
UNIVERSITY OF CALGARY 

Peroxidases of Neurospora: purification and some properties 
of the heat-inducible and constitutive enzyme. 

Anna M. Senczuk 

A THESIS 

SCB5KITED TO THE FACULTY OF GRADUATE STUDIES 

I3 PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

DEPARTMEST OF BIOLOGICAL SCIENCES 

CALGARY. ALBERTA 

JUNE. 1999 

O Anna .M. Senczuk 1999 



National Library 1+1 OfCanada 
Biblioth4que nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographic Services services bibliographiques 

395 Wellington Street 395. rue Wellingtorr 
Oltawa ON K1 A O N 4  OttawaON KlAONQ 
CaMda Canada 

vwrly. vorr. rirrima 

Our lYI W r a  rarYrm 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

L'auteur a accorde une licence non 
exclusive permettant a la 
Bibliotheque nationale du Canada de 
reproduire, prster, distribuer ou 
vendre des copies de cette these sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
electronique. 

The author retains ownership of the L'auteur conserve la propriete du 
copyright in this thesis. Neither the droit d'auteur qui protege cette these. 
thesis nor substantial extracts fiom it Ni la these ni des extraits substantiels 
may be printed or otheMise de cellesi ne doivent &re imprimes 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation, 



ABSTRACT 

Heat Inducible (HIP) and constitutive (CP) peroxidases were isolated from 

h'eltrospora cmssa. HIP was isolated from heat shocked mycelium, and CP from a 

mutant overexpressing constitutive peroxidase. These enzymes were purified to near 

homogeneity. as judged by electrophoresis in  denaturing gels. and some of their 

properties were investigated. For HIP and CP the relative molecular mass was found in 

 he range of I 16 kDa and 1 18- 136 m a .  heat sensitivity 13 - 55°C and 48 - 58°C. pH 

optima 5.0 and 3.5 respectively. K,. V,, and k,, values for the reaction catalyzed by the 

CP ii+ith H-0-  as the variable substrate were -22 pIh.1. -447 nmol/mg and -0.3/sec. 

rsspsctivel!.. and for ABTS -55 phi. -453 nmollmg. -0.3/sec. For HIP with H2O1. K,. 

V,,,,, and k;,, were -44 ,u-\I. -6640 nmollmg and - IOlsec respectively, and for ABTS the 

corresponding ivalues were -36 p34. -5200 nmol/rng and -8Isec. Neither of the enzymes 

~itilized guaiacol. 
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INTRODUCTION 



1. INTRODUCTION 

All living cells display a rapid response to adverse environmental conditions. a 

phenomenon commonly designated as the stress response. The ability of organisms to 

sense and respond to unscheduled changes in the environment is crucial to their survival 

[Foster and Spector 19951. Heat shock and oxidative stress are the ttvo types of stresses 

that involve induction of perosidase activity in hreic)-ospora crlisstr. which is the subject 

of this stud)'. 

The heat shock response was first reported as a dramatic change in gene activity 

induced by a brief heat treatment of Drosopizilo izydei larvae [Ritossa 19641. Until 1980 

most attention was focused on the heat shock response in Drosopi~iln where the heat 

shock proteins were first discovered. Similar findings with other eukaryotes and 

prokaq.otss soon suggested that the response is an evolutionarily consenred genetic 

s>.stsm which may be beneficial for the living cell [reviewed in Craig et al. 1993: Hanl 

1 9961. 

Heat shock proteins (HPS.4). also described as -'r;tress" proteins. are synthesized in 

response to a variety of treatments including sublethal hyperthermal exposure. oxidative 

stress. toxic metals. metabolic inhibitors and ethanol [Craig et aI. 19931. Many of the 

HSPs are present at low. but significant. level at physiologically relevant temperatures. 

Their induction upon heat shock is rapid and specific. The induction temperature reflects 

a stress condition for an organism such that HSPs are induced at a temperature which is 

above its optimal growth temperature. Specific induction of HSPs correlates with the 

subsequent development of thennotolerance. which is defined as a transient ability of the 



cells subjected to high temperature to survive subsequent exposures to lethal 

temperatures. Heat shock proteins are produced as a result of a moderate stress. 

presumably to protect the organism from the lethal effects of a more severe stress. One of 

the common signals for HSP induction comprises the presence of abnormal or denatured 

proteins in  the cells. Heat shock proteins are believed to have two major functions. First. 

to promote degradation of damaged proteins as some HSPs have proteolytic activity. 

Second. to act as molecu lar chaperones by preimenting aggregation and mediating proper 

folding of nascent polypeptides, and in some instances in refolding of denatured proteins 

[Di Domcnico st nl. 1982: Craig st ai. 19931. 

The spectrum of HSPs synthesized upon a stress challenge is similar in many 

organisms. Stress protein families have historically been classified according ro their 

a\ eragr apparent molecular mass: HSP 100. HSP90.  HSP70.  HSP60. HSP26 and HSP 12 

[Table I 1. In addition to stress-induced members. many proteins homologous to HSPs are 

s! nthehized constitutively. suggesting that important cellular functions may be performed 

b l r  these proteins under norma1 circumstances. The functional significance of the heat 

\hock response is evident from the magnitude and speed of the process. The ability of the 

cells to shift their metabolism rapidly totvards synthesis of HSPs suggests that they may 

depend on this phenomenon for survival. On the basis of experiments conducted blP 

XIager et al. ( 1993) in yeast, the shift from 23'C to 30°C does not result in any major 

alteration in protein synthesis. but a shift ro 36'C does. The latter also leads to protection 

from death due to subsequent extreme (52°C)  heat treatment. 





Recently, i t  has been reported that in yeast approximately 80 proteins are transiently 

induced as a result of a heat shock; twenty of these proteins are now classified as major 

HSPs [Lee and Park 1998). Among these heat-induced proteins. HSP I 04 was found to be 

the most important thermotolerance related protein of Saccllaromyces cerevisiae, 

enhancing sunfival after exposure to extreme heat or high concentrations of ethanol by 

more than 1000-fold. During recovery from stress conditions. HSP 104 promoted 

disaggregation of hear-darnaged proteins. enhancins their refolding by more than 500- 

fold. These observations led to the suggestion that HSP 104 has the capacity to alter 

direct]!.. or indirectly. the nature of aggregates during their formation when the rate of the 

protein unfolding exceeds the capacity of other chaperones to prevent the accumulation of 

aggresates [Gloivsr and Lindquist 19981. 

Stress Response of Xeurospora crassa: Heat Shock and Oxidative Stress 

Esposurs of N. crcisstr to heat shock. oxidative stress and toxic metals causes 

rapid synthesis of heat shock proteins. It ivas shown that the high molecular mass heat- 

induced proteins include members of HSP70. HSP80 and HSP90 families of stress 

proteins [Kapoor and Lewis 19871. The members of the HSP70 f ~ m i l y  are veq. highly 

consen-ed as they share -50% amino acid sequence identit). with each other. These 

proteins are presumed to bind to hydrophobic surfaces and maintain proteins in an 

unfolded conformation in order to facilitate the transport of such proteins across 

membranes and to promote their refolding [Chirico et 21. I 9881. In N. cmssa. HSP70 is 

the second most abundantly produced protein during hyperthennia. It is also an abundanr 
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protein during normal growth and it is presumably located in the cytosol. HSPSO of N. 

crmsn. the equivalent of mammalian HSP90. is the most abundant heat-inducible protein 

of iV. cmsstl. It is also induced by ethanol and carbon starvation even at the normal 

growth temperature of 28°C. and it is localized in the cytosol [Roychowdhury et al. 

19921. The HSP90 family comprises cytosolic proteins in eukaryotic cells, shown to 

assisr in prorein folding by suppressing aggregation of denatured proteins and increasing 

the ield of correctly folded and functional proteins [Parsel and Lindquist 19931. Another 

eroup of researchers [Bansal et al. 199 1 ] performed experiments in which HSP90 was 
L 

shou n to play a role in tfierrnotolerance in mammalian cells. where cell lines ~vith 

reduced Ie\.els of this protein exhibited reduced survival at highly elevated temperatures. 

.As the subject of this investigation \i.as purification and characterization of the 

heat-inducible and constitutive psroxidases of h'clrr-osporcl crnssn a brief description of 

oxidatiis stress is presented in the follo\+.ing. 

The vast majority of organisms living on earth require oxygen. Animals, plants 

and man). microorganisms rely on oxygen as an efficient means of energy production. 

This. ho\ve\.er. started 2.5 billion years ago when cyanobacteria e~volved oxidative 

photos>.nthtlsis and the Earth's atmosphere became more and more oxidative [McKay and 

Hunmrtn 199 11. FVith an increase in the atmospheric level of molecular oxygen, a massive 

s~.olutionary selection pressure was imposed on existing, predominantly anaerobic 

organisms. This evolutionary pressure brought about not only the evolution of 

mechanisms for utilization of oxygen but also mechanisms for protecting cells agains~ 



reactive oxygen species [reviewed by GilIe and Sigler 19951. 

Although the oxygen molecule has a low reactivity, the toxic effects of oxygen are based 

on the formation of free radicals. and the formation of free oxygen radicals is a normal 

byproduct of aerobic metabolism [Gille and Sigler 1995: Demple 19911. It is noteworthy 

that non-radical forms of oxygen (e-g. its excited singlet state or organic hydroperoxides. 

ROOH) x e  also fairly reactive. 

Oxidative stress can be functionally defined as an excess of peroxidants in the 

cell. Acti\.e oxygen molecules have been shown to cause damage to DNA. RNA. proteins 

and lipids. Active oxygen species are produced as an inescapable byproduct of normal 

aerobic metabolism and their production is further enhanced by exposure to certain 

environmenrs or by dietary or disease conditions. Oxygen toxicity results when the degree 

of osidati\.e stresb exceeds the capacity of the cellular defense systems. Oxidative stress 

is strongly implicated i n  a number of diseases such as rheumatoid arthritis. inflammatory 

bo~ve l  disorders and atherosclerosis. It also is one of the important factors in mutagenesis 

and aging. Virtually all aerobic organisms have evolved complex defense and repair 

mechanisms to compensate for damaging effects of active oxygen [Farr et a!. 199 11. 

The oxygen molecule in its ground state has two unpaired electrons. It is not very 

reactive due to the fact that the unpaired electrons have parallel spins and occupy 

different ;r antibonding orbilals. Therefore. to participate in oxidative reactions. oxygen 

first has to be activated to produce an unstable electron pair. 

The reduced forms of molecular oxygen are mostly in an activated state and 

transition metals. which are capable of receiving or donating single electrons. play an 



important role in oxygen-dependent reactions. The metals are usually localized in the 

active sites of various enzymes [Gille and Sigler 19951. 

In the following, a brief account of reactive oxygen species including the 

superoxide radical. the hydroxyl radical and hydrogen peroxide dong with the cellular 

defenses is presented. 

Superoxide Radical 

Xctii-e oxygen arises from an impressive array of environmental and endo, oenous 

rnechanibms. Particularly. superoxide anion radical (0~: ) seems to form easily [Farr et al. 

199 11. The most important sources of it in \.iioo are the electron transport chains of the 

mitochondria. the endoplasmic reticulum and the chloroplasts. The reactivity of the 

superoside radicals depends strongly on the nature of the medium. This radical is 

reIrltii+ely highly reactive and stabIe in  a hydrophobic environment while it  has a lower 

rzacti\.ity and rapidly disappears in a hydrophilic environment [GilIe and Sigler 19951. 

There are three different spontaneous reactions responsible for the disappearance of 

superoxide radical in aqueous solution [Fridovich. 19891: 

H02' + HO?' p H : O Z + O ~  [ I ]  

HOIe + 01' + H- H 2 0 2  + O2 [1] 

0 2 '  + 02' + 2H- - H302 + O1 [ 3 ]  

These reactions are most rapid at acid pH vaIues. It is noteworthy that each of the 02' 

producrng systems also gives rise to H2O2. In addition to nonenzymic reactions the other 

important sources of HzO, are the reactions catalyzed by superoxide dismutase (SOD): 



02 '  + 02 HZ02 + O2 [4I 

and several flavin-containing oxidases. For instance. the glycollate oxidase of plant 

peroxisomes oxidizes glycolic acid to glycosylic acid with production of H20z: 

~lycollate + 0 2  - glycoxylate + H1O2 [ 5 ]  - 
A minor source of hydrogen peroxide production includes deamination of amino 

acids by amino acid oxid=es, and oxidation of glucose in fungi [Schubert and Wilmer 

19911. 

