1.2. Ribbon diagram for comparison of the overall structures and sizes of
heme-containing small and large subunit catalases, a catalase-peroxidase and a
dimanganese catalase. In panel, (A) a tetrameric small subunit, heme-containing
catalase, catF; (B) a tetrameric large subunit, heme-containing catalase, HpII;
(c) a dimeric catalase-peroxidase, BpKatG; and (D) a hexameric dimanganese
catalase, LTC are presented. All structures are presented at the su*" s"ul".
The figure was prepared using SETOR @vans, Igg3).
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1.5.4.T. Heme orientation

The first catalase structures solved, BLC and MLC. had a common heme

orientation in which the active site His was situated above ring III of the heme (referred

to as the His-III orientation), leading to the conclusion that this was the normal

orientation for heme in catalases. This was reinforced by the heme orientation found in

PMC, CATA and IIEC. The presence of the "flipped" orientation with the active site His

located above ring fV of the heme (His-IV) in PVC and IIP[, was assumed to be unique

to large subunit enzymes. The fact that the hemes in PVC and HPtr were modified to

heme d with a cis-hydroxyspirolactone group on ring III (Murshudov et a1.,1996)

reinforced the idea that large subunit enzymes were unique. The CatF structure presented

heme in the His-IV orientation suggesting that the "normal" and, in view of probable

evolutionary development, original orientation of heme in catalases is His-fV. The

residues making contact with the two methyl groups and two vinyl groups on rings I and

II create a matrix of van der Waals interactions that favor the His-fV orientation in CatF,

PVC and HPII, and would prevent any attempt to flip the heme to the His-Itr orientation.

Similarly, the matrix of van der Waals interactions in the clade 3 catalases, BLC, MLC,

PMC,IIEC and CATA favor the His-Itr orientation and would prevent adoption of the

His-IV orientation (Carpena et aL,2003). A survey of 228 catalase sequences identified

residues equivalent to 301 (Ala) and 350 (Leu) in CatF that are the key determinants in

heme orientation, through there positions relative to the two vinyl groups on rings I and

II. At position 307, ÙVo of clade 1 and clade 2 enzymes have Leu or lle, but 80Vo of clade

3 enzymes do. The larger side chain prevents adoption of the His-IV orientation. At



26

position 350, 69Vo of clade I enzymes and I00Vo of clade 2 enzymes have Leu, whereas

OVo of clade 3 enzymes do, and the location of the larger Leu side chain prevents

adoption of the His-III orientation. Occupancy at the equivalent position in other

catalases suggests that most clade 1 and all clade 2 enzymes will have the His-fV

orientation, and that most clade 3 enzymes will have the His-Itr orientation. It will be

interesting to determine if the apparent sequence exceptions conform to the clade

majority, if there is a mixture of heme orientations or if there are smatl subsets of clade 1

and clade 3 enzymes with His-III and His-IV orientations, respectively.

1.5.4.2. NADPH binding

Since it was first noted almost 20 years ago (Kirkman and Gaetani, 1984), the

presence of NADPH in catalases has presented the interesting problem to biochemists of

explaining the purpose of the cofactor, and of determining its universality. The structures

of the clade 3 enzymes BLC, IIEC, PMC and CATA all contain NADPH in some

fraction of their subunits, whereas the cofactor is not evident in the structures of the clade

2 enzymes, PVC and HPtr. NADPH is not evident in the structure of CatF, and the

potential binding site is modified compared to clade 3 binding sites to such an extent that

NADPH binding should not be possible. The NADPH binding pockets of BLC, IüC,

CATA and PMC contain a His, an Arg, a Val and a His (193, 20Z, 3,}l and304,

respectively using BLC numbering), which may be considered to be signatures for

NADPH binding. In CatF, the equivalent residues are Arg196, Glu205, Ile304 and

Asp307, each of which would interfere with NADPH binding either through electrostatic

repulsion, direct steric interference orloss offavorable contacts. All clade I catalases.
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lack the equivalent of Arg202 and His304 and most lack His193 and Val301 leading to

the conclusion that most, if not all, clade 1 catalases do not bind NADPH. In the case of

clade 2 enzymes, a portion of the extended C-terminal sequence protrudes into the

NADPH binding site, precluding any possibility of NADPH binding in these enzymes.

The conclusion seems to be that only clade 3 enzymes bind NADPH, but even in this

clade, the coenzyme is not universal, based on the signature residues.

The widespread nature of the His-trI orientation of heme in clade 3 enzymes

suggests that this feature was adopted shortly after the separation of clade 3 from clade 1

enzymes. The more limited nature of NADPH binding among clade3 enzymes suggests

that it evolved independently and at a,later date. Therefore, there would not appear to be

a direct evolutionary link between the His-tII orientation of the heme and NADPH

binding as previously speculated (Carpena et a1.,2003). The role of NADPH and

presumed reason for its binding site having evolved is to reduce inactive compound II

back to the active native state (Kirkman and Gaetani, 1984) but the mechanism by which

this is achieved remains unclear (Hillar and Nicholls,1992; Olson and Bruice,1995;

Almarsson et a1.,1993, Kirkman et aI.,1999). Clade 2 enzymes do not form compound

f[, or, at least, it has not been possible to generate compound tr in the laboratory (Sevinc,

PhD thesis. 1997, University of Manitoba), making NADPH binding unnecessary.

Similar attempts to generate compound II from a clade I catalase have not been reported.

L.6. Non-heme or manganese-containing catalases

Non-heme catalases were initially referred to as pseudo-catalases because they did

not contain heme (Kono and Fridovich, 1983) but other names including Mn-containing
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(Allgood and Perry, 1986), non-heme (Nicholls et a1.,2001) and dimanganese catalase

(Antonyuk et a1.,2000) to more accurately reflect their structure. The non-heme

catalases are not as wide spread as the heme-containing catalases and so far have been

identified only in bacteria. It is speculated that this type of enzyme may not have become

as wide spread in nature because of its lower specific activity in relation to other catalases

that were present in multiple forms in many bacteria (Klotz and Loewen,2003).

L.6.1. Reaction mechanism

Like in heme-containing catalases, the reaction takes place in two stages, but here

the similarity ends. The oxidation state of the dimanganese cluster is equally stable in

either tbe2,2lMnII-MnII) or 3,3 IMnIII-MnIII¡ stat"s resulting in the enzymebeing

isolated primarily as a mixture of these two states. Consequently, there is no temporal

order to the oxidation and reduction stages, and either can occur first depending on the

resting state of the enzyme. If the 2r2 state is encountered, the H2O2 is an oxidant

(reaction 4) and if the 3,3 state is encountered, the HzOz is a reductant [reaction 5].

Hzoz + MnII-MnlIl 2lH\ - MnnI-MnnI + 2 H2o

H2O2 +MnIII-MnIII * MnII-MntrçzH*¡ + 02

(4)

t5)

Reactions 4 and 5 are presented as being analogous to reactions 2 and 3, but there is one

overriding difference. Oxidation of the reaction center [reaction 4] involves removal of

electrons from the active center, but a derivatized, reactive intermediate is not produced.

As a result, the second stage does not involve reduction of a reactive intermediate, but a

simple transfer of electrons to the dimanganese center generating oxygen. A nuance is
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that both product waters are generated in reaction 4, unlike the heme catalases where one

water is produced in each of reaction 2 and3.

1.6.2. Structure of Mn catalases

The crystal structures of the two non-heme catalases one from Thermus

thermophilus (TTC) (Antonyuk et a1.,2000) and the second from Lactobacillus

plantarum (LPC) (Barynin et a1.,2001) reveal that the catalytic center is a dimanganese

group. The enzyme is a homo-hexameric structure of approximately 30 kDa monomers.

The four-helix bundle motif of the individual monomers is highly conserved between the

two enzymes with only the C-terminal tails differing. The dimanganese centers share a

very similar environment. Direct coordination with the Mn atoms involves a virtually

identical matrix of glutamate and histidine. The environments differ slightly in that one

glutamate that normally interacts with Mn-associated waters in LPC is replaced by an

arginine in TTC, and an arginine in LPC is absent in TTC.

1.7 . Catalase-peroxidases

1.7 .1.. Reaction mechanism

Despite a very different sequence and tertiary/quaternary structure, the overall

catalatic reaction of catalase-peroxidases takes place via the same two stages [reactions 2

and 3l as were described for the mono-functional catalases. In large part this is because

both types of enzyme are heme containing, but it has the implication that the residues in

the active site will have similar roles. The peroxi datic reaction presents another layer of
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complexity involving the use of organic electron donors for the reduction of compound I

to the resting state via two one-electron transfers freaction 6].

Cpd I (Por+'-FeN=O) + 2ALIz - Enz (Por-FeII) + 2AH'+ HzO (6)

In the presence of a suitable organic electron donor and low levels of HzOz, the

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

for the catalase-peroxidases has not been identified leaving the actual role of the

peroxidatic reaction undefined (Carpena et a\.,2003).

L.7 .2. Phylogeny of Catalase-peroxidases

The first review of KatG phylogeny appeared in 2000 and included 19 sequences

(Faguy and Doolittle, 2000). The most recent report has included 58 sequences that have

become available, the majority from bacteria but with 5 each from archaebacteria and

fungi (Klotz and Loewen, 2003). With the larger number of sequences in the data set, the

tree is not as robust as the earlier tree and several interpretations of structure are possible.

When integrated into a conceptual tree of life, it is apparent that the catalase-peroxidases

evolved much later than the heme-containing mono-functional catalases, and a significant

frequency of lateral gene transfer is evident. Very significantly, the data are consistent

with the interpretation that sometime afîer a lateral gene transfer event from bacteria to

the eukaryotic ancestor, the plant peroxidases evolved from the catalase-peroxidases.

1.7.3. Catalase-peroxidase structures

The first catalase-peroxidase HPI of E coliwas purified and characterized in

1979 (ClaLborne and Fridovich, I9l9), and the sequence of its encoding gene køtG,
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appeared in 1988 (Triggs-Raine et a\.,|9ïï)providing the first catalase-peroxidase

sequence and demonstrating the close phylogenetic link to plant peroxidases. It remained

for the demonstration that KatG from Mycobacterium tuberculosis was responsible for

the activation of the widely used anti-tubercular drug isoniazid (INH) (Zhang et aL,

1992) to bring the catalase-peroxidases into the spotlight. This led to extensive efforts

around the world to crystallize the protein in order to characterize atthe molecular level

the interaction of the protein with the drug. Attempts to crystallize HPI from E. colihad.

commenced unsuccessfully in 1987, and success with the M. tuberculosis enzyme was no

better. Persistence was finally rewarded in 2001 and2002 with the preliminary reports

of the crystallization of catalase-peroxidases from halophilic archaebacterium Haloarcula

marismortul (Yamada et al.,20Ol), from the cyanobacteritm Synechococcus (Wad,a et

a1.,2002), the Gram negative bacterium Burkholderia pseudomatlei (Caryena et aI.,

2002) and the C-terminal domain of E. coli HPI (Caqpena et a1.,2002). The structure of

the H. marismortui enzyme (HmCPx) at2.0 Å was reported first (Yamada et a1.,2002),

followed by the structure of the B. pseudomallei enzyme (BpKatG) at I.7 Ã, çCarpena et

a1.,2003). There were obvious and clear similarities between the two enzymes, but the

BpKatG structure presented a number of unusual features that provided potentially

significant insights into the function of the enzyme.

The asymmetric unit for both catalase-peroxidases contains two subunits related

by non-crystallographic two-fold syrnmetry, consistent with the predominant form of the

enzyme in solution being a dimer. Each subunit is composed of 20 s-helical sections

joined by linker regions and just three or four p-strand segments, making the structure

very different from mono-functional catalases. It had previously been proposed that the
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large gene size of katGhad arisen through a gene duplication and fusion event (Welinder,

199L) resulting in a gene with two distinct sequence-related domains. Further support for

this hypothesis was evident in the conservation of ten pseudo-symmetry related a,-helical

segments in the N- and C-terminal domains for which the r.m.s. deviation of 133 Ca

carbons following superimposition is just 2.19 Å in BpKatG. Superimposition of the N-

terminal domain of BpKatG onto the structures of cytochrome c peroxidase, ascorbate

peroxidase and horseradish peroxidase revealed r.m.s. deviations for the same i 33 Cs

atoms in the 10 a-helical segments o10.97 Ä,,7.22 Å and z.o3 Ä,,respectively. Not

surprisingly, the inactive C-terminal domain has suffered greater evolutionary drift with

the corresponding 1 13 Co atoms in 10 o-helical segments having r.m.s. deviations of 3.62

4,3.15 Å and 4.06 Å when compared to cytochrome c peroxidase, ascorbate peroxidase

and horseradish peroxidase (Carpena et a1.,2003). The high similarity between the

HmCpx and BpKatG is illustrated by the r.m.s. deviation of 0.43 Å for the 133 Co atoms

and 1.05 Å for the 685 Co atoms.

1,.7.4. Covalent linkage joining Trp-Tyr-Met

The most striking and unusual feature in both catalase-peroxidase structures is a

covalent structure involving the indole ring of the active site Trp (residue 111 in BpKatG)

and the sulfur of a Met (264 inBpKatG) joined to the ortho positions of a Tyr ring

(residue 238 in BpKatG). The structure is clearly evident in the electron density maps

although the refined bond lengths are a bit longer than ideal for covalent bonds, and the

bonds to the Tyr and Trp are not pure sp2 in character, deviating somewhat from
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planarity. Independent evidence for the existence of the covalent bonds was obtained

from a mass spectrometry analysis of tryptic digests of BpkatG (Donald et a1.,2003).

The obvious question posed by such a covalent structure is what is its role? It had

previously been shown that the active site Trp was essential for normal catalatic activity.

Its replacement by Phe results in the loss of catalase activity and enhanced peroxidase

activity in both HPI (Hillar et a1.,2000) and the Synechocystls KatG (Regelsberger et aI.,

2000; Regelsberger et aL.,2001). Subsequent work has shown that replacement of either

Met264 (Donald et aL,2003) or Tyr238 (Jakopitsch et a1.,2003) has a similar effect in

eliminating catalase activity with no effect or a positive effect on peroxidase activity. In

other words the complete adduct is required for catalatic activity but not peroxidatic

activity, providing a clearexplanation for why the apparently closely related plant

peroxidases have no, or only a vestige of catalase activity. Given that the adduct is

required for catalase activity, electronic or steric roles, or a combination can be

envisioned. A very precise and immovable positioning of the indole ring may be

necessary for interaction with the reducinEHzOz in order that correct bond lengths

leading to the transition state are realized. Alternatively or in addition, the adduct may

alter the electronic environment on the indole enhancing the interaction with the substrate

and facilitating the formation of the transition state. Determination of the structures of

the variants individually lacking each of the Trp, Tyr and Met residues involved in the

adduct will provide valuable evidence about the role of the adduct.

L.8. Channels in catalases

1.8.L. Channel architecture in heme catalases
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The recently reported structures of CatF (Carpena et a1.,2003) and HPII variants

(Melik-Adamyan et aI.,2O0t) have provided significant insights into the channel

architecture in catalases. Three obvious channels connect the heme-containine active site

with the surface. The main channel, so named because it was the most obvious access

route to the heme, approaches the heme perpendicular to its plane and has long been

considered the primary access route for substrate HzOz (Fig. 1.3), a concept supported by

molecular dynamics modeling (Kalko et a1.,2001; Amara et a1.,2001). A second

channel approaches the heme laterally, almost in the plane of the heme, and has been

referred to as the minor or lateral channel. Limited evidence pointing to a role for the

lateral channel in HPII includes a 3-fold increase in specific activity resulting from an

enlargement of the channel through removal of A19260, part of Glu-Arg ionic pair

situated in the channel. A third channel connects the heme with the central cavity, but no

evidence for it having a role has been presented.

An extensive review of the waters occupying the main channels in each of the

four subunits of CATF, ImC (+ CN and + peracetic acid), CATA + azide and HPII, and

of the single subunits of MLC and PMC revealed a number of consistently occupied

positions as well as a number of low occupancy sites (Carpena et a1.,2003). All enzymes

contained a water interacting with the active site His and Asn, and some, including HPII,

MLC and PMC contained a second water in the active site interacting with the heme iron

and the active site His. Moving away from the heme in the channel, only one subunit of

HPtr and inactive FIEC contained waters in the hydrophobic region around the conserved

Val169 (HPtr numbering). The lack of waters in hydrophobic portion of the channel

between the conserved Asp 02 ¡\ from the heme) and the active site His was interpreted
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Figure 1.3. Structure of the channels providing access to the active sites in one
subunit each of CatF (A), HPtr (B), BpKatG (C) and LTC (D). The channel, as
calculated by the program volDoo (Kleywegt and Jones, 1994), is presented
as a blue chicken wire structure in a cross section slab of the enzyme. In A and B,
the conserved valine (vl l8 & v169) and asparrate residues (D130 & D181) are
shown. The active site heme is evident at the end of the channels in A, B and C.
In D, the dimanganese cluster is presented as two blue balls (Mn) and four red balls
(waters) and one of the coordinating histidines (His 69) is indicated for reference.
All four channels are presented at the same scale for comparison. The figure was
prepared using SETOR (Evans, 1993).
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as a "molecular ruler" effect (Putnam et a1.,2000) arising from the lack of interaction

sites on the protein and an distance that was inappropriate for the formation of a stable

matrix of hydrogen bonded waters, but was appropriate for a matrix involving the slightly

larger HzOz.

