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The heme-containing active site of catalases is bwied in the core of the protein.

The flow of substrate and product to and from the site takes place through a network of

channels that extend from the molecular surface to the core of the protein. Three channels

have been identified in catalases, two of which have been characterized: the main channel

and the lateral channel. The main channel with length of 55 Å in catalase IIPII

approaches the distal side of the heme perpendicular to its plane. The lateral channel with

length of 30 Å extends from molecular surface to a cavity where it bifurcates before

reaching the active site in the plane of the heme. This study investigates the role of the

lateral char¡rel by changing key residues in the heme pocket and the lateral channel using

site directed mutagenesis. The targeted residues were isoleucine 274 in the entrance to the

lateral channel, phenylalanine206 andphenylalanine2l4, close to the heme, and

glutamate 270 about 15 Ä. up the lateral channel. The conversion of I1e274to aresidue

with a smaller side chain, including Ala, Gly and Val, did not increase the protein's

activity despite increasing the size of the lateral channel opening. However, each variant

exhibited a different heme profile suggesting that the heme environment and possiblythe

ability of the proteins to bind heme were affected by the mutations. The conversion of

Ile274 to a larger residue, Phe, interfered with protein folding and very little protein

accumulated. Changes to Glu270 had very little effect on enzyme activity suggesting that

increasing the diameter of the lateral channel at the location ofÈ270 is not a determinant

of the protein's activity. Phe2l4 and Phe206 variants all exhibited reduced activities and

absorption spectra suggestive of different heme species and contents suggestingthatE}}í

arñF214 have a role in determining the heme integrify in HPtr.
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1. INTRODUCTION

1.1. Orygen and living organÍsms.

Life on EaÍh has existed for at least 3.5 billion years, and during most of that

time it consisted mainly of microorganisms. Primitive organisms capable of metabolism

(ability to accumulate and modiff nutrients for energy) and reproduction (ability to

generate more organisms like themselves) that first appeared were most likety

"thermophilic anaerobe,s" and may have depended on RNA for both enzym.atic and

genetic activities (Schwartz and Dayhoff 1978).

Life as we know it is both complex and simple: complex because of myriad of

organisms, yet simple because of the small variety of atoms and molecules that life on

earth requires (Doolittle and Sapienza 1980). Over the long history of life on earth,

photosynthesis has dominated over respiration resulting in a rich store of energy and

oxygen. Originally oxygen (Oz) was only a trace element in the earth's atmosphere when

prokaryotic life forms emerged from the primordial soup (Chandra and Shethna 1977).It

became a significant element when certain bacteria began splitting water to create energy,

releasing molecular oxygen, as a bi-product in the photosynthetic process (Xiong et al,

2000). Doubtless this new gas w¿rs lethal for many of these bactena, but some of them

adapted to use oxygen to oxidize food sources generating energy, in a process known as

"aerobic respiration". 'With 
Oz available as a terminal electron acceptor in the electron

transport, aerobic orgarrisms developed the ability to derive much more energy from the

oxidation of organic compounds than anaerobic organisms (Miller et al,1971).

The world is rich in examples of how more complex organisms have evolved

from less complex ones by the process of "natural selectton " (Darwin, 1859). Efficient

I



aerobic metabolism developed in many bacteria, and exactly the same aerobic

mechanisms operate in the mitochondria of eukaryotes, supporting conjecture that both

mitochondria and chloroplasts evolved from aerobic bacteria that had been endocytosed

byprimitive eukaryotic cells (Schwartz and Dayhoft 1978).

Living cells require energy to carry out the biotic activities necessary for life.

The molecule supplþg energy to many reactions is ATP (adenosine hiphosphate) and

the major source of ATP for all cells is the oxidation of glucose, via the process of cell

respiration. The initial steps of cell respiration, called glycolysis, occur in the cells of all

organisms (with a few bacterial exceptions) (Fenchel et al,1977) and result in glucose

being converted to pynrvic acid. The requirement for oxygen arises subsequent to

glycolysis wherebypynrvate is metabolized to COz by the Krebs cycle and electron

transport chain. The oxidation of pymvate involves a series ofreactions which transfer

electrons from pymvate and other intermediates to the reduced electron carriers NAD*

and FAD. Subsequent oxidation of NADH and FADH2 in the electron transpof chain

powers the movement of hydrogen ions across the cell membrane establishing a

concentration and, therefore, a pH gradient. This process is usually coupled to the

production of unstable reactive oxygen species.

1.2. Reactive oxygen species

A free radical is a molecule with one or more wrpaired electrons in its outer

orbital. In most molecules, the electrons in each orbital are paired and have opposite spin.

The presence of an unpaired electron makes a molecule less stable and consequently

more reactive @ayer et al,1988). Molecular oxygen and many of its derivatives contain





1.3. Oxidative stress.

Cellular oxidative stress occurs when cells come in contact with reactive oxygen

species (ROS). 'Whether damage occurs depends on the concentration of ROS and the

effectiveness of cellular defenses. In prokaryotes, ROS include extracellular hydrogen

peroxide (HzOz), that can penetrate the cell membrane to access the cellular

compartment, and the intracellular products of oxidases and dehydrogenases (Loewen el

al,1997).ln eukaryotes, mitochondria are the main source of endogenous ROS including

hydrogen peroxide. In combination with reduced trace metals such as iron or copper,

hydrogen peroxide is transformed into the highly reactive hydroxyl radical, which causes

damage to virfually all macromolecules including proteins (Fenton, 1894).

The oxygen rich environments common to most aerobic organisms produce a

variefy of chemical modifications in proteins, DNA, lipids, carbohydrates and even

amino acids @reeman et aL,7986). Commonly carbonyls and carbonyl adducts, such as

4-hydroxy-2-nonenal (I{NE), are formed and deamination, racemization and

isomerization reactions occur @rot et al,l98l). These chemical modifications result in

protein cleavage, aggregation and loss of catalytic and structural function by distorting

the proteins secondary and tertiary structure (Davies and Delsignore 1987). If the

oxidatively modified proteins are not repaired, they must be removed, usually by

proteolysis.

L.4. Toxicity of Hydrogen peroxide

Hydrogen peroxide ç¡l2Oz) plays a very important role in ROS toxicity. Itis more

stable than Oz-' , and can diffuse through the plasma membrane. If it is not scavenged by

catalase or glutathione peroxidase,H2O2can promote radical reactions far from its origin
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1.7. Catalases

General Characteristics

Catalases have been extensively studied for more than one hundred years since

the first report of a catalase in tobacco leaf (Loew, 1901). Bovine liver catalase (BLC)

was one of the first proteins to be crystallized (Sumner and Dounce, 1937) and is

sometimes refered to as the "standard catalase" (Klotz and l¡ewen, 2003). New

sequences and new crystal structures are published every year providing a data base of

more then 250 sequenced genes and 8 crystal structures (Klotz and Loewen, 2003).

In prokaryotes, catalases appear to be 'hon essential"; that is a bacterial cell

deficient in catalase can grow and survive. Catalases are protective enzymes that usually

respond to oxidative stress or starvation and sometimes to the virulence system in

pathogens. Heme containing catalases are evolutionarily conserved among most aerobic

organisms (von Ossowsl<t et al, 1993, Klotz et al, L997, Klotz and Loewen, 2003), and

decompose two molecules of HzOz into two molecules of water and one molecule of

oxygen (Chance et al,I952a, Maehly and Chance,1954). The reaction takes place in two

steps where the first step involves the oxidation of the heme ferric atom by one molecule

oflf,.zOzto form the intermediate compound I (CpdD (Por*Fea*:O) and one molecule of

H2O (Chance et al,l952b). The second step involves H2O2 as an electron donor reducing

CpdI back to the resting state releasing the second molecule of HzO and one molecule of

oxygen (Fita and Rossmann 1985a).





