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"The worst thing that bas happened to science education is that the fun bas gone

out of it. A great Many good students look at it as slogging work to he got through on the

way to medical schooI. Others are tumed off by the pre-Medical students themselves,

embattled and bleeding for grades and class standing. . . Very few recognize science as

the high adventure it really is, the wildest ofail explorations ever taken by human beings,

the chance to glimpse things never seen before, the shrewdest manouevre for discovering

how the world works. . . Part of the intellectual equipment of the educated person . . .

ought to be a feel for the queemess of nature, the inexplicable thing, the side of life for

which infonned bewilderment will he the best way ofgetting through the day. If

Lewis Thomas
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ABsTRAcr

Under cellulolytic conditions, the white-rot fungus Trameles versicolor produces

cellobiose debydrogenase (COH), an enzyme with a number of biochemical properties

that are potentially relevant to the degradation of lignin and cellulose. To clarify its

biochemical properties, COH was purified from cultures of T. versicolore Two isofoIDlS

of CDH were found: a 97 kDa isoform with both beme and tlavin cofactors, and an 81

kDa isofonn with a tlavin cofactor. Both isoforms of CDH were found to he quite non­

specifie in their reductive half reactions. The tlavin enzyme catalyzed Many of the same

reactions as the hemeltlavin enzyme, but less efficiently. The flavin isofonn reduced

Fe(lII) and Cu(lI) ooly at concentrations weil above those found physiologically. Thus the

heme/flavin enzyme, but not the tlavin enzyme, could he involved in promoting and

sustaining the generation ofhydroxyl radicals (-OH) by Fenton's chemistry.

To characterize further the structural features of COH, a genomic clone was

isolated and sequenced. COH \Vas found to consist of 748 amino acids, without its

predicted 19 amino acid signal peptide. Consistent with the domain structure of other

CDHs, T. versicolor COH appeared to he divided into an amino tenninal beme domain

and a carboxy tenninal tlavin domain, connected by a hydroxyamino acid-rich linker.

Within the flavin domain, a putative cellulose-binding domain (CaD) was found by

alignment to the hypothesized COD of P. chrysosporium COR. The cao of CDR

appeared to he structurally unrelated to other CBOs which have been reported.

A cONA clone encoding T. versicolor CDH was isolated by RT-PCR. Using this

clone, three vectors for the heterologous expression in Aspergillus oryzae of CDH were

prepared. These vectors were built by performing in-frame fusions ofthe cDNA ta control

sequences from the highly expressed A. oryzae amylase gene. These veetors were

transformed into A. oryzae and one strain was isolated which contained the expression

construct DNA.

A rapid method for cloning cdh-like genes was developed. Using short stretches

of amino acids completely conserved within T. versic%r and P. chrysosporium COR,
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PCR primers were designed to amplify a homologous gene from other fungi. The primers

were tested using genomic DNA of Pycnoporus cinnabarinus. A 1.8-kb fragment of P.

cinnabarinus cdh was thereby amplified and clon~ and its sequence was determined.

The three CDHs displayed very high homology at the amino acid leveL

Finally, to probe the role ofCDH in lignocellulose degradation by T. versicolor,

a "knockout" vector was constructed consisting of a phleomycin-resistance cassette

inserted into the protein coding sequence of cloned T. versicolor cdh. T. versic%r was

transfonned with the knockout vector and the transformants were analyzed for their CDH­

producing phenotype. Three isolates were round that produced no detectable CDH.

Biobleaching and delignification by the CDH(-) strains appeared to be unaffect~

suggesting that CDH does not play an important role in these processes.
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RÉSUMÉ

La moissisure blanche Trametes versicolor produit de la cellobiose

déshydrogénase (CDH) dans des conditions cellulolytiques. Cet enzyme a plusieurs

propriétés biochimiques qui pounaient être utiles dans la dégradation de la lignine et de la

cellulose. Pour clarifier ses propriétés biochimiques, la CDR fut purifiée à partir de

cultures de T. versicolor et deux isoformes furent trouvées. La première a 97 kDa et

possède un cofacteur hème et un cofacteur flavine. La deuxième a 81 kDa et contient

seulement la flavine. Les deux isoformes ne sont pas très spécifiques par rapport aux

substrats réduits. L'enzyme possèdant uniquement la flavine catalyse, de façon moins

efficace, beaucoup de réactions semblables à celles de l'enzyme ayant les deux cofacteurs.