1.8.2. Channel architecture in Mn catalases

Access to the dimanganese clusters is via a central channel that extends the full

width of the hexamer, with branches into each subunit to the active center. The branch

leading from the central channel into one of the dimanganese clusters is shown in Fig 1.3.

and the similarity in length and narrowness of the channel to those of monofunctional

catalases is quite striking. In all three cases, CatF, HPII, and LpC, the final 15 Å is

uniformly narrow as compared to the funnel shape of the channel in catalase-peroxidases

suggesting that restricted access to only substrate H2O2 is very important to the catalatic

reaction. The absence of a glutamate and an arginine in the TTC active site creates larger

cavity and a second access channel that allows in larger ions that cannot reach the LpC

active site, but viewing this expanded channel will have to await the release of the TTC

coordinates.

1.8.3. Channel architecture in catalase-peroxidases

The heme-containing active site is somewhat more deeply buried compared to

peroxidases, but is accessed through a similar funnel shaped channel that approaches the

heme laterally, rather than perpendicularly as in mono-functional catalases (Fig 1.3).

Interpretation of possible substrate binding sites is complicated by the presence of a deep
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crevasse on the side of the protein that could potentially be the binding site of a substrate,

and the existence of a second channel approaching a small central cavity near the heme

that also contains a single metal ion in BpKatG. Not knowing the natural peroxidatic

substrate makes assigning roles to these features speculative at this point (Ca¡pena et al.,

2003).

1.9 Object of the thesis

Long before any structural studies have been started on other types of protein

channels (for example, aquaporins, porins, ion channels), structural studies carried out on

catalases in the labs of Prof s Michael Rossmann and Boris Vanshtein (in the early 80's),

showed that access to the deeply buried active site heme in catalases is through two or

more channels that extend to the protein exterior. However, specific studies focusing on

defining a role(s) for these channels in catalases have been very limited. Earlier structure-

function studies done on HPtr by Ingemar Von Ossowski (1993), Serdal Sevinc (1991)

and others, focused on, residues around the active site, presumptive NADPH binding

residues, and the C-terminal residues. The focus of the present study is two fold. The first

objective was to elucidate the role of these channels in enzyme catalysis, and in the

process, to address the direction of substrate flow in catalases by making substitution

mutants along the channels. The second objective was to define the physiological

functions of the extended N and C termini with specific emphasis on their contribution to

stability of HPII.
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2. Materials and Methods

2.1. Escherichia coli strains, plasmids and bacteriophage

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

2.1. The E. coli katE gene, encoding HPII catalase, was originally cloned into a pKS+

(Stratagene Cloning Systems) to generate the plasmid pAMKatET2 (Von Ossowski et al.,

1991). Strain CJ236, harboring plasmid clone pAMKatETZ and subclass pKS+H-E and

pKS-E-C of the E. coli katE gene (Fig2.1) respectively, was used for generation of

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

mutagenesis. Helper phage R408 was used for infection of strain C1236 to generate single

stranded DNA. Strain NM522 was used as host for all plasmids and routine cloning.

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

sequencing. Strain UM255 was used for variant KatE expression and subsequent

production of variant HPII proteins.

2.2. Chemical and biochemical reagents

Standard chemicals and biochemical reagents, used in the course of this study

were usually obtained from either Sigma Chemical Co. (St.Louis, Mo.), or from Fischer

Scientific Ltd. (Mississauga, Ont.). Restriction nucleases, endopeptidases, polynucleotide

Kinases, DNA ligase and Klenow fragment of DNA polymerase were obtained from

Invitrogen (Burlington, Ontario). Media used for growth of cell cultures were usually

obtained from DIFCO (U.S.A). Unless otherwise stated, solutions were prepared using

reverse osmosis distilled water.
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Table 2.L. Genotypes and sources of Escherichia coli strains, plasmids and bacteriophage
used in this study.

Genotype Source

Strains

CJ236

NM522

UM255

JMl09

Plasmids

pAMkatET2 (pKS?-C, katE clone)

pKS-E-H (subclone tr)

pKS* E-C (subclone III)

Bacteriophage

R408 (helper phage)

dutl ungl thi-l relAI/pCjl}S/ camY'

supE A, (ac-proAB) hsd-5
lF'proAB lacf IacZL l5l

pro leu rpsl hsdNI hsdR endl
lacy katG2 katEl2::TnI} recA.

recAl supE44 endXl hsdRlT gyrA96
relAl thi L(lac-pro\B)

Kunkel et a1.,1987

Mead et a1.,1985

Mulvey et al., 1988

Yanisch-Pefion et al., 1985

von OssowsÞi et al., L99I

von Ossowski et aI., L99l

von Ossowski et aI., 1997

Stratagene Cloning Systems

Amp'

Amp'

Amp'
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2.3. Media, growth conditions and storage of cultures

E. coli cultures were routinely grown in LB (Luria-Bertani) medium containing

lO glL tryptone, 5 glL yeast extract,5 g/I- NaCl. Sotid media contained 14 gtL agar.

Ampicillin was added to 250 pg/rnl for the liquid medium to select for Amp'plasmid

harboring cells. Chloramphenicol was added to 40 pglrnl in order to maintain the

presence of the F'episome for the growth of strain CJ236. E. coli strains in both liquid

and solid medium were grown at3J"C or 28oC. Liquid cultures were grown with

vigorous aeration in shake flasks. Long term storage of stock cultures was in24Vo

dimethylsulfoxide at -60o C. Bacteriophage R408 was maintained at 4'C inLB culture

supernatant.

2.4. DNA manipulation

2.4.L. Preparation of synthetic oligonucleotides

Oligonucleotides used for mutagenesis were purchased commercially from

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

oligonucleotide DNA was determined spectrophotometrically at 260 nm,where 1

absorbance unit = a0 yg/núsingle stranded DNA (sambrook et al,19s9).

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

using Ta kinase (Invitrogen) according to Ausubel et aI. (1989). Approximately 100 ng of

oligonucleotide DNA in a volume of 25 ¡ú containing 1 mm ATP and 10 units of kinase

were incubated in appropriately diluted buffer supplied by the manufactur er at 37oC for

30 min. The reaction was terminated by heat inactivation at 65'c for 5 min.
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2.4.2. DNA isolation and purifïcation

Isolation of plasmid DNA was according to Sambrook et al. (1989). Plasmid

harboring cells were grown in tubes containing 5 mI LB medium to stationary phase and

were then pelleted by centrifugation and resuspended in 200 pl Tris-glucose-EDTA

buffer (25 mM Tris-HCI, pH 8.0, TVo glucose, 10 mM Na-EDTA). Resuspended cells

were lysed by addition of 0.4 ml IVo SDS (w/v), 0.2M NaOH solution and gentle mixing.

This was then neutralizedby addition of 300 ¡tl6.2 M ammonium acetate, pH 6.2. After

10 min incubation on ice, the mixture was centrifuged twice to remove all precipitates.

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

supernatant followed by 15 min incubation at room temperature. Plasmid DNA was

pelleted by centrifugation, washed twice with 1000 ¡tl of 7}Vo(v/v) ice-cold ethanol, and

then dried under vacuum. The DNA pellet was either stored in this condition at -20"C or

was resuspended in HPLC grade distilled water or TE buffer (10 mM Tris, pH 8.0, 1 mM

Na-EDTA) prior to being stored at -20"C until further use.

Preparation of single stranded template DNA for site-directed mutagenesis was

carried out according to Vieira and Messing (1987). Plasmid harboring cells in a 5 ml LB

culture in early exponential phase were infected with 10-50 pl of helper phage R408

(10tt- 1012 PFU per ml) and grown overnight. After centrifuging 1.5 mt of culture in

order to remove cells and debris, a solution of 300 ¡i of l.2NaCl, 20%PEG 6000 was

added per ml of medium supernatant and mixed. This mixture was incubated for 15 min

at room temperature and then centrifuged to pellet the phage particles. The pellet was

then resuspended in TE buffer on ice and extracted first with an equal volume of buffer-
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saturated phenol, followed by extraction with an equal volume of water- saturated

chloroform. Single-stranded DNA was precipitated by addition of an equal volume o17 .5

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

incubation at -2OoC for 2O min. Single- stranded DNA was recovered by centrifugation

and the pellet washed once with 95Vo (v/v) ethanol and2 times withT}Vo (v/v) ethanol.

The dried pellet was stored at -20"C until further use.

2.4.3. Restriction nuclease digestion

All restriction endonucleases and buffers used in this study were products of

Invitrogen. Restriction digestions were carried out at 37'C for 2-5 hrs in total volumes of

l0 pl, containing I pg RNAse, 1 ¡rl of 10X appropriate buffer provided by the supplier, -
1-5 pg DNA, and 0.5-1 pl (50 - 2,000 Units) of endonuclease. The 5'-phosphate groups

of vector DNA obtained from single restriction digests were removed by 72.5-25 units of

calf intestinal alkaline phosphate (Invitrogen) added during the cleavage reaction.

2.4.4. Agarose gel electrophoresis

Electrophoresis of restriction endonuclease digested DNA was performed

according to Sambrook et al. (1989). Agarose gels prepared in TAE buffer (40 mM Tris-

acetate and I mM EDTA, pH 8.0), containing 1% (w/v) agarose, and 0.1 ¡rglml ethidium

bromide was cast in Bio-Rad Mini Sub Cell plexiglass horizontal electrophoresis trays

(6.5 cm x 10 cm). Samples of 10 pl volumes are mixed wrthz ¡rL Stop buff,er (4}%lvlvl

glycerol, 10mM EDTA pH 8.0, 0.25Vo [w/v] bromophenol blue). 1 kb DNA Ladder or 1

kb Plus DNA Ladder (Invitrogen) were used as molecular weight size standards.
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Electrophoresis was carried out at 50-60 mA constant current in TAE buffer, usually until

the bromophenol blue dye front had migrated two-thirds of the length of the gel.

Following electrophoresis, DNA bands were visualized with ultraviolet light using a

(Bio-Rad) Gel Doc 1000.

2.4.5. Ligation

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

the Gene clean DNA extraction kit (M Bio.) according to the instructions supplied by the

manufacturer. Ligation of insert DNA was carried out according to Sambrook

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

volumes, containing 1 unit of T4 DNA ligase (Invitrogen), and the manufacturer's

supplied buffer. Ligation mixtures were incubated overnight at 15"C. A sample with no

insert DNA added was used as the control.

2.4.6. Transformation

Transformation of E .colí cells with the various plasmids was performecl

according to Chung et aI. (1989). Cells grown in tubes containing 5 ml LB medium to

exponential phase (2-41ú) were harvested by centrifugation and made competent by

resuspension in 500 ¡rl ice-cold 0.1M CaClz for 30 min on ice.2-10 ¡rg DNA was usually

added to 100 pl of this cell suspension, followed by a further 30 min incubation on ice,

and a 90 s heat shock at 42"C. LB medium (0.9 ÍìI) was then added to the cell suspension

and incubated at 37"C for 60-90 min without aeration. The mixture ìvas then either

spread-plated, or (in the case of ligation mixture transformations) mixed with 3 ml molten
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(50'c) R-Top agar (0. r25 g yeast extract, 1.25 g tryptone, lg Nacl, lg agar per 125 rnl

volume with 0.25 ml lM CaClz and 0.42 rcl3}Vo glucose sterile solutions added for

autoclaving) and poured onto ampicillin-containing LB plates.

2.4.7. DNA sequencing

DNA sequencing was carried out according to Sanger et al. (1917). Sequencing

was carried out manually with double stranded DNA templates using primers shown in

Table 2.2.To prepare a double stranded DNA template, 5 ¡^rg plasmid DNA was

resuspended and denatured in a 40 ¡rl volume of 2 M freshly prepared NaOH. This

mixture was incubated for 10 min at37oC, and then reprecipitated by addition of l0 pl 3

M sodium acetate, pH 4.8 and 140 pl ice-cold 95Vo ethanol. Following incubation at -

20"C lor 30 min, the DNA pellet recovered by centrifugation, washed once with 1 ml

957o ice-cold ethanol, and once with 0.2 rnITTVo ice-cold ethanol, and then evaporated to

dryness under vacuum. Annealing and sequencing reactions were carried out using a T7

sequencing kit (USB Corporation, USA) according to the specifications of the supplier

and using 5-15 pCi ¡S351 aane (NEN-Dupont). Reaction mixtures \ryere separated and

resolved on ïVo (w/v) polyacrylamide vertical slab gels containing 7 M urea, 0.13 M Tris,

0' 13 M boric acid, and 10 mM EDTA. Electrophoresis was carried out at lg-24 mA

constant current in TBE buffer (90 mM Tris, 89 mM borate ,z.z nly'^EDTA) for 1.5_5 h

as required. Dried gels were exposed to X-ray film (Kodak X-OMAT AR) overnight, in

order to visualize the DNA bands.
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2.4.8. fn vitro mutagenesis strategy

Site-directed mutagenesis of E coli katE was done according to the methodology

described by the Kunkel et aL (1987). A simplified restriction map of E. coli katE that

indicates the location of individual subclone fragments is shown in Fig 2.I.The

subclones rather than the whole gene were mutagenized to limit the amount of

sequencing needed for mutant charactenzation. Target codons for mutagenesis were

selected from the DNA sequence of katE shown in Fig 2.2.The DNA sequences of the

oligonucleotides used for mutagenesis are listed in Table 2.2.Mutagenesis was

performed by annealing the phosphorylated oligonucleotides encoding the desired base

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

appropriate Bluescript phagemid subclone, propagated on the dut- ung- CJ236 strain. The

complementary DNA strand was then synthesized in vitro by unmodified T7 DNA

polymers (New England Biolabs) using the annealed oligonucleotide as the primer. The

3'and 5'ends of the completed complementary strand were ligated by adding T4 DNA

ligase (Invitrogen) in the reaction mixture. The double-stranded DNA was then

transformed into NM522 strain so that the uracil-containing DNA strand was degraded.

Plasmid DNA recovered from this strain was used to screen for the desired mutation in

the plasmid subclone by DNA sequencing. Once the desired mutation was identified, the

complete sequence of the subclone was ascertained to ensure that no other base changes

had been introduced. The mutated subclone was then used to constructthe entire katE

gene, which was transformed into UM255 for determination of. enzyme activity and
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Figure2.1. Simplified restriction map of the cloned 3466bp chromosomal insert in pAMKatEiZ.TheZZ5g nucleotide long katE
open reading frame 1ffi) is shown as part of the chromosomal insert (E) as are the thiee subclones (I, tr, IfÐ employed in site
directed mutagenesis. (redrawn from von Ossowski et aI.,I99I\.
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Table 2.2. Oligonucleotides and katE restriction fragments used in oligonucleotide-directed mutagene sis of kat1.

Mutant

V169I

V169F

V169W

R18OA

Rl8OK

D181A

D1815

D18IE

D181Q

D18lN

D181I

D181W

Sequence Change

(GTT---+ ATT)

(GTT--+TTT)

(GTT-+fÇ6¡

(CGT--+GCT)

(CGT+¿"ç4¡

(GAT-+AÇ1¡

(GAT-+fÇf;

(GAT-+Ç4"q¡

(GAT+CAA)

(GAT---+tu{1¡

(GAT--+dff¡

(GAT--+TGG)

(CAT---+AAT,
GAT-+ÇQ1¡

TTCTCTACCATTCAGGGTGGT

TTCTCTACCTTTCAGGGTGGT

TTCTCTACCTGGCAGGGTGGT

GATACCGTG G CTGATATCCGT

GATACCGTGAAAGATATCCGT

ACCGTGCGTGCTATCCGTGGC

ACCGTGCGTTCTATCCGTGGC

ACCGTGCGTGAAATCCGTGGC

ACCGTGCGTCAAATCCGTGGC

ACCGTGCGTAATATCCGTGGC

ACCGTGCGTATTATCCGTGGC

ACCGTGCGTTGGATCCGTGGC

CGTATTGTTAATGCACGCGGA
ACCGTGCGTG CTATCCGTGGC

Oligonucleotideu

H128N/
D181A

HindItr-EcoRI ( 1246- 1 856

HindIII-EcoRI ( 1246-1 856)

HindItr-EcoRI ( i246-1856)

HindItr-EcoRI ( 1246- i 856)

HindItr-EcoRI ( 1246- 1 856)

HindItr-EcoRI (1246- 1856)

HindItr-EcoRI ( 1246- 1 856)

HindItr-EcoRI ( 1 246- i 856)

HindItr-EcoRI ( i 246- 1 856)

HindItr-EcoRI ( 1246-1 856)

HindItr-EcoRI (1246-1 856)

HindIII-EcoRI ( 1246-1 856)

Pstl-Hindltr (I-1246)
HindItr-EcoRI (1246-1 856)

Restriction fragment



5234A

5234D

S234N

5234I

E53OA

E53OI

E53OD

8530Q

D181C

5234C

R26OC

I274C

S421C

(AGT+ÇQf)

(AGT--+Çtrf)

(AGT---+AAT)

(AGT-+{ff)

(GAG--+Qef)

(GAG--+trff¡

(GAG-+Qdf)

(GAG--+QtrÇ¡

(GAT---+TGC)

(AGT---+TGC)

(CGC---+fÇÇ)

(ATT--+fÇÇ¡

(AGT-+fAÇ;

CAAGGGCAAGCTGCCCACGAT

CAAGGGCAAGATGC CCACGAT

CAAGGGCA A AÄTGCCCACGAT

CAAGGGCAAATTGCCCACGAT

TTCAGTTTTGCTTT AAGC AAA

TTCAGTTTTATTTTAAGCAAA

TTCAGTTTTGATTTAAGCAAA

TTCAGTTTTCAGTTAAGCAA A

ACCGTGCGTTGCATCCGTGGC

CAAGGGCAATGCGC CCACGAT

ATGTCGGATTGCGGCATCCCC

GGCTTCGGTTGCCACACCTTC

ACAC AJAATCTG CCGTCTTGGT

u The sequence in bold is the codon that has been modified.