Evolution of Catalases

Monofunctional heme catalases:

The phylogenetic analysis of over 250 mono-functional heme catalase sequences,

from a variety of prokaryotes and eukaryotes suggests a common ancestor. The enzyrnes

can be divided into 3 clades (Klotz et al, 1997,YJotz and Loewen, 2003) based on

phylogenetic analysis; clade 1 and 3 contain small subunit (-60 kDa) catalases and clade

2 contains the large subunit (-80 kDa) enzymes. Generally, clade land 2 enzymes seem

to be more closely related than they are to clade 3 enzymes in that the heme is flipped

180o in clade 3 and most, but not all, clade 3 enzymes bind NADPH whereas clade land

2 enzymes do not. The large subunit, cIade2, catalases have extended N- and Ctermini

that seem to enhance the stability of the enzymes to both temperature (T-: 83oC for loss

of activity) and proteolysis degradation (Switala et al,1999). Recent studies showed that

IIPII, a large subunit catalase, with truncated N- and C-termini retained catalytic activity

but with less stable structure. This observation suggests that the large subunit catalase

may have been the cofirmon ancestor for clade I and 3 enzymes (Chelikani et a\,2004),

corroborating the conclusion of the recent phylogenetic analysis (Klotz and Loewen

2003) that suggested that clade I and 3 (small subunit) catalases evolved from clade 2

after gene duplication event followed by loss of the sequences. The absence of clade 3

catalases from old taxonomic species suggests that proteins from this clade were the

latest to develop (Klotz and Loewen,2003).

Bacterial catalases are present in all th¡ee clades. Some bacterial species even

contain representatives from the 3 clades suggesting that catalase gene duplication events

happened first in bacteria and were passed on to higher organisms. The fact that all
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plarú/algal catalases group in clade 1, and the presence of more than one gene in plant

genomes, suggest gene duplication events subsequent to clade 1 segregation. Indeed, the

presence of multiple catalases may have arisen from the need for organ specific enz)¡mes

in plants. Animal catalases fall entirely in clade 3 with higher animals containing only

one catalase and lower animals containing more than one. Fungal catalases are found in

both clade 2 and clade 3 (Klotz et al,1997).

Bi-functional Catalase-Peroxidases (CPX)

Catalase-peroxidases are genetically unrelated to mono-functional catalases

(Nicholls et aL,2000, Hillar et aL,2000) and phylogenetic studies suggest that CPX

enzymes evolved later than monofunctional heme catalases. The presence of two separate

but sequence related domains suggest that a gene duplication and fusion event was

responsible for the structure. Lateral gene transfer conhibuted to the distribution of this

gene among different taxonomic groups including the eukaryotic ancestor cell. The N-

terminal domain of the CPX protein shares various similarities with plant ascorbate

peroxidase, suggesting a common ancestor (Klotz and Loewen, 2003).

10



Nonheme catalase (Mn)

Nonheme catalase genes fall into two groups that might have arisen from a

coÍrmon ancestor by gene duplication, and they probably evolved before the bi-

functional catalase-peroxidase but after monofunctional heme catalases (Klotz and

Loewen 2003). The Mn-catalase gene is not present in eukaryotic organisms and it has

been suggested that the gene was not maintained because Mn-catalases have lower

catalytic activities than other catalases making them less essential. The gene has been

retained in many species of eubacteria especially methanogens (anaerob es) (I(7otz et al,

r9e7).

Group II
BacteriallFungal

Plant-I

Fig 1.1. Phylogenetic tree showing the 3 clades (groups) of monofunctional heme
catalases (Klotz, et al1997).

11
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1.8. E. coli Catalases

E. coli was discovered in the human colon in 1885 by The German bacteriologist

Theodor Escherich, who showed that certain strains were responsible for infant dianhea

and gastoenteritis, an important public health discovery (Frazer and Curtess 1975).

Although the bacteria were initially called Bacterium coli, the name was later changed to

Escherichia coli to honor its discoverer. Soon after its discovery, E. coli became a very

popular lab organism because scientists could grow it quickly on both simple and

complex media. E. coli can grow aerobically, using oxygen as a terminal electron

acceptor or anaerobi cally, rtllizing fermentative metabolism (Sanderson , 197 6). The

ability to grow both aerobically and anaerobically classifies the E colibactena as a

facultative anaerobe (Riley et a|,1983).

Although E. colí has often been identified as a foodborne pathogen, the vast

majority of E. coli strains are harmless, including those commonly used in genetics

laboratories. E. coli is part of the Enterobacteriaceae family, which is informally referred

to as the enteric bacteria (Levine and Edelman 1984). Other enteric bacteria include

Salmonella (a very large family, with many different members), Klebsiella pneumoniae,

and Shigella species, which some consider to be part of the E. coli family.

Microbiologists have classified E. coli into more than 170 serogroups, within each of

which there may be one or more serotypes (Evans and Evans 1983).

E. coli has evolved an efficient defense system against hydroxyl radicals

including superoxide dismutases and hydroperoxidases (Farr and Kogoma, 199i). E. coli

produces two inducible catalases or hydroperoxidases called HPI and HPtr which have

been well studied physiologically and biochemically (Nicholls et aL,2000). Early studies

12



couldn't define clearly the relative importance of the two enzymes because of the

overlapping activities, but the isolation of mutants lacking one or the other of the two

catalases allowed a differentiation (Loewen, 1984). Not only are the two enzymes

structurally and genetically different, the systems controlling their synthesis respond to

different stimuli and involve different mechanisms (Obinger et al,1997a).

1.9. Hydroperoxidase I (HPI)

I{PI is a bifunctional catalase-peroxidase containing heme b associated in

homodimers and homotetramers of 80 kDa subunits (Loewen et al,1985). The subunit of

FIPI is encoded bythe gene kntG, which has been mapped at89.2 minutes on the E. coli

chromosome (Loewen and Triggs 1984). The gene has been cloned and sequenced,

revealing an open reading frame of 2181 bp with hanscriptional regulatory sequences at

-10 and -35 upstream of the transcription start site (Loewen, 1984).

IIPI is synthesized constitutively during log phase growth and levels increase

about 2 fold as the culture enters stationary phase (Hillar et a|,1999). Addition of H2O2

increases the levels of IIPI, by a mechanism involving OxyR (Storz et al,1990)

1.10. Hydroxyperoxidase II (HPII)

General features

lIPtr is one of the most well studied catalases, having been first crystallized in

1990 and subsequently, the subject of a structure/function study involving over 100

variants. As a clade 2 monofunctional, heme d containing catalase, it is a homotetramer

of 84.2 kDa subunits (Loewen et al, 1993b). The larger subunit imparts enhanced

13



resistance to denaturation in extreme conditions including pH, ure4 high temperature and

exposure to proteases (Switala et al,1999). HPtr is encoded by kntE gene located at37.2

minutes on the E. coli chromosome. Expression of HPtr is constitutive at a low level

during log phase growth, and this increases up to 10 fold as the culture enters stationary

phase (Loewen and Switala, 1986). RpoS, the stationaryphase sigma factor, controls

expression of IIPtr from katE, along with the expression from 55 or more shess genes

(Loewen et al,1998). The expression of RpoS is in turn controlled by a complex

mechanism at the levels of transcription, translation and enzpe stability (Loewen,

te99).