Hydrogen Peroxide 

Hydrogen peroxide can penetrate through all biological membranes and can 

therefore cause damage even in locations distant from its place of origin [Gille and Sigler 

19951. The special significance of hydrogen peroside resides in its ability to generate 

reactive hydroxy 1 radical, HO'. and to form adducts (hydrogen bonded chelate structures 

~vhich can carry and release Hz02 ) with many components of biochemical systems 

[Schubert and Wilmer 19911. Hydrogen peroxide acts as an oxidizing agent and can 

directIy inactivate enzymes such as glyceraldehyde-3-phosphate dehydrogenase via 

osidation of thiol groups. oxidize pyruvate. and glyosylate and react with keto acids 

[Gille and Sigler 19951. Most importantly. H202 wiIl react with reduced iron or copper 

ions to generate hydroxyl radicals in the Fenton reaction. Since Oz' will reduce both ~ e ? -  

and C U ' ~  and since its dismutation produces hydrogen peroxide. it  is likely that when the 

in  tracelIular concentration of 0: increases. the concentration of H102 and OH' will also 

rise [Farr et al. 1991: Lee e t  al. 19951: 



~ e "  + O2 __I_+ Fe3' + 0: [61 

2 01' + 2H+ - H z 0 2  + O-, [TI 

~ e "  + HIOz - Fe" + OH' + OH' [81 

The OH' radical is one of the most reactive chemical species known. It reacts 

with a variety of molecules in the cell: including sugars, amino acids. phospholipids and 

organic acids. The reactions take place immediately at the site of OH' formation. The 

OH* reaction products are less reactive. but they can still severely damage the cell by 

leading to lipid peroxidation. lesions to DNA and oxidation of proteins. In contrast to 02% 

and H202 ,  there is no enzymatic protection against OH'. For a molecule that can react 

with almost every other molecule in the cell. the prevention of its formation is of great 

importance [Gille and Sigler 19951. 

H202 Toxicity 

Hydrogen peroxide toxicity has been extensively studied by Irnlay et a1.(1988). 

This group of researchers found that exposure of logarithmically growing E. coli to 

H 2 0 2  leads to two. kinetically distinguishable. modes of cell killing. Mode 1 killing is 

pronounced at low ( 1 to 3 mM) concentrations of hydrogen peroxide and is caused by 

D3.4 damage. Mode 2 killins requires a relatively high (> 20 mM) dosage; the site of the 

toxic injury has not been established. Differences in the kinetics of the production of 

these two classes of toxic damage indicate that they are not produced by a common 

mechanism. The damage that results in mode 1 killing is generated at a rate that is 

linearly proportional to the concentration of H202. Dose response in mode 2 killing. for 
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the generation of DNA lesions is more complex. It reflects some aspects of chemistry by 

which H202 is converted into an oxidant that is capable of damaging the DNA [Imlay et 

al. 19881. 

The targets in DNA attacked by reactive oxygen species are the pentose sugar and 

base. In the case of deoxyribose, damage results in the generation of phosphoglycolate 

and 3' phosphates. In pyrimidines. damage results in production of thymine glycol. 

methyl tartron y Iurea. urea. 5-hydroxy merhy luraci I .  1.6-diamino-5-formamidopy rimidine 

[ImIa). et a1 .198S]. 

Single-stranded DNA breaks that contribute to mode 1 kiIling in DNA- repair 

deficient strains of E. coli result from the collapse of the deoxyribose ring after 

abstraction of a hydrogen atom. This process requires a potverful oxidant. and since the 

OH' can be generated by monovalent reduction of hydrogen peroxide. this species could 

be a rsasonabIe source of DXA damage. The chemistry of reduction of H20-, was 

explored first by Fenton [Fenton 18931 and subsequently by Haber and Weiss [Haber and 

L1'ei.s~ 19341 in their studies of the reductive decomposition of H 2 0 2  by reduced metals 

represented by the folloufing equation [Irnlay et al. 1988: Demple 199 I]: 

Me'+ c H 2 0 2  - ~ e " " ' ~  + HO' + H 2 0  193 

Defenses Against Oxidative Stress 

Although the 02. free radical has only a limited reactivity in aqueous solutions. its 

fast and efficient elimination is of a great importance for the cell because it can give rise 

to much more deleterious oxygen species [Gille and Sigler 19951. These defense 
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mechanisms involve antioxidant enzymes. such as superoxide dismutase (SOD), which 

catalyzes the dismutation of Oz'to H20Z and 02. as well as catalase. and peroxidases 

tvhich remove hydrogen peroxide and hydroperoxides [Lee and Park 19981. Three 

different kinds of SODS are known at present. They can be classified in two families: the 

copper-zinc superoxide dismutase (CuZnSOD). as well as the related man, (~anese- 

containing ( MnSOD). and the iron-containing (FeSOD) enzymes [Fridovich 19891. 

The CuZnSOD is found in the cytoplasm of nearly all eukaryotes. a few 

prokar!.otes and in the matrix of lysosomes and plant peroxisomes [Halli\vell and 

Gutteridgrs 199 1 1. MnSOD is found in prokar>.otes. in the mitochondria1 and chloroplast 

matrix of r~kur>~otes .  The FrSOD is found mainlj. in prokaryotes. protozoans and plants 

[Gills and Siglsr 19951. 

Another class of enzymes participating in the decomposition of reactive oxygen 

specie.; ( ROS) are the catalases. These enzymes catal>*ze the decomposition of H.0, to 

ox! sen and n.ater. and belong to several types. The group referred to as t>.picaI catalases. 

isolated from animals, plants and microorganisms. contain protoheme IX and their 

molecuIar mass is in the range 125-370 kDa. and optimal activity range between pH 5.0 - 

10. Atypical catalases occur i n  both prokaq-otes and eukaryotes. with pH optimum at 6 - 

6.5 and higher sensitivity to temperature and hydrogen peroxide. 

Finall>.. the enzymatic protection against H 2 0 2  is also provided by perosidases. 

According to one classification. the heme-containing peroxidases are divided into 

microbial (yeast cytochrome c peroxidase. bacterial peroxidase-catalases, plant ascorbate 

peroxidases). fungal (lignin and manganese peroxidases. plant-type secreted peroxidases) 
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and plant peroxidases [Gazaryan et a1 19951. In another classification three superfamilies 

of peroxidases are recognized that are thought to catalyze the heterolytic cleavage of the 

peroxide 0-0 bond. Their catalytic residues and protein folds are different. One of the 

superfamilies constitutes heme peroxidases from plant. fungi and yeast, another 

comprises animal peroxidases and the third includes catalases from animals. plants fungi 

and yeast [Welinder 199 11. The plant / fungus / yeast supedamily contains invariant 

amino acid residues that are present in all presently known family members and must 

therefore be essential to either functional or structural integrity. 

Plant. fun@ and yeast peroxidases differ in several ways. Most importantly. their 

disulfide patterns are different: yeast peroxidase has no disulfide bridges, while fungal 

psroxidases have four putative disulfide bridses. In addition, mature fungal peroxidases 

possess an additional C-terminal domain of unknown function. The plant peroxidases 

oxidize and polymerize aromatic compounds. fungal peroxidases degrade lignin and yeast 

c>.tochrome c peroxidase directs eIectrons of toxic hydroperoxides into the electron 

transport chain of mitochondria [Welinder 199 1 1. 

The functions of the oxidative stress defenses go beyond the effect of rescuing an 

organism from reactive osygen species. Those defenses help maintain genetic stabilit!! in 

t h e  aerobically grown organisms. For example. SOD-deficient E. coli exhibits increased 

spontaneous mutagenesis during aerobic growth. Spontaneous mutargenesis is also 

strongljp increased in E. coli with deletions in catalase genes and i t  is supressed upon 

o\.erproduction of catalases [Demple 199 I ] .  



Peroxidases as Metabolic Enzymes 

Extensive studies have been carried out by Paszynski et al. (I988), Gold et al. 

( 1993). Mayfield et al. (1991) and Li et al. ( 1995) on peroxidases playing an important 

metabolic role in lignin degradation. as exemplified by the white rot fungi. Lignin 

degradation by Phanerochaere chnsosponio~z occurs in the secondary metabolic phase 

of growth which is triggered by nitrogen deprivation. 

During this process. hydrogen peroxide is generated and it  acts as a cosubstrate for 

t\vo extracrIlular heme peroxidases: manganese peroxidase and lignin peroxidase. MnP 

and Lip. respectively [Brown et al. 19901- Lignin peroxidases have been shown to oxidize 

aromatic substrates. while manganese peroxidahes oxidize phenolic compounds in a 

h>.drogen peroxide-dependent reaction [Jonsson et aI. 19941. Both enzymes exist in 

se\-eral isoforms and have been demonstrated in several species including Trcrrlzeres 

~-~l-s icolor  [Johansson and Welinder 19941. Coprilzrts cijzel-erts and Copritzus 

~riucroi-iziz~ts, -4 I-~izronryces ranzoslts [Kjal ke et a1 . 1 9921. P. cltr?.sosporiltnt [Glenn and 

Gold 19861 (reviewed in Bogan and Lamar 1996). 

So far lignin degradation has been most extensively studied in the latter species. 

This organism appears to employ a hierarchy of regulatory strategies for controlling blnP 

and Lip production. A summary of the inductive factors is presented in Table 2. It is 

apparent that muItiple isoenzymes of manganese and lignin peroxidases are synthesized 

upon carbon and nitrogen limitation and an increased level of CAMP. Aromatic 

compounds induce Lip but not MnP. while heat shock. hydrogen peroxide, paracetic acid 

and ethanol induce transcription of only rrzrzp genes. The 17znp mRNA accumulates. 



CONDITION Lip isoenzymes MnP isoenzymes 

Only one ( H 2 )  isoenzyme Early induction of H4. then 
induced: unstable transcript H3. HS: stable transcripts 

H2. H8. H I0 induced All 3 isoenzymes present 
early 

Increased level of cAh.IP All isoenzymes induced All induced 

.Aromatic compounds All three induced None 

Heat Shock None 

Paracetic acid, ethanol, Yone 
sodium arsenite 

Necessary for synthesis of 
MnP 

rlrnp mRXA accumulates. 
but no M n P  activity 

Iwrp mRhTA transcribed. no 
.MnP actikrity without >In. 

Table 2. A Iist of inductive factors for manpnese and lignin peroxidases (adopted from 

Li et aI. 1995: Gold et al. 1993; Mayfield et a]. 1994). 
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but manganese is required for generating enzymatic activity, implying post-transcriptional 

regulation. 

General Catalytic hlechanism and Properties of Peroxidase Enzymes 

All known peroxidases are are ferri-(~e")-hemo~roteins~ Their substrates include 

hydrogen peroxide and alkyl peroxides. All known peroxidases are ~ e "  hemoproteins. 

These enzymes are brown in color and show characteristic optical spectra with peaks 

around 600. 500. and 300 nm representing the u. P and Soret bands. respectively. 

characteristic of high-spin. out-of-plane Fe*' heme PValsh 19891. 

The reaction catalyzed by peroxidase includes t~vo  spectroscopic all^- discrete 

intern~sdiates, called compounds I and 11. ~vhich are formed as foIIows. The resting 

enzyme is oxidized by two electrons as the first molecule of ROOH (alkyl peroxide) is 

split rind a molecuIs of water is generaled. nrhiIs the RO fragment is retained in 

compound I [Uralsh 19891: 

ROOH + ENZ ( ~ e " - )  RO-COMPOLXD I (~e ' - )  + H20 [ 101 

The second substrate molecule, an easily oxidizable species. AH? (phenols. alkyl amines. 

ascorbats. cytochrome c. glutathione). can now enter the reaction: 

.AH2 + RO-COSJPOUXD I - AH2 -CO,MPOUND I + ROH 1 1  11 - COMPOCND I1 + .AH' [I23 

AH. substrates donate one electron at a time. reducing compound I and generating 

compound 11. Therefore a second moiecule is needed to donate a second electron and 

regenerate ENZ-~e" ready for another cycle [Walsh 19891: 



COMPOUND II + AH2 - AH' + ENZ (~e ' - )  

Summarizing the last two steps: 

2AH2 + COMPOUND I - ROH + ENZ ( ~ e ~ ' )  + 2 AH* E 141 

 AH'- AH2 + .4 [ 151 

SirniIarl).. in P. clinsosporirc~~~ the peroxidase reaction is a two-electron 

oxidation-reduction. and the reaction occurs in three distinct steps [Gold et al. 19931: 

Li enin Perosidases: 

blanaanests Psrosidases: 

\lnP + H 2 0 2  - h.lnP(I) + H20 

\lnPt 1 1  + > ~ n "  
- 

hIlnP(I1) + hln"' 

hInP(I1 I + >,1n1I -. MnP + ~ n " '  

In this scheme. P represents the native perosidase molecule. P(I) is compound I. 

\vhich is two oxidation equi\-alents above the native enzyme. and P(I1) is compound 11. 

u-hich is one oxidation equivalent above the native enzyme [Kishi et al. 19941. 