La protéine ayant seulement la flavine réduit le Fe(Ill) et le Cu(Il) à des concentrations

supérieures aux concentrations physiologiques. Donc l'enzyme hème/flavine,

contrairement à l'enzyme flavine, pourrait promouvoir et soutenir la génération de

radicaux hydroxyles (-OH) par la chimie de Fenton.

Pour mieux déterminer les caractéristiques structurelles de la CDH, un clone

génomique fut isolé et séquencé. La CDR est constituée de 768 acides aminés, incluant un

peptide signal de 19 acides aminés. La CDH de T. versicolor semble avoir un domaine

hème amino terminal et un domaine flavine carboxy terminal reliés par une connexion

riche en acides hydroxy-amine. Ceci est semblable aux domaines structurels d'autres

CDH. Un domaine probable d'attache à la cellulose (CBD) a été détenniné avec le

domaine hypothétique (CBD) de CDH de Phanerochaete chrysosporium. Le CBO de la

CDH ne semble pas de s'apparenter à d'autres CBD rapportés dans la littérature.

Un clone d'ADNe codant pour la COR de T. versicolor fut isolé par RT-PCR.

Utilisant ce clone, trois vecteurs, pour une expression hétérologue de CDH par

Aspergillus oryzae, furent préparés. Ces vecteurs furent créés en faisant des fusions de

1"ADN pour contrôler les sequences du gène amylase. A. oryzae fut transformé avec ces

vecteurs et une souche contenant l'ADN d'expression fut isolée.

vii



•

•

•

Une méthode rapide pour cloner des gènes semblables au gènes de CDH fut

dévelopée. Des amorces de PCR furent mises au point en utilisant de courtes séquences

d ~acides aminés retrouvés dans la CDH de T. vesicolor et de P. chrysosporium. Les

amorces furent testées en utilisant l'ADN génomique de Pycnoporus cinnabarinus. Un

fragment de 1~8 kb de la cdh de P. cinnabarinus fut alors amplifié et cloné, et sa séquence

fut également déterminée. Les trois CDH étaient très similaires au niveau des acides

aminés.

La séquence codant pour la proteine clonée de cdh fut interompue par une

cassette contenant une résistance à la phléomycine. Le vecteur ainsi construit servira à

déterminer le rôle de la CDH dans la dégradation de la lignine par T. versicolore T.

versicolor fut transformé avec ce vecteur et les transformants analysés pour la production

de CDH. Trois souches ne produisant pas de CDH détectable furent isolées. Le

bioblanchiment par les souches CDH(-) ne semble pas affecté, suggêrant que la CDH ne

joue pas un rôle important dans ce processus.
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CLAIMS OF CONTRIBUTIONS TO KNOWLEDGE

1. Showed that the true molecular weight of T. llersicolor CDH, previously

thought to be approximately 50 kD~ is nearer to 97 kDa. Expanded the known substrate

range of COH, and showed that it does not reduce oxygen or oxidize glucose as

previously thought.

2. Showed that the hemeltlavin isofonn ofCDR reduces Fe(lll) and Cu(II) under

physiologically relevant conditions, while the tlavin isoform reduces these metals only at

higher (non-physiological) concentrations. This implied tbat the heme/flavin isoform, but

not the tlavin isofo~ cao promote and sustain a Fenton's reaction which generates

hydroxyl radicals. In addition, this finding suggested that the proteolysis of COH is one

means by which T. llersicolor cao control COH-mediated hydroxyl radical production.

3. Demonstrated that the nature of the reduced substrate influences the observed

temperature and pH ranges of CDH. Since its in vivo substrate is unknown, the effective

temperature and pH ranges ofCDH are unknown.

4. Showed that antibodies raised against COH of Phanerochaete chrysosporium

sensitively detect the two isoforms of T. versicolor CDH9 in bath non-denatured and SOS­

denatured forms. This implies that the two isoforms of COR share commOQ sequence

elements and that T. versicolor and P. chrysosporium COR are highly similar to one

another.