IIPII Active sÍte-Environment

The IIPtr active site in each subunit consists of a heme d prosthetic goup

surrounded by a number of residues with catalytic and structural roles. His128 on the

distal side is essential and it works in conjunction with Asn201, which is important but

not absolutely essential. In BLC, the active site His is located above ring Itr of the heme

goup (Murshudov et al,1996), whereas in I{Ptr and CatF the heme is flipped by 180o,

placing the active site His above ring IV (Bravo et a\,1999 and Carpena et a1,2003). The

orientation of the heme in both orientations is stabilized by van der Waals interactions

with protein residues surrounding the heme, in particular with the methyl and vinyl

groups on rings I and tr (Chelikani et a|,2004). HPtr catalyzes the oxidation of heme b to

heme dby amechanism requiring the formation of CpdI as the fi.rst step. Formation of

the spirolactone is linked to reduction of CpdI and formation of the unique His392-

Tyr415 bond @ravo et al, 1997).Interestingly, the His392Gln variant of HPtr retained

14



almost wild type activity in spite of having heme b in the active site @ravo et al,1997)

showing that heme conversion was not required for catalysis.

Heme b

Heme b type catalases

(BLC, CATA, PMC, MLC, CatF)

Fig 1.2. The structure of heme b and heme d @ravo et aL,7997).
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Structure of IIPII subunit

The secondary structure of HPtr subunit includes 18 a helices and 16 p-strands

@ravo et al, L995). The subunit can be subdivided into five domains: the amino tenninal

domain, the antiparallel B barrel domain, which is the core of the enzpe including the

active site, the wrapping domain, the helical domain and the carboxyl terminal domain

(Bravo et al,1997). The N{erminal domain includes 127 residues up to the active site

histidine, although the terminal2T residues are not visible in the crystal structure. The

only hlpothesized function for this domain is to maintain the stability of the tertiary

structure of the protein. The p barrel core domain consists of 250 residues forming two

$oups of four B strands. The wrapping domain includes 110 residues connecting the B

barrel and the helical structure. A large portion of this domain is involved in subunit-

subunit interactions and helix o 9 forms part of the proximal side heme pocket. The

helical domain consists of about 60 residues in four a helices (o10-13). The four helices

are closely associated with helices o 3-5 of the core domain and presumably maintain

stability of the structure. The C-terminal domain shows extensive secondary skucture

including 4 a, helices and 8 p strands. No significant function has been identified for this

domain, despite its flavodoxin like structure (Bravo et al,1999).
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HPII folding

The functional form of I{Ptr is as a tetramer with a total molecular weight of -336

kDa. The dimensions of the molecule are 90 Å,,70 Ä. and 140 Å along the p, e and R

axes respectively, larger than small subunit enzymes only along the R axis. Folding of the

tetramer requires the N- terminus to protrude through a loop in the wrapping domain of

the corresponding Q-related subunit providing interactions between the two domains

along a stretch of 80 residues. This "inter-woven" strucfure of subunits, A and C, and B

and D, was initially thought to be responsible for the enhanced stability of the protein

@ravo, 1999), but this has recentlybeen disproved (Chelikani et at,2004).

From work with yeast catalase, the heme group appears to bind early in the

folding process of individual subunits. Subsequently, subunits may associate to form

dimers and dimers associate to form tehamers @e Duve, 1973).

Channels and Substrate flow in HPII

Because the active site of HPtr, and calalases in general, is deeply buried in the

core of the protein, substrate molecules must travel a minimum of 30 Å - 50 Ä. from the

molecular surface of the protein to reach the active site. In addition, products HzO and Oz,

must be exhausted from the site. Despite these distances, the k"ut value or turnover rate

can be as high as -106/sec (Obinger et a\,1997b and Switala and Loewen,2002).To

provide access for subshate and products a network of channels within the protein exists

including the main and the lateral channels and a third channel leading to the central

cavity.
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The Main Channel

The main channel of a subunit starts with the carboxyl-terrninal domain of the R

related subunit and extends -50 Å before reaching the active site heme. Substrate

molecules initiallypass through the interface between the core domain and the C-terminal

domain of the R subunit to reach a bend where the charurel extends directly to the heme

(Bravo et al,1999). Molecular dynamics modeling suggests the major channel as the

principal pathway for substrate molecules (Kalko et al,200l and Bravo et al, 1995).

Crystallographic and biochemical studies of wild type HPtr and its variants have

confirmed the roles of a number of essential residues in the catallic process as well as

the solvent occupancy within the channel (Melik-Adamian et al,200l).

Substrate flow through the main Channel

Electron density maps of IIPII have revealed the presence of solvent molecules in

the main channel, interacting with the heme group and with catalytic residues. Two water

molecules that are hydrogen bonded to each other also link His128 and Asn201. Wl,

closest to the heme Soup is of lower occupancy and acts as hydrogen donor to His128

while W2 is of higher occupancy and interacts with the NH2 of Asn201. Changing either

of these residues substantially changes the distribution of solvent molecules in the

charurel. Moving "up" the channel from the heme, another three water molecules are

found, but they are not protein bound because they lie in the hydrophobic portion of the

channel. They are dependent on interactions with other waters and form a continuous

water matrix extending up the channel. The next protein bound water molecule is

interacting with Asp181, which is 12 Å away from the active site (Melik-Adanian et al,
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2001). Recent mutagenesis studies targeting the negatively charged Asp181 suggest that

an electrical potential field exists between it and the positively charged iron in the heme

group which is required for the positioning of solvent and peroxide molecules in an

optimum orientation for the interaction in the heme active site (Chelikari et aL,2003).

The lateral Channel

The lateral channel is approximately 30 Ä in length extending from a funnel

shape opening on the molecular surface near residues 590-595 to the heme edge near

residue 1274 (Mehk-Adamian et al,200l). In catalases that bind NADPH, this charurel is

blocked by the cofactor, while in IIPtr the cofactor is absent, but is replaced by a portion

of the protein chain. A19260 is located at the upper branch of the lateral channel and is

ionically bound to Glu270 (Sevinc et al,1999); a bridge that may limit accessibility to the

heme active site through the channel. Structual and biochemical studies targeting

A19260 suggested that the lateral channel was used by inhibitors and by either products

or substrate to access or leave the active site (Sevinc et al,1998).

Isoleucine 274

ILe274 in tIPtr is located at the start of the lateral channel only 3.5 Å below the

methyl group on ring I of the heme goup. Ile274 is conservedin Penicillium vitale and

corresponds to Ser169 in BLC and P. mirabilis catalase (PMC) (Mwshudov et aL,1996).

Ile274, together with Pro356 and Lys407 (in HPtr), are in Van derWaals contact with the

heme goup and may control or maintain its orientation. The strategic location of Ile274

at the start of the channel raises the possibility that it may have a role in controlling the
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movement of subshate and products in the lateral channel. Molecular dynamics studies in

PMC suggested that Serl69 has a role in coordinating subshateþroduct accessibility to

the heme active site (Mate et al, 1999 and Amara et al, 2001).

Phenylalan ines 20 6 &21 4

Phenylalanine is a hydrophobic amino acid that is a common component of the

surface of charrnels in catalases creating an environment which will not interfere with

solvent flow. In IIPtr the active site is surrounded with four Phe residues at positions 206,

207,214 and?l7, of which Phe206 and2l4 are adjacent to the heme (von Ossowski el

al,l99l).Phe214 is located at3.4 Å from the heme group and Phe206 is 5.6 Å from

methyl goup on ring I of the heme.

Glutamate 270

IIPtr does not bind NADPH, a cofactor often forurd in catalases likely because

part of the linker to the C- terminal domain \ryraps into the putative binding site (von

Ossowski et al,l99l). In catalases such as BLC, NADPH interacts with four key

residues, of which two are not present in IIPtr, Glu270 and Glu362 replace Asp272 and

His304 in BLC (Sevinc et al,1998). GIv270 is located -9 Å from the heme active site, on

the top of the lateral channel and is ionically bound to Argp.60. Previous studies

disrupting the ionic bond between R260 andB270 increased the specific activity, while

introducing BLC counterparts into IIPtr didn't influence binding of the cofactor to the

variant protein (Sevinc et a|,1998).
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Objectives

The object of the work described in this thesis is to study the skucture function

relationship of residues in the lateral channel of the E. coli catalase HPtr. The residues

targeted for study included Ile274,Phe274 and Phe206, close to the heme, and Glu270, in

the middle of the lateral channel. A second object was to determine if the orientation of

the heme could be changed by modiffing residues making contact with it.
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2. MATERIALS AND METHODS

2.1. Escherichia caÆ strains, plasmids and bacteriophage

The lists of the E. coli strains, plasmids and bacteriophage are given in Table 2.1.