Both MnP and Lip are ferric. high spin. pentacoordinate heme proteins with the 

protein ligated to the heme via proximal histidines. LiP and MnP and CiP (Copri)z~ts 



ciilervrts peroxidase) are within the range 42 to 16 k D a  in molecular mass. are 

elvcosylated. with pi  between 3.1 and 1.9. Their substrates vary depending on the step in 
C I 

fungal metabolism they catalyze. Some properties of the enzymes are listed in Table 3. 

Osidative Stress and Peroxidase of N. crassa 

As mentioned in the preceding, a characteristic feature of .V- crassa stress 

response is the strong induction of peroxidase activity in response to heat shock and 

oxidative stress. Besides heat shock and oxidative stress. heavy metal compounds 

(sodium arsenite. CdC12) are capable of perosidase induction. It was also found that 

perosidase actiLvity was vinunlly undetectable in non-induced cells. but i t  appeared within 

10 ~n in  of exposure to one of the ab0x.e mentioned srressors [Kapoor et al. 19901. Heat 

shock treatment of 60-h-old colonies for I h at 4g0C resulted in a high degree of tolerance 

toward the normally lethal temperatures. while plates transferred directly to the lethal 

temperature showed virtually no surviving colonies. 

In  addition. considerable sunival of colonies was noted for plates where N. cnissa 

\{.as pretreated with hydrogen peroxide. It tvas then suggested that accumulation of 

in[racellular hydrogen peroxide or peroxides could account for some of the biological 

ciamaze resuiting from the heat shock [Kapoor et al. 19901. 

All the treatments that ensured cell survival at lethal temperatures also led to the 

induction of perosidase activity. Therefore. it has beer, suggested that there is a 



PROPERTY 

MnP 

3lr 46,000 

Carbohydrate 17% 

content 

PI 4.2-4.9 

Required for 1Mn. H20~ 

activity 

ENZYME 

Lip CiP 

43,000 42.000 

21%- varied: 1 -7 residues 

Substrates phenols, phenolic nonphenolic lignin phenols 

lignin compounds compounds. lignin 

polymer 

Table 3. Some properties of peroxidases from P. It~sosporirt)n. Coprinrrs cirzerelts and 

Trctnleres ~.ersicolor (,adopted from Paszynski et al. 1986: Kjalke et al. 1992: Gold et al. 

1993). 



correlation between the  induction of peroxidase acitivty and the acquisition of 

thermotolerance [Machwe 19961. Earlier studies in our laboratory [Lin and Kapoor 19921 

had also shown that the heat shock of N. crcrssci leads to an increased levels of 

superoxide anion in the culture medium. Therefore. it was proposed that a likely function 

for the heat-induced peroxidase is to effectively counteract the elevated intr3cellular 

levels of Hz02 and other peroxides thereby preventing lipid peroxidation and damage to 

membranes [-Machwe 19961. 

In the case of previous studies. a putative peroxidass gene was cloned and used as 

ii probe in hybrid-arrested irz leitro translation. A large polypeptide (-90 kDa) was 

identified that reacted with the polyclonal antisera raised against the heat-inducible 

psroxidase [Machwe and Kapoor 19911. In addition. a - I0 kb transcript Lvas 

dsrnonhtrated in heat-treated cells. It \\-as prehsnt in the cells in significant amount even 

under normal non-stress conditions [?clachi~.e 19961. Moreover. i t  was found that iV. 

C-tnsstr possesses a second peroxidase enqVme. This finding derives from experiments 

conducted in  our laboratory which aimed at isolating mutations in the hsp70 gene of Ar. 

c.1-crssti b]. repeat-induced ~ o i n t  mutations (RIP). 

Several transformants were generated by eiectroporation of germinated conidia 

n.ith a plasmid harbouring an incomplete copy of hsp70 gene [Chakaborty et al. 199 I ] .  

One of the transformants (designated as E-45) exhibited a slow growth rate. low- 

temperature sensitivity and high levels of constitutive peroxidase and enhanced 

thermotolerance in the complete absence of the heat shock treatment [Machive 19961. 

Southern blot analysis of the genomic DNA demonstrated that i n  chis transformant hsp70 
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DKA was ectopically integrated close to the peroxidase DNA. The level of peroxidase 

activity in heat-shocked E-45 was comparable to that developed by the heat-shocked wild 

type cells. but slightly reduced relative to that of non-shocked E-45 cells. 

In this case too, Northern blot analysis revealed the hybridization of E-35 

perosidase transcript to the peroxidase gene probe from the wild type strain, suggesting 