5. Isolated a genomic clone encoding T. versicolor CDH and determined its

complete sequence. This is the first cdh sequence outside of P. chrysosporium that bas

been reported. Also detennined that T. versicolor CDH consists of769 amino acids with a

19 amine acid signal peptide, and confirmed its high homology to P. chrysosporium

CDH.

6. Determined that T. versicolor COR is encoded by a single gene. Taken

together with the observation that the two COR isoforms share common sequence
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elements, this strongly suggests that the tlavin isoform is produced from the hemeltlavin

isoform by proteolysis. A1so showed that the expression of T. versicolor cdh is con1rolled

at the transcriptionalleveI.

7. lsolated a cDNA clone encoding T. versicolor CDH and thereby confirmed the

tentative intron assignments ofthe genomic clone.

8. Using the gene splicing technique of splicing by overlap extension (SOE­

PCR), constructed severa! vectors for the heterologous expression of T. vesicolor CDH

and laccase in Aspergillus oryzae. Found that the success of SOE-PCR is strongly

dependent upon al:1 molar ratio ofthe products to he spliced.

9. Devel0Ped PCR primers for amplification of cdh-like sequences from any

organism containing similar genes. Using these primers, a near full-Iength CDH-encoding

clone from Pycnoporus cinnabarinus was amplified. This is ooly the third organism

whose cdh sequence bas been determined. P. cinnabarinus CDH was found to he very

similar to P. chrysosporium and T. versicolor CDHs, but, consistent with the taxonomic

relationships of the three fungi, was more similar to T. versicolor CDH than to P.

chrysosporium CDH.

10. Constructed a vector for the targeted disruption of T. versicolor cdh by

inserting a phleomycin resistance cassette ioto the cdh genomic clone. Showed that two of

three CDH(-) strains isolated using this vector have an ostensibly normal cdh locus, while

the third bas a disrupted cdh locus and a normal laccase locus. This is the first report ofa

cdh mutant.

Il. Produced a cDNA Iibrary of T. versicolor S2J designed to ioclude clones of

importance to the biobleaching effect. This library was used by other workers to isolate

two full-Iength and one truncated laccase-encoding clone. Also produced a representative

genomic library from T. versicolor S2J DNA which was used to isolate the genomic clone

ofcdh.
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In Coopter 5, 1 was responsible for designing the PCR primers, performing the

PCRs, and cloning the interesting PCR products. The sequence of the longest PCR

produc~ 2U/4D, was detennined by a commercial sequencing service. Since this data was

obtained, S. Moukha bas isolated a full-Iength clone ofP. cinnaharinus cdh and analyzed

its expression. This data will he included with that rePOrted in Chapter 5 before

submission to a scientific journal for publication.

Chapter 6 was a collaborative effort involving myseft: K. Bartholomew, L.

Valeanu, T. Charles, and F. Archibald. l designed and constructed the knockout vector for

T. versicolor cdh, designed the primers for the genetic screen of the CDH(-) mutants, and
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1.1. Genen) Introduetîon

Life bas existed on the Barth for at least 3.5 billion years. lbroughout this tinte,
\

carbon bas cycled endlessly through plnderous geotectonic cycles acting in concert with

relatively rapid biospheric cycles in a process that bas come 10 he known as the

biogeochemical carbon cycle (291). Essentially, the carbon cycle is a balance between

atmospheric CO2 and various carbon sinks which exist on land and in the ocean. The

existence of such a balance bas been critical over geologic time in maintaÏning the

habitability of the planet; this is due to the Cact that atmospheric CO2 absorbs and re­

radiates much of the heat (12-17 JlD1 infared radiation) radiated from the Earth's surface,

thereby insulating the Earth and acting as a "greenhouse gas". This effect is important in

maintaining the global average temperature above the freezing point of water. CO2 is

removed from the atmosphere in a number ofways. Among the most important ofthese is

photosynthesis, in which CO2 is fixed into phytomass by organisms on land and in the

ocean. In additio~ the hydration of CO2 in rain water as carbonic acid (H2C03) removes

the gas from the atmosphere and promotes the slow weathering of limestone rock which is

abundant in the Earth's crust. If these carbonates were not retumed to the atmosphere, life

would eventually stop as CO2 reserves became depleted and the planet cooled. Ofcourse,

this bas not happened, since CO2 is retumed to the atmosphere, principally via metabolic

respiration by plants, animais, and microorganisms, volcanic eruptions, and degassing

aIong spreading oceanic ridges (291).