HindIII-EcoRI ( 1246- 1 856)

HindItr-EcoRI ( 1246-1856)

HindIII-EcoRI ( 1246- 1 856)

HindIII-EcoRI (1246- 1 856)

EcoRI-ClaI (185 6 -3 466)

EcoRI-ClaI (18 5 6 -3 466)

EcoRI-ClaI (185 6-3 466)

EcoR[-ClaI (18 5 6 -3 4 66)

HindItr-EcoRI (1246- 1856)

HindIII-EcoRI (1246-1 856)

HindItr-EcoRI ( 1246- 1 856)

HindIII-EcoRI (1246- 1 856)

EcoRI-ClaI ( 1 856-3466)

49
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Figure2.2. The DNA sequence and corresponding amino acid sequence of. E. coli
katU showing the restriction sites and the target codons selected for
mutagenesis in this study. The sequencing primers used are also shown (in
alphabetical order). (Sequence from von Ossowski et a1.,1991).

Escheríchía colí katE (HPII or Katt)

C TGCAGC CTTTCTTTAAAAGAGTC GAAAG C CAGGC TTTTAATATTTAAATCAC CATAATT 6 O

GAC GIC GGAAAGAAATTTTCTCAGC TTTC G GTC C GAAAATTATAAATTTAGTG GTATTAA
PstI

A C TC TGTATTAAGTTTGTAGAAAACATCTC C C GC CTCATATTGTTAACAAAATTATTATC 120
TGAGACATAATTCAAACATCTTTTGTAGAGGGCGGAGTATAACAATTGTTTTAATAATAG

TCATTTAAATCTAAGTCATTTACAATATAAGTTTAAGAG C GAC GC CACAGGATGAACTAT 1 B O

AGTAAATTTAGATICAGTAAAIGTTATATTCAAATTCTC GCTGC GGT GT C CTAC TT GATA

CAAAAATAGCTCATCAÏGATTAGCAAAACTTAACCATTTTAAAATAAATAAACAATTAAA 240
GTTTTTATC GAGTAGTACIAAICGTTTTGAATTGGTAAAAITTTATTTATTTGTTAATTT

GAAAAAAGATCACTTATTTATAGCAATAGATC GTCAAAGGCAGCTTTTTGTTACAG GTGG 3 O O

CTTTTTTC TAGTGAATAAATATC GTTATCTAG CAGTTTC C GTC GAAAAACAATGTC CAC C

TTTGAATGAATGTAGCAAC GAAATACAGAATTTCAGGTCATGTAACTC C C GGCAAAC C GG 3 6 O

AAACTTACTTACATCGTTGCTTTATGTCTTAAACTC CAGTACATTGAGGGCCGITIGGC C

GAGGTATGTAATCCTTACTCAGTCACTTCCCCTTCCTGGCGGATCTGATTTGCCCAACGT 420
CT C CATACATTAGGAATGAGTCAGTGAAGG GGAAGGACC GC CTAGACTAAAC GG GTT GCA

TGGGCAGATTCAGGCACAGTAAAC GC C GGTGAGC GCAGAAATGACTCTC C CATCAGTACA 4 BO

AC CC GT CTAAGTC C GIGTCATTTGC GGCCACTC GC GTCTTTAC TGAGAGGGTAGTCATGT

AAC G CAACATATTTGC CAC GCAGCATC CAGACATCAC GAAAC GAAT C CATCTTTATC GCA 5 4O
TT GC GTTGTATAAAC GGTGC GTC GIAG GTCTGTAGTGCTTTGC TTAGGTAGAAATAGC GT

TGTT C TGGC GGC GC GGGTTC C GTGC GTGGGACATAGCTAATAATCTGGC GGTTTTGCT GG 6 O O

ACAAGAC C GC C GC GC C CAAG GCACGCAC C CTGIATC GATTATTAGAC C GC CAAAAC GA C C

C GGAGC GGTTTC ÏTCATTACTGGCTTCACTAAAC GCATATTAAAAATCAGAAAAACTGTA 6 6 O

GCCTCGC CAAAGAAGTAATGACCGAAGTGATTTGCGTATAATTTITAGTCTTTTTGACAT

ff+

GTTIAGC C GATTTAGC C C CTGTAC GTC C C GCTTIGC GTGTATTTCATAACAC C GTTTC CA 7 20
CAAATC GGCTAAATC GGGGACATGCAGGGC GAAAC G CA CATAAAGTATTGTGGCAAAGGT

l+ (14?)

GAATAGTC TC C GAAGC GGGATCTGGCTGGTGGTCTATAGTTAGAGAGTTTTTTGAC CAAA 7 BO

CTTATCAGAGGCTTC GC C CTAGAC C GAC CAC CAGATATCAATCTCTCAAAAAACTGGT TT

M S Q H N E K (7)
ACAGC GGC C CTTTCAGÏAATAAATTAA.GüA CìAC GAGTTCAA-i{ìTC GCAACATAAC GAAAA B4O
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TGTCGC CGGGAAAGTCATTATTTAATTC CTCTGCTCAAGTTACAGCGTTGTAITGCTTTT

N P H Q H Q S P L.I D S S E A K P G M D

GAAC C CACATCAGCAC CAGTCAC CACTACAC GATTC CAGC GAAGC GAAAC C GGGGATGGA
CTTGGGTGTAGTC GTGGTCAGIGGTGATGTGCTAAGGTC GC TTC GC TTTGGC C C C TAC C T

$+

SLAPTDGSHRPAAEPTPPGA
CTCACTGG CAC CTGAGGAC GGC TCTCATC GTC CAGCGGC TGAA C CAACAC C GC CAGGTG C
GAGTGAC C GTGGACTC CTGC C GAGAGTAG CAGGTC GC C GACTTGGTTGTGGC GGTC CAC G

QPTAPGSLKAPDTRNIKLNS
ACAAC CTAC C GC C C CAGGGAGC CIGAAAGC C C C TGATAC GC GTAAC GAAAAACTTAATTC
TGTTGGATGGC GGGGTC C CIC GGACTTTC GGG GACTATGC GCATTGCTTTTTGAATTAAG

LEDVRKGSENYALTTNQGVR
TCTGGAAGAC GTAC GCAAAGGCAGTGAAAATTATGC GC TGAC CACTAATCAGGGC GIGC G
AGAC CTTCTGCATGC GTTTC C GTCAC TTTTAATAC GC GACTGGTGATTAGTCC C G C AC G C

I A D D Q N S L R A G S .R G P T L L E D
CATC GC C GAC GATCAAAAC TCACTG C GIGC C GGTA GC C GTGGTC CAAC GCIGCTGGAAGA
GTAGC GGCTGCTAGTTTTGAGTGAC GCAC GGC CATC GGCAC CAGGTTGC GAC GAC C TTCT

C-

FiLREKiTHFDHERIPERIV
TTTTATTCTGC GC GAGAAAATCAC C CAC TTTGAC CAIGAGC GCATTC C G GAA C GTATTGT
AAAATAAGAC GC G CTCTTTTAGTGGGTGAAA C TGGTACTC GC GTAAGGC C TTGCATAACA

HARGSAAHGYFQPYKSLSDI
TCATGCAC GC GGATCAGC C GCTCA C G GTTATTTC CAGC CATATAAAAGC TTAAGC GATAT
AGÏAC GTG C GC CTAGTC GGC GAGTGC CAATAAAGGTC G GTATATTTTC GAATTC GCTATA

Hí ndIII

TKADFLSDPNKITPVFVRFS
TACCAAAGC GGATTTC CTCTCA GATC C GAACAAAATCAC C C CAGTATTTGTAC GTTTC TC
ATGGTTTC GCCTAAAGGAGAGTCTAGGCTTGTTTTAGTGGGGTCATAAACATGCAAAGAG

TVQGGAGSADTVRDIRGFAT
TAC C GTTCAGGGTGGTGCTGGCTCTGCTGATAC C GTGC GTGATATC C GTGGCTTTGC CAC
ATGGCAA GTC C CAC CAC GACC GAGAC GACTATG GCACGCACTATAGGCAC C GAAAC GGTG

EcoRV D+

Q7)
900

(47 )

960

(67 )
I020

(87)
1080

(107)
1 140

(127 )
I200

(r47 )

1260

(167 )

1320

(187)
1380
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-AAA- ---RiBOK-

KFYTEEGiFDLVGNNTPIFF
CAAGTTCTATAC C GAAGAGGGTATTTTTGAC CTC GTTGGCAATAACAC GC CAATC TTC TT
GTTCAAGATATGGCTTCTCCCATAAAAACTGGAGCAACCGTTATTGTGCGGTTAGAAGAA

IQDAHKFPDFVHAVKPIPHl^J
T¡\TC CAGGATGC GCATAAATTC C C C GATTTTGITCATGC GGTAAAAC cAGAAc C GCACTG
ATA GGTC CTAC GC GTATTTAAGGGGCTAAAACAAGTA C GC CATTTIGGTCTTGGCGTGAC

D2-

AIPQGQSAHDTFl,JDYVSLQP
GGCAAITC CACAAGGGCAAAGTGC C CAC GATACTTTCTGGGATTATGTTTC ICTGCAAC C

C C GTTAAGGTGTTCCCGTTTCAC GGGTGCTATGAAAGAC C CTAATACAAAGAGAC GTTGG..3îi... .:i:iå-
.---AAT S234N*
----ATr- --.-5234I*
----TGG- ----S234tJ'

ETLHNVM|^JAMSDRGiPRSYR
TGAAACTCTGCACAAC GTGATGTG GGC GATGTC GGATC GC GGC ATC C CC C GCAGTTAC C G

AC TTTGAGAC GTGTTGCACTACAC C C GCTACAGC CTAGC GCC GTAGGGGGC GTCAATGGC

-TGC- ---R260C-

TMIGFGIHTFRLINAEGKAT
CAC CATGGAAGGCTTC GGTATTCACAC CTTC C GC CTGATTAATGC C GAAGGGAAGGCAAC
GTGGTAC CTTC C GAAGC CATAAGTGTGGAAGGC GGACTAATTA C GGCTTC CC TTC C GTTG

---TGC ----i274C-

F V R F H I^J K P L A G K A S L V I¡J D E A
GTTIGTAC GTTTC CAC TGGAAAC CACTGGCAGGTAAAGCC TCACTC GTITGGGATGAAGC
CAAACATGCAAAGGTGAC CTTTGGTGAC C GTC CATTTC GGAGTGAGCAAAC C CTACTTC G

AKLTGRDPDFHRRELt,lEAIT
ACAAAAAC ÏCAC C GGACGTGAC C C GGACTTC CAC C GC C GC GAGTIGIGGGAAGC CATTGA
TGTTTTTGAGTGGCCIGCAC TGGGC CTGAAGGTGGCGGC GCTCAACAC C CTTC GGTAAC T

AGDFPEYELGFQLIPEEDEF
AGCA GGC GATITTC CGGAATAC GAAC TGGGCTIC CAGTTGATTCCTGAAGAAGATGAATT
TC GTC C GC TAAAAGGC CTTATGCTTGAC C C GAAGGTCAACTAAGGACTIC TTCTACTTAA

EcoRI
KFDFDLLDPTKLIPIELVPV

CAAGTTC GAC TTC GATC TTCTC GATC CAAC CAAACTTAIC C CGGAAGAAC TGGIGCC C GT
GTTCAAGC TGAAGCTAGAAGAGC TAGGTTGGTTTGAATAG GGC CTTC TTGAC CAC GGGCA

tr-

(207 )

7440

(227 )

150 0

(247 )
1560

(267 )
1620

QB7 )
I 680

(307)
17 40

(327 )
180 0

(347 )
1 860

(367 )
1920



QRVGKMVLNRNPDNFFAENE
TCAG C GTGTC GGCAAAATGGTGCTCAATC GCAA C C C GGAIAACTTCTTTGCTGAAAAC GA
AGT C GCACAGC C GTTTTAC CAC GAGTTAG C GTTGGGC CTATTGAAGAAAC GACTTTTGCT

QAAFHPGHIVPGLDFTNDPL
ACAGGC GGCTTTC CATC CTG GGCATATC GTGC C GGGACTGGACTTCAC CAAC GATC C GCT
TGTC C GC C GAAAGGTAGGAC C C GTATAG CAC GGC C C TGAC C TGAAGTGGTTGCTAGGC GA

LQGRLFSYTDTQISRLGGPN
GTTGCAGGGAC GTTTGTTC TC C TATAC C GATACACAAATCAGTC GTCTTGGTGGGC C GAA
CAAC GTC C CTGCAAA CAAGAGGATATGGCTATGTGTTTAGTCAGCAGAAC CAC C C G GCTTr^^ ----5421C-

FHEIPINRPTCPYHNFQRDG
TTTC CAIGAGATTC C GAIIAAC C GTC C GAC CTGC C CTIAC CATAATTIC CAGC GTGAC GG
AAAGGTACTCTAAGGCTAATTGGCAGGCTGGACGGGAATGGTATTAAAGGTCGCACTGCC

G+ ----ccc ---c43BA-

M H RM G I D T N P A N Y T P N S i N D

CATGCATC G CATGGGGATC GACAC TAAC C C GGC GAATTAC GAAC C GAAC TC GATTAAC GA
GTAC GTAGC GTAC C C CTAGCTGTGATTGGGC C GCTTAATGCTTGGCTTGAGCTAATTGCT
SphI

N|,JPRETPPGPKRGGFESYQE
TAACTGGC C GC GC GAAACAC CGC C GGGGCC GAAAC GC GGCGGTTTTGAATCATAC CAGGA
ATTGAC C GGC GC GCTTTGTGGC GGC C C C GGC TTTGC GC C GC CAAAACTIAGTATGGTC CT

RVIGNKVRTRSPSFGTYYSH
GC GC GTGGAAGGCAATAAAGTTC GC GAGC GCAGC C CATC GTTTGGC GAATATTATTC C CA
C GC GCA C C TTC C GTIATTTCAAGC GCTC GC GTC GGGTAGCAAAC C GCTTATAATAAGGGT

PRLFl/\lLSQTPFEQRHIVDGF
TC C GC GTC TGTTCTGGCTAAGTCAGAC GC CATTTGAGCAGC GC CATATTGTC GATGGTTT
A GGC GCAGACAAGAC C GATTCAGTC TGC GGTAAACTC GTC GC GGIATAACAGC TAC CAAA.. H*

SFELSKVVRPYIRERVVDQL
CAGTTTTGAGTTAAGCAAAGTC GTTC GTC CGTATATTC GTGAGC GC GTIGTTGAC CA GC T
GTCAAAACTCAATTGCTTTCAGCAAGCAGGCATATAAGCACTCGCGCAACAACTGGTCGA

--GCT- ---E530Ar
--GAT -_--E530D-,
--ATT ----t530I*
--uAG ____E530Q

AHIDLTLAQAVAKNLGIILT
GGC GCATATTGATC TCACTC TGGC C CAGGC GGTGGC GAAAAATCTC GGTATC GAACTGAC
C C GC GTATAACTAGAGTGAGAC C GGGTC C GC CAC C GCTTTTTAGAGC CATAGC TTGACTG

DDQLNITPPPDVNGLKKDPS
TGAC GAC CAGCTGAATATCAC C C CAC CTC C GGAC GTCAACGGTCTGAAAAAG GATC CATC
ACTGCTGGTCGACTTATAGIGGGGTGGAGGCCTGCAGTTGCCAGACTTTTTCCTAGGTAG

LSLYAIPDGDVKGRVVAILL
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(387)
1 980

(407 )

2040

(427 )

2700

(447 )

2760

(467 )

2220

(487 )

2280

(507)
2340

(527 )

2400

(547 )

2460

(567 )
2520

(587)
2580

(607 )



CTTAAGTTTGTAC GC CATTC CTGA C GGTGATGTGAA.AGGICGC GTGGTAGCGATTTTACT 2640
GAATTCAAACAT GC GGTAAGGACTGC CACTACACTITC CAGC GCAC CATC G CTAAAATGA