that these two enzymes may be products of the same one or two closely relared genes 

~~~~~~~~e 19961. The nature of the transformation event resulting in increased peroxidass 

activit). is not well understood. 

Objectives 

In \.istv of the earlier results regarding the induction of peroxidase by heat shock, 

i t  \\as important to determine whether the heat-induced perosidase, encountered in the 

n-ild type strain of N. crassn and the constitutively expressed peroxidase in E-35. 

represented the same or different enzymes. This study was undertaken with the objective 

of isolating and characterizing the stress-inducible and constituti\.e peroxidases of AT. 

c-j-lrsscl. The results of experiments documented in the following show the two enzymes 

to be distinct 3s ivitnessed by their purification profile. relative moIecuIar mass of the 

native protein. pH optimum and kinetic properties. This study provides information that 

can be used in the future to obtain an insight into the role of fungal peroxidases in defense 

against oxidative stress. 



MATERIALS AND METHODS 



2.0 MATERIALS AND METHODS 

2.1 MATERIALS 

Reagents used for this study were purchased from Sigma, BDH and Fisher 

Scientific. Chromatographic supplies were obtained from Sigma and Pharmacia. 

Xi trocellulose filters (0.22 pm) were from Millipore. Mini-Protean LI Cell apparatus and 

Protein assay dye were from Bio-Rad. Centrifugal concentrators were obtained from 

Cen tricon (Amicon) and Filtron (-Microsep). 

2.2 NIETHODS 

2.2.1 Growth and Heat Shock Treatment of Neurospora crassa 

The ~vild type strain of Nerrrosporur ci-~rssa (Fungal Genetics Stock Centre No 

262)  ivrr.4 groivn in Vogel's minimal medium [Vozel 19561 with 3% sucrose as the carbon 

source. The fungus ~vrts grown in voIume of 100 mL of liquid medium in 250 rnL 

Erlenmeyer flasks for 15 hours on a rotary shaker. at 27'C at 150 rpm and the flasks were 

transferred to another rotary shaker at 48'C and heat-shocked for 75 min. Following heat 

shock treatment. the mycelium was vacuum filtered, lyophilized and stored at -20°C. 

.A7. cr-crsscr strain E-45, a transformant. was grown in 1L Fernbach flasks containing 500 

rnl of 2% Vogel's minimal medium [Vogel 19561 and 2% sucrose. The flasks were 

placed on a rotary shaker at 27°C with shaker speed of 150 rpm for 48 hours following 

n-hich the mycelium uVas vacuum filtered. lyophilized and stored at -20°C. 



2.2.2 Buffers 

The buffers used for protein purification and characterization were: 

1 )  20 mM Tris-HC1 with 20 mM MgClz and 20 mtM NaCl. pH 7.5: 

2 )  50 mV Acetate buffer with 200 rnM NaCI. pH 7.5; 

3 )  50 mM M Citrate/100 mM Phosphate buffer, pH 5.0 and 3.5 and 

3 )  50 m,M Potassium Phosphate buffer. pH 7.5. 

2.2.3 Peroxidase activity Assay 

The assay involved two peroxidase substrates 0.05% ABTS [ 22'-azino-bis(,3- 

ethylbenzthiazoline-6-sulfonic acid)] and 1 -55  H102.  Peroxidase activity was tested 

using 1 mL of 0.05% ABTS in 50 mM citratel100 mM phosphate buffer. I 0 0  pL of 

protein sample and 10 pL hydrogen peroxide. The assay tubes were mixed gently and 

incubated for 20 min (262 strain) or 30 min (E-45) at room temperature. The absorbance 

Lvas read at 4 15 nm in a Gilford model 250 Spectrophotometer. 

Absorbance measurements required to determine molar extinction coefficient and 

enzyme spectrum were performed using Shimadzu (UV-2 101 PC UV-VIS) Scanning 

Spectrophotometer. The absorbance reading Lvas used to calculate the activity units. 

defined as unit change in absorbance of I .O at 315 nrn in 20 min. and specific peroxidase 

r t c t i~~ i ty  defined as AA 4 1 s  ,,/mg prorein. 



2.2.1 Polyacrylamide Gel Electrophoresis 

2.2.1.1 Denaturing Gels 

The gels were prepared essentially according the procedure of Laernmli (1970). 

Separating gels ( 10%) were prepared from a stock solution containing 30% acrylamide 

and 0 .89 bis-acrylamide, and the lower gel buffer ( 1.5 M Tris-HCI, 0.46 SDS, pH 8.8). 

0.05% TEMED (N,N.N'- Tetramethylenediamine) and 0.0023% APS (ammonium 

persulphate). The gel was poured between glass plates of the Mini-Protean 11 apparatus 

(Bio-Rad) and allowed to polymerize for 30 min. The stacking gel (5%) was prepared 

from the above acrylamide solution. with upper gel buffer (0.5 M Tris-HCI. 0.4% SDS. 

pH 6.8) and layered on top of polymerized separating gel. After I0 min of 

polymerization, the stackins gel was washed with tank buffer (0.025 M Tris-HC1.0.192 

1 1  glgcine. 0.15 SDS. pH 8.3). The gel3 were run at 100 V through the stacking gel . and 

I SO \; through separating gel. Protein Samples were added to at least 5 pL of sample 

buffer ( 17.5% upper gel buffer. I 3 8  w/v glycerol. 2.3% SDS, 5% P-mercaptoethanol) 

and 2 pL of 0.01% Bromophenol Blue (prepared in sample buffer) was added to each 

protein sample and the samples were boiled for 3 min prior to loading. Following 

electrophoresis. the gels were stained in 0. I Sc Coomassie Brillant Blue R-250 prepared 

in 10% acetic acid and 30% methanol. Destaining was performed in 10% acetic acid and 

30% methanol. 

Gels were also subjected to glycoprotein stain [Segrest and Jackson 19721 

folloii-ing resolution by the above mentioned SDS-PAGE procedure. The SDS-PAGE gel 

uras immersed in 12.5% trichloroacetic acid for 30 min. rinsed with water and soaked in 



I ic periodic acid prepared in 3 8  acetic acid for 50 min. Subsequently, the gel was 

washed several times with water (200 rnL each time) and soaked in water overnight. The 

next day i t  was immersed in fuchsin sulfite stain for 1 hr. The stain was prepared as 

follows: 3 g of potassium metabisulfite, 5.25 mL concentrated HC1 and 2 g fuchsin were 

dissolved in 500 rnL distilled water and let stand for 2 hrs. The stain solution was then 

treated with activated charcoal (Darco G-601 for 15 rnin and filtered, The stain was 

intensively pink but clear. For gel staining the stain was diluted ( I  :3) in the destain 

medium consisting of aqueous solution of 0.5% potassium metabisulfite. 

2.2.4.2 Son-denaturing Gels 

Non-denaturing gels were prepared according to essentially the same procedure as 

denaturing gels. The modifications included omission of SDS and P- mercaptoethanol in 

the sample and tank buffers, as well as the addition of 20% \v/v glycerol to the acrylamide 

stock solution. Acqlamide solutions were deaerated for I0 min before TEMED and APS 

!{*ere added. Protein samples were not heat denatured. 

In order to visualize enzymatic activity. the staining solution included peroxidase 

substrates. Two solutions were prepared: one solution contained 50 mM citrate/100 mM 

phosphate buffer with 0.05% ABTS and 1.5% hydrogen peroxide. The second solution 

was prepared in 10 mM phosphate buffer with 2 m-M o-dianisidine. 0. I mM riboflavin. 

pH 7.2. The gels were soaked in the staining solutions for 20 min. The band containing 

active enzyme stained green with ABTS and brown with dianisidine. 



2.2.5 Protein Determination 

The Bio-Rad microassay was employed to estimate the protein concentration 

[Bradford 19761. This assay was performed in 20 rnM phosphate buffer (pH 7.2). Protein 

Sample ( 10- 100 pL) was added to the buffer to final volume of 800 pL. Then. 200 pL of 

Bio-Rad dye were added and the solution was incubated for 5 min. The absorbance at 595 

nm \vas recorded. A calibration standard was prepared using Bovine Serum Albumin 

(range of 1.25 to 15 pg/mL). 

2.2.6 Preparation of Western Blots 

Protein samples were resolved by SDS-PAGE and transfemed to a nitrocellulose 

membrane (Amersham) using a procedure similar to that described by Towbin er 

( ( I . (  1979). Prior to transfer. the membrane Lvas soaked in the transfer buffer (20% 

methanol. 0.025 M Tris. 0.192 .M gljecinr) for 15 min. The gel was placed on the pre- 

soaked membrane, inserted between t ~ v o  sheets of Whatman 3 mm paper and assembled 

in a plastic cassette. The cassette was then placed in the protein gel container filled with 

the transfer buffer and electro-transfer was performed for 1 hr at I00 V, at 4°C. When the 

transfer Lvas complete. the membrane was recovered and placed in  a paper towel to dry. 

In order to reduce non-specific binding. the membrane was immersed in 6% skim milk 

prepared in TBST (0.01 IM Tris, 0.15 M NaCI. 0. I % Tween-20, pH 7.8) with 2.5 mL 

Dsnhardt's solution (0.02% w/v each of Pentax fraction V Serum Albumin. Ficoll and 

polyvinylpyrolidone) and placed on a rotary shaker for 2 hr. The blot was then washed 

three times with TBST (20 min each time) and treated with the prima? antibody 



(Nertrosporn crnssa anti-peroxidase antiserum diluted 1 : 10,000 with TBST) for I hr. 

After this incubation three additional washes with TBST were performed (total of 20 

min). Following these washes the blot was incubated for 20 min with the goat anti-rabbit 

horseradish peroxidase secondary antibody (Sigma) diluted 1 : 10.000 with TBST. The 

blot was then washed again with TBST for 30 min followed by a 1-min wash containing 

1 mL of each ECL 1 and 1 rnL ECL2 (western blotting detection reagents, Amersham) and 

immediately the blot was exposed to X-ray film (Fuji Medical X-Ray Film ) for 2-6 rnin. 

2.2.7 Preparation of Anti-Peroxidase .Antibodies 

The antibodies used in this study were prepared previously [Machwe 19961. A 

crude protein extract from heat-shocked mycelium was electrophoresed in non-denaturing 

pol>~acrylarnide gels and stained for peroxidase acti\*ity. Gel slices showing the above 

actilSity \\.ere isolared and loaded on SDS-polyacrylamide gels and electrophoresed under 

denaturing conditions. The gel slices corresponding to the peroxidase polypeptides were 

isolated again, frozen and pulverized in liquid nitrogen, suspended in distilled water with 

an equal volume of Freund's complete adjuvant. and injected into 4-month old New 

Zealand rabbits. Booster doses were administered at 2-week intervals. 

2.2.8 Preparation of Chromatographic Columns 

2.2.8.1 QAE Sephadex 

Five grams of dry material (Phsrrnscia) was suspended in 1L of double distilled 

mrater and allowed to hydrate for 4 hr. the supernatant was decanted and replaced with 0.5 
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M NaOH for 1 hr and the slurry was washed several times with water and suspended in 

0.5 -M NaCl for 1 hr. The wa:er washes were repeated and finally replaced by Tris buffer 

(pH 7.5). After 1 hr the buffer was decanted and the slurry was poured into a 45 x 3.5 cm 

column which was washed with 5 x bed volume of Tris-HC1 buffer. 

2.2.8.2 !+fetal chelation column 

Imino-diacetate-epoxy-activated agarose (Sigma) was thoroughly soaked in a 

solution containing 0.05 M EDTA and 0.5 M NaC1. and washed with water. The 

supernatant was decanted, and replaced with aqueous iron sulfate solution ( F e S 0 ~ , 4  

mglrnl. pH 3.0) resulting in charging the column with ~ e " .  The column was then 

equilibrated with 5 volumes of 50 mM acetate buffer (pH 7.5) containing 0.2 M NaCI. 

3.2.8.3 Gel filtration 

Dry geI (Biogel BP 100) was added to I0 x volume Tris-HCI buffer and allow.ed to 

hydrate for 12 hr. Following hydration. the supernatant was decanted, the solution was 

transferred to a filter flask and attached to a vacuum source. It was degassed for 15 min 

ivith occasional swirling of the flask. Ttvo more volumes of the buffer were added. the 

solution nras degassed again and the supernatant decanted. The procedure was repeated 3 

- 1 times. Finally, the slurry was poured into the 52 x 1.2 cm column and 4 - 5 bed 

volumes of Tris-HCI buffer passed through it. 



2.2.8.1 Mono Q (FPLC) 

A Mono Q HR 5/5 column ( Pharmacia) was washed with 20 rnL of water (Milli 

Q) to remove ethanol, charged with the counter ion using 3 injections of 2 rnL 0.5 M 

SaCl and equilibrated with 20 rnL Tris-HCI. pH 7.5. Elution was performed using a 

discontinuous 0 - 0.5 h4 NaCl gradient at a flow rate of 0.75 mUrnin and I-rnL fractions 

collected. 

2.2.8.5 Gel filtration on Superose columns (FPLC) 

Supcross 6 and 12 (HR 10/30) columns \{.ere washed with 80 mL of water. and 

equiiibrated with 80 mL of Tris-HCI buffer. The column was run at 0.2 mL/min and 0.4- 

rnL fractions were collected. The Superose 12 HR 10/30 column was equilibrated and run 

exactly as Superose 6. 



RESULTS 



3.0 RESULTS 

3.1 PURIFICATION OF THE HEAT-INDUCIBLE PEROXIDASE (HIP) FROM 

A WILD TYPE STRAIN OF NEUROSPORA CRASSA. 

Freeze-dried mycelium ( 5 g )  of a wild type strain (FGSC No 262) was suspended 

in 100 rnL of extraction buffer (0.05 M Tris-HC1.O. 1 mM EDTA, 50 pM P- 

mercaptoethanol. pH 7.5) and stirred continuousIy at J°C for 30 min. After 20 min. two 

tablets of the Protease Inhibitor Cocktail (Complete, Boehnnger-Mannheim) were added. 

The rnycslial suspension was then homogenized in a Potter-Elvehjem homogenizer and 

centrifused for 20 min at 15,000 g in a Sonrail RC-5 refrigerated centrifuge. The 

supernatant (crude extract) mras subjected to ammonium sulfate precipitation. In the first 

step. 40% saturation was obtained and the precipitated proteins were pelleted and 

discarded. To the supernatant ammonium sulfate was added to a saturation of 65%. The 

pellet from this step was resuspended in 3 mL of Tris-HC1 buffer and dialyzed 

extensively against the same buffer. 

The dialyzed protein sample resulting from 65% precipitation with ammonium 

sulfate was loaded on the QAE Sephadex column. The column was washed with 120 mL 

Tris-HCI buffer to elute non-binding proteins. then developed with a linear elution 

gradient of 0 - 0.75 .M NaCl (total of 360 mL). The fractions %.ere collected at 4 min 
C 

intervals (- 5.5 mutube) and tested for peroxidase activity as described previously. As 

shown in Figure 1. peroxidase activity eluted in two peaks (PI and P2): one in the flow- 

through fractions (P l ) ,  and the other (P2) at 0.46 M NaCl . The active fractions of P2 
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Figure 1 .  Fractionation of peroxidase o n  QAE Sephadex column (individual 