The katî gene encoding HPtr catalase was originally cloned into pKS+ (Stratagene) to

generate the plasmid pAMkatET2 (von Ossowski et al,199l). Strain CJ236 harbored the

subclone of pAMkatET2, pKSTI-E and pKS*E-C (Fig 2.1), to be used for generation of

the uracil-containing single-stranded DNA employed in site-directed mutagenesis. Strain

NM522 was used for most cloning, plasmid maintenance and production of single-

stranded DNA for sequencing. Helper phage R408 was used for the infection of strains

CJ236 to generate single stranded DNA. Strain UM255 was used for expression of

catalase from various plasmids harboring wild type and variant proteins. Strain JMl09

was used for production of plasmid DNA for sequencing.

2.2.Media, growth conditions and storage of cultures

E. coli cultures were grown in standard LB (Luria-Bertani) medium that contained

l0 dL tryptone, 5 glLyeast extract, 5 gll sodium chloride. Solid media (hard top agar)

contained 14 gL agar. Ampicillin was added to 100 pdml for the growth of the plasmid-

hosting cells. Chloramphenicol was added to 40 pglml to maintain the presence of F'

episome for the growth of strain C1236. Cultures were grown at37"C or 28oC. E. coli

cultures were noÍnally stored at -70"C inSo/o (v/v) dimethyl sulfoxide. Bacteriophage

R408 was stored at+4"C in culture supernatant.
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Table 2.1. List of Escheríchía coli strains, plasmids and bacteriophage

Strains

CJ236 dutl ungT thi-l rel{llpCJl}5l 'cam'F' Kunkel et al.,1987

NM522 supE A,Qac-proAB) hsd-5

lF' proAB laclq lacZLlíl Mead et a1.,1985

GenotypelPhenotype

IlM255 pro leu rpsL hsdM hsdR endl
laqt katG2 kntEl2::Tnl} recA Mulvey et a1.,1988

JM109 recAl supE$ end{l hsdRIT gyr{96
relLl thi L,(lac-proAB) Yanisch-Penonet al., 1985

Plasmids

pAMkatET2 (pKSÞ-C, katï clone) Amp' von Ossowsþj et al., 799I

pKS E-H (subclone II) Amp' von Ossowski et al., I99l

Source

Bacteriophage

R408 (helper phage) Stratagene Cloning Systems
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2.3. Site directed mutagenesis

2.3. a. Plasmid DNA isolation and purification

Plasmid DNA was isolated according to Sambrook et al. (1989), modified as

described below. Plasmid containing cells from a 3-5 ml culture were pelleted by

centrifugation and resuspended in a buffer containing 5Omì{ Tris, pH 7.5, l0mlVt Na-

EDTA and l0}pglml RNAse. The cells were lysed in 7%o SDS (w/v) and 0.2 M NaOH

solution and neutralized with 2.55li.f potassium acetate, pH 4.8. After 10-15 minutes

incubation at room temperature, the mixture was centrifuged twice to eliminate cell

debris. The supernatant was then precipitated in isopropanol and washed 3 times with

70% (vlv) ethanol. The pellet was resuspended in HPLC grade distilled water and stored

at -20oC until further use.

2.3.b. Uracil-containing single stranded DNA isolation

Single-stranded DNA for site-directed mutagenesis and sequencing of DNA was

isolated and purified according to Vieira & Messing (1987). Plasmid-containing cells

from a 5 ml culture in exponential phase were infected with 10-20 ¡tl of helper phage

i1011-1012per ml) and grown overnight. After harvesting by centrifugation, a solution of

300 ¡Ã of 1.5M NaCl and 20% PEG @olyethylene glycol 6000) was added for per ml of

supematant and mixed. The mixture was incubated at room temperature for 15 minutes

and centrifuged to pellet the phage particles. The pellet v/as resuspended in TE buffer

(10mI4 Tris, pH 8.0 and I mM Na-EDTA). The mixture was extracted first with an equal

volume of buffer-saturated phenol and then with an equal volume of water-saturated
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chloroform. An equal volume of 7 .5 M ammonium acetate, pH7.5 and 4 volumes of ice-

cold absolute ethanol were added and the mixture was kept at -20"C until further use.

2.3. c. Transformation

Transformation of E coli cells with the various plasmids was carried out

according to the method of Chung et al. (1989). Exponential phase cells were harvested

and made competent by resuspending in ice-cold 0.1 M calcium chloride for 30 minutes.

DNA was added followed by incubation for 30-45 minutes and heat-shock at 42"C for 90

seconds. The cells were then added to 1.0 ml LB medium and incubated at37oC for I

hour without aeration. The mixture was plated on ampicillin-containing LB plates.

2.3. d. Preparation of synthetic oligonucleotides

Oligonucleotides used for site-directed mutagenesis were purchased (GIBCO-

BRL) and phosphorylated at the 5' end using T4 kinase (GIBCO-BRL) according to the

method of Ausubel et al (1989). Approximately 100 ng of single-stranded DNA rn25 pl,

1 mM ATP and 10 units of T4 kinase were incubated in the manufacturer's buffer at

37"C for 30 minutes. T4 kinase was inactivated by incubation at 65oC for 5 minutes.

2.3. e. Site-directed mutagenesis strategy

Targeted base changes on katE were generated according to the in vitro

mutagenesis protocol described by Kunkel et al. (1987). A simplified restriction map of

køtE that also indicates the locations of subclones is shown in Fig 2.1 . The subclones

rather than the whole gene were mutagenized to limit the amount of sequencing needed
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for mutant charactenzation. Target bases for mutagenesis were selected from the DNA

sequence of katE shown in Fig 2.2. The sequences of oligonucleotides used in mutant

construction are listed in Table 2.2.Mutagenesis reactions were performed by annealing

the phosphorylated mutagenic- oligonucleotides to the uracil-containing single-stranded

DNA, obtained from the appropriate Bluescript phagemid subclone. Complementary

strands were synthesized using unmodified T7 DNA polymerase (New England Biolabs)

and ligated using T4 DNA ligase (Pharmacia). The DNA was subsequentlytransformed

into NM522 where the wacil-containing DNA strand was degraded by host enzymes.

Potential mutant subclones \ryere screened for the presence of the desired mutation by

sequencing analysis with the Sanger method. Once the mutation was detected, the

complete sequence of the subclone was confirrned to ensure no other base changes had

occurred during DNA manipulation.

2.3. f. Restriction endonuclease digestion of DNA

Plasmid DNAs were digested with restriction endonucleases (GIBCO-BRI) in the

manufacturer's suggested buffer. All reactions \¡/ere performed in 10 ¡zl volume urith 0.5-

2.0 pgDNA incubated lor 2-3 hours at37"C.

2.3. g. Agarose gel electrophoresis

Electrophoresis of the restriction endonuclease digested DNA was carried out

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

Tris-acetate and 1 mM EDTA, pH 8.0) containing l% (w/v) agarose and 0.1 pglml

ethidium bromide in Bio-Rad Mini Sub DNA Cell horizontal electrophoresis trays (6.5
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cm x 10 cm). Electrophoresis was carried out at 40-60 mA constant current until the blue

dye in the stop buffer migrated -4 cm from the loading well. Samples of 10 pl were

mixed with? pl stop buffer @0% (v/v) glycerol, 10 mM EDTA pH 8.0, 0.25% (wlv)

bromphenol blue). The 1 Kilo base DNA ladder (GIBCO-BRL) was used as molecular

weight size markers. DNA bands were visualized with ultraviolet light and photographed

using the Bio-Rad Gel Doc 1000.