I-

N D E V R S A D L L A I L K A L K A K G rc27)
TAATGATGAAGTGAGATCGGCAGAC CTTCTGGC CATTCTCAAGGC GCTGAAGGC CAAAGG 27 OO

ATTACTACITCACT C TAGC C GTCTGGAAGAC C GGTAAGAGTTC C GC GACTTC C GGTTTC C

V H A K L L Y S R M G E V T A D D G T V (647)
CGTTCATGCCAAACTGCTCTACTCCCGAATGGGTGAAGTGACTGCGGATGACGGAACGGT 27 60
GCAAGTAC GGITTGACGAGATGAGGGCTTAC C CACTTCACTGAC GC CTACTGC CAAGCCA

L P I A A T F A G A P S L T V D A V I V (667)
GTTG C CTATAGCC GCTAC CTTTGC CGGTGCAC CTICGCTGAC GGTC GATGC GGTCATTGT 2B2O

CAAC GGATAIC GGC GATGGAAAC GGC CAC GTGGAAGC GACTGC CAGCTAC GCCAGTAACA

P C G N I A D I A D N G D A N Y Y L M E (687)
C CCTTGC GGCAATATC GC GGATATC GCTGACAAC GGCGATGC CAACTACTAC CTGATGGA 2BBO

G GGAAC GC C GTTATAGC GC CTATAGC GAC T GTTGC C GCTACGGTTGATGATGGACTAC CT

----GUU ---C669A-

A Y K H L K P I A L A G D A R K F K A T (707)
i\GC CTACAAACAC CTTAAAC C GATTGC GC TGGC GGGIGACGC GC GCAAGTTTAAAGCAAC 29 40
TC GGATGTTTGTG GAATTTGGCTAAC GC GAC C GC C CACTG CGC GC GTTCAAAIITC GTTG

J+

I K I A D Q G E T G i V T A D S A D G S (727)
AATCAAGAIC GCTGACCAGGGTGAAGAAGGGATTGTGGAAGCTGACAGC GCTGAC GGTAG 3 O OO

TTAGTTCTAGC GACTGGTC C CACIICTTC C C TAACAC CTTC GAC TGTC GC GACTGC CATC

F M D E L L T L l'4 A A H R V t^, S R i P K (747)
TTTTATG GAT GAAC TGCTAAC GCTGATGGCAGCACAC C GCGT GTGGTCAC GCATÏC CTAA 3 O 6 O

AAAATAC CTA C TTGAC GATTGC GACTAC C GTC GTGTGGC GCACAC CAGTGC GTAAGGATT

I D K i P A * (753)
GATTGACAAAATTCCTGCCTGATGGGAGCGCGCAATTGCGCCGCCÏCAATGATTTACATA 3720
CTAACTGTTTTAAGGAC GGACTAC C CTC GC GC GTTAAC GC GGC GGAGTTACTAAATGTAT

GTGC GCTTT GTTTATGC C GGATGC GC GTGAAC GC CTTATCCGGC CTACAAAACTGTGCAA 3 1 BO

CAC GC GAAA C AAATAC GGC CTAC GC GCACTTGC GGAATAGGC C GGATGTTTTGACAC GTT

ATTCAATATATTGCAGGAAACAC GTAGGC CTGATAAGC GAAGC CATCAGGCAGTTTTGC G 3240
TAAGTTATATAAC GTC CTTTGTGCATC C GGACTATTC GCTTC GGTAGTC C GTCAAAACGC

TTTGTCAGCAGTCTCAAGC GGC GGCAGTTAC GC C GC CTTTGTAGGAATTAATC GC C GGAT 3 3OO

AAACAGTC GT CAGAGTTC GCC GC C GTCAATGC GGCGGAAACAIC CTTAATTAGCGGC CTA

GCAAGGTTCAC GC C GAT CTGGCAAACATC CTCACTTACACATC C CGATAACTC CC CAAC C 3 3 6 O

C GTTC CAA GIGC GGCTAGAC C GTTTGTAGGAGTGAATGIGIAGGGCTATIGAGGGGTTGG

GATAACCACGCTGAGCGATAGCACCTTTCAACGACGCTGATGTCAACACATCCAGCTCCG 3420
C TATTGGTGC GAC TC GCTATCGTGGAAAGTTGCTGCGAC TACAGTTGTGTAGGTC GAGGC

TTAAGCGTGGGAAACAGTAAGCACTCTGAC GGATAGTATTATC GAT 3466
AATTC GCAC C CTTTGT CATTC GTGAGACTGC CTATCATAATAGCIA

ClaI
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visualization of protein in whole cells by SDS-PAGE. Variants expressing HPtr-like

protein were then grown in large scale batches (4 -7 liters) for purification and

characterization.

2.5. Purification of HPII catalase

For whole cell assay used in determination of relative levels of protein expression

and catalase activity, plasmid containing cells were grown in 30 ml of LB medium in 125

ml shaker flasks at3J"C and 28'C for 16-20 hrs. Whole cell cultures were used for

enzyme assay and protein visualization was carried out by electrophoresis on sodium

dodecyl sulfate polyacrylamide gels (SDS-PAGE).

For large scale preparations, UM255 cells over expressing the desired protein

from the appropriate plasmid borne gene were grown in 4-6liters of LB medium, in 2

liter shake flasks (500 rnl LB per flask) supplemented with 100 ¡rg/rnl ampicillin for 20-

22 hrs at 28"C or L6-20 hrs at 37'C with good aeration. Isolation of HPII proteins was

done according to Loewen and Switala (1986) with modification.

Cells were harvested from the growth medium by centrifugation and the cell

pellet was kept at -60'C overnight. The cell pellet was then resuspended in 150-250 ml of

50 mM potassium phosphate buffer, pH 7.0, containing 5 mM EDTA. The cells were

disrupted by passing through a French pressure cell at 20,000 psi. The unbroken cells and

debris were removed by centrifugation, and to this crude extract was added streptomycin

sulfate to a final concentration of 2.5Vo (w/v). The resulting precipitates were removed by

centrifugation and discarded, solid ammonium sulfate was then added with gentle stirring
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to precipitate the desired protein. HPII and most of its variants were found to precipitate

in ammonium sulfate at 50-6OVo saturation. The pellets from 50 and 60Vo precipitations

were combined together and the mixture was heat treated at 55'C for 15 min and dialyzed

against 2 L of 50 mM of potassium phosphate buffer, pH 7.0 (Buffer A) overnight. The

dialyzed sample was then centrifuged and loaded on to a 2.5 cmx23 cmcolumn of

DEAE-cellulose A-500 (cellufine, Amicon) equilibrated with buffer A until the OD236 of

the eluting solution was below 0.05. The protein of interest was then eluted with 0-500

mM NaCl linear gradient in buffer A, usually in a final volume of 1 L, 80 drop fractions

were collected throughout and then the appropriate fractions were pooled and

concentrated under nitrogen using a protein concentrator (Model 8050, Amicon), using a

YM-30 (Amicon) membrane to a volume of 5 ml. The concentrated sample was then

dialyzed against lL of buffer A overnight. The purity of catalase was estimated

spectrophotometrically AasT/A2ss ratio (hemeþrotein) and by SDS-PAGE. If the rario was

found to be below 0.8, the protein was loaded on to a 2.5 cmx 15 cm hydroxyapatite

column (Bio-Rad) equilibrated with buffer A. Protein was eluted with 50-400 mM

potassium phosphate buffer, pH 7.0, from the column using 50 drop fractions throughout.

Selected fractions were then pooled and concentrated as before. If the purity of the

protein recovered from this HTP column still fell below 0.8, the protein was dialyzed in

100 volumes of 50 mM Tris, pH 7.0 (buffer c), overnight. Approximately, 5 mg of the

above protein was loaded for a single run on a Superose-l2 column (pharmacia)

equilibrated with 50 mM Tris, pH 7.0, 0.1 M NaCl (buffer D) and mounted on an FPLC

(Bio-Rad). The protein was eluted using an isocratic flow of buffer D at arate of 0.2

mVmin. Additional runs were done and eluted fractions from each run were pooled and
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concentrated as before. The purified protein, as determined from its hemeþrotein ratio

and visualized on a SDS-PAGE, was dialyzed against buffer A or buffer C, overnight.

Dialyzed samples were stored frozen in small aliquots of 0.5-1 ml volumes at -60'C.

2.6. Polyacrylamide gel electrophoresis

Denaturing SDS-PAGE was carried out according to Weber et al. (1912).

Polyacrylamide gels were cast as vertical slabs of dimensions 10 cm x 10 cm and 0.5 mm

thickness (mini gels) and consisted of 4Vo stacking andSVo separating gels. Samples

loaded usually contained about 10-20 ¡.rg protein for crude extracts or 2-4 Fg of purifïed

protein. Protein samples were mixed with an equal volume of sample buffer Q.a mg/fiú

NaH2POa, I0.2 mg d, Na2HPO4, l0 mg/ml SDS, 1.28 M 2-mercaptoethanol, 0.36 g/rnl

urea and O.ISVo bromophenol blue) and boiled for 3 min before loading. Samples were

run at 150 V constant voltage in a BIO-RAD Mini-Protean II electrophoresis system,

using a running buffer containing 14 g glycine,3 g Tris base, and 1 g SDS per liter. Gels

were stained for t hr in staining solution containing 0.5 glL Coomassie Brilliant Blue R-

250,30Vo ethanol and l)Vo acetic acid and destained with repeated changes of destaining

solution containing ISVo methanol and 7Vo acetic acid, until the background was clear.

Gels were soaked in a final destaining solution of 7Vo acetic acid and l7o glycercl, for a

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

plastic film and dried at 80'C for I hr on a slant gel dryer under vacuum (Savant),

Non-denaturing PAGE was carried out according to Davis (1964) with minor

modifications. Gels were cast as described for SDS-PAGE. but without the SDS

component in the mixtures. In order to visualize enzyme activity, samples
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coffesponding to I unit of catalase activity were loaded. Samples were mixed with equal

volumes of 2x sample buffer containing 10Vo (w/v) glycerol and 0.15Vo bromophenol

blue and were loaded without boiling. The running buffer for non-denaturing PAGE

contained 14 g glycine,3 g Tris base per liter. The method of Hedrick and Smith

(Hedrick and Smith, 1968) was used to determine the non-denatured molecular weights

of the truncated variants of HPII on different acrylamide gel concentrations of 7, 8 and

9Vo.Electrophoresis conditions were same as described for SDS-PAGE.

Gels were stained for catalase activity according to the method of Clare et al.,

(1984) with minor modifications. Gels were soaked in a solution of 50 prglrnl horseradish

peroxidase (Sigma) in 50 mM potassium phosphate, pH 7.0 for 45 min, then briefly

rinsed with water, incubated in 20 mM H2O2 for 10 min, and finally soaked in a solution

of 40 mg 3, 3'- diaminobenzidine (DAB) in 80 ml water containing 1ml glycerol.

Catalase activity was visualized as zones of clearing on a brown background. Color

development was usually complete within 30-60 min.

2.7. Catalase assay and protein quantitation

Catalase activity was determined by the method of Rørth and Jensen (\967) in a

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

amount of enzyme that decomposes I pmol H2O2in 1 min in 60 mM HzOzat37"C,pH

7.0, 1.8 ml of 50mM potassium phosphate buffer, pH 7.0 was added to the reactor

chamber followed by addition of 50 ¡rl H2O2 to a final concentration of 60 mM, incubated

for 0.5-1 min, at 37oC, then appropriately diluted enzyme samples or cell cultures were

added. Catalase activity as units/rnl was determined from the slope of the plot
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representing oxygen evolution. Specific catalase activity was expressed as units/ml per

mg purified protein or units/ml per mg dry cell weight. Protein concentration (mg/rnl)

was estimated spectrophotometrically based on A2s0/A26s ratios (Layne, 1957). Specific

activities were alwavs determined as the average of a minimum of two or more individual

determinations.

2.8. Absorption spectrophotometry

Absorption spectra were performed on a Pharmacia Ultrospec 4000 or a Milton

Roy MR3000 spectrophotometer. Spectra were obtained at ambient temperature in I ml

qtJartz, semi micro cuvettes. Protein samples were in 50 mM potassium phosphate buffer,

pH 7.0 or 50 mM Tris pH 7.0; the same buffer was used as a reference. Data was then

transferred to Sigma Plot computer software for preparation of spectra.

2.9. Hemochromogen characterization

Heme extraction and characterization were carried out according to Loewen et al.

(1993).50 ¡rl of protein sample (-1 mg) is treated with 1 mI acetone-Hcl (10 ml acetone,

13 ¡rl concentrated HCI) for 1 min at room temperature. The sample was centrifuged and

supernatant was transferred to a fresh tube and neutralized by adding 8 ¡rl 1M NazCOs,

mixed and centrifuged. The supernatant was lyophilizedin a speed vacuum (Savant).

Lyophilized samples were stored at -20'C until ready for use. For I{PLC analysis,

samples were redissolved in 50 prl of Buffer B (containi ng 48Vo methanol, 48Vo

acetonitrile and 4% acetic acid), them 50 ¡rl of HPLC grade water was added, mixed,

centrifuged and supematant transferred into the tubes made for automatic sample



60

injection (Waters Corporation, MA, USA). Samples were loaded on a 4.6 x 250 mm

column packed with Whatman 5 pM ODS-3 (C18 coated, Altech HPLC column) and

eluted with a gradient of 24: 24: 4:48 to 48: 48: 4:0 methanol / acetonitrile I acetic acid /

water in a Waters HPLC system with detection at 390 nm. For preparation of elution

profiles, data collected were transferred to Sigma Plot computer software.

2.L0. Effect of inhibitors

The effects of NaCN and NaN¡ on the catalase activity of the truncated variants of

HPII were studied. In the case of activity assays various concentrations of NaCN and

NaN¡ were incubated with the enzyme for 1 min in the reaction chamber, prior to

initiation of the reaction by addition of H2O2into the reaction cell. The cysteine variants

were subjected to inhibition studies by the thiol reagent, B-mercaptoethanol (MSH). For

this assay the variants were incubated with the MSH at37'C for various time intervals

before assay. The concentration of MSH in the reaction chamber for all assays was kept

constant at 5 mM. To test the reversibility of inhibition, the variants that were incubated

for various time intervals and then dialyzed against lliter of 50 mM potassium phosphate

buffer, pH 7.0, with two changes of the dialysis buffer every 3 hrs, before re-assaying.

2.11,. Determination of sulfhydryl groups

The number of sulftrydryl groups in HPtr catalase was determined

spectrophotometrically using 5,5'- dithiobis - (2-nitrobenzic acid) [DTNB] (Ellman,

1959). Sulftrydryl groups as non-denatured protein were quantitated using 5-10 mM

protein in I ml of 50 mM potassium phosphate, pH 8.0 to which was added 20 ml of 10
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mM DTNB solution. The Aa12 values were determined after 5-10 min at room

temperature. The amount of sulfhydryl group was calculated using an extinction

coefficient of 13,600 M-r cm-l for DTNB product. The ratio of sulftrydryl groups to

subunits was then determined by using a molecular weight of 84,000 per HPtr subunit.

For determining the sulftrydryl groups on denatured protein (V/ardell, 1974),5-10 mM

protein was treated with 20 rnl of 0.5N NaOH, incubated at room temperature for 3 hrs

and the mixture neutralized with an equal volume of 0.5 N HCI prior to assay.

2.12. Conditions of proteolysis

Limited digestions of HPII, BLC and HPI were performed at37"c in 50 mM

potassium phosphate, pH 7.0, for various times with trypsin, chymotrypsin and proteinase

K. The ratio of catalase to protease (w/w) is described for each experiment. Proteoiysis

was stopped by the addition of phenylmethylsulfonyl fluoride (1 mM).

2.13. Electrospray ionization time-of-flight mass spectrometry @sr-ToF-MS)

Mass spectrometric analysis of HPtr was kindly carried out by Dr. LG Donald.

Pure catalase protein was dialyzed into 100 mM ammonium acetate (Aldrich 99.999Vo)

by ultrafiltration in a Centricon 50 (Amicon). To determine the mass of the subunit, an

aliquot of protein was denatured by diluting to about 10 pM inTVo acetic acid and.SOVo

methanol and analyzed by electrospray ionization with a declustering voltage of 150 V

and nitrogen as the curtain gas. To examine the intact complex, a further aliquot of the

protein was diluted to 5 ¡rM subunit in 100 mM ammonium acetate. After proteolysis,

samples were again dialyzed into 100 mM ammonium acetate, using a Centricon 50 to
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remove the protease and the phosphate buffer. These samples were diluted in the same

manner as the intact protein. For each sample, a new New Objective PicoTip was cut to

the required length, rinsed with a small amount of sample, and then loaded with 3 ¡tL of

sample. Spectra were acquired with SF6 as the curtain gas, and the declustering voltage

that controls the kinetic energy of the ions in the interface, was varied from 100 to 400 V

in order to assess the stability of the complexes.