fractions wrers -5.5 mL). 
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(with AA 41s ,, of at least 0.4) were pooled and subjected to precipitation with 80% 

saturation of ammonium sulfate. The pellet was recovered by centrifugation at 15.000 g, 

resuspended in 2 rnL of Tris-HC1 (pH 7.5) and dialyzed against the acetate buffer. The 

dialyzed sample was Ioaded on to a metal chelation column (prepared as described in 

,Materials and Methods), and eluted with acetate buffer. Fractions of 1.5 rnL were 

collected and assayed for peroxidase activity. The binding of HIP to metat chelation 

matrix appeared to be we*. the peak peroxidase activity eluting at 12 mL (Figure 2). 

A p i n .  only fractions with activity of at least 0.3 were pooled and concentrated on 

Centricon filters (cut off 30 kDa) to a final volume of 2 mL. 

The concentrated pool of metal chelation step was loaded on to BioGel BP 100 for 

the purpose of desalting the eluate and for buffer change. The column was equilibrated 

u.ith Tris-HCI buffer rind subjected to gravity flow, one-mL fractions were collected and 

tested for peroxidase activity. The active pool was centrifuged for I0 min at 15.000 g to 

remo1.e residual particulate matter and applied to a ~Vono Q coIumn, The elution method 

n.ith non-linear sradient of 0-0.5 hil YaCI was employed. Peroxidase activity eluted at 

4 - 5 5  (of 0.5M ) NaCI. corresponding to approximately 0.02 M. in a volume of 2 - 3 rnL 

(Fisurs 3. 4 and 5 ) .  At this point, usualIy a single protein band was obtained. 

Occasionally low molecular weight impurities were present and in that case the sample 

kvas subjected to gel filtration as the last purification step. 

.Acti\.s .Mono Q fractions were concentrated on Filtron filters (cut off 50 kDa) to a 

final volume of 200 pL. This sample was injected on a Superose 6 column. 

equilibrated with Tris-HCI and runninz at 0.2 mL/min. The fractions were 



Fraction number 

Figure 2. Elution profile of peroxidase activity from the metal chelation column 
( individual fraction- 1.5 mL). 

Fract ion nurn ber 

+Act iwty (A 4 i 5  nm) 

Figure 3. Elution profile of HIP from the MonoQ column (individual fraction 1 
nlL ). 



Figure 4. Fractionation of peroxidase activity by SDS-PAGE gel following MonoQ 
column. Lane 1, molecular weight markers; lanes 2-10 contain 15 pL of each of fractions 
16 (lane 2) to 24 (lane 10). 



Figure 5.  Summary of HIP purification steps. Protein separation by SDS-PAGE. Lane 1 ,  
molecular weight markers ; lane 2, crude extract of heat-shocked mycelium (2pL); lane 3, 
QAE Sephadex pool (10 pL); lane 4, metal chelation pool (5jL); lanes 5 and 7, no 
sample; lane 6, Superose 12 pool (20 pL), lane 8, E-45 crude extract (2pL). 



collected in two minute intenpals (0.4 mL each). The peak of pero.uidase act i~~i ty  

eluted in fractions 3 1-36 (Figure 6) corresponding to Ve= 12.3 mL. Kav=O.34 and 

native molecular mass of 1 16 kDa.The pure. active fractions were pooled and 

concentrated on Filtron 50 to 0.4 mL volume and washed with citrate/phosphate 

buffer pH 5.0. This pool was stored at -20cC ufith 5% \il/v glycerol prepared in 

phosphate buffer (50 mh4. pH 5.0). The final purification fold was approsimately 

S9-fold (Table 4). 

3.1.1 Estimation of the hIolecular M a s s  of Sative HIP 

Gel tiltration on Superose 6 column Lvas utilized to obtain an estimate of the 

apparent molecuIar mass of the nati\.e protein and also as a final purification step. 

.\ IoIecular mass determinations 1i.sr-e performed b>. comparing an elution 1.01ume 

parameter (K,,) of HIP Lvith the values obtained for several kno~vn calibration standards 

(Figure 6 and 7 ) .  Superose 6 column was equilibrated with Tris-HCl buffer. pH 7.5 and 

run at 0.2 mL/min. Fresh solutions of blue dsstran ( I mg/mL) and calibration proteins ( I0 

mg/rnL) \\*ere prepared in the elution buffer. First. 400 pL of blue destran solution \\.as 

injected on the column to determine the void volume. It was estimated to be 6.2 rnL. 

Sest.  125 pL of each calibration standard were injected (described in legend to Figure 6 )  

and absorbance at 280 nm and elution ifoIume for each protein peak were recorded. K a v  

\.:llues \ifere calculated from the formula: K,, = Ve - Vo / Vt- - Vo 

n-here Vo= \.aid volume. Ve= elution volume. Vt= total \.olume*Vt = 24 rnL (according 

to the Pharmacia Crtlatogwe). 





Log Mw 

Figure 6 Estimation of molecular mass of the native heat-inducible peroxidase from 
Superose 6 column. Molecular mass standards used: A. ri bonuclease ( 13.700): B. aldolase 
( 158.000): C. catalase (232.000): D. thyroglobulin (669.000). The experiment was 
performed using M mM citrate1100 rnM phosphate buffer (pH 5.0). 



Figure 7. Fractionation of peroxidase activity on Superose 6 .  A, Resolution of proteins on 
SDS PAGE. Lane 1, rnoleculear weigh; markers; lanes 2-9 contain 20 pL samples of  
fractions 28 (lane 2) to 35 (lane 9). B, peroxidase activity (AA,,, ,,) correlated with 

4 m m .  
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Logarithm of molecular mass of each protein standard was plotted against the 

appropriate K,,, resulting in a standard cunVe. from which the molecular mass of native 

HIP ivas estimated to be 1 16 kDa 

3.1.2 Identification of Hip Using Western Blots 

As peroxidase activity eluted in two peaks from the QAE Sephadex column. 

i t  Lvas necessary to characterize them by reaction with the antibody prepared against 

HIP. Therefore. a denaturing polyacrylamide gel was prepared as described in 

>laterials and .Methods. The protein samples included: Peak 1 ( 10 pL). Peak 2 ( LO p 

L) .  crude extract ( 10 pL) and E-45 crude extract ( 10 a). To each sample 10 pL of 

sample buffer and 1 pL of bromothymol blue tracking dye were added. The gel was 

run. transferred and subjected to Western Blot Protocol as described in .Materials 

and klerhods. 4 s  shoivn in Figure 8. the antibody against hear-inducible peroxidase 

recognized only one protein: the -90-kDa peroxidase present in P2 and in the crude 

extract of the ivild type strain. None of the proteins in the fractions of PI or the 

mutant. cruds extract of the E-45 reacted ~vith the antibody. Based on this result. PZ 

\\as assumed to contain peroxidase activity resulting from the presence of HIP. and 

P 1 \{.as assumed to contain the constituti\.e peroxidase. 



Figure 8. Western blot analysis of protein fractions following resolution by SDS-PAGE. 
Lane 1 ,  molecular weight markers; lane 2, crude extract of heat shocked mycelium ( 1  8 
@); lane 3, peak I sample (10 j L ) ;  lanes 4 ,6  and 7 no sample; lane 5, crude extract of E- 
45 (10 pL; lane 8, HIP from peak fractjon eluted from the Mono Q column (10 pL); lane 
9, crude extract of heat-shocked mycelium (10 pL). 



3.1.3 Visualization of Peroxidase Activity on Non-denaturing Gels 

In order to monitor the peroxidase band during the purification procedure, 

non-denaturing gels were prepared as described in Materials and hkthods. The 

protein samples included the following active pools: 30 pL of Mono Q, 10 pL of 

Superose 6. To each sample 20 pL of non-denaturing sample buffer and 2 pL 

tracking dye were added. The gels were run in non-denaturing tank buffer at 100 V 

for 140 min. Upon completion of electrophoresis. the gel was soaked in ABTS 

stain (20  min) followed by addition of 1.5% hydrogen peroxide (Figure 9A). Under 

the non-denaturing conditions, a single band sho\iring peroxidase activity was 

detected. To confirm that the active band  as due to one protein the gel was also 

stained in Coomassie Blue following the peroxidase stain (Figure 9B). A single 

band n.as \visible as a result of this stain demonstrating the purity and identity of the 

protein. 

3.1.4 Heat Sensitivity of HIP 

The actitrity of HIP \stas studied as a function of temperature by heat 

treatment of enzyme samples and measurement of residual activitj~. .4s a heat- 

inducible enzyme. HIP was expected to be active at eIevated temperatures. In order 

to check this. 10-pL aliquots of HIP were incubated at 20, 30, 37-43-48.  55 and 

65 "C for I0 min (pH 5.0). FoIlowing incubation. the samples were tested for 

peroxidase activity at room temperature. As seen in Figure 10. exposure of HIP to 

temperatures up to 33°C resulted in a -2- fold increase of enzymatic activity, as 
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Figure 9. Electrophoresis of heat-shocked mycelium in non-denaturing gels. A, the gel 
stained for peroxidise activity as described in Materials and Methods; B, the same gel 
stained with Coomassie Blue. Lane 1. crude extract (1 0 pL); lane 4, QAE Sephadex peak 
2 sample (10 pL); lane 9, Superose 12 fraction 34 (20 pL); lane 10, Superose 12 fraction 
35 (20 pL); lanes 3 , 4 ,  6,7 and 8, no sample. 
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Figure 10. Heat sensitivity of HIP (pH 5.0). 
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Figure 1 I .  Heat stability of HIP. Samples of HIP were incubated at 30.37.43.48.55, and 
6j°C. then 10 u 1  aliquots were withdrawn. and tested for peroxidase activity. The 
experiment was performed in duplicate. the data points represent averages of two readings. 



compared to specific activity at 20°C. Furthermore, the enzyme remained relatively 

stable up to 55OC. In this case.the specific activity was almost twice as high as that 

at 20°C. 

As it was found that incubation of the enzyme at 43°C. 38°C (heat shock 

temperature). 55°C and 65°C resulted in an increase in activity. the ability of HIP to 

withstand ele\.ated temperatures over extended periods of time was also 

investigated. Again. LO-pL samples were incubated at the above temperatures and 

tested for activity after 5. 10. IS. 20 min of incubation. As depicted in Figure I 1 .  

HIP exhibited the highest activity between 43 and 55°C bur above that range the 

protein precipitated. Specific activity of HIP remained high and stable between 5 

and 13 min of the incubation at temperatures between 48 - 55'C. while decreased 

onljr slightb after 18 rnin. These results indicate that HIP is stable at temperatures 

corresponding to heat shock for up to 12 min of heat esposure. .Although the 

mechanism underlying increase in activity is not understood. i t  is possible that 

increahed temperature induces conformational chanses that result in enzyme 

activation. 

3.1.5 Determination of pH Optimum of HIP 

In order to further characterize the enzyme. the pH optimum had to be 

established to find conditions favoring maximum enzyme activity. The activity of 

HIP nras tested in citrate/phosphate buffer prepared in the pH range 4.0 - 8.8. 

Samples of enzyme were added to 1 mL of buffer at the appropriate pH. To test 

peroxidase activity. I0 pL of ABTS (0.05 plmL) and 10 pL of 1.5% hydrogen 



peroxide were added as well. The samples were incubated for 20 rnin at room 

temperature. The optimum pH for HIP was determined to be 5.0. An increase (from 

5.0 to 5.6 pH) of pH caused a 5 7 8  decrease in enzymatic activity of HIP. At pH 

lower than 1.6. the enzyme precipitated (Figure 12). 

3-1.6 Kinetic Analysis of HIP 

3.1.6.1 Determination of Molar Extinction CoeffScient 

Krn and V,,,, are kinetic constants used to characterize the enzyme's substrate 

affinity and reaction velocity. Before these constants can be calculated. the molar 

estincrion coefficient ( E )  has to be determined. E depends on the buffer used, its 

ionic strength. temperature and the wavelength at which the experiment is 

perforn~ed. In  order to determine EJIS for a substrate which is oxidized in a chemical 

reaction. the absorption spectra of the reduced and oxidized forms of the substrate 

\\.ere obtained under conditions employed during measurement of the reaction rate. 

The experiment \\.as conducted in 50 m3l citrate/100 mhl phosphate buffer 

c pH 5.0) and at 25OC. Aliquots of ABTS were added to the citrate/phosphate buffer 

to achieve final concentrations of 0.01 5,0.03, 0.035.0.06 rnM. As illustrated in 

Figure 13 the spectrum of reduced ABTS was recorded from 300 to 450 nm. 

Subsequentl>r. 2 pL of horseradish perosidase (0.5 mglmL) and 15 pL of 1.5% 

hydrogen peroxide were added to completely oxidize the ABTS. Spectra were 

recorded until the reduced form was no longer visible and the peak representing 



0 data set 1 

0 data set 2 

figure 12. Determination of pH optimum for the heat-inducible peroxidase. 



the oxidized form attained the maximum height. Absorbance at 4 I5 nm of the 

osidized form was recorded for each concentration of ABTS used and plotted 

against the concentration. As shown in Figure 14, a linear relationship between A 

.:,z ., and the concentration of oxidized form of ABTS was obtained. The molar 

extinction coefficient was calculated from this graph using the formula: 

= / Aconc n path ( l cm).= 36 m!" ern-' 

3.1.6.2 K,, V,, and kc,, Determination 

The quantities K , .  V ,  and k,,, are characteristic for a given 

enz>*m;lric reaction under a given set of conditions. These constants are normally 

calculated n.ith the assumption kno~vn as the stead>-state approximation. Under this 

assumption. HIP \\.as characterized kineticall>, in reactions involving three 

substrates which are frequently used in testing peroxidases. The ability of HIP to 

osidize H.0:. ABTS and guaiacol was investigated. First. concentration of ABTS 

tvas held constant at 0.5 mb1 (excess of the fised substrate) and the concentration of 

H.0: \vas 1-aried from 0.62 to 124 p-M. The concentration range was chosen based 

on earlier esperiments conducted in order to establish preliminary K,. This K, 

value was an indication of the substrate ranse at which its ability to accelerate the 

reaction was greatest: therefore. the concentrations of the tested substrate were 



Figure 1 3 .  Spectrum of the reduced and oxidized form of ABTS: a. Absorption spectrum 
of the reduced form; b, Absorption spectrum of the oxidized form at four concentrations : 
1.0.0 15: 2. 0.03; 3.0.045; 4,0.06 mi. .4BTS was oxidized with horseradish peroxidase 