2.3.h. Ligation

Ligation of the insert DNA into the vector DNA was carried out

according to Sambrook et al (1989). Purified DNA was mixed in a2 to I ratio of

insert to vector n20 plvolume with 1 unit of T4ligase (GIBCO-BRL) and the

manufacturer's buffer. The mixture was incubated ovemight at 15"C. A sample

without the insert DNA was used as a control.

2.3. i. Reconstruction of kalE variant gene

Mutant subclones were subsequently used to reconstruct the complete kntÛ gene.

Appropriate DNA bands were excised from agarose gels and purified using the

GENECLEAN DNA extraction kit (Bio/Can Scientific krc.). Purified DNA strands were

ligated and transformed into UM255 for determination of enzyme activity and

visualization of protein in crude extracts by SDS-PAGE. Clones that expressed detectible

levels of llPtr-like protein were then grown in large scale (4-8 liters) for purification and

charactenzation of the enzyme.
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Fig2.l. Simplified restriction map of the cloned 3466bp chromosomal fragment in
pAMKatET2.T};ie three subclones are shown (I, il, m) and the 2259 nucleotides
kntÐ openreading frame is shown in grey.
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Table 2.2. Sequences of the oligonucleotides used for site-directed mutagenesis.

Primer Name Position wlin køtE

r274A (ATT-GCT)

n74G (ATr-GGr)

r274V (ATT-GTT)

r274F (ATT-TTT)

F,270/- (GAA-
GCA)

82705 (GAA-TCA)

F,270r (GAA-ATT)

F2r4H (TTC-CAC)

F2t4L (TTC-TTA)

F206N (TTC-AAC)

1631-1651

1631-165r

1 63 1-165 1

1631-1651

1610-1630

1610-1630

1610-1630

t453-t473

t453-1473

1427-1447

GGCTTCGGTGCTCACACCTTC

GGCTTCGGTGGTCACACCTTC

GGCTTCGGTGTTCACACCTTC

GGCTTCGGTTTTCACACCTTC

CGCACCATGGCAGGCTTCGGT

CGCACCATGTCAGGCTTCGGT

CGCACCATGATTGGCTTCGGT

GCGCATAACCACCCCGATTTG

GCGCATAACTTACCCGATTTG

AC GCCAATCAACTTTATCCAG

Primer Sequence Sub-clone

Table 2.3. Sequences of the oligonucleotides used for sequences confirmation.

tr

tr

tr

tr

tr

tr

tr

tr

tr

tr

Primer Name

C

D

D2

E

Position wlin katE

1107-1t23

t356-1372

1430-1447

r606-1620

Oligonucleotide Sequence

5'-GTGCCGGTAGCCGTGGT

5'-TGCGTGATATCCGTGGC

5'-CCAATCTCTTTATCCAG

5'-CCCCCGCAGTTACCG
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2.3.i. DNA Sequencing

Sequencing of DNA was carried out manually according to Sanger et al. (1977),

using the primers shown in Table 2.3. Reactions were prepared using Pharmacia T7

Sequencing kit and 5-15 pCi [o-"S] dATP @uPont). Separation of the reaction mixhres

was on 8% (wlv) polyacrylamide gels containing 7 M urea, 0.13 M Tris, 0.13 M boric

acid and 10 mM EDTA. Dried gels were exposed to a film (Kodak x-oMAT AR) to

visualize the DNA bands.

2.4. Purification of HPII Catalase

For small scale whole cell assays of HPtr and variant activities, cells containing

desired plasmids were groïvn in 30 ml LB medium in 725 ml flasks at37"C and 28oC.

Cells were harvested in stationary phase (Aøoo >4.0) and used for enzyme assays and

visualization of proteins by electrophoresis on sodium dodecyl sulfate-poþcrylamide

gels (SDS-PAGE).

For large-scale preparations, LIM255 cells harboring plasmids containing wild

type or mutated katU were grown in LB medium supplemented with 100 pglml ampicillin

for 18-20 hours at37"C or 22-24 hours at28"C with shaking in 8 toll 2 L flasks (500 ml

per flask). Cells were then harvested bypelleting and stored at -60oC. Isolation of HPtr

was done according to Loewen & Switala (1986) with some modifications as follows.

Pelleted cells were thawed in37"C water bath, resuspended in 20-300 ml of 50 mM

potassium phosphate buffer, pH7.0 containing 5 mM EDTA, and disrupted using a

French press at 20,000 psi. The unbroken cells and debris were pelleted by centrifugation,

and streptomycin was added to a final concentrati ono¡f 2.5%o(øÐ. The resulting
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precipitate was removed by centrifugation and discarded. Ammonium sulfate

precipitations were carried out at 35, 50, and 60% saturation with solid ammonium

sulfate. The pellets from 50% arrd60/o ammonium sulfate precipitations were

resuspended in 15-20m1 of 50 mM potassium phosphate buffer, pH 7.0 (buffer A) and

were tested separately for catalase activity. Two fractions \ryere combined only if specific

activities of both were within 80% of each other. Otherwise only the fraction with the

highest activity was used for further steps. A small volume of the selected fraction(s) was

then tested for heat resistance at 53oC for 20 minutes. The activity was compffed to that

of the unheated fraction and if less than}}Yo of the activitywas lost, the whole fraction

was heat-treated and centrifuged, and the supernatant was dialyzed against 2 L of buffer

A overnight.

2.4. a. Ion-Exchange column chromatography

The dialyzed sample was loaded onto a 2.5 x23 cm column packed with DEAE-

cellulose A-500 (Amicon Matrix Cellophane, CHISSO Corp.Japan) equilibrated in

buffer A. The column was washed with buffer A or 50 mM NaCl in buffer A until the

absorbance A2ss of column fractions was below 0.050. HPtr and its variants were then

eluted by a 50 to 500 mM NaCl linear gradient in buffer A. Fractions of 5ml were

collected and assayed for catalase activity. Those with highest activity were pooled,

concentrated using a protein concentrator (Amicon), and dialyzed against I liter of buffer

A overnight. The purity of catalase was estimated spectrophotometrically from fuottLzeo

ratio (hemeþrotein) and by SDS-PAGE. If the ratio was below 0.7, the protein was

loaded on a second smaller column packed with DEAE-cellulose A-500 or
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hydroxyapatite HP (BIO RAD). Whenever hydroxyapatite was used, the proteins were

eluted by a gradient of 50 to 400 mM of phosphate buffer pH 7.0. Aliquots ofthe enzqe

were stored at -70"C.

2.4.b. FIow pressure liquid chromatography (FPLC)

For a final purification step,IIPII and its variants were dialyzed overnight in 50

mM Tris buffer pH 7.0, concentrated to -20mglml, and loaded on a24 ml (1x30cm)

Superose 12 column attached to FPLC Biologic workstation. Desired fractions were

collected and stored at -70"C.