2.14. Conditions for crystal growth

Crystals of HPII and its variants were obtained at room temperature

(approximately 22eC) by the vapor diffusion hanging drop method, at aprotein

concentration of 10 to 15 mg/ml over a reservoir containing I}-ll%o PEG 3350

(Carbowax),1.2-l.8Vo LiCl (Fischer) and 0.1M Tris-HCl pH 9.0.
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3. REST]LTS

3.1. Construction and characterization of the main channel variants between I A

and 12Å

3.L.L. Introduction

In the active center of catalase HPII from E. coli, three of the highly conserved

residues that are important for catalysis include a histidine (His128) and an asparagine

(Asn201), both on the distal side of the heme, and a tyrosine (Tyr415) on the proximal

side, all deeply buried within a B-banel core. HPtr is also unique among catalases in

having two post-translational modifications in the vicinity of the active center, an

oxidized heme, in the form of a crs spirolactone, termed heme d (also found in other large

subunit catalases (Murshudov et al., 1996)), and a covalent bond between the Nô of

His392 and the Cp of Tyr415, the proximal side fifth ligand of the heme (Bravo et aI.,

1997). Both modifications are generated self-catalytically by the catalase, and seem to

require some degree of catalatic activity (Bravo et aI.,1999).

A large number of catalase [IPtr variants have been constructed, incorporating

changes into the catalytic residues, His128 and Asn201, as well as a diverse group of

other residues. The properties and structures of these variants have provided much

information about the catalytic mechanisms operative in the enzymq and about the

pathways by which substrate and reaction products access and leave the active site cavity.

For example, replacement of His 128 with any one of a number of residues results in

variants with no detectable activity or in variants that are defective in folding, such that

no protein accumulates (Loewen et al., 1993). The addition of substrateHzOz to such
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variants resulted in significant changes in the solvent matrix in the main channel leading

to the active site (oriented perpendicular to the heme) and to the localization of HzOz

molecules at three locations in the channel (Melik-Adamyan et a1.,2001).

The presence of H2O2 in the main channel and the relatively direct route provided

by the main channel to the heme suggests that it is the primary route for substrate

movement to the heme-containing active site. The situation in HPtr is complicated by the

elongation and possible bifurcation of the main channel caused by the C-terminal domain

and by evidence suggesting that a second channel, oriented laterally to the heme, may

play a role (Sevinc et al., L999). These complications notwithstanding, the main or

perpendicular channel remains the most likely route for substrate ingress and this is

supported by theoretical calculations of solute flow in the enzyme (Kalko et a1.,2001;

Amara et a1.,2001).

The essential histidine is located'within 4 Ä of the heme on its distal side.

Progressing along the main channel away from the heme, there are two other residues

that are conserved among all catalases, a valine and an aspartate (Val169 and Aspl81

using HPII numbering). V41169 is about 8 Ä from the heme in the narrowest section of

the channel and D181 is another 4 Ä further along the channel. The importance of the

valine to enzyme activity was investigated in yeast CATA revealing that replacement

with alanine reduced the catalatic activity but increased the peroxidatic activity

(Zarnocky et aI., 1995). This suggested that the dimensions of the channel are important

for controlling access of HzOz to the heme pocket. This concept was expanded upon in

the study of human catalase, which suggested that it was the length of the hydrophobic

region around the valine that selected for preferential HzOz entry (Putnarrl et a1.,2000).
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Residues in the channel further from the heme than the valine have not been investigated,

so site-directed mutaeenesis of the conserved residues D 1 8 1 and Rl80 situated, in and

around the "Molecull, *t"r" are done, to determine, whether they play any role in

catalysis.

3.1.2. Effects of changes to Val 169 situated S .Ä, from heme

A conserved valine is situated in the main channel of all catalases about 8 Å from

heme. Its side chain causes a constriction or nÍurowing of the channel to a diameter of

about ¡ Å that prevents any molecules much larger than HzOz from gaining access to the

active site heme. Changing this valine to alanine in yeast catalase CATA allowed an

increase in peroxidatic activity consistent with the concept that valine restricted access to

the active site. Counter intuitively, the valine to alanine change in both CATA and HPtr

also caused a decrease in catalytic activity, leading to the conclusion that dimensions of

the channel were critical in determining the rate of HzOz movement into the active site

(Mate et al., 1999). To investigate the effect of larger side chains at this location in HPII,

katEwas mutated to express the variants V169I, V169F and V169W. Purification and

charactenzation of variants Vl69I and Vl69F revealed activities that are I0-157o of wild

type (Table 3.1.1), even lower than those of the Vl694 and V1695 (Mate et a1.,1999),

The calculated turnover (hut/K*) values of the variant are less than that of the wild type

by an order of magnitude (Table 3.1.2) consistent with the larger side chains interfering

with substrate access to the active site. The absorption spectra of the variants revealed

incomplete heme conversion from heme b to heme d (Fig 3.1.1), which was also

confirmed by HPLC analysis of the extracted heme(s) (Fig.3.1.2). The Vl69W variant

did not accumulate protein, presumably because the larger side chain adversely affected
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Table 3.1.1. Catalase activity in crude extracts of cultures of E.coli UM255 producing
variants of HPII, and specific activity of purified catalase protein.

Variant Crude extract activity
(Unitsimg dry cell weight)
29"c" 370Cu

Purified enzyme
activity

(Units/mg)

Wild type

V169I

V169F

v169W

Rl80A*

Rl80Kx

D181A.

Dl8IS

D181E*

Dt8lQ*

D18lN

D181I*

D18lW

H128N/D1814

320 + 50

98 +20

60 +7

<0.1

146 + 45

223 + 40

14+5

44+13

300 + 70

28+6

18+7

12+4

<0.1

<0.1

440 + 45 19,100 + 900

170 + 25 3,730 + 400

75 + 7O I,470 + I20

<0.1 ND

90 + 38 77,200 + 1,150

68+9 22,700+1,650

79+6 810+60

98 +7 2,550 + 190

188 + l0 21.900 + 700

20 +3 I,770 +70

57+8 2,800+400

33+8 2,330+350

<0.1 ND

<0.1 7O +20

u Denotes the temperatures at which the cultures were grown for 16 - 20hr prior to
catalase assay.
* Large scale cultures for these proteins grown at28"C.
ND Not determined-
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Table 3.L.2. Comparison of the calculated and observed kinetic parameters of wild type
and HPII variant proteins.

Variant Observed Calculatedo

\/UY |nAX [HzOz]@V-*/2, mM V.*b K* (mM) hu,/K* s-'M-t

Wild Type

V169I

V169F

R18OA

Rl8OK

Di8lA

D1815

D181Q

D18lN

D18lE

D181I

100,780

29,000

12,460

40,600

102,000

19,000

25,700

30,700

32,000

125,000

3,100

54,020

7,970

4,410

42,340

732,580

5,000

7,880

24,810

11,910

61,820

1,478

1.14x 106

1.56 x 105

5.51 x 104

4.81 x 10s

0.85 x 106

3.24 x l}a

7.2'l x 10s

6.98 x 104

2.33 x l}s

0.80 x 106

1.39 xl}s

22r

516

310

85

98

1440

395

414

637

5t5

200

41

51

81

88

t57

154

62

355

51

85

2

uCalculated for HzOz < 100 mM.
b Units of V.* are pmol H2O2 pmol heme-l s-1
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Figure 3.1-.1. Absorption spectra of wild type HPtr and various variants. The left axis is
for the range from 350 to 550nm while the right axis is for the range from 550 to 750 nm.
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Figure 3.1.2. Elution profiies of heme extracted from HPtr (witd type), various variants
and bovine liver catalase (BLC) by C18 reverse phase HPLC chromatography. l,etters b
and d denote heme b and heme d respectively.
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TA

Figure 3.1.3. Effect of HzOz concentration on enzyme velocity of HPII and its variants.
In all panels the solid line represents the observed data and the dashed line represents the
theoretical Michaelis-Menten curve calculated from constants determined at low H2O2
concentration (Table 3.I.2.). Note the differences in the scales of the velocity axis (i.e. y-
axis).
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Figure 3.f .4. SDs-polyacrylamide analysis of purified HPII and variantcatalases.
Approximately 2¡t'g of samples were nrn onanS%o polyacrylamide gel and stained
with Coomassie brilliant blue.
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protein folding, and the misfolded protein was probably proteolyzed.

3.1.3. Effects of changes to Asp181 situated 12 Å from heme

Proceeding up the channel, Asp181 is present at a distance of - 4 Å from the

Vall69 and 72 Å from the heme prosthetic group. Asp181 is highly conserved in the

catalase sequences and is present with its side chain protruding into the channel directly

perpendicular to the heme iron. Initial mutagenesis of this residue to alanine resulted in a

variant exhibiting less than 5Vo of wild type activity. In order to investigate further the

role of Asp181, an extensive mutagenesis of this residue was carried out (Table 3.1.1, Fig

3.1.4). Variants Dl8iS, D18lQ, D18lN, D181I exhibited only 10-15Vo of activity

whereas the D18lE variant retained wild type levels of activity, suggesting that a

negatively charged side chain is essential at this position. Assay of crude extracts showed

that no HPtr-like protein accumulated for the Dl8lW variant (Table 3.1.1), indicating

that protein folding was defective demonstrating the narrowness of the channel in this

region. Visible absorption spectra and HPLC profiles of the extracted heme showed that,

except for D1818, the D181 variants contained heme b Gigs 3.1.1, 3.1rz). The specific

activity, observed V** and calculated hu, / K* are very low for these variants, with only

the Dl8lE retaining wild type acrivity and turnover rares (Tabte 3.!.2, Fig 3.1.3)

3.1.3.1. Crystal structure of D181 variants

In order to understand why a negative charge situated at 12 Å¡from the active site

heme is essential for the enzyme activity, the three-dimensional structures of the D 1 8 1

variants were determined at 2.2 Å\to 1.65 Ä. resolutions. The starting model was the

structure of native HPII, from which the substituted residue and neighboring solvent
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molecules were omitted. The refinement data and statistics are summarized in Table

3.1.4.

The primary structural change in the D1814, S and Q variants is in solvent

occupancy in the perpendicular channel. In native HPII, water 1 at the distal sixth ligand

is situated at a distance of about 2.5 Ãfrom heme iron but it is absent in the variants. In

addition, the solvent matrix in the upper part of the channel varies among the variants

(Fig 3.1.5.8 and Table 3.1.3).

D1818 retains wild type levels of activity showing that anegatively charged

residue is important at this position and the most interesting changes in this variant lie in

the vicinity of the Val 169 that forms the most hydrophobic section of the channel (Fig

3.1.5.C) and in the presence of water 1 in all 4 subunits. The side chain of Val 169 is

located at the narrowest part of the main channel and only one subunit of wild type HpII

has a water (3b) in this region. The variant has two waters 3a and 3b in this hydrophobic

section, establishing a continuous chain of hydrogen bonded solvent molecules

throughout the entire channel leading to water 1 (Table 3.1.3).

3.1.4. Effect of changes to Arg180

Arg180 is anotherhighly conserved residue in catalases, and even though it is

adjacent to Asp181, its side chain is oriented away from the channel and is situated

almost 20 Å from the heme. To determine whether the influence of residues in this part of

the channel is general or specific, katEwas mutated to express variants Rl804 and

R180K. Both presented wild type activities and turnover rates (Table 3.1. I and3.1.2).

HPLC profiles of the extracted heme also showed heme d, indicating that other residues

in the vicinity of D181 did not exert as great an influence on catalysis.
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Figure 3.1.5. Stereo diagrams of the water distribution in the main channel of native
HPtr (a), the D1814 variant (b), the D1818 variant (c), the Dl8le variant (d), and the
Dl815 variant (e). The zFo-F" electron density corresponding to the individual water
molecules is modeled at lo and shown as a blue wire mesh. The map for native HPII was
derived from PDB submission 1GGE and its associated structure factors. The numbering
scheme for the waters is the same as in Table 3.1.3 where the occupancy or B factors for
the various waters are listed.
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Table 3.1.3. 'Water 
occupancy in the main or perpendicular channel of catalase HpII

subunits listed as B-factor 1Å2¡. rrre positions associated with the water numberins are
shown in Fie 3.1.5.

Water # Subunit

i
2
aJ
À

5

6

8

9

10

1i
12

IJ
T4

i5
I
II
III

(b) Dl81A

)o.o
30.7
t0.7
28.0
7.7
7,1
15.3
16.1
8.8
19.3
33.6
30.1

5.1
4.0

Q.4ì\)

16.7
6.1

44.1
25.4
21.8
37.0
43.0
48.9
39.9

19.3
17.8

15.5

28.1

17.4

20.5
41.2
11.6
31.1
10.9

9.4
17.l
18.8
19.5
35.5
3t.3

7.1
6.1
8.9

Av.B factor

20.0
8.1
28.8
34.3
18.5
25.0

34.1

45.8

27.2
19.9

15.5

42.7
16.3

32.3
22.5
29.0
14.8
aa-JJ.J

18.6
\2.0
14.8

14.8

,o.t
4.8
5.0
6.4

26.2(protein)

22.7
15.1

31.3
28.0
25.4
aa /l
LL.-

33.4
41.8
38.0
13.3

18.8

fl.1

12.9

29.9
27.9
lo.4
24.1
6.6
4.7
13.4
10.9
13.8
tt.5
25.3

6.2
7.1
8.1

31.9 (water)

21.6
11.5
31.4
32.5
20.0
39.0

35.0
44.3

13.5
12.2
17.2

40.0
15.3

2
4
5
6
9
10

11

12

t3
15

I
il
m
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(c) D18lE

1

2
3a
3b
4
5

6
8

9
10
11

11b
t2
13

t4
15

I
TI

m

(d) D181Q

2
4
5

6

8

10

11

1lb
11c

t2
rzb
13

14

15

I
II
m

(1.8 Å)

35.1
26.5
44.6
34.0
35.0
37.8
16.0
20.7
12.6

26.6
24.8
30.1
19.2
27.5
36.2
34.4
10.4
9.0
tt.7

(1.6s Å)

14.1
18.0
22.8
18.1
23.5
37.r
19.4
23.0
22.9
19.6

30.3
25.9
34.4
56.2
13.5
tr.3
14.3

Av.Bfactor:

43.4
23.9
69.6
30.2
47.5
36.1
t7.0
22.8
15.8

33.6
28.2
35.8
20.9

37.4

10.3
11.5
13.6

Av.B factor:

t7.9
20.9
27.4
21.2
24.3
35.3
22.4

21.8
25.9
22.9
26.8

15.3

1i.5
14.2

16.7(protein)

44.2
28.4
39.5

32.1
42.3
Jt.t
20.1
it-3
18.1

28.9
aa-JJ. I

)t.t

48.9

48.9

9.7
t4.0
10.1

18.8(protein)

18.1

24.4
27.0
18.9

27.4
39.1
2r.4
23.4
25.1

24.0
27.4
23.5
3t.6
38.6
72.9
14.2

14.6

26.2(water)

46.1
29.4
43.7
25.4
4t.l
32.7
16.5
Ll.4
14.9

24.1
20.4

23.7
30.9
28.4

14.1

7.9
t3.3

31.2 (water)

14.6
20.6
24.9
18.2

22.3
39.6
t8.7
22.9
20.2
24.5
31.2
26.6

ìt n
13.l
13.2
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(e) Di81S

2
À+
4b
J
6

8

9
10b
11

12
13

14
I
II
ru

Q.2 Ã)

22.9
13.9

25.r
39.0
25.3
33.2
16.5
44.8
34.7

43.8

t2.0
t0.l
tt.l

Av.B factor:

18.8
14.2
23.2
47.5
27.2
32.2
13.7
40.8
3r.3

46.8

13.6

16.4
r0.7

22.5 (protein)

20.6
2t.3
26.6
53.9

33.9
31.0
16.1

38.4

44.1

44.1
13.8
15.5

11.5

29.6 (water)

16.0

13.9
25.6
54.9

19.7
32.1

40.1

J t.3

t2.5
lt.2
13.5



Table 3.1.4. Data collection and structural refinement statistics for Asp181 variants of Hptr

A. Data collection statistics

Space group

Cell: a (Ä)

b (Ä)

c (Ä)

BO

Resolution range (Ä)

Unique reflections

Completeness (7o)

<I /o (I)>

Rry- (7o)b

B, Refinement statistics

Working set

D181A

P2t

93.tI

132.50

12t.49

D181S

P2t

109.5

29.8-2.4(2.49-2.4)^

105,579 (7,994)

96.e (93.8)

10.6 (3s.7)

9

93.34

132.88

r2t.45

Di81Q

P2t

93.76

T33,13

122.50

109.5

29.8-1.65(1.1r-1.65)

323,591(23,749)

9s.r (7e.0)

s.0 (46.s)

109.4

29.8-2.2(2.27-2.2)

138,759 (11,109)

99.r (e4.6)

7.1 (21.4)

86

D181E

PZt

93.38

132.86

t22.04

t00,246 (7,579) r3l,6lt (10,519) 30l,rgr (22,519) 239,324 (rg,51g)

109.5

29.9-1.8 (1.86-1.8)

25I,9LI(20,645)

98.7 (93.6)

7.2 (36.7)



Free reflections

R"ryr, (%)"

R** (Vo)

No. of non-hydrogen atoms

Protein

Water

Heme

Rmsdfrom ideality

Bond lengths (Ä)

Bond lengths (deg.)