in the presence of 15 pL of 1.5% hydrogen peroxide. 



Figure 14. The relationship between the concentration and the Ma,, ., of oxidized ABTS. 



51 

chosen to be below and above the preliminary K,. To the I-rnL glass cuvette. 15 

uL of pure enzyme (16.7p@rnL), 30 pl of ABTS and appropriate amounts of buffer 

and hydrogen peroxide were added. The experiment was conducted in a total 

\.olume of 1 rnL. in 50 rnM citrate1100 mM phosphate buffer pH 5.0 and at 25°C 

and absorbance at 4 15 nm was measured spectrophotometricaliy The resulting data 

!\.ere ;tn;tl>.zed using the ACS Enzyme Kinetics program. A hyperbolic curve uras 

obtained applying the non-linear regression method and a straight line in the Eadie- 

Hofstee plot (Figure 1 5). The apparent K,, for ABTS as a substrate was determined 

to be 36 pkI. V,,, was calculated to be 5 190 nmol/mg protein and kc,, was 7.81sec. 

Sest .  the experiment was conducred using the same conditions tvith fixed 

concentration of the other substrate. H202 .  at 0.26 m%1 and concentrations of ABTS 

\\ere \.aried in the range of 18.2 to 364 p31. Six concentrations were tested in 

triplicate. To a I-mL glass cuvette. aliquots of enzyme ( 15 pL), H202 ( 10 pL) and 

the appropriate amount of the same buffer nrere added and the change in absorbance 

during the reaction at 4 15 nm was recorded. The data plotted as above yielded a 

hyperbolic curve in the non-linear regression plot while a straight line was obtained 

in the Eadie-Hofstee plot (Figure 16 1. The following constants were calculated 

usins the non-linear regression curve: Ksf= U CUM: VmaK= 6640 nmol/mg and ha,= 

1 O/sec. 

The third substrate tested was guaiacol. a compound considered to be a 

typical substrate for plant peroxidases [Ruttiman-Johnssoe et al. 19941. It was 

prepared as 5 mhq solution in 50 mM citratel100 m-M phosphate buffer (pH 5.0) 



Figure 15. Determination of the K, for HIP with ABTS as the variable substrate and 
hydrogen peroxide at saturaring levels. using A, Non-Linear Regression plot; B, Eadie- 
Hofstee plot. The measurement of the increase of absorbance over time at 415 nrn was 
recorded in triplicate for each of 6 concentrations of hydrogen peroxide and each data point 
represents an average of three readings. All reactions were performed in 50 mM citrate 1 100 
mM phosphate b u h r  (pH 5.0). temperature 25°C in total volume of 1 ml; enzyme 
concentration was 16.7 pg/rnl. 



with 2 5 4  glycerol. The enzymatic assay mixture was prepared with 15 jiL of pure 

enzyme. 30 pL of H20z (30 m..) and aliquots of guaiacol solution to the final 

concentration in the range of 1 - 100 p!\!I- NO change in absorbance was recorded at 

470.450. and 4 18 nm. Therefore. guaiacoI did not appear to be a substrate for HIP. 

3.1.7 HIP 1 s a Glycoprotein 

All of known fungal peroxidases are glycosyiated proteins. It was. therefore, of 

interest to determine if HIP is also a glycosylrtted protein. To test this, SDS-PAGE 

gels \\.ere prepared and run as described in hlaterirtls and blzthods. The protein 
C 

samples included: molecular mass standards. 20 pL of crude extract of heat-treated 

\i.ild type niycelium ( 5  mg/rnL). 30 ILL purified constituti\.e peroxidase. described in 

chapter 3.3 ( I0 pg/mL). and 30 pL of purified HIP ( 16.7 1gImL). To each sample. 

10 pL of denaturing sample buffer ~ v a s  added as well as 2 pL tracking dye. 

FolIo\i.ing electrophoresis. the gel \vas stained using the Fuchsin sulfite 

stain as described in .Materials and Methods. X s  illustrated in Fisure 17. HIP gave a 

positl\.e glj~oprotein stain (single pink colored band) corresponding to one of 

several positi\.e bands in the crude extract of wild type N. crassa while CP does not 

seem to be a glycoprotein. 



Figure 16. Determination of the Y, for HIP with H+02 as the variable substrate using: A. 
Non-Linear Regression plot; B, Eadie-Hofstee plot. t h e  increase of absorbance over time at 
415 nrn was recorded in triplicate for each of 5 concentmtions of ABTS. The data points 
represent an average of three readings. All reactions were performed in 50 rnM citrate / 100 
mM phosphate buffer (pH 5.0). temperature 2S°C. in total volume of 1 rnl; enzyme 
concentration was 16.7 pg/ml. 



3.1.8 Interaction of HIP with Hydrophobic Matrices 

One of the methods that provided a high level of purification. but with 

significant loss of activity, was Hydrophobic Chromatography. In order to choose 

the optimal conditions, relatively hydrophilic Phenyl-Sepharose and strongly 

hydrophobic Octyl-Sspharose were tested. First. 2-mL Phenyl-Sepharose column 

(Phmac ia )  was washed with 30% w/v aqueous solution of glycerol. The column 

 as subsequently equilibrated with SO mh4 phosphate buffer (pH 7.5). saturated to 

30% u.ith ammonium sulfate. A crude estract of wild type mycelium was dialyzed 

against 50 m,M phosphate buffer (pH 7.5) containing 30% saturation of ammonium 

sulfate. A sample of 0.5 mL of the dialyzed pooI was loaded on the Phenyl- 

Sephaross column and elution was carried out using a descending linear ammonium 

s u l i ~ t e  ~ rad ien t  (30-0s).  at a flow rate of 0.5 mL/min. in a total volume of 30 mL. 

Psrosidase activit>. eluted in fractions 35 to 38 corresponding to 8% 

saturation with ammonium sulfate (Figure I 8 1. The active enzyme eluted as a 

doublet and represented approximately 90% of the total protein content. Next. 

Octyl-Sspharose chromatography \vas investi~ated. The chromatography matrix ( I 

mL) \\.as equilibrated with phosphate buffer as above. and subsequently upasbed 

ivitli  the same buffer saturdted to 60% ~ v i t h  ammonium sulfate. A similarly 

prepared sample of crude extract saturated to 60% with ammonium sulfate Lvas 

loaded on the column (0.5 x 8 cmj and eluted with a descending stepwise gradient 

of ammonium sulfate. Total elution volume was 20 mL using 4 mL each of: 60. 30. 



Figure 17. Separation of proteins on SDS-PAGE gel followed by glycoprotein stain. Lane 
1, molecular weight markers; lane 2, purified HIP (20 pL); lane 5, purified CP (20 a, LO 
pg/ITLL); lane 8, crude extract (30 pL,S mg/rnL) of heat-shocked mycelium; lanes 3 , 4 , 6 ,  
and 7 no sample. C 



Figure 18. Peroxidase fractionation on Phenyl-Sepharose column (elution with 
ammonium suifate). Lane 1 ,  mo1ecuia.r weight markers; lane 2, crude extact (2 pL); lanes 
3-6 contain 15p.L samples of fractions 35 (lane 3) to 38 (lane 6) .  

Figure 19. Fractionation of peroxidase activity on A, OctyI-Sepharose column (NaCI 
elution); lanes 4,s . a d  6 represent active Octyl-Sepharose fractions; B. active Octyl- 
Sepharose fractions applied to MonoQ column. Each lane contains 15 ,uL of 
corresponding fraction. 



10. 5. and 0% ammonium sulfate. Peroxidase activity eluted at 0% salt but was 

detectable only after incubation at room temperature for I8 hr. It was suspected that 

a strong binding of the HIP to the matrix occurred, resulting in partial denaturation 

and unfolding of the protein. Therefore. to achieve weaker binding of the protein to 

the matrix. the less chaotropic salt (NaCI) was used. 

The same column and sample were equilibrated with phosphate buffer 

containing 0.5 .M NaCI. Elution was conducted using 4 mi of each salt concentration 

in  phosphate buffer: 0.5. 0.3. 0.2.0. I .  0.0 .M NaCI and 0.0 IM NaCl with 10% w/t. 

glycerol and one-mL fractions were collected. Peroxidase activity eluted at 0.3 M 
C 

NaCl and the enzyme appeared to constitute over 90% of the eluted protein as 

>hou*n in the SDS-PAGE profile (Figure 19A). Concentrated enzyme from this 

preparation was loaded on 3 .Mono Q column. elution being carried out as described 

in the preceding section. It appeared to be high]!. purified judzing by the protein 

profile on SDS-PAGE (Figure 198). Unfortunatelj.. the specific activity was very 

low initially (0.2 units/mg) although it increased over time to 1.1 units/mg after 3 

hr. I n  order to drrermine the incubation time that would result in maximum activity. 

the activity measurements were performed after 20 min, 60 min. 2 hr, 4 hr and 6 hr 

of incubation at 25'C. Peroxidase assays were conducted on fracrions preincubated 

\t.irh 2 pL ABTS (0.05 g/mL) and compared to duplicate fractions incubated in its. 

absence but no difference was observed (data not shown). The above experiments 

w.ere repeated several times using the same enzyme preparation. but the results were 

not reproducible. For instance, an increase in enzymatic activity was observed 



consistently. however. the time required to reach the maximum value in different 

experiments varied from I to I8 hr. 

In addition. the ability of Tween-20 and BSA to stabilize the protein was 

investigated. Three 0.5-rnL fractions of the pooled elutate of Octyl-Sepharose. 

containing 0.3 M XaCl. were incubated 3t 25°C in the presence of Tween-20 and 

BS.4 along \virh the control with no additives. The three sets (100 pL aliquots) were 

assayed for peroxidase activity after 20 min and 6 hr (Figure 2 1 ). These attempts to 

stabilize the protein with BSA or Tween-20 proved to be unsuccessfuI as maximum 

acti~~ity regenerated in 6 hr was almost the same as in the control without any 

additives (Figure 2 1. A, B. C). Therefore i t  ufas apparent that neither BSA nor 

T~vsen-20 \\.ere effective in renaturation of peroxidase. 

3.2 .A 50/65 kDa PROTEIS WITH PEROXIDASE ACTIVITY 

If the protease inhibitor cocktail tvas omitted during the initial steps of the 

purification procedure. a protein was isolated with peroxidase activity exhibiting a 

chrornaro_eraphic behavior similar to that of HIP (Figure 22). The protein eluted at 

0.5 .M NaC1 from the anion exchanger ( DEAE ceIIulose), bound weakly to the 

metal chelation column (elution at approx. I2 mL) and fractionated on Superose 6 

at a position corresponding to molecular mass of 130-138 ma. Furthermore, it was 

shown to yield a single band upon electrophoresis in non-denaturing gels stained for 

peroxidase activity with ABTS. and when the same gel was subjected to Coomassie 

Blue stain (Figure 23).  It seemed then, that there was a large protein with peroxidase 
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Figure 70. Psroxidase activity of fractions eluted from the Octyl-Sepharose column 

as a function of time of incubation at room temperature. 



1 2 3 4 5 6 7 8 9  

Fraction m 



5 6 7 8 9 10 1 1  1 2  13 14 15 1 6  

Fraction number 

Fisure 2 1 .  Peroxidase activity recovered after incubation with i % BSA (A). 0.02% 

T~veen-20 (B). no additives ( C ) .  
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activity and its components were not separable in non-denaturing gels. Interestingly in 

resolution on SDS-PAGE, two bands, one corresponding to 50 kDa and the second 

corresponding to 65 kDa were seen consistently (in 12 purification cycles). As the two 

bands could not be separated chromatographically. it was likely that they constituted a 

tivo or three-component complex (designated as 50/65 kDa complex) in which probably 

one or both components exhibited peroxidase activity. On the other hand if protease 

inhibitors were included in the extraction media. the complex could no longer be isoIated. 

It was therefore. concluded that the comptes probably represented a product of partial 

proteolytic digestion with most of its original enzymatic activity intact. The steps leading 

to purification of thz 50/65 kDa complss are summarized below (Table 5). 



Figure 22. Resolution of the 50/65 kDa complex in SDS polyacrylarnide gel. Lane 1 ,  
molecular weight markers; Lane 2, peak activity fraction eluting from gel filtration 
column (7 pL); Lanes 3 and 5 no sample; Lane 4, peak MonoQ column fraction (7 pL); 
Lane 6,  Superose 6 peak fraction sample (40 a). 



Figure 23. Electrophoresis of 50/65 kDa complex in non-denaturing polyacrylamide 
gels. A, gel stained with Coomassie Blue; B. the same gel stained with ABTS. Lane 6 , 2 5  
pL of the purified complex; lane 7,45 pL of the same complex. 





3.3 PURIFICATION OF THE CONSTITUTIVE PEROXIDASE 

As described in the introduction, previous work from our laboratory had provided 

e~vidence for the existence of a constitutively expressed form of peroxidase. Question 

arose as to whether or not the constitutively expressed peroxidase activity. witnessed in 

the mycelium of the transformant E-35. Lvas attributable to the same protein as the heat- 

induced perosidase. To resolve this question. purification and characterization of 

peroxidase from E-35 was undertaken. A comparison of the propenies of the two proteins 

\Le i  th respect to the purification profile, native moiecular mass. kinetic parameters. heat 

srrlbility and pH optimum was conducted. as outlined in the follo\iring. 

Lyophilized mycelium ( 5  g), was suspended in 75 mL of extraction buffer (0.05 M 

Tris-HCI. 0.1 m,M EDTA, 50 jdbl P-mercaptoethanl pH 7.5) and stirred for 30 min at 4°C. 

.At the end of that period, 2 tablets of Protease inhibitor Cocktail (Boehringer Mannheim) 

Lvere added. The mycelial suspension was subsequently homogenized using a glass 

Potter-Elvehjem apparatus and the hornogenate \bras centrifuged at 15.000 g for 20 min at 

4'C and the supernatant lvas subjected to ammonium sulfate precipitation. In the first 

step. the salt was added to obtain 40 % saturation. The precipitated proteins were 

rerno~red by centrifugation 3s described above and the supernatant was subjected to the 

second precipitation step to achieve 80% saturation. The mixture was centrifuged again. 

pelletsd proteins were redissolved in 4 ml extraction buffer and dialyzed against 20 mM 

Tris-HCI. 20 mM MgCI,. 20 mlM NaCl (pH 7.5). The dialyzed protein sample was loaded 

on a Q Sepharose column that had been equilibrated with the same buffer. The bulk of the 



protein did not bind to this column, emerging in the flow through fraction which 

contained peroxidase activity labelled as peak 1 (Figure 24). Following the elution of 

peak 1. a linear elution gradient (0 - 1 M NaCl) was applied to the column. At 