2.5. sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

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

concentration of acrylamide was l0%o for the crude extract samples containing 100-200

pgprotein or 8o/o for the samples containing t0 pgpurified protein. Protein samples of 10

plwere mixed with an equal volume of sample buffer (3.4mglmlNaHzPo¿, 10 mglml

SDS, 1.28 M 2-mercaptoethanol, 0.36 glmlurea and 0.15% bromophenol blue) and

boiled for 3 minutes prior to loading. Samples were run at 150 V in a vertical BIO-RAD

Protean tr electrophoresis system. Samples were stained in a solution containing 0.5 gll

Coomassie Brilliant Blue R-250 (Sigma), 30% ethanol and 10o/o acetic acid, and

destained with repeated change of the destaining solution 15% methanol and 7o/o acetic

acid until the background color was clear. After soaking in a final destaining solution of

7o/o acetíc acid and lo/o glycerol, the gel was dried on a 3mm paper (Whatman) at 60oC in

a slab gel dryer (Savant).
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2.6. Catalase assay and protein quantification

Catalase activity was determined by the method of RØrth & Jensen (1967) in a

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

amount of enzyme that decomposes I ¡tmolH2O2in 1 minute in a 60 mM H2O2 at37"C,

pH 7.0. Appropriately diluted samples were incubated for 0.5-1.0 minutes at37"C in 1.8

ml buffer A followed by the addition of 50 pl H2O2 (to 60 mM final concentration). For

the determination of catalase activity from whole cells, LB medium was used for

resuspension instead of buffer A 50 mM potassium phosphate, pH 7.0. Specific activity

was expressed as units per mg purified protein or units per mg dry cell weight. Protein

concentration (mg/ml) was estimated spectrophotometrically (Layne et al,1957).

Specific activity in whole cells (turit/mg dry cell weight) was determined by converting

the A66e values to dry cell weight. Specific activity was always determined as the average

of two or more determinations.

2.7 . Determination of enzyme spectra

Absorption spectra of enzymes in 50 mM potassium phosphate buffer, pH 7.0

were obtained using a Milton Roy MR3000 spectrophotometer with 1 cm pathlength

qtartz cells at room temperature. Data were analyzed using SigmaPlot software (v. 5).

2.8. Hemochromogen Ch aracternation

Heme extraction and characteizationwas carried out according to Loewen et al

(1993). One mg HPtr protein in 50 mM potassium phosphate, pH 7.0 was extracted in 1

ml acetone containing 0.13% HCI and neutralized with 8 pl lMNazCO¡ and lyophilized.
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Samples were redissolved in a solution of 24o/o methanol, 24o/o acetontfrle,2o/o acetic

acid and 50o/o water, and separated on 4.6 x 250 mm column packed with Whatrn an 5 pM

ODS Itr (C18 coating) eluted with a gradient of 24:24:48:4 to 48.48.0:4

acetonitrile/methanoVwaterlacetic acid in a LKB HPLC system with detection at 370 nm.

Data were transferred to SigmaPlot software (v. 5) for preparation of elution profiles.

2.9. Specific Activity and Kinetic Properties of Catalase HPII and Variants.

The dependence of the enzvrrre reaction rates on subshate concentration was

examined, with saturation curves generated by fitting the data with the hl,perbola, two

parameter equation found in the SigmaPlot software (v. 5) (Jandel, San Rafael, CA.).

The apparent V-u* (the maximal initial reaction velocity) and apparent K- (the substrate

concentration at which the initial reaction velocity is equivalent to half the maximum

initial reaction velociry) values were obtained from these curves. The turnover rate, þu¡,

was also calculated.

2.1 0. Inhibition Studies

The effect of various inhibitors on HPtr or variants was studied by following

enzpe activity and spectral changes. Various concentrations of sodium cyanide, sodium

azide, hydroxylamine and O-methyl hydroxylamine were incubated with IIPtr at37oC

for 1 minute in buffer A prior to the addition of HzOzto the reaction cell. To study the

effect of cyanide and azide on the visible spectra of HPtr or variants, appropriate

concentrations of each individual protein were incubated with 5mM of cyanide or azide

at37"C for 15 minutes. Visible spectra were obtained as described above.
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3. RESULTS

3.1.. Construction of Catalase HPII Variants

HPtr variants were constructed by site directed mutagenesis using mutagenic

primers to infoduce point mutations into katE subclone tr. All mutant genes \ilere

sequenced to confirm the presence of the desired mutation and to confirm the absence of

any other mutations. Ten variants were constructed including Ile274 conversion to Ala,

Gly, Val and Phe, Gl\270 conversion to Ala Ile and Ser, Phe214 conversion to His, and

Phe206 conversion to Asn. During the course of preparation of I1e274Ala, anaccidental

mutation Phe2l4 to Leu was detected. The two mutations were separated and recloned

independently allowing the variant protein Phe2l4Leu to be included in the study.

Approximately 50o/o of the products from a mutagenesis contained the desired mutation.

3.2. Effect of Temperature on the Expression Catalase HPII and its Variants

To determine the optimum temperature for expression of the constructed variants,

HPtr and its variants were grown at three temperatures 37oC, 28oC and room temperature

(RT). Two measures were considered: the catalase activity of the crude extracts (Table

3.1) and the accumulation of HPtr like protein on SDS-PAGE. All variants showed

decreased catalase activities compared to the WT protein when gro\vrl at the three

temperatures. Six variants presented less than 20% of WT activity when grown at37oC,

and four variants presented 30%oto 70o/o of WT activity. At 28oC, two of the variants

presented activity similar to WT. At RT, no significant increase in catalase activity was

detected in V/T IIPII or any of its variants. Ratios between activities at28"Cl37"C were

calculated for each variant and wherever the ratio exceeded 1.0, the variant protein was
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prepared at28"C (Table 3.1) including, six out of eight variants: 1274A,1274G,8270A,

E270S,F2I4H and F206N. Two variants were prepared at37"C: W4V and F214L. The

two remaining variants n74F andB270[ didn't present any activity or detectable HPtr-

like bands on SDS-PAGE at either temperatures and are not considered in any further

experiments.

3.3. Purification and Characterization of HPII and its Variants

The purification protocol for HPtr and its variants is described in the Methods

section and, in briet involves cell lysis, cell debris removal, sheptomycin sulfate

precipitation and ammonium sulfate precipitation and column chromatography. The

specific activities of the purified variants were determined (Table 3.2) andthe proteins

were tested for heat resistance at 52oCfor 18 minutes; and for heme content, heme b or

heme d. Figure 3.1 shows the SDS-PAGE for the purified WT I{Ptr and its variants.

3.3. a. Isoleucine 27 4 Y ariants

Isoleucine 274 was converted to Ala, Gly, Val and Phe. The four constructed

variants I274A,1274G,V74V, andI274F all showed decreases in the catalytic activity

and a decrease in expression by SDS-PAGE. The n74V, in spite of the decrease in the

catalytic activity of cell extracts, the va¡iant showed similar properties to'WT protein

concerning expression, specific activity and sensitivity towards different inhibitors.

However, heme chaructenzation by HPLC as well as spectral data revealed a

combination of heme b and heme d (Fig 3.2,Fig 3.3). The electrophoreticallypure Gly

variant showed -20% of the WT activity and Aqot/A2gs râtio of 0.6 arid the yield of heme
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extraction from this variant was always less than wild t¡4pe using equal amounts of

protein from both. The pure HPtr and its variants usually show a ratio close to 1.0. Heme

characteization by I{PLC as well as spectral analysis showed a combination of heme b

and heme d (Fig 3.3). The n74G variant was heat sensitive but generally more resistant

to different inhibitors especially to hydroxylamine (Fig 3.8), for which the concentration

needed to achieve 50% inhibition, was l0 fold more than that needed for 50Yo inhibition

of the WT protein (Table 3.4).

The pure I2T {variant exhibited 40o/o ofW.T specific activity and A7gnlAzso ratio

of 0.74. Spectral and IIPLC analyses revealed a protein very similar to wild type IIPtr

although the heme spectrum did not resemble that of either heme b or d @ig3.2,Fig 3.3).