Planarity (Å.) (peptide)

(aromatic)

Est. coordinate error (Luzzati) (Å,)

Averaged B factor (42)

Main chain

Side chain

5,332 (4I5)

r4.4 (r8.1)

22.s (27.8)

6,965 (590)

rs.2 (r7.4)

2r.6 (2s.2)

1) O'l')

2,761

112

16,400 (1,171)

17.4 (23.3)

20.6 (26.1)

0.012

a/1/¿..+

0.024

0.012

0.20

22,976

^ --a

t72

12,587 (1,066)

r7,x(23.2)

2r.8 (26.s)

22,988

172

0.072

2.0

0.023

0.0r2

0.18

ól

26.2

26.2

22,988

3,012

r76

0.008

t.6

0.020

0.007

0.17

22.2

22.7

0.011

t.6

0.022

0.010

0.18

t8.2

19.5

16.3

n.r



Water

u values in parentheses coffespond to the highest resolution shell

o Rrr* = Xr,u E¡ | Inu¡-< I r,u>l/Im< I¡u >

"R"o"=IllFouJ-lF"a"lllIlF"uJ'R¡""isasforR"o.,butcalculatedforatestsetcompromisingreflectionsnotusedinrefinement

(5Vo).

3 1.9 29.6 3r.2 26.2

88
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The double variant H128N/D1814 has been constructed to verify whether the

negative charge at D181 is essential for the presence of water 1 and for solvent

occupancy in the channel compared to the H128N variant (Melik Adamyan et a1.,2001),

which exhibits high solvent occupancy in this region. Not surprisingly the double variant,

was completely inactive (Table 3.1.1).
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?) Construction and characterization of the main channel variants between

12 Ã,and,20 Ã,

3.2.L. Introduction

In catalase HPII, the interaction of subunits along the R axis, specifically the

wrapping of the C-terminal domain around the B-barrel core of the adjacent subunit,

increases the effective length of the main channel to - 50 Å, ftom}5.Å. to ¡O Å in small

subunit catalases. For example, in Saccharomyces cerevesiae catalase, Proteus mirabilis

catalase and Pseudomonas syringae catalase, the channel is - 30 Å in length (Mate et al.,

1999; Gouet et a1.,1995; Carpena et a1.,2003), and in human erythrocyte catalase it is -
25 Ì¡inlength (Putnam et a1.,2000). The channel is lined with hydrophilic groups over

most of its length except for the final 12 Ä. leading to the heme where hydrophobic

residues predominate (Fita and Rossmann 1985).

The conservation of a relatively narrow and hydrophobic portion of the channel

just above the heme, seems to be related to or may actually affect the enzymatic

efficiency of catalases. To date most structure-function studies of the main channel have

targeted residues in the lower part of the channel, in and a¡ound the active site. Further

more molecular dynamic calculations have showed the external part of the main channel

to be the most flexible part in the protein (Kalko et a1.,2001)t.In order to study the role of

residues bordering the channel more distant from the heme, a number of HPII variants

were constructed and charactenzed.
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3.2.2. Effects of changes to Ser234 situated 16 Å from heme

Ser234 is situated about 4 Å. above the conserved Asp181 or about 16 Å. from the

heme. In wild type HPII, the CHz-OH of Ser234 is hydrogen bonded to waters 6 and 8

(Fig 3.1.5.a), suggesting that it may be important in stabilizing the solvent matrix in this

part of the channel. Replacing serine with the non-polar alanine (52344) decreased

activity by 5OVo,while replacement with polar residues such as Asp or Asn reduced

activity only 20-30 Vo compared to wild type (Table 3.2.1).Introduction of the bulkier

tryptophan at this position (S234U/) resulted in barely detectable levels of activity (Table

3.2.1) and no significant protein band corresponding to catalase on SDS-PAGE gels from

crude extract (data not shown). The SDS-PAGE gel of the purified variants is shown in

figure 3.2.1. The S234I variant did accumulate protein and showed 2OVo ofwild type

activity. The visible absorption spectra of this variant was consistent with the presence of

heme b, whereas the other s234vañants all contained heme d (Fig 3.2.2), afact

confirmed by HPLC analysis of the exrracred heme(s) (Fig3.2.3).

The observed kinetic parameters of the 5234A, 5234D and S234N variants are

similar to the wild type, whereas the 52344 variant exhibited a lower observed þ* value

(Table 3.2'2.). The S234I variant differed in having higher observed and calculared k-

and V** (Fig.3.2.a.). The initial crystallization scans on the S234lvariant are promising

with good quality crystals available for X-ray diffraction (Fig.3.2.5.).
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Table 3.2.1. Catalase activity in crude extracts of cultures of E. coliUM255 producing
variants of HPII, and specific activity of purified catalase protein.

Variant Crude extract activity
(Units/mg dry cell weight)
2gocu 370Co

Purified enzyme
activity

(Units/mg)

Wild type

5234A

s234D.

5234I

S234N

s234V/

E53OA

E53OD

E530I-

Es30Q

320 + 50

180 + 15

l3O +20

6O +25

2lO + 30

5+4

185 + 15

I45 + 40

145 + IO

180 + 45

440 + 45

160 + 15

40+15

100 + 10

160 + 40

l0 +2

245 + 65

200 + 50

40+15

240 + 50

19,100 + 900

10,800 + 440

13,150 -r 850

2,810 + 400

16,000 + 700

ND

11,290 + 1200

10,100 + 880

6,900 + 400

7,420 + 700

u Denotes the temperatures at which the cultures were grown for 16 - 20frprior to
catalase assay.
* Large scale cultures for these proteins grown at28"C.
ND Not determined.
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Table 3.2.2. Comparison of the calculated and observed kinetic parameters of wild type
and HPII variant proteins.

Variant Observed Calculatedu

\/bY max [HzOz]@V-*/2, mM V-*o Km (mM) hu/K- s-tM-r

Wild Type

52341^

5234D

52341

S234N

E53OA

E53OD

E53OI

8530Q

100,780

88,800

100,500

762,700

84,900

182,000

7r,200

96,500

75,000

54,020

25,560

54,620

727,333

45,560

90,233

43,720

33,250

29,733

47

aaJJ

r02

1,286

74

188

47

138

68

1.14 x 106

7;74 x 10s

5.35 x 10s

9.90 x 104

6.15 x 105

4.79 x 70s

0.94 x 106

2.40 x l}s

4.37 x l}s

221

460

370

680

265

615

r66

Jt I

560

uCalculated for H2O2 < 100 mM.
b Units of V** are ¡rmol H2O2 pmol heme-l s-1.
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Figure 3.2.2. Absorption spectra of wild type HPII and various variants. The left axis is
for the range from 350 to 550nm while the right axis is for the range from 550 to 750 nm.
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3.2.3. Effect of changes to Glu530 situated 20 Å. from heme

In HPtr, the side chain of 8530 is situated about 4 Å from Ser234 and is hydrogen

bonded to waters 8 and 10. The possible importance of this residue was suggested by its

interaction with HzOzin the inactive variant H128N (Melik-Adamyan et a1.,2001). In

fact there is a direct connection between the main channels of the two subunits (A & D

related by the molecular R-axis) originating from the E530 (Nicholls ¿r at.,2001).To

investigate the role of E530 kntEwas mutated to express E5304,8530D, E530e and

8530I' Purification and charactenzation of the variants revealed activities that are 40-

70Vo of wild type (Table 3.2.1;Fig.3.2.1). The kinetic parameters for E530D and E530e

both calculated and observed, were similar to those of the wild type. By contrast the

observed and calculated K* for E5304 and E530I were three fold higher than for wild

type (Table 3.2.2), while the calculated hut / K-value for E530I is lower than the wild

type (Fig. 3.2.4).

The heme component of wild type HPtr has been chaructenzed as cis-heme d

(Chiu et a1.,1989), and the proposal of Timkovich and Bondoc (1990) that heme d arose

from hydroxylation of protoheme catalyzedby HPtr, was confirmed (Loewen et al.,

1993). Poor culture aeration results in HPtr containing predominantly protoheme,

presumably because ín situþO2levels are lower. The visible absorption spectra of

8530D and E530Q variants revealed predominantly heme d but those of E5304 and

8530I suggested only partial conversion of protoheme to heme d (Fig. 3.2.2), afact

confirmed by HPLC analysis (Fig.3.2.3). Since the quantity of protoheme can vary

among preparations and the effectiveness of aeration during growth may have determined

extent of conversion. Attempts to convert the heme b in variants E5304 and E530I to



99

Figure 3.2.3. Elution profiles of heme extracted from HPtr (wild type) and variants
analyzed on C18 reverse phase HPLC chromatography. Letters b and d denote heme b
and heme d respectively. Samples treated with 100mM ascorbate are labelled as
(Ascorbate +).
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Figure 3.2.4. Effect of HzOzconcentration on enzyme velocity of HPtr and its variants.
In all panels the solid line represents the observed data and the dashed line represents the
theoretical Michaelis-Menten curye calculated from constants determined at low H2O2
concentration (Table 3.1.2). Note the differences in the scales of the velocity axis (i.e. y-
axis).
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heme d with ascorbate (100 mM for 60 min at 25C), the oxidation of which generates

low levels of H2O2 (Richter and Loewen, 1981) were unsuccessful with HPLC analysis

revealing no pennanent conversion of the protoheme (Fig. 3.2.3). Promising crystals of

85304 and E530D suitable for X-ray diffraction have been obtained to further their

characterization (Fig. 3.2.5).



Figure 3.2.5. Crystals of 5234I,85304 and E530D variants of HPII.
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Construction and characterization of the cysteine variants in the channels of

TIPII

3.3.1. fntroduction

Catalases are one of the most efficient enzymatic systems with turnover rates

reaching close to the diffusion limits (Ogura, 1955). The rapid turnover rates require an

efficient mechanism to allow H2O2 access to, and for the products to be exhausted from,

the deeply buried heme containing active site. The existence of more than one channel

suggests a directional flow model in which substrate can enter through one channel and

products can leave through a second or a third channel. Recent theoretical calculations of

solute flow in the enzyme (Kalko et a1.,2001; Amara et a1.,200I) suggest the main

channel to be the primary route for substrate ingress, but do not provide insight about a

possible route for substrate exhaust. The importance of channel architecture leading to

the active site is illustrated by the 2.5 fold increase in turnover rate in HpfI resulting from

the single change of A19260 to AIa located 20 Å. from the active site heme in the lateral

channel, a possible candidate for the exhaust channel (sevinc et aI., lggg).

Catalases generally have only a small number of cysteine residues. For example,

plant catalases have 6-8 Cys/60 kDa subunit, CatF from Pseudomonas syringae has no

cysteines, and the largest catalase HPtr with a subunit size of 84 kDa has only two

cysteines (C438 and C669). Only one cysteine, corresponding to Cys438 in HPII, was

found to be somewhat conserved (von ossowski et al.,1994;Kl,otz et a1.,2003), but

neither cysteine is in the vicinity of the active site, nor are they important for activity

(Sevinc et al.,1994). C438 situated close to the opening of the main channel was
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Figure 3'3'1' HPtr subunit showing the various cysteine(s). The side chains of clg1 andc234 in the main chann er; c26o unã czl + in rhe úter¿ cùánn"t; and c421in rheputative third channel are shown in yellow. Arrows represent the entrance of therespective channels. Figure prepared using (SETOR).
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found to be modified, but the exact nature of the chemical modification was not

determined (Sevinc et aI., 1994).In order to elucidate the direction of flow of substrate

through the channels in catalase, cysteine mutagenesis of some key channel residues was

initiated in HPtr (Fig. 3.3.1). To prevent background interference of the native cysteines,

the C4384 /C669A variant of HPII was used as the starting point. Two cysteines were

introduced in the main channel at D181 and5234, two were introduced in the lateral

channel at R260 andI274, and one cysteine was introduced in the putative central cavity

channel that opens into the center of the molecular tetramer at S24l (Fig. 3.3.1).

3.3.2. Characterization of the cysteine variants

The yietds of the variants R260C and S421C were found to be hieher at 28"C.

while those of D181C, 5234C and,DT Cwere highe r at37oC,r-r"-r.ur-" cell growth for

protein preparations were done at the respective temperature. (Table 3.3.1.). The variant

proteins were purified and analyzedby SDS-PAGE, revealing>Bívo purity for all

variants except R260C (Fig3.3.2). The crude extract activity of R260C variant was only

15Vo of wild type (Table 3.3.I) which can be attributed to, poor protein accumulation, as

determined by SDS-PAGE analysis of the crude extract (data not shown) rather than the

enzyme being less active. Attempts to improve protein accumulation by growth at room

temperature or under semi-anaerobic conditions were unsuccessful (data not shown).

Ultimately, the purity of R260C was improvedto -10Vo, as indicated by its R" (A¿ot/Ãzso)

value of 0.72 and the specific activity was found tobe -23,000 u/mg, higher than wild

type. Interestingly, the R" value of the other lateral channel cysteine I274C is 0.60, even

though SDS-PAGE analysis reveals 85-9OVo purity (Figure 3.3.2). The calculared and
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Table 3.3.L. Catalase activity in crude extracts of cultures of E.coli UM255 producing
variants of HPII, and specific activity of purified catalase protein.

Variant Crude extract activity
(Units/mg dry cell weight)

370Cu

Purified enzyme
activity
(Units/mg)

Wild type

D18lC

5234C

m4c

R260C*

s421C*

c448A/
C6694

320 + 50

90+10

95+20

115 + 10

40+10

250 + 45

240 + 3O

440+45 19,100+900

110 + 30 6,010 + 700

145 + 25 11,090 + 180

110 + 15 4,560 + 600

30 + 10 23,090 + L2O0

210 + 50 14,900 + 160

260 + 25 14,120 t 400

u Denotes the temperatures at which the cultures were grown for 16 - 20hr prior to
catalase assay.
x Large scale cultures for these proteins grown at28"C.
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Table 3-3.2. Comparison of the calculated and observed kinetic parameters of wild type
and HPtr variant proteins.

Variant Calculatedu

@Vrn* /2,mM V,n*b mM) lÇ",/K* s-lM-l

Wild Type

D181C

5234C

T274C

R26OC

5421C

100,780

37,700

52,200

9,470

314,000

50,600

54,020

27,840

21,990

8,560

47,550

31,810

1.14 x 106

2.02 x l}s

3.49 x 10s

1.71 x 10s

0.80 x 106

5.04 x 10s

221

330

450

10

870

r45

4l

108

80

50

60

IJ

uCalculated forH2}2< 100 mM.
o Units of V-* are pmol H2O2 prmol heme-l s-l
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Figure 3.3.3. Absorption spectra of wild type HPtr and various variants. The left axis is
for the range from 350 to 550 nm while the right axis is for the range from 550 to75O
nm.
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Figure 3.3.4- Elution profiles of heme extracted from HPII (wild type) and variants by
C18 reverse phase HPLC chromatography. Letters b and d denote nLme b and heme d
respectively.
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Figure 3.3.5. Effect of HzOzconcentration on enzyme velocity of HPtr and its variants.
In all panels, the solid line represents the observed data and the dashed line represents the
theoretical Michaelis-Menten curve calculated from constants determined at lów HzOz
concentration (Table 3.3.2). Note the differences in the scales of the velocity axis (i.e. y-
axis).
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observed kinetic parameters of the cysteine containing variants in the main channel and

for 1274C were all lower than those of the wild type enzyme by an order of magnitude,

(Table 3.3.2). The R260C variant in the lateral channel exhibited three-fold higher

observed V-* (Fig. 3.3.5 & Table 3.3.2). The absorption spectra of 5234C, R260C and

S42lC were similar to the spectrum of the wild type enzyme with a Soret band at 407nm

and a characteristic heme d peak at 590nm. The spectra of D181C suggested partial

conversion (Fig. 3.3.3) and the spectrum of I274C contained a new peak at 670 nm. The

HPLC profiles of extracted heme(s) from the variants confirmed the visible spectra

analysis except for I214C, where the heme could not be extracted by acetone-HCl

treatment (Fig. 3.3.a).

3.3.3. Effect of 2-mercaptoethanol on cysteine variants

Unlike mammalian catalases, HPII was shown to be unreactive to sulftrydryl

agents such as glutathione and dithiothreitol (Takeda et a1.,1980; Sevinc et a1.,1994) but

was sensitive to 2-mercaptoethanol (MSH) (Sevinc et a1.,1994). Treatment of HPfI and

its cysteine-containing variants with 5 mM MSH for 2 hrs at3l"C caused inactivation of

the enzymes to varying degrees (Fig. 3.3.6). For example, the D181c was the least

sensitive and S234C was the most sensitive. Extensive overnight dialysis of the enzymes

to remove MSH reversed the inactivation.

3.3.4. Quantification of free sulfhydryl groups

The free sulfhydryl groups were quantified in the purified variants using 5,5'-

dithiobis-(-2-nitrobenzoic acid) (NbSz). Consistent with the previous data (Sevinc et al

7994), only one free SH was found in wild type HPtr, but except for S427C,the cysteine
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Table 3.3.3. Quantitation of the free sulftrydryl groups of the cysteines variants with
Ellmans reagent [5,5'-dithiobis-(2-nitrobenzoic acid)]x.