approximately 0.5 M NaCI, a second, minor peak of peroxidase activity was observed. 

Subsequently. the active fractions of peak 1 were pooled and the pooled sample of 80 mL 

was concentrated on Centricon 30 filters down to 6 mL volume and dialyzed against 2L 

of acetate buffer. 

Aliquots of 2.5 mL of the Q-Sepharose dialyzed pool were loaded on the metal 

chelation column and eluted with acetate buffer (Figure 25 and 26). The constitutive 

perosidase activity bound weakly to the metal chelation matrix. The peak of enzymatic 

rtcti\.ity eluted at approximately 16 mL. The active pool had a total protein concentration 

ot'0.03 mg/mL and specific activity of 3 1.3 units/mg protein. It was concentrated to a 

\.oIume of 200 pL on Centricon 30, centrifuged for 10 min at 15,000 g and loaded on a 

Superose I2 column equilibrated with 50 mM citrate/lOO rnM phosphate buffer (pH 5.0). 

The column was run at 0.2 mumin and 2-min fractions were collected. Peroxidase 

activity was observed to elute between 13 and 13.6 mL (Figure 27 and 28). The active 

fractions were pooled and washed with the same citrate/phosphate buffer (pH 3.5) and 

stored at -20°C with 5% w/v glycerol. In order to estimate the molecular mass of the 

natii-e protein. a Superose I2  column was calibrated with protein standards as described 

prekriously for HIP. By comparing the elution volume of the standards to the elution 

\.olume of the protein in question, the apparent molecular mass of this protein was 
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Figure 24. Fractionation of peroxidase activity on Q-Sepharose (individual fraction-5.5 
mL). 
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Figure 25. Fracrionation of CP on metal chelation column. 
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Figure 27. Fractionation of CP on  Superose 12 column. 



Figure 26. Fractionation of CP activity on metal chelation column; proteins were 
separated by SDS-PAGE. Lane 1 ,  molecular weight markers; lanes 2-6 contain 15 pL 
samples of fractions 4 (lane 2) to 12 (lane 10). 



Figure 28. Fractionation of CP activity on Superose 12; proteins were separated by SDS- 
PAGE. Lane 1 ,  molecular weight markers ; lanes 2-8 contain 20 p L  samples o f  Superose 
fractions from different runs. 





determined. The constitutive peroxidase activity eluted at Ve corresponding to 

approximatel}. 1 18- 136 kDa (Figure 29). The summary of purification steps is presented 

in Table 6. 

3.3.1 Visualization of Constitutive Peroxidase Activity 

Non-denaturing gels were prepared as described in Materials and Methods. The 

protein samples consisted of the enzymatically active pool eluted from Q Sepharose ( IS 

pL) and Superose 12 pool ( 25 pL). To each sample the same volume of non-denaturing 

sample buffer was added. followed by loading on the non-denaturing gel. The gel was 

electrophoresed for 2.5 hr at 120 V. Upon completion of electrophoresis. the gel was 

stained for peroxidase activitjP as described in the section for heat-induced peroxidase. 

The gel \{,as photographed and stained in Coomassis Blue. Constitutive peroxidase 

eshibi ted on1 y one active band under non-denaturing conditions: this band corresponds to 

a band of the same mobility when stained in Coomasie Blue. indicating that the isolated 

protein ivas a peroxidase (Figure 30). 

3.3.2 Heat Sensitivity of Constitutive Peroxidase (CP) 

To compare it with the heat-inducible peroxidase. the activity of CP was studied 

as a function of temperature. In  this experiment. aliquots of 20 pL of the purified enzyme 

( 10 pg/mL suspended in 50 mM citrate/100 mV phosphate buffer pH 3.5) were incubated 

at temperatures ranging from 24 to 7t°C. After 10 min of incubation. two 10-pL aliquots 

\\*ere added to test tubes containing 1 mL of assay buffer (50 m34 citrate/100 rnM 

phosphate) with M T S  (O.Smg/mL) and 10 pL of 1.5% hydrogen peroxide. 
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Figure 29. Estimation of molecular mass of the native constitutive peroxidase from 
Superose 1 2 column. Molecular mass protein standards used: A. ri bonuclease ( 13.700): B. 
chyrnotrypsinogen A (25,000): C. oval bumin (43,000). D. aldolase ( 158.000). The 
experiment was performed using 50 m M  citrate/lOO m M  phosphate buffer (pH 5.0). The 
solutions of protein standards (10 mg/rnl) were prepared in the same buffer and run two at a 
time (aldolase with ovalbumin and chymotrj-psinogen with ribonuclease). The column was 
run at 0.2 ml/rnin. Void volume of 7.2 ml was determined using blue dextran ( 1  mg/ml). 



Figure 30. ~eso lut ion  of the constitutive peroxidase activity in non-denaturing gels. A, 
gel stained for peroxidase with ABTS; B, the same gei stained with Coomassie Blue. 
Lane 1, crudeextract (5pL); lanes 2 and4, no sample; lane 3, QAE Sephadex pool 
( 15pL); lane 5, Superose 12-pool (20 pL)- 



The assay mixture was incubated for 30 min at 37OC and tested for peroxidase activity 

spectrophotometrically (Figure 3 1). Exposure to temperatures of up to 58°C resulted in a 

greater than 2-fold increase of enzymatic activity while at temperatures higher than 62'C 

enzyme inacti~~ation was observed. The optimum enzymatic activity was established to be 

in  the range of 38 - 58OC where a 2 to 2.5-fold increase in specific activity over that at 

20°C. was observed. But as CP remained active up to 68°C. its heat stability over 

esrended period of time was investigated. This time 100 pL aliquots of the same enzyme 

preparation were incubated at 48. 52. 58.62 and 68'C. Every 5 min. two 10 pL samples 

iv t l r r  nrithdra~vn and tested for perosidase activity (Figure 311- 

Approsimately two-fold increase in enzymatic activity during the first ten min of 

incubation was observed for enzyme samples incubated ar 52 and 58°C. At 58°C. the 

enz!rmatic activity decreased by 20% immediately after 10 min. but remained stable up to 

20 min. Furthermore. at 52°C the enzyme remained active for up to 20 min of incubation 

1% i th o n 1  a slight decrease in activity. Moreover. the enzyme samples incubated at 63 and 

6S'C did not sshibir the initial increase of activity and stable activity was obsenred at 

62'C n.hile at least 50% decrease kvas noted at 68°C. 

3.3.3 Determination of pH Optimum of CP 

In  order that the assays for CP can be carried out under conditions favouring 

masimum enzyme activity. the pH optimum for enzymatic activity was investigated. The 

pH optimum of constitutive perosidase was tested in the 50 mi phosphate buffer 

prepared in  the range of 1.0 to 8.5 pH units. To 1 rnL of buffer at the appropriate pH. 10 
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Figure 3 1. Heat sensitivity of CP (the experiment performed in pH 5.0). 
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Figure 32. Heat stability of CP. Samples of CP were incubated at 48,52.58.62 and 68°C . 
then 10 u1 aliquots withdrawn. placed in 37OC water bath and tested for peroxidase activity. 



pL of enzyme ( 10 pg/mL), 100 pL ABTS (0.5g/100 mL) and 10 pL of 1.5% hydrogen 

peroxide were added. After 30 min incubation at 37OC the samples were tested for 

peroxidase activity (Figure 33). The optimum pH for CP was determined to be 3.5. The 

increase from pH 2 to 3.5 caused an increase greater than 300% in activity. The enzyme 

remained relatively stable between pH of 3.0 and 4.0 with less than 10% decrease in 

actii.ity. but it become completely inactive at pH 5.5. 

3.3.4 Spectroscopic Analysis of Constitutive Perosidase 

As stated in the section on HIP. all known perosidases are heme enzymes and 

t h q .  are characterized by the presence of a Soret band (around 410 nm) as well as a 

(around 550 nm) and P (around 500 nm) bands of the native enzyme spectrum (Figure 

34) .  Another characteristics is the susceptibility of heme enzymes to inhibition by sodium 

iizids. Therefore. the inhibition of enzymatic acti\-ity by sodium azide may be used as an 

~ndil-sct e\.idsncs for the presence of heme in the enzyme. The absorption spectrum of the 

constitutive peroxidase was recorded on a Shimadzu Spectrophotometer using 60 pL 

enzyme ( 10 pg/mLj in 0.3 rnL of 50 mLl citrate/100 mhl phosphate buffer pH 3.5 at 

IS'C. .As illustrated in Figure 34, the spectrum of the native enzyme shows the following 

peaks: one (u) at 560 nm. one at 190 nm (PI .  and the most pronounced at 415 nm (Soret). 

Sest .  the activity of CP was tested after addition of sodium azide as follows. 

Peroxidase assay mixture containing 10 pL of CP ( I0 pg/rnL) in 300 pL of 50 rnM 

citrate/100 m3I phosphate buffer (pH 3.5) with ABTS (0.5 m@mL) and I0 pL of 1.5% 

hydrogen peroxide was set up. Peroxidase activity of control samples ivas measured. 
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Figure 33. Determination of pH optimum of the constitutive peroxidase. 
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Then. aliquots of 0.02% sodium azide were added to a fresh assay mixture to a final 

concentration range of 0.125 to 0.5 mM. The samples were incubated at 2S°C for 30 min 

and tested for peroxidase activity. 

As shown in Figure 35. it is apparent that sodium azide inhibited the activity of 

CP at relatively low concentrations (0. I25 m-34). At 0.187 mM sodium azide. over 75% of 

perosidase activity was abolished. while complete inhibition occurred at 0.5 mM sodium 

azide suggesting that CP is a heme enzyme. Next. the absorption spectrum of the enzyme 

follo\f,ing the addition of sodium azidc was recorded along with the spectrum of the 

uninhibited enzyme in  100 m M  acetate buffer (pH 7.0). Subsequently. to the same 

rin~ounr of enzyme. 98 of acetate buffer and 2 pL of 10 92 sodium azide were added. 

The reaction mixture was incubated at 2j°C for 2 min. following which the spectrum upas 

recorded: a siight lowering of the peak at 4 1 5 nm ~ v a s  observed. The reaction \vas carried 

out n . i th  increasing amounts of sodium azide until the 41 5 nm peak was stable. The 

loif.est point \{.as reached at 0.625 rn,M of sodium azide and 3.125 m,M and 6.35 m!4 did 

not reduce i t  any further (Figure 36). 

3.3.5 Kinetic Analysis of CP 

3.3.5.1 Determination of Molar Extinction Coefficient 

The test was performed essentially as described previously. the only difference 

being the pH of the 50 m31 citrate/100 mhl phosphate buffer (3.5 instead of 5.0)- The E ~ P  

calculated for ABTS at pH 3.5 was 335.95 m!" cm-' which is almost identical to that 

calculated for ABTS in buffer of pH 3.5 (35.85). 
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Fisure 34. Absorption spectrum of the native CP. The experiment was performed using 
0.6 pg enzj.me in 50 mM citrate/100 mK phosphate buffer (pH 3.5). at 25°C. 
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Figure 35. Inhibition of the consti~tive peroddase activity with sodium azide. The assa?. 
b.as performed in 50 mM citrate/100 rnM phosphate buffer (pH 3.5). at 25°C. 
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Figure 36. Absorption spectrum of constitutive peroxidase complexrd with sodium 
azide. a. native enzyme spectrum: b. enzyme with 0.2 rnM sodium azide: c. enzyme with 
0.5 m3l sodium azide: d, spectrum c magnified 2.5 times. 



3.3.5.2 K, and V,, Determination 

The ability of the CP to catalyze a two-substrate reaction was tested with ABTS 

and hydrogen peroxide, and with guaiacol and hydrogen peroxide. While testing ABTS as 

a substrate for CP. the reaction was carried out in 500 pL glass cuvette using 50 mM 

citrate/100 mlM phosphate buffer (pH 3.5 ) with 15 uL of enzyme ( 10 pg/rnL) at 25°C. To 

this solution 30 pL of 8 mhl hydrogen peroxide uvas added. The change in absorbance 

was measured immediately and throughout the 2 min reaction time. The reaction was 

repeated \\-ith I0 different concentrations of ABTS (from 2.5 to 500 +I{). while 

concentration of hydrogen peroside \vas maintained constant at 0.5 &Irn ( 10 s K,, for 

ABTS ). The concentration range was chosen based on earlier experiments conducted in 

order to establish prsliminary K,. This K,, value was an indication of the substrate range 

at n.hich its ability to accelerate the reaction Li-as greatest; therefore. the concentrations of 

the tested substrate were chosen to be below and above the preliminary K,. 

Uhing enzyme kinetics soft\\ are LL hyperbolic relationship \vas observed in the 

non-linear regression method: the apparent Km \+.as determined to be -23 p!M. whereas 

the \.slue for V ,,, was - 4 8  nmol/mg and kc,, \vas 0.3/sec (Figure 37). 

\\'hen HIOl was tested as a variable substrate. rl fixed concentration of ABTS 

(0.5 pbl. - i 0 x K, for H203) \{*as used along ~vith 15 pL of enzyme ( 10 pg/ mL). Again 

a h~.perboIic curve \\.as obtained for the relationship bettveen absorbance change and 

1/[S] (non-linear regression). From this graph the values of K, (-55 pM), V,, (-453 

nmoI/mg) and kcat -0.3/sec were calculated (Figure 38). Guaiacol was also tested for its 

suitability as a CP substrate. As in the case of HIP. guaiacol was not used as a substrate 
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by CP. 

These studies demonstrated that two distinct forms of peroxidase are synthesized 

in 1V.ct-usscr one of which is produced in response to stress. The constituti\?e form is 

virtually undetectable in the isild type strain but its presence is readily demonstrable in 

the transformant strain. E-45. 



Figure 37. Determination of the K,, for CP with ABTS as the variable substrate and 
hydrogen peroxide at saturating levels, using A. Non-Linear Regression plot: B. Eadie- 
Hofstee plot. The measurement of increase of absorbance over time at 415 nm was recorded 
in triplicate for each of 10 concentrations of ABTS and each data point represents an 
average of three readings. All reactions were performed in 50 mM citrate 1 100 mM 
phosphate buffer (pH 3.5). temperature 2S°C. in total volume of 0.5 rnl; enzyme 
concentration was 10 Clg/ml.. 



Figure 38. Determination of the K,, for CP with H,O, as the variable substrate and ABTS at 