A large proportion of the biomass present in lerrestrial biota is phytomass (42).

Moreover, approximately 85% of the land biota is contained in forests of various types

(42). Each year some 100 X 109 tons ofnew phytomass are produced through the fixation

of atmospheric CO2 (51). The major proportion ofthis biomass is composed ofjust two

molecules: lignin and cellulose. These two molecules thus fonn a major sink of

atmospheric COb and the recycling of the carbon contained in these molecules is of
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central importance to the biogeochemical carbon cycle. However, cellulose and especially

lignin are big, highly polymerize<L insoluble molecules that are very recalcitrant to

degradation. In fac~ the extensive decomposition of lignin cao he accomplished by very

few organisms, mainly a single class of the fungi. These unique degraders thus have an

ecological role that is far from insignificant, and the study ofthe enzyme systems used by

these fungj to degrade tignin can only lead to an improved understanding and appreciation

of an essential comPQnent ofthe carbon cycle.

The subject of this thesis is the mechanism by which lignin is degraded by a

certain "white-rotJf fungus, Trametes versicolor (Figure 1.1). This basidiomycete is one of

the most effective lignin degraders described to date, and its ligninolytic enzyme system.

has been the subject of considerable scientific scrutiny. Like Many related fungi, T.

versicolor has been found to use a series of oxidoreductase enzymes to bring about the

degradation of lignocellulose. Included among these are lignin peroxidase (LiP),

manganese peroxidase (MnP), and laccase, ail of which appear to Mediate the degradation

of lignin primarily through oxidative processes involving one-electron abstractions. In

addition, T. versic%r produces cellobiose dehydrogenase (CDH), an enzyme which

possesses Many biochemical capabiIities potentially relevant to lignocellulose

degradation, but its role in the process bas remained largely speculative. The majority of

the work described herein focuses on various features of the latter enzyme" in an effort to

characterize its features and elucidate its role. The literature review will therefore aim to

summarize curreot knowledge of the ecology of wood rotting fungi, lignin biochemistry,

and the mechanism of tignin biodegradation. Specifically, the biochemical and molecular

features of the various enzymes thought to he involved in ligninolysis will he described.

In addition, potential and actual industrial applications of ligninolytic fungi and their

enzyme systems will he reviewed, specifically in the realm of bioremediation and in the

replacement ofchlorine-based bleaching chemicaIs in the pulp and paper industry.
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1.2. Wood RottiDg FUDgi

1.2.1. TaxoDomy

The tenn Iffungusll is a rather generic description of an incredible anay of

eukaryotic organisms which have severa! features in common but are spread across an

enormous range of taxonomie groups. Fungi are represented in two Kingdoms, Protoctista

and Eumycota; the latter Kingdom contains the vast majority of known fungal species,

over 70,000 (172). Two Phyla of eumyeotan fungi are recognized: Zygomycotina and

Dikaryomycotina The Zygomycetes are coenocytic, fast·growing primary colonizers; the

common bread mould Rhizopus stolonifer is one example. The Dikaryomycetes are

distinguished from the Zygomycetes by the presence of septae at regular intervals within

the fungal Mycelium. Furthermore, Dikaryomycetes tend to grow on much less accessible

substrates such as cellulose and lignin; unsurprisingly, the wood-rotting fungi are

contained within this group. Their MOst distinguishing characteristic, however, is the

presence at sorne phase of the life cycle (except for the anamorphs, which reproduce

asexually) of a dikaryon, a state in which two haploid nuelei ca.exist within a single cell

without fusing and undergoing meiosis. This stage is very brief in some fungi and very

stable in others, and May depend upon growth conditions (172). The Dikaryomycotina

sub-phyla, Ascomycotina and Basidiomycotïna, are distinguished by their meiosporangia.