Variant (-SH / subunit)

Wild type

D18lC

5234C

1274C

R26OC

5421C

C438N
C669A

0.81 + 0.15

0.16 + 0.02

0.12 + 0.02

0.03 + 0.0004

0.05 + 0.005

0.67 + 0.13

<0.1

t The standard error of three individual assavs was shown.
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containing variants exhibited less than one free SH, suggesting possible modification of

the -SH group. More work is needed to clarify the exact nature of the modification(s).



3.4
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HPII exhibits enhanced resistance to proteolytic cleavage compared to other

Catalases

3.4.1. Introduction

The most widespread type of catalase is the monofunctional class, examples of

which are found in most aerobic organisms. They are typically homotetrameric with,

either small subunits (55 to 65kDa) associated with heme b or large subunits (80 to 84

kDa) associated with heme d. The large and small subunit catalases share several highly

conserved structural domains, which are supplemented in the large subunit enzyme with

an additional 50 residues at the N-terminus and a 150 residue flavodoxin - like domain at

the C-terminus. The role of these added domains remains an open question, but HPtr

exhibits enhanced resistance to thermal denaturation (Switala et aI.,1999), which has

been attributed in part to the N-terminal extension. Various lengths of the N-terminus, 80

residues in HPII, 30 residues in BLC and 5 in CatF are overlapped by the wrapping

domain of an adjacent subunit to form an interwoven structure coÍlmon to all catalases.

HPtr has served as a model for catalases in biochemical and structure function

studies investigating the role of active site residues and the catalytic mechanism. The

enhanced thermal stability of HPII has been described (Switala et aI., 1999), and this

work describes the enhanced resistance to proteolysis exhibited by HPII in comparison to

other catalases.
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3.4.2. Sensitivity of catalases to proteinase K, trypsin and chymotrypsin

The three catalases, HPII, BLC and HPI, exhibited varying sensitivities to

digestion with proteinase K, chymotrypsin and trypsin (Fig3.4.1) at ratios (w/w) of

protease to catalase from 1:100 to 1:20. HPtr (Fig 3.4.14) was the least sensitive to

digestion by alt the three proteases, followed in order of increasing sensitivity, by BLC

(Fig3.4.18), and HPI (Fig 3.4.tC). Of the three proteases, proteinase K was the most

effective causing the loss of more thanT5Vo of HPI activity after just one hour incubation

with a 1:20 ratio of protease to catalase. This is consistent with the observation that HFI

was rapidly proteolyzed to a 35 kDa fragment containing the inactive C-terminal portion

(Carpena et al2002).

3.4.3. Time course of digestion of HPII

The time course of digestion of HPII by a 1 :2 rutio (w/w, protease to catalase) was

followed by SDS polyacrytamide gel electrophoresis, revealing an initial very rapid

cleavage by all three proteases of the 84 kDa subunit via several intermediate sized

fragments to a relatively stable 76 kDa fragment (Fig3.a.2.). Digestion with proteinase K

proceeded more quickly producing exclusively the T6kDaband within one hour (Fig

3.4.2), and longer digestion at a l:1 ratio, generated a 59 kDa band and, eventually, two

bands with apparent masses of 261Ða and 33 kDa (Fig 3.4.3A). The formation of the76

kDa fragment was slowest with trypsin (Fig 3.4.28) compared to chymotrypsin and

proteinase K (Figure 3.4.2A,C), and even after 16 hours digestion at a I:1 ratio, very little

smaller material was observed (data not shown). In contrast to HPII, digestion of BLC

with any of the proteases did not produce distinguishable partial digest fragments (data
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Figure 3.4.1. Effect of treatment with proteinase K, trypsin, and chymotrypsin on the
activity of HPtr (A), BLC (B), and HPI (C). Mixtures of protease and catalase at 0 (a),
1:100 (b), 1:50 (c), and 1:20 (d) (w/w) were incubated for I h ar 37 "C and quenched with
trypsin inhibitor or PMSF (1 mM). Error bars indicate the standard error of three
individual assays.
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Time (min)

Figure 3.4.2. Products of proteolytic cleavage of HPtr by trypsin (A), chymorrypsin (B),
and proteinase K (C). HPtr and protease (2:7 w/w) were incubated at3J "C for the times
indicated (in minutes), and the mixtures \^iere separated by electrophoresis on 8% SDS
polyacrylamide gel. The protein was visualizedby staining with Coomassie brilliant blue.
Size markers indicated as x 103 Da were determined using the GIBCO protein ladder.
The 7 6 kDa product is indicated with the amow labeled wíth I 6.
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Figure 3.4.3. Correlation of product size and activity during proteolytic cleavage of
HPtr by proteinase K. Samples were incubated in a 1:1 ratio (Øw) with proteinase K at
37 "C for the times indicated. Catalase activities were determined, and the activitv
remaining is shown in (A). Samples were separated on a nondenatunngBVo gel
(B) or a denaturingSvo gel (c), and the protein was visu?lizedby staining with
Coomassie brilliant blue. Size markers indicated as x 10r Da were determined using HPtr
(336 kDa), bovine liver catalase (238 kDa), and HPI (160 kDa, not visible) in panel B
and the GIBCO protein ladder in panel C.



%
 A

ct
iv

ity
 r

em
ai

ni
ng

ts
È

33
a o Þ

U
J



131

not shown). Digestion of HPI produced only the expected 35 kDa C-terminal fragment

after treatment with a 1 to 100 ratio of the protease to catalase, and higher ratios of

protease eliminated even this fragment.

Whereas denaturing gels presented a picture of at least three cleavage sites within

HPtr resulting in sequential cleavage to 26 and 33 kDa fragments, as much as ZOVo of the

original activity remained suggesting that much of the tertiary and quaternary structure

had not been significantly affected. This was confirmed in the time course of cleavage of

HPtr with proteinase K visualized after electrophoresis on non-denaturing gels (Fig

3.4.38). There was a rapid conversion of the 336 kDa tetramer to a band of

approximately 310 kDa, composed principally of 77 Y,Dasubunits. This was followed by

the appearance and disappearance of bands at approximately 290lÐa,270lÐa and 240

kDa. The subunit sizes associated with these conversions included bands with apparent

masses of 76 kDa, 59 kDa, 33 kDa and26 kDa. All HPII was eventually converted to a

band of protein of approximately 220 kDa, containing equal amounts of the 33 kDa and

26kÐa fragments.

3.4.4. N- and C-terminal sequence analysis of protease fragments

In order to identify the sites of cleavage in HPtr, the various fragments separated

on SDS polyacrylamide gels were subjected to N-terminal sequencing. The 76 kDa

fragments generated by all three proteases had very similar cleavage sites (Table 3.4.I),

with N-terminal residues at Lys73, GIy74 and Ser75 for chymotrypsin, trypsin and

proteinase K, respectively. The unusual cleavage by chymotrypsin is most likely the

result of a trypsin contaminant in the chymotrypsin. The 59 kDa fragment generated by

proteinase K also had Ser75 at the N-terminus and the shorter size arose from cleavage
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Table 3.4.1. Sequences at protease cleavage sites in HPII

Fragment Protease Sequence Mass (calc)

A. N-terminalsequences

HPIIsequence VRKGSENYALTTNQG
7172'13 7475 76'17 7879 8081 82 83 84 85

76kÐa chymotrypsin KGSENYALTTNQG 16,464

76kÐa trypsin GSENYALTTNQG 16,335

161r,Ða proteinaseK SENYALTTNQG 76,2'79

59kDa proteinaseK SENYAL 59,155

261Ða proteinaseK SENYALTTNQ 26,512

B. N-terminal sequence at the central site

HPllsequence K LTG RD P DFH
309 310 311, 312 3r3 314315316 317 318

33kDa proteinaseK KLT?RD?DFH 32,661

C. C-terminal sequence at C-terminøl domain cleavøge site
FlPllsequence LSLYAI P D

588 589 590 59r 592 593 594 s95

59kDa proteinaseK LY 59,155
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Figure 3.4.5. Mass analysis by nanospray ionization of HPtr protein before (A) and
after (B) treatment with proteinase K. Deconvolutions of the data from each spectrum are

shown as insets with the effors of measurement shown as fuhm. Both spectra were
acquired at200 V with SF6 as the curtain gas. At lower voltage, the ions of
the tetramer were not as well resolved. Higher voltage did not change the spectra.



13s

4000

1090 Da

222,000 224,000

A
35*

337

434Da

336,000 338,000

B 31"

th

oo
I 2000¿'5
(ú
'o
É.

1 000

1500

Ø

o
õ r00o

g
o
É,

7000 8000 9000

mlz

10000 I 1000



136

afterTyr591, which removed the C-terminal domain. The 33 kDa and 26kDabands had

Ser75 and Lys 309 at their N-termini, respectively, revealing a third site of cleavage

(Table 3.4.1.).

The multimeric sizes of truncated variants of HPII were determined by

electrophoresis on non-denaturing gels correlating the rate of migration with molecular

weights on a series of different percentage gels (Fig 3 .4 .4.), and by electrospray mass

spectrometry (Fig.3.a.5.). The sizes are summarized in Table 3.4.1 along with the

calculated sizes of the various fragments. Plotting the location of the th¡ee cleavage sites

on the tetrameric structure of HPtr reveals that they are located on the surface of the

protein (Fig. 3.4.8.).

3.4.5. Thermal stabilitv of the truncated HPII variants

HPtr is relatively insensitive to thermal denaturation, exhibiting a Tm for loss of

activity of 83-84oC (Switala et al.,1999). A thermal denaturation study of the truncated

variants of HPtr was undertaken to determine the role, if any, of the N-and C-terminal

domains in enhancing the stability of HPII. The 310 kDa multimer, composed of N-

terminally truncated 7 6 kDa subunits, exhibited a T- fôr loss of activity of 76oC (Fig

3.4.6.),8oC lower than that of the native enzyme. The stability of the dimer association

was reduced, requiring heating to only 80oC for dissociation (Fig. 3.4.7.). The T*of the

truncated form was independent of the protease used.

By contrast, the2\O kDa multimer, composed of 33 kDa and 26þ,Ða fragments

lacking both the N- and C-termini exhibited a T- for loss of activity of 60oC (Fig 3.4.6.),

23oC lower than that of the native enzyme. Upon mixing the N- and C-truncated form in

SDS-urea loading buffer at room temperature, there was complete dissociation to
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Figure 3,4.7. Conversion of HPII dimers to monomers. HPtr was treated with proteinase

K in a 1:1 ratio (w/w) for I h at37 "C. Samples were then incubated for 10 min at J0,75,

80, and 100 "C in 50 mM potassium phosphate buffer (pH 7).The temperatures of
incubation are indicated above each lane. Samples lveÍe removed, cooled to room

temperature, and added to SDS-urea loading buffer. Samples were loaded and run

without further heating on an 87o SDS-polyacrylamide gel. Size markers indicated as

xl03 Da were from the GIBCO protein ladder. The band at l2O kDa is a dimer

of two HPII subunits that are resistant to thermal denaturation. As the temperature of
incubation is increased. the dimer dissociates into monomers at'Z6kÐa
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the small fragrnents indicating that the stability of the dimers was also severely reduced

by removal of the C-terminal domain. The Tm and dimer instability of the N- and C-

terminally truncated form is similar to those of BLC, which exhibits a Tm of 56oC (Fig

3.4.8.) a¡d dissociates completely in gel loading buffer at room temperature.



Figure 3.4.8. Location of the three main locations on the HPII tetramer that are sensitive to proteolytic cleavage. HPII is shown in

panels a and b rotated 90o around the R axis with respect to each other to show the surface locations of the cut sites at residues 75 and

591 in each of subunits A (blue), B (green), C (red), and D (yellow). The N- and C-terminal fragments removed by these cuts are

presented as heavier lines in panels a and b and are removed in panel c where the protein has the same orientation as in panel b. The

iurface locations of the third main cut site at residue 309, exposed by the removal of the excised domains, are evident in panel c. The

figure was prepared using SETOR (Evans, 1993).
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3.5. Purification and characterization of the truncated variants of HPII

3.5.1.. Introduction

The importance of extended domains and the characteristic "interweaving"

exhibited by heme catalases has been the subject of intense investigation(s) (Bergdoll er

aI199'/, Sevinc et aI7998,Ueda et a12003, Andreoletti et al2003). However, due to the

lack of sufficient information on the tetramerization process, no concrete conclusions

have been drawn concerning the role of these extended and additional domains. Attempts

to address this question by molecular genetic approaches have also been unsuccessful

(Sevinc et al 7998,Ueda et al2003).In the present study proteolysis has allowed the

isolation and characteñzation of HPtr truncated to the size of a small subunit catalase.

3.5.2. Purification of the truncated variants

Limited digestion of HPtr with proteinase K in 1:50 ratio (protease: enzyme) at

37"C for t hr resulted in the removal of N-terminus (henceforth referred as N-trunc),

whereas extensive digestion with proteinase K in l:2 ratio at 37"C for 16 hr resulted in

removal of both the N- and C- termini (N-& C- trunc). Both forms of the truncated

enzyme were dialyzed overnight against 50 mM Tris, pH 7.0,0.1M NaCl buffer (Buffer

D). Approximately 5 mg of the above samples were eluted from Superose-12 FPLC

column, equilibrated with Buffer D. The protein was eluted using an isocratic flow of

buffer D at a rate of 0.2 mVmin. HPtr (control) eluted at 9.8 ml, N-trunc at9.6 ml and N-

& C- trunc at 10.5 ml respectively (Fig 3.5.1). In case of the truncated variants (Fig

3.5.18 and 3.5.1C) proteinase K eluted at approximately 15.6 ml. The sizes of the

truncated variants were confirmed bv SDS-PAGE on an 8.5Vo sel.
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Figure 3.5.1. Elution profiles of truncated variants and wild type FIPII purified

by sizeexclusion chromatography on a Superose-tzEpLc column. Panel (A) represents

wild type, (B) N-trunc and (C) N- & C-trunc, respectively. The dashed line indicates the

retention volume for the peaks; note the change in retention (elution) volume for the N-
& C-trunc variant.
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Table 3.5.1. Comparison of the specific activities of wild type
HPtr and its purified truncated variants.

Protein* Specifïc Activity

lu./umole heme)

Wild type

N-trunc

N&Ctrunc

Hemin
(Negative control)

1.43 x 106

1.14x 106

0.17 x 106

62

xN-trunc corresponds to 310kDaHPtr
*N & C trunc corresponds to 220kDa HPtr
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Tabfe 3.5-2. Comparison of the calculated and observed kinetic parameters of wild
type and truncated Hptr variant proteins.

Variant Observed Calculated"

Vrn*b [HzOz] @ V mu,, /2, rtiMl \/bI max K- (mM) huyK- s-t M-l

Wild type

N-trunc

N-& C-
trunc

100,790

37,000

31,300

54,020

16,650

31,490

1.14 x 106

4.89 x 10s

4.25 x 10s

221

183

78

47

34

74

oCalculated 
for HzOz < 100 mM.

o Units of Vma{ are ¡rmol_þO2 pmol heme-l s-l
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Figure 3.5.2. Effect of HzOzconcentration on enzpe velocity of HPtr and its
truncated variants. In all panels the solid line represents the observed data and the dashed

line represents the theoretical Michaelis-Menten curve calculated from constants

determined at low H2O2 concentration (Table 3.5.2). Note the differences in the scales of
the velocity axis (i.e. y-axis).
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3.5.3. Catalatic and peroxidatic activities of the truncated variants

Both forms of the truncated enzyme exhibited similar catalatic specific activities

of 14800 and 14400 u/mg (compared to L7700 u/mg for the native enzyme), indicating

that loss of the N and C-terminal domains had little effect on the function of the deeply

buried active site. Therefore, the rapid reduction in activity to an apparent residual20Vo

(Fig 3.4.3) is most tikely an artifact of the high concentration of proteinase K (1:1 w/w)

in the mixture interfering with catalase activity. Heme exhibits a negligible 62 units/pmol

compared 1.4 x 106 units/pmol of heme in HPII (Table 3.5.1), too low a level for the

small amount of heme released to have contributed to the residual activitv observed. The

observed and calculated kinetic parameters of the N-& C-trunc varied were lower than

that of the wild type (Table 3.5.2, Fig 3.5.3). Like the wild type enzyme both the

truncated variants showed negligible peroxidase activity (< 0.1 u/mg) towards peroxidatic

electron donors o-dianisidine and ABTS (data not shown), whereas Burkholderia

pseudomalteiKatG (used as a positive control) showed 1.1 u/mg and 3.0 u/mg towards o-

dianisidine and ABTS, respectively.