3.3. b. Glutamate 270 Yariants

Three mutations were introduced at position F,270, Ala, Ser, and lle. ForE270A

and E270S the maximum yield and activitywere achieved by growing cells at 28"C for

24 hours. Purified E270{had a specific activity slightly higher than'WT, while 82705

had a specific activity similar to V/T. The heme profiles and spectral analysis of both

variants were similar to WT HPtr with typical peaks for heme d (Fig 3.2,Fig3.3).F;270I

did not accumulate llPtrlike protein suggesting a folding problem.

3.3. c. Phenylalanine 206 and Phenylalanine 214 Variants

Phe206 was converted to aspargine while Phe2l4 was converted to leucine and

histidine. All three variants showed reduced activities in crude extracts compared to \MT
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regardless of growth temperature. A comparison of activities at 28'C and 37"C (Table 1)

resulted in F206N andE2l4L being grown at28"C andF2l4L being grown at37oC.

The three electrophoretically pure variants presented activities that were 10 to

15% of WT activity, and Aqotl[zso ratios below 1.0. The absorbance spectra of the three

proteins alone suggested a mixture of heme b and heme d (Fig 3.2,Fig3.7) but heme

charactenzation by IIPLC revealed the presence of unknown heme species in each

variant (Fig 3.3). Very little heme was extractable from F214H, suggestive of a covalent

attachment (Fig 3.3). HPLC analysis of the heme fromF2l{L revealed a predominant

peak of heme d but with nearly equal amorurts of the cis and trans isomers and a small

heme b peak.

3.4. Properties of HPII and its Variants

The kinetic properties of FIPtr and catalases in general do not follow the

conventional Michaelis-Menten pattern. The enzymelsubstrate saturation curve needed to

calculate the kinetics constants of Michaelis-Menten's equation cannot be obtained for

catalases because the active site can never be saturated and activities may continue to

increase up to 5M HzOz.Such high concentrations cause inactivation. The apparent V,no

and K- values were calculated by fitting the data obtained at low [HzOrl and are included

in Table 3.3.

48



Table 3.1. Effects of growth temperature on the production of V/T IIPtr and its variants

Variant

W.T TIPtr

n74A

n74G

n74V

T274F

E27OA

E27OT

E27OS

F214L

F214H

F2O6N

UM255

Act*. at2BoC Act*. at37oC

410 + 40

230+25

180+3

240+90

< 0.01

380 * 30

< 0.01

390 +25

140t22

210+-16

60+8

< 0.01

550 + 60

100+6

60t4

450t40

< 0.01

190+ 6

< 0.01

170 + 75

130+10

80+7

3Gr3

< 0.01

Act*. at R.T

390 + 30

160+5

125+7

320*30

< 0.01

270 + 15

< 0.01

320 * 30

9Gr15

nld

nld

< 0.01

Ratio 28ol37o

0.7s

2.3

3.0

0.53

nla

2.0

nla

2.3

1.1

2.6

2.0

nla

* catalase activity in units/mg dry cell wt.
n/d: not determined
r/a: not applicable
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Table 3.2. Comparison of the physical properties of purified V/T I{Ptr and its
variants

Variant

V/.T ITPtr

w4A

1274G

w4v

E27OA

E27OS

F214H

F214L

F2O6N

Specific activity
units/mg

1900Gr900

7700+490

4300+710

18000 +1400

24000t1200

2050Gr400

300Gr150

3600+220

2700+400

Ratio Abs
fuoilAzso

0.98

0.74

0.52

0.97

0.99

0.96

0.7r

0.6

0.51

Heme group

d

d+b

d+b

d+b

d

d

b

b+d

b

Heat
resistance

R: Heat resistant

S: Heat sensitive
d: Variant contains heme d

d+b: Variant contains heme d and heme b
b+d: Variant contains heme d and heme b.

b: Variant contains heme b.

R

R

S

R

R

R

R

R

R
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Fig 3,2, The visible spectra of purified WT HPII and its variants. Appropriate dilutions of
each purified protein in 50 mM potassium phosphate buffer, pH 7.0 were
scanned using a Milton Roy MR3000 spectrophotometer with I cm pathlength
quarlz cell at room temperature. The left axis is for the range from 350 to 550
nm while the right axis is for the lange from 550 to 750 nm
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Fig 3.3. Elution profrles from Cl8 reverse phase HPLC of heme extracted from I mg
protein of purified WT HPII and its variants. The heme was extracted according
to Loewen et al, 1993. Samples were eluted with a gradient of 24:24:48:4 to
48:48:0:4 acetonitrile/meth anollwater/acetic acid in a LKB HPLC system with
detection at 370 nm.
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Table 3.3. Specific activities and kinetic parameters ofpurified WT HPtr and its varia¡rts
showing calculated and observed values

Variant

Wild Type

n74A

n74G

n74Y

E27OA

E27OS

F214L

F2T4H

F2O6N

V,n"*o

Calculated"

54,000

r1,200

6,300

45,000

49,200

41,100

6,300

6,200

9000

K-(mM)

47

4l

47

48

28

3t

8.5

26.5

63.2

k"", (sec-l)

l.2l x I

1.56 x 10s

4.5 x 104

8.7 x 10s

1.4 x 106

8.7 x 105

1.1 x 105

1.7 x 10s

3.2x 104

V,n"*b

Observed

100,900

20,900

13,700

53,000

116,900

89,100

7,532

8,700

15,800

[Hz0z] at V,n"*/2 mM

a: Calculated for H.zOz< 100mM
b: V-u* in pmol H2O2 pmol heme-ls-l

221

500

1000

500

250

1000

2s0

500

250
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Fig 3.4. Comparison of the effect of different hydrogen peroxide concentrations on the
initial velocities (V;) of WT HPII and its variants, showing the observed (- )
and calculated (-----)Vn,u* for each purified protein.
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3.5. Effect of InhibÍtors on HPII and Íts Variants

3.5. a. Effect of Cyanide and Azide on variants of HPII.

Azide and cyanide have been reported to reversibly inhibit catalase bybinding to

the heme iron @eyer and Fridovich, 1988). Both inhibitors alter HPII's visible

absorbance spectrum, including a red shift in both the Soret band and A5ee peak and an

increase in the Aø¡o peak. In contrast, addition of cyanide to variants of HPtr with a heme

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

absorbance peak at 545 nm with a shoulder at 590 nm, and a significant increase in the

630 nm peak. Azide compounds do not induce changes in the spectra of variants

containing heme b. A comparison of the inhibitory effects of azide and cyanide on IIPII

and its variants is presented in Table 3.4. The effect of both inhibitors on the visible

spectra of FIPtr and its variants is shown in Fig 3.5.

3.5. b. Effect of NHzOH and CH¡ONHz on variants of HPII.

Hydroxylamine has been reported to react with compound I of catalase to form

nitric oxide (Marcocci, 1994), which reversibly reacts with heme to cause inhibition of

the enzyrne @oyle et al, 1981 and Brown,1995) by binding in the heme distal side

pocket (Zhao,1998). The inhibitory effects of hydroxylamine G\IH2OH) and O-methyl

hydroxylamine were studied, the concentrations needed for each inhibitor to achieve 50%

inhibition for HPtr and variants were calculated and are shown in Table 3.4.
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Table 3.4. Determination of the 50% inhtbitory concentrations of different catalase
inhibitors for WT HPtr and its variants

Variant

12741'

n74G

n74V

E27OA

E27OS

F214H

FzI4L

F2O6N

V/T HPtr

NaNs
(rrIW)

Concentration needed for 507o inhibition

175

210

150

75

90

100

80

70

130

NaCN
(pntr)

t6

18

10

9

8

13

16

t7

10

NH2OH
(nntr)

175

1000

116

123

108

154

t20

t02

120

NII2OCH3
(mntr)