AscoDlycetous meiosporangia are called asci and contain (usuaIly) 8 haploid meioSPOres

(ascospores) which are the product of meiosis and a subsequent mitosis within the

meiosporangium of the dikaryon. Basidiomycetes possess basidi~ which contain four

sterigmata.. each bearing a single haploid meiospore (basidiospore). The Basidiomycetes

are further suf>.divided into three Classes (172), including the Holobasidiomycetes, the

common mushroom·bearing fungi. Included within this Class are several Orders; many

lignin degraders are classified among the Aphyllophorales, of which there are about 400

genera and 1200 species (172). These fungi are almost all wood degraders, and include

eight Families. The major Familles of lignin degraders are the Polyporaceae (the bracket

or shelf fungi, of which T. versic%r is a member) and the Schizophyllaceae (which

iocludes another important white·rot fungus, Pycnoporus cinnabarinus). Another Order
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Figure 1.1. Trametes "ersico/or growing on a dec:aying log.

of lignin-degrading fungi are the Stereales, of which the best-studied lignin-degrading

basidiomycete, Phanerochaete chrysosporium, is a member.

1.2.2. Geneti~s

The fungi are in general very good model organisms for the study of eukaryotic

genetics. This is because, among other reasons, of the fact that fungi possess a

manageably small genome, the large majority are haploid throughout most of their life

cycle, and most produce very large numbers of uninucleate, haploid spores (172). The

majority of genetic studies which have been carried out on fungi have used ascomycetes

such as the yeast Saccharomyces cerevisiae., or filamentous ascomycetes such as

Neurospora crassa or Aspergillus nidulans. Only more recently have genetic studies been

extended to basidiomycetes (65, 125). Specifically, the mating-type genes have been well­

studied in the plant pathogen Ustilago maydis and the wood-degrading fungus
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Schizophyllum commune (65, 226). These studies have provided a wea1th of valuable

information on the cellular processes of transcription regulation and signal transduction.

In addition, lignin degradation by P. chrysosporium bas been studied at the molecular

Ievel~ with a number of clones encoding lignin degrading enzymes having been isolated

(124, Section 1.4.4). For T. versicolor, very few genetic studies have been carried out,

probably due to the fact that this fungus does not readily produce baploid basidiospores in

Iaboratory cultures. In fact, despite numerous attempts in this laboratory, the production

of fruit bodies by T. versicolor bas not been observed (K. Addleman, G. Dos Santos,

unpublished observations). Thus the study of T. versicolor genetics bas so far been

limited to gene cloning (Section 1.4.4).

1.2.3. Eeology

Most wood rotting fungi exist within the forest ecosystem. Swift (296) bas

described the functional components of a forest ecosystem in terms of three subsystems:

decomposition, herbivore, and primary producers (Figure 1.2). In forest ecosystems, the

herbivore subsystem is a relatively minor component, and most of the carbon and energy

coming from the green plant subsystem enters the decomposition subsystem as plant

litter. The decomposition of plant litter is due to the combined actions of severa! hundred

species, among which the ligninolytic basidiomycetes are prominent. This is because the

large majority of the litter, sorne 0.7-14 tIha (296) or 7()oA. by weight of the total, is in the

fonn of lignin and cellulose, and basidiomycetes are the best adapted of ail of the

decomposer organisms to degrade these POlymers. Basidiomycetes therefore play an

important and central role in the decomPQsition subsystem of forest ecosystems, and are

responsible for recycling a large proportion of the carbon fixed into the phytomass of the

primaI)~ producers. The basidiomycete biomass, including fungal mycelia and fruit

bodies~ is then a source of carbon, energy, and nutrients for other organisms. These

nutrients are recycled into the other subsystems by various means, including mycotrophy

(other organisms eating basidiomycete myœIia or fruit bodies), and mineralization - the

production of inorganic Molecules during the process of degradation, including CO2

5
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which is incorporated into new phytomass by photosynthesis (296). In additio~ the action

of decomposer fungi leads to the fonnation of humic and fulvic acids which ultimately

becomes humus, a mixture of amorphous chemical compounds that form the basis of the

forest soil.

The process of decomposition of woody tissues is normally slow, especially in

temperate forests (291), but follows a defined pattern. Levy (199) bas identified a number

of factors which influence the process of wood decay, including the structural and

chemical characteristics of the wood, the rate of growth of the wood when formed, its
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moisture content, pH, temperature, etc. The particular combination of these factors

present gives rise to a series of ecological niches which are filled by a range of

microorganisms which together account for the complete degradation of the log. These

organisms, representing a wide range of taxonomic groups, attack woody substrates in a

defined order and