3.5.4. Effect of inhibitors on the truncated variants of HPII

The effect of various catalase inhibitors on the truncated variants was

investigated. The N-& C- trunc was slightly more sensitive to cyanide than wild type (Fig

3.5.3), and it was significantly more sensitive to azide (Fig 3.5.4 B). The 50Vo inhibitory

concentrations of cyanide and azide are summarizedinTable 3.5.3. The inhibitory

properties of hydroxylamine and O-methyl hydroxylamine were also investigated (Fig

3.5.5 and Table 3.5.3). The truncated variants did not exhibit any changes to inhibition by
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inhibitor for 1 min in 50mM phosphate buffer at37oC prior to the essay. AII assays were
repeated in triplicate and the results averaged.
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Table 3.5.3. Sensitivity of wild type HPtr and truncated variants to various inhibitors*

Inhibitor Concentration lpM) at 50"/o inhibition
Wildtype N-trunc N&Ctrunc

Sodium cyanide (NaCN)

Sodium azide (NaN3)

Hydroxylamine (NHzOH)

533

37 36 0.5

0.07 0.08 0.06

O-Methylhydroxylamine (NHzOCH¡) 560 595 250

xAll assays were repeated in triplicate and the results averaged.
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hydroxylamine, whereas with o-methyl hydroxylamine the N-&C- trunc variant exhibited

gîeater sensitivity than wild type or the N-trunc variant (Table 3.5.3).
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4. DISCUSSION

4.1. Aspl8l of TIPII is important for catalysis

A clear understanding of how catalase maintains high selectivity for substrate

hydrogen peroxide while at the same time exhibiting turnover rates in excess of 106per

second remains elusive. The issue of selectivity can be explained, in part, by the active

site heme being deeply buried within the B-banel core of the subunit, necessitating

passage of the substrate through 30 to 50 Å of narrow channels. However, because the

narrow channels might conceivably hinder substrate and product movement in and out of

the active site, a conceptual problem is created in the light of the high turnover rates.

Separate molecular dynamic simulations support the concept of hydrogen peroxide

entering the enzyme through the main channel, oriented perpendicular to the plane of the

heme, but do not agree on the route of product exhaust. Furthermore, classical molecular

interaction potential calculations carried out on CATA suggest that the substrate arrives

in the active site properly oriented for interaction with the heme iron, and side chains of

the catalytic His and Asn (Kalko et aL 200I).

Site directed mutagenesis studies of residue D 1 8 I demonstrated that a negatively

charged side chain in the main channel of HPII enhances water occupancy in the access

channel, particularly at the sixth ligand position, (Fig a. 1 . 1a) and, coincidently, is

required for enzyme activity. These observations provide a valuable insight into the

mechanism of the catalase reaction.
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Figure 4.1..1.. (a) Schematic showing the distances among waters in the main channel of
the D18lE variant. The potential hydrogen bonds are shown as dashed lines and the
distances are expressed in Ä. The water numbering is as in Fig. 3.1.5 and Table 3.1.3. (b)
Stereo view oriented down the main channel towards the heme from Dl81. The slightly
shifted location of the Glu side chain in the D181E variant is indicated in green. The
water numbering is as in panel a.
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4.2. An Electrical potential in the access channel of catalases enhances catalysis

One obvious explanation for the role of the carboxylate side chain in the main

channel lies in the establishment of an electrical potential between it and the positively

charged iron of the heme that would act upon any molecule, with an electrical dipole,

passing through the channel. Furthermore, given the location of the sixth ligand water in

roughly the same position as substrate HzOz, on a direct line between the carboxylate and

heme irons (Fig 4.1.1.b), the electrical potential may influence transition state formation.

The hydrogens in HzOz are separated by an angle of about I l0o when viewed

along the O-O axis resulting in an asymmetric or skewed structure. Orbital interactions

present an energy barrier to rotation around the O-O bond of about 2.5 kcallmol, limiting

HzOztoone predominant conformation (Schu mb et at. 1955).The structure gives rise to

an electrical dipole of 2.3 Debye, slightly larger than the 1.9 Debye dipole of water.

Consequently, H2O and H2O2 passing D181 in the main channel will be affected by the

electrical potential and be forced into an orientation with the oxygens directed towards

the heme iron (Fig 4.2.1.). When oxygen O-1 of HzOzbecomes associated with the heme

iron, spatial constraints in the active site fix H-lwithin hydrogen bond distance of the

imidazole ring of the active site histidine and O-2 within hydrogen bonding distance of

the NHz of the active site asparagine. Thus, orientation of the dipole of IJ2O2in the

potential field presents a simple mechanism to explain the prediction arising from

molecular dynamic studies that substrate molecules enter the active site in a preferred

orientation

In the hydrophobic portion of the channel between D181 to H128, waters have

only other waters to hydrogen bond with and the bond lengths separating waters 2,3a,3b
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and 4 are longer than optimal for strong hydrogen bonds (Fig a. 1.1a). The favorable

orientation of the molecules induced by the electrical potential may be critical in

stabilizing the solute matrix in the channel. Similarly, the greater occupancy of water in

the channel of the native enzyme and the Dl8lE variant, compared to the other less

active Dl81 variants, can be attributed to the electrical potential acting on the dipoles of

the solvent to create a population of waters with common orientation, thereby favoring

the formation of a hydrogen bonded matrix. What cannot be satisfactorily explained is the

difference in occupancies between the channels of D18lE and the native enzyme. One

possibility is that it is simply an artifact of the refinement process or may be a result of

the extended glutamate side chain facilitating hydrogen bond formation and moving the

negative charge slightly closer to the heme iron.

Increased water occupancy in the channel may initially appear to be correlated

with higher catalytic activity, but the relationship is not direct, because, while occupancy

is clearly higher in the D18lE variant, the specific activity is not significantly higher than

that of native enzyme. Perhaps more significant is the presence of water in the

hydrophobic portion of the channel. It is now clear that water can exist in the

hydrophobic portion of the channel, if properly stabilized, suggesting that the simple

length of this region does not act as a "molecular ruler" (Putnam et aI. 2000)

preferentially selecting forH2O2 over H2O. The formation of a hydrogen bonded matrix

is important for solute accessing the active site, and this is influenced by the total volume

or shape of the hydrophobic region. Either an increase or decrease in the volume or shape

of the region, caused by modifying the side chain on residue 169, had the same effect of

reducing the specific activity of the enzyme. A larger hydrophobic side chain as in the
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V169I variant constricts the channel and decreases the volume in which a matrix can

form. An analogous phenomenon has recently been reported in superoxide dismutase

where the Cy of a valine replacement for a histidine protrudes into the substrate access

channel and displaces a water (Hearn et a\.2003).

4.3. Importance of hydrophilicity in the upper part of the access channel

The crystal structure of HPtr shows the side chains of, Ser234 and Glu530 to be

hydrogen bonded to waters in the access channel. However, Ser234 is not a conserved

residue and is present only in large subunit enzymes (Klotz and Loewen, 2003). Similarly

the position of E530, 20Å from active site heme, differs in small subunit enzymes

compared to HPtr. The observed K- (HzOz @V^*/2) for the non-polar 5234A and S234I

variants arc 2 to 3 fold higher than wild type showing that these variants have reduced

affinity for the substrate, suggesting a need for hydrogen bonding at position 234.The

observation thatSerZ34Ala containd heme d while Ser234lle contains heme b can be

explained by the greater (60Vo of wlld type) activity of 52344 compared to 5234I (157o

of wild type).

The observed and calculated kinetic parameters of the polar variants E530D and

E530Q were quite similar to wild type. In contrast, the non-polar variants E5304 and

8530I were less active and exhibited three fold higher observed K* (Hzoz@ v^*/2).

Consistent with their lower activity, the non-polar variants contained heme b and

attempts to convert it" in vitro" into heme d were unsuccessful. Timkovich and Bondoc

(1990) suggested that protoheme is first bound to HPtr apoenzyme and that heme

hydroxylation is catalyzed by HPtr itself utilizing one of the first HzOz molecules to react

catalytically. In this scenario, the interaction of the Glu530 side chain with substrate
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HzOz(Melik Adamyan et a|200l) supports the notion that it might be influential in

selecting hydrophilic molecules (like H2O and HzOz) early in the channel. The longer C-

terminal domain extends the channel and may help to exclude larger substrates from

accessing the active site. Interestingly all large subunit catalases so far charactenzed

show heme d, or at least a chlorin-like species with a spectrum similar to that of heme d

(Hicks et al. 1995, Horie et aI. 1976, Goldberg and Hochman 1989, Peraza and Hansberg,

2002).It becomes tempting to propose that the "flavodoxin like" C-terminal domain has a

role in heme conversion, although no flavin nucleotide binding has been noticed in any of

the solved crystal structures and a mechanism is not obvious (Bravo et al 1999,Reid et aI

1981). Further work including the determination of the crystal structures of 8530 and

5234 vaiants is required.

4.4. I274Cz Covalently linked heme prosthetic group in catalases

Isoleucine2T4 is present in the heme pocket of HPtr close to the pyrol ring I of

heme and the I274C substitution should place the thiol group 3-3.5Å from the vinyl CH2

making a covalent linkage feasible. Several lines of evidence indicate that the prosthetic

group in this variant is covalently attached to the protein. (i) The heme is not extractable

by acetone-HCl treatment, which normally removes heme from wild type protein (Fig

3.3.4.). (ii) This variant gives no reaction with thiol reactive reagent DTNB (Table 3.3.3).

(iii) Preliminary analysis by MALDI-MS of trypsin digested I274C shows no heme in the

mass spectrum (Dr. Donald LJ, personal communication). Interestingly, theDT4C variant

shows no change in the Soret band from 407nm, indicating little effect of the change on

the heme coordination sphere and environment. However the intensity of the Soret was

40Vo lower than wild type giving rise to a lower Rz. (4a67:Aæsratio), suggestive of less
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heme in the protein. Given that it is unlikely for HPtr to fold in the absence of bound

heme, the reduced Soret intensity most likely is the result of a covalent modification.

TheI274C variant exhibits only - 25Vo of wild type activity. Unfortunately, it is

not yet clear whether this is the result of the covalent bond, of conformational changes

within the active site, or of low heme content. However, the decrease in Rz value due to

the covalent bond formation between protein and heme has a precedent in

lactoperoxidase (Colas et a1.,2002), for which it has been reported that a D2258

mutation caused a 5OVo decrease in the Rz value accompanied by a 607o decrease in

activity. Other hemoproteins showing autocatalytically linked heme prosthetic group

include myeloperoxidases (Fiedler et a1.,2000), thyroid peroxidases (Fayadat et al.,

1999) and eosinophil peroxidase (Oxvi g et aI., 1999), but the function of the covalent

links in these hemoproteins remains to be elucidated. A schematic for the autocatalytic

formation of the covalent bond between the protein and heme in HPtr is shown in scheme

4.L

4.4. Cysteine mutagenesis of channel residues

A number of cysteine-containing variants including D181C, 5234C,I274C,

R260C and S42lC have been constructed to study the effect of reactive sulfhydryls and

their modification in the channels of HPtr. To date only the superf,rcial activities have

been determined, and more detailed studies are required.

4,5. HPII exhibits enhanced resistance to proteolysis than other catalases

HPtr exhibits unusual resistance not only to sequence specific proteases like

trypsin and chymotrypsin, but also to the broad substrate range protease, proteinase K.

Globular proteins generally exhibit some level of resistance to proteolysis at least initially
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because the tertiary structure of the protein chain imparts sufficient inflexibility that it

cannot f,it into the protease active site. Such resistance to proteolysis is usually

demonstrated under conditions of limited digestion involving substrate to protease ratios

of 100 to 1 and lower temperatures around 25oC (Spol aoÍe et at.2}}l).What makes HPtr

unusual is its resistance to cleavage even at avery high (1 to 1) ratio of protein to

protease at37oC. This property complements another unusual property of HPtr, its

enhanced thermal stability (Switala et al. 1999).

4.6. Resistance of HPII to proteolytÍc cleavage provides insights into the enzymes

thermal stabilitv

HPtr can be considered to be a dimer of dimers in which monomers first associate

by forming an interwoven structure with 80 N-terminal residues of each subunit being

overlapped by the wrapping domain of the adjacent subunit (subunit A with C, and D

with B). Such interweaving was suggested as an explanation for the enhanced stability of

the dimers, that dissociate only above 95oC, and for the elevated T- of inactivation, 83oC

(Switala et al. 1999). A recent comparison of the properties of 16 different catalases,

however, observed that there was no correlation between the length of the N-terminal

extension involved in the interweaving and the thermal stability (Switala and Loewen,

2002). The current work supports this conclusion by demonstrating that removal of the

N-terminal domain, leaving only seven residues overlapped in the interwoven structure,

reduced the Tm by only 6oC, to 77oC. Furthermore, the truncated dimers still required

incubation at over 80oC to dissociate. On the other hand, removal of the C-terminal

domain caused a significant reduction in the T* for thermal inactivation to 60oC. Even

more striking was the effect on the stability of the dimers, which dissociated on mixing
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with gel loading buffer, even without heating, making it impossible to assess the

temperature of dissociation.

While the C-terminal domain appears to be a key factor in enhancing the thermal

stability of HPII, it was not possible to assess the effect of C-terminal domain removal in

the presence of the N-terminal region, because the latter domain was more sensitive to

proteolysis and was rapidly removed. Attempts had been made to address this question

through the construction of truncated genes, but the truncated variants did not fold

correctly and protein did not accumulate (Sevinc et aI 1998). This conclusion, that the C-

terminal domain is more important than subunit interweaving in dimer stability, calls into

question the previous surmise that the subunits involved in the stable dimers were

interwoven. The alternate possibility is that the interaction of subunits along the R axis

(subunit A with D, and B with C) in which the C-terminal domain actually wraps around

the beta barrel core of the adjacent subunit may be more important for dimer stability

than the interwoven structure.

A clear explanation for the enhanced resistance to proteolysis is more difficult.

However, if the common picture of a protein chain having to change conformation to f,rt

into the active site of a protease is accepted, then resistance to proteolysis is a result of

greater rigidity in the protein. In the case of HPII, the combination of interweaving and

wrapping of domains on adjacent subunits undoubtedly create a structure that is much

less flexible than that of small subunit catalases. Consequently, the very same structural

features that enhance the thermal stability may be responsible for the enhanced resistance

to proteolysis. Are these two usual properties of HPII, enhanced thermal stability and

protease resistance, related in some way? This cannot be answered directly. However,
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resistance to thermal denaturation is unusual in an enzyme from a bacterium that does not

survive exposure to temperatures anywhere near the 83oC required to inactivate the

enzyme. What is strange is the retention of thermal stability, when there seems to be no

benefit to the host organism. On the other hand, the reason for enhanced resistance to

proteolysis in HPtr can be easily found in simple bacterial physiology. The expression of

katE is induced in early stationary phase, and HPII accumulates in stationary phase cells.

This is a period of rapid protein turnover as cells adapt to a period of slowed metabolism,

and it is here that resistance to proteolysis is important to HPtr because it allows the

enzyme to survive and function in its role as a protective enzyme. Because both thermal

stability and protease resistance may have a corìmon basis in a very stable and rigid

structure, the original properties of thermal stability in HPII may have been adapted to

the complementary need for protease resistance in the niche of stationary phase

metabolism. For comparison, the more protease sensitive HPI is expressed mainly in log

phase where protease resistance would not be as important.

4.7. Truncated variants of HPII

Initial attempts at purifying the truncated variants by ion exchange

chromatography and by hydroxyapatite \ryere unsuccessful, but size exclusion

chromatography on SuperoselZFPLC column offered a good alternative. The truncated

variants purified on Superosel2 FPLC column, retained nearly 70-80Vo of wild type

activity indicating that loss of the additional domains had little effect on the function of

the deeply buried active site. As expected, the active site appears to be more accessible in

N-& C-trunc variant than N-trunc and wild type HPtr. For example, the double truncation

variants is more sensitive to azideand methyl hydroxylamine than wild type or N-trunc,
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but equally sensitive to cyanide and hydroxylamine smaller molecules. Ultimately, the

crystal structures of the N-trunc and N-& C-trunc are required to define the structural

differences.

4.8. Future studies

A number of avenues for further experimentation arise from the work presented

here. From my study, a clear picture started emerging regarding the roles of channels in

catalases. Although the existence of a substrate inlet channel is supported, both by

theoretical and experimental studies, the existence of an exhaust channel remains

hypothetical and the importance of residues further up the main channel, require more

investigation. For example, the crystal structure(s) of the 5234 andE530 variants would

provide valuable insights, into the role of channel residues distant from heme. The

protein folding mechanism in catalases is poorly understood because of the size and

complexity of the protein. Complicating the picture, variants such as D181I, Rl804, and

R260C were produced in low yield because of aberrant folding, this resulted in the

standard purification protocol producing impure protein. The use of protease inhibitors

during purification and the introduction of poly-His tag might increase the purity of some

preparations. Structural studies of the cysteine variants generated in this work is

warranted involving both crystallography and mass spectroscopy. A rational site-directed

cysteine mutagenesis study of the lateral and putative third channel should be undertaken,

to completely elucidate the " substrate flow" hypothesis in catalases. Finally, the

reason(s) for heme 
"ánu"rrion 

in FIPtr (and large subunit catalases) still remains

enigmatic and a study, involving site directed mutagenesis of aromatic residues in the

distal heme pocket should be undertaken.
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