saturating levels. using A. Non-Linear Regression plot: 8, Eadie-Hofstee plot. The 
measurement of increase of absorbance over time at 415 nm was recorded in triplicate for 
each of 10 concentrations of &02 and each data point represents an average of three 
readings. All reactions were performed in 50 mM citratel100 mM phosphate buffer (pH 
3.5). temperature Z°C. in total volume of 0.5 ml: enzyme concentration was 10 ug/ml. 



DISCUSSION 



4. CONCLUSIONS AND DISCUSSION 

Upon oxidative stress many cellular functions are altered. The systems that are 

primarily affected are: antioxidant defenses. heat shock and chaperone proteins. 

translational apparatus. proteases and carbohydrate metabolism [Godon et al. 19981. 

Ho~ftever. reactive oxygen species are also normal by-products of aerobic metabolism and 

they can darnage a wide tariety of cell components. leading to cell death. Therefore. it 

seems necessary for all aerobic organisms to employ specific defenses. In Nelrrospor-cr 

cr-~rsscr some of these defenses include peroxidase enzymes. I attempted to identify and 

purif! two peroxidases: constitutive (CP) and heat-inducible (HIP) and to characterize 

them to determine similarities and differences between them. 

The heat-inducible perosidase was isolated from heat-shocked wild type N. 

c-I-~rsstr. The mycelial extract was fractionated by ammonium sulfate precipitation and 

applied to Q.AE Srphadex column. Perosidase activity eluted in two peaks: peak I 

contained in the flow-through. and peak 2 emerging at -0.16 M XaCI. The two peaks 

u.ere further characterized in a reaction with the antibodies raised against heat-inducible 

peroxidase (Figure 8). Peak 2 enzyme \\.as identified as the heat-inducible peroxidase. 

~vhile peak I \vas not recognized by the antibody and it was suspected to be the 

constituti\~e perosidase. This was further supported by the fact that peak I peroxidase 

activity isolated from N. crlzssn E-45 mutant (previously identified as a transformant 

owrespressi ng constitutive peroxidase), exhibited the same chromatographic behavior as 

peak 1 of the uvild type fungus. Peak 1 peroxidase activity was. therefore. assumed to 



contain mainly the constitutive peroxidase. The two enzymes were further purified 

employing metal chelation chromatography and gel filtration. The latter method alIowed 

for molecular mass estimation. The native molecular mass of HIP was found to be -1 16 

kDa. and that for CP - 1 18 - 138 m a .  On SDS-PAGE. HIP appeared to be a 90 kDa 

protein. while CP migrates as a 38 kDa protein. As manganese and lignin peroxidases 

iscl ated from P. chq~sospor-iron and C. cirrererrs exhibit various degrees of gl ycosy lation 

(Table 3). it was interesting to determine whether HIP and CP were glycosylated. The 

presence of carbohydrate residues is known to effect protein migration in denaturing gels. 

To determine if this kvas the case, both enzjrmes were subjected to SDS-PAGE foiIo~-ed 

by specific stain fcr glycoproteins: HIP appeared to be a glycoprotein while CP did not 

(Figure 17). In such circumstances the estimation of HIP molecuIar mass from denaturinz 

eels does not seem the most reliable method and gel filtration was assumed to be a better 
C 

method. Therefore it is reasonable to conclude that HIP exists mainly as a monomer. 

-4lthou~h CP did not appear to be glycos}.lated. there are factors that could increase its 

misration in denaturing gels. These factors include presence of significant amount of 

acidic residues as ufell as undetected carbohydrates. In view of that, moleculas mass 

estimation by ge1 filtration \vas also assumed to be more reliable than SDS-PAGE and it 

~vas  concluded that the nati\.e CP ivas probably a trimer. 

These perosidases were also subjected to polyacrylamide electrophoresis in non- 

denaturing conditions followed by peroxidase stain. In both cases a single band of 

pcro~idase actiLeity appeared. confirming that the purified proteins had peroxidase 

acrivity. 
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Some other biochemical properties of the two enzymes were also investigated. For 

instance. the two enzymes were found to be different in their heat sensitivity and stability 

at high temperatures. The heat-inducible peroxidase was found to have an optimum 

acti\-ity between 33 and 55'C and to withstand this type of stress for up to 12 rnin. The 

constitutive perosidase exhibited the highest specific activity between 38 and 58°C for at 

least 20 min. These findings suggest that CP is generally more stable durinz extended 

heat exposure and that it can still function at slightly higher temperatures than HIP. 

Another difference was found in pH sensitivity of the tulo enzymes. The pH 

optimum for HIP \\.as determined to be 5.0. while i t  was 3.5 for CP. HIP was also very 

sensitive to pH changes: a drop or an increase of 0.3 pH units caused at least 4OTc drop in 

specific acti\.ity of the enzyme. On the contmr).. CP \vas still very stable in the same pH 

range (+/- 0.5 pH unitsj losing no more than 10% of the optimal activity (Table 7). This 

pH optimu~n range for peroxidase enzyme is not unusual. Manganese perosidase 

isosnz>*mes 1-111 from white rot fungi have pH optimum between 3.75 and 4.5 [Ruttrnan- 

Johnson rt al. 19941. ivhile Korean-radish isoperoxidases are optimally active in the 5-6.5 

pH range [Lee et al. 199 I] .  A plausible explanation for the lo\v pH optimum of 

.\'elcl-osporn peroxidases may be that the majority of the oxygen radicals are produced in 

the membrane-bound electron transport chains. Hence the pH in the immediate vicinity of 

the membrane is much louver than that in the cytosol as a result of the accumulation of H' 

[Gille and Sigler 19951. Therefore. it would be beneficial for the cells to be abIe to 

lnobilize an enzyme capable of neutralizing ROS at a lorv pH. to protect membranes 



CKARACTERISTICS ENZYME: 

HIP CP 

heat sensitivity 43-55°C 48-58°C 

stability to heat exposure 48-55'C (up to 12 min) 48-58°C (at least 20 rnin) 

pH optimum 5.0 3.5 

glycosylat ion yes no 

Table 7. A summary of ph\,sical properties of AT. cmsscc perosidases. 

from lipid peroxidation. 

llansanese and Iignin peroxidases isolated from Phatterochaere chnsospori~a~l 

2nd Coprirzrts cirrererrs exhibit various degrees of gIycosylation (Table 3). It was 

therefore. interesting to see whether HIP and CP were ~lycosylated as well. Both enzymes 

\{-ere subjected to SDS-PAGE followed by specific stain for gIycoproteins. As a result of 

r h i b  stain. HIP appeared to be a glycoprotein while CP did not (Figure 17). 

As most of the kno\vn peroxidases are heme enzymes, determination of the 

presence of heme was undertaken- The absorption spectrum of the native CP strongly 

suggests the presence of a heme prosthstrc group [Glenn and Gold 1985: ll'elsh 19891. 

The native peroxidase shows peaks at 560.490 and 4 10 nm. These absorption maxima 

are \.cry similar to those reported for horseradish peroxidase (HRP), indicating that the 
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prosthetic group of the peroxidase is iron protoporphyrin iX [Glenn and Gold 1985: Lin 

et al. 1998](Tabie 7). 

Peroxidases as heme proteins bind small Iigands such as azide. The binding rates 

and affinities for these types of ligands vary significantly in different heme proteins. It is 

due to different chemical environments found in the acti1.e sites of heme proteins 

resulting in their differential reactivity in ii\.ing organisms [Lin et al. 199SI. AT- crassti CP 

bound sodium azide attributable to enzyme inactivation. which indirectly suppons the 

hypothesis that CP is a heme enzyme. But more importantly, the inhibited enzyme 

spectrum at pH 3.5 exhibited red shift in P and Soret bands as we11 as lowered 

absorpti\.ity of the Soret. The same tendency with respect to Soret was found in other 

fungal peroxidases (Table 8 )  and in metmyoglobin [Lin et al. 19981. The results of the 

spectral anal>.sis and inhibition experiments sho\kr that CP is a heme enzyme. 

The purified enzymes were also tested for their substrate binding affinity, reaction 

\.elocit>. and turnover number. As seen in  Table 9, HIP has a lo~ver K, for hydrogen 

peroxide than the CP (36 $34). K,,, is the concentration of the substrate that \vill permit 

the catal>-tic reaction to go at half its maximal \.eiocit}, and it is higher for CP: K, is 

usua!l>: also equal to the binding affinity of a sunbstrate of an enzyme. Maximal velocity 

of HIP using hydrogen peroxide as a substrate is - 15 times greater than that of CP. The 

k,,, for HIP was found to be - 10/s which is -33 times faster than CP. 
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The findings regarding the other substrate (ABTS) show similar trends. So. 

although the substrate affinity of HIP is lower than that of CP, the maximum velocity of 

HIP is more than 1 1 times greater. With respect to ABTS, HIP is again more efficient in 

catalyzing the modification of substrate: approximately 8 molecules are converted in to 

the product each second 7.78/sec vs. 0.302/sec) which is -26 times faster than CP. 

An important feature of HIP that emerged from the above data is that HIP is a more 

efficient enzyme than CP, which supports the hypothesis that as a result of oxidati\re 

stress iV- cr-assa induces a more potent peroxidase to alIeviate the adverse condition. 

Another characteristics of hr. crclssrr peroxidases is the ability to utilize hydrogen 

peroxide and ABTS as substrates and the inability to use guaiacol. These characteristics 

resemble the substrate specificity of P. cltn-sospori~tnl peroxidases (Table 9 )  and the 

perosidases from the fungus Piielli~zrts igrliurirts [Gazanan et aI. 19941. Peroxidases with 

the above characteristics are placed ~vithin the plant/fungus/yeast superfamily of plant 

perosidases [Welinder 199 1 J .  

It is strongly suspected that the two enzymes play an important role in protecting 

the cells from ROS. Heat-induced peroxidase is the more efficient enzyme which can 

probabl) offer protection from the consequences of heat shock. while CP parallels this 

function under normal conditions. This role is further supported by the remarkable heat 

resistance of these enzymes. Nevertheless. the cellular substrate of either of N. crnssn 

perosidases remains unknown. 

Heat-inducible peroxidase has similar molecular mass (as seen on SDS-PAGE 

oels) to yeast Hsp 104 and both proteins are also strongly heat-inducible. Hsp 104 was c' 
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found to be necessary for cell sunpival at lethal temperatures while dispensable under 

normal growth conditions when its function is performed by Hsp70 and Ssalp [Craig et 

a). 19931. Heat-inducible peroxidase is probably not synthesized during uninduced 

growth: peroxidase activity is vinually undetectable in normally-grown cells. But - 
contrary to HIP. Hsp104 is suspected to regulate one or more proteases and i t  was sho\vn 

to disagregate heat-damaged proteins and to possess a hexameric structure that provides 

multiple sites for polypeptide substrate binding [Glover and Lindquist 19981. 

HIP and CP may parallel the function of another compound involved in 

nzutraiizing ROS in fungi. It was found that DOPA (dihydroxyphenylalanine) and DHX 

(dihydrosynaphthalene) melanins produced by fungi are not essential for normal gron-th 

but function in protection of microbes against en\.ironmental stress. -Melanins were found 

to offer protection from hydrogen peroxide (.4zotnbncter snli~zestris)[Page and Shivprasad 

19951. h>.psrosrnotic shock and elevated temperature (ViDriu citolerae)[Coyne and Al- 

Harthi 19921. and oxidative stress caused by UV irradiation [Kollias et al. 19921. DOPA 

melanins themselves are stable radicals that scavenge and neutralize free radicals. and 

convert UV energy to heat. For this reason, they act as sponges for cytotoxic free radicals 

and przvenr damage resulting from interaction of the free radicals with metals by binding 

nletals and immobilizing them [Senesi et a1. 19871. In this way metal participation in 

Fenton reaction is prohibited. DHx melanins ivere also shown to provide protection 

against oxidizing agents such as perrnanganate. hypochloride and hydrogen peroxide 

[Jacobson et a1. 19951. Interestingly, DHN melanins also seem to supplement SOD 

function. They bind oxygen radicals mainly below 37°C while SOD does so above 
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that temperature [Jacobson et al. 19941. In the functional aspect. HIP and CP seem to be 

quite similar to melanins. The two peroxidases neutralize hydrogen peroxide (presumably 

their major substrate) and therefore prevent it from causing lipid peroxidation and 

participation in Fenton reaction. Melanins. in turn. seem less specific than HIP and CP in 

neutralizing ROS and they have a wider range of ROS that can be scavenged. But their 

efficiency has not been determined so far. In addition to the wide range of substrates that 

melanins can neutralize. it may not be surprising that melanins can also be used as 

\virulence factors by pathogenic fungi and protect the fungus from the host defenses 

[Butler st aI. 19981. 

More information and growing understanding of the systems involved in cellular 

defenses against ROS wouId allow us to appreciate the benefits these systems provide. 

Prssenrly. the structure. cellular localization and i r t  i.i~.o substrate of both HIP and CP of 

:\I. c~-clssfr are still open for further research- Funher studies are required to evaluate the 

contribution of these enzymes toward acquisition of thennotolerance by N. crassa 

ceils.Those studies could focus on sequencing peroxidases and their genes which ivoilld 

alloiv tha classification of these enzymes in the appropriate family of peroxidases and 

thsreb). help understanding the molecular e\*olution of peroxidases. 
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