6

5

6

4

4

6

1.5

6

5.5
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Fig 3.5, Comparison of the effects of sodium azide on WT HPII and its variants.
Appropriate dilutions ofeach purified protein were incubated for I min in the
¡eaction chamber with diffelent concentrations of NaN3 before adding H2O2.
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Fig 3,6, Corrparison of the effects of sodium cyanide on WT HPII and its variants.
Appropriate dilutions ofeach purified protein were incubated for I min in the

reaction charnber with different concentrations ofNaCN before adding H202.
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Fig 3.7. The visible spectra of WT HPil and its variants in presence or absence (-) of
NaN3 and NaCN. Each protein was incubated with imM NaN3 (. . .. . .) or 0.5
mM NaCN (------) at room temperature for l5 rninutes prior to spectral
analysis. The left axis is for the range frorn 350 to 550 nm and the right axis is
for the range from 550 to 750 nm
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Fig 3,8, Comparison of the effects of hydroxylamine on WT HPII and its variants.
Appropriate dilutions ofeach purified protein were incubated for I rnin in the
reaction chamber with different concentrations of NHzOH before adding H2O2
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Fig 3,9, Comparison of the effects of O-methyl hydroxylamine on WT HPII and its
variants. Apptopriate dilutions ofeach purified protein were incubated for I min
in the reaction chamber with different concentrations of NH2OCH3 before
adding H2O2.
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4. CONCLUSIONS AND DISCUSSION

4.1. Isoleu cine 27 4 Variants

Because of the close proximity of Ile274 to the heme (3.8 Ä) and its location at

the start of the lateral channel on the side of the heme that is opposite to the heme b to d

oxidation, two possible roles have been suggested for the residue including the

maintenance of the heme orientation and control of the passage of solutes, subshate,

products and solvent through the lateral channel. Ile274 was converted to four

hydrophobic amino acids (Gly, Ala, Val and Phe) to study the effect of changing the size

of the hydrophobic group at this location. n74F variant protein did not accumulate any

protein suggesting that the large side chain of the Phe interfered with the folding of the

protein. The th¡ee variants (Ala, Gly and Val) with smaller R groups were isolated in

sufficient amounts for study, indicating that smaller side chains could be accommodated

without a significant disruption in structure. In spite of the standard culture conditions,

theI274Y variant contained a mixture of heme d and heme b, which was difficult to

rationalize, because the other properties of the variant were similar to the V/T protein.

TheI274A variant exhibited lower activity consistent with the presence of a mixture of

heme b, heme d and a predominant peak for an unidentified heme species with greater

apparent hydrophobicity than heme b.I274A also exhibited a reduced A¡y¡tlLzgo ratio

which could be explained as due to a different heme environment (lower extraction

coefficient) or a different heme species, but no firm conclusions can be drawn until the

unidentified heme species is fully characteized. The n74G variant was produced in low

yield and was heat sensitive most likely due to the structural instability introduced by the

isoleucine to glycine change. The low yield of the extracted heme together with the
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reduced fuot/Nsoratio of 0.6 suggest a lower than normal heme/ protein content or a

change in the electronic environment of the heme. Further charactenzation of this variant

is needed. Both the Ala and Gly variants were more resistant than V/T towards cyanide,

azide and NH2OH, suggesting structural changes in the heme environment, consistent

with the spectral and IIPLC data.

Introduction of smaller R groups in the entrance to the lateral channel did not

result in an increase of the protein's activity suggesting that the diameter of the lateral

channel is not a determinant of activity. The possibility of reduced heme composition is

consistent with the decrease in the activity and may be interfering with the effect of a

larger channel entrance. If theI274G variant is found to contain less heme it will be the

first example of a tetrameric catalase with less than a fulI complement of four heme

groups.

4.2. Glutamate 270 Variants

Of the three variants of F.270,E270A,F,2705 andB270I only the Ile variant did

not accumulate any protein, most likely because of steric interactions caused by the

bulkier side chain that interfered with the protein folding, while 8270A and 82705 were

as active as or slightly more active than WT. E270 tnteracts ionically with R260 in the

upper chamber of the lateral charurel narowing the diameter of the channel. The ionic

bond will be disruptedinE270A, creating a larger diameter for the channel and this is

consistent with the kinetic constants and the increased sensitivity towards catalase

inhibitors. Curiously the activity of E270A, while higher than'WT, still it is not as high as

that of R2604 in which the E-R ionic association is also disrupted (Sevinc et al,1999).
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This suggests that the side chain of R260 plays a bigger role in blocking the charurel than

does the side chain of 8270. The properties of E270S are consistent with this disposition,

presenting a turnover rate equivalent to'WT, confirming that changes in residue 270have

little effect on the dimensions of the channel.

4.3. Phenylalanine 206 and. Phenylalanine2l4 Variants

The phenyl ring of Phe2l4 is in the distal pocket just 3.4 

^from 
the heme group

and 6.3Ä from the essential His128. Phe206 is also located in the distal pocket about 5.6

Å from the heme. The phenyl ring is hydrophobic presenting onlyweak opporrunities for

interaction with water molecules. Having the channel and active site surrounded by such

residues may effectively direct the substrate to the polar active site residues. There were

two objects to study those residues. The first was to determine how important these

residues are in catalysis and structure integrity. The second was to determine if there was

any change in heme orientation. Changes in the heme species and possibly in the amount

of heme together with the difficulties in exhacting the heme suggested the possibility of

covalent attachment of the heme to the protein inF2l4H. The three variants F2l4H,

F2l4L and F206N all exhibited decreased activity. At the moment, the only explanation is

that a charige in the electronic integrity of the heme has affected the interaction with the

substrate HzOz.It is unclear if the mutations have caused a change in heme orientation but

at least one ne\ry heme species is formed, but not identified. The F206N andFZI4}J

variants could be used to construct the double mutants F206N/ N201F andF2t4Hl H128F

with the object of putting more pressure to flip the heme by 180". The appearance of

unidentified heme species also suggests that F206 and F214 are important in maintaining
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the integrity of the heme active site. Unfortunately it is hard to draw more firm

conclusions in the absence of a crystal structure determination.
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5. STIVIMARY

The structure/function relationship of residues in the lateral channel of the E. colí

catalase IIPII have been studied. The targeted residues wereüe274, close to the heme

group at the start of the lateral channel, Phe206 and Phe214, on the distal side of the

heme andGlu270 in the middle of the lateral channel. Ile274 was converted to Ala, Gly,

Val and Phe, Glu270 was converted to Ala, Ser and Ile, Phe206 was converted to Asn

andPhe2l4 was converted to His and Leu. Out of the 10 variants, two,I274F andE270I,

did not accumulate any protein and were not included in purification and characterization

experiments. For Ile274 variants, W4V exhibited activity and kinetic profiles similar to

wild type and was gro\iln at37"C.W4AandI274G both exhibited decreased activities,

were grown at28oC to improve the yield of expressed protein and exhibited higher

resistance towards catalase inhibitors. These properties are consistent with reduced heme

content, something that was not observed in any other tetrameric catalase indicating the

importance of the isoleucine side chain in stabilizing the heme association with the

protein. This is surprising given that the equivalent residue is glycine in CAT A and

serine in BLC.

Of the Ghû70 variants, 8270A and E270S had properties similar to WT and

8270I did not accumulate protein. The slightly higher activity of E270Ais probably due

to an increase in the diameter of the channel resulting from the disruption of the ionic

bond betweenB?T} and R260, but the increase in activity is small compared to that of

R2604 (Sevinc, 1999). The three fold increase in activity of R260 indicates that

removing the arginine residue must have a much large effect on channel architecture than

the removal of 8270.
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F206N, Fzl4}JandEzl{L all exhibited lower activify compared to WT and

contained unusual mixtures of heme species with possible cross linking of the heme to

the protein inF214H. The changes in apparent heme content and sensitivity to inhibitors

suggest an important role for these residues in maintaining the integrify of the heme

pocket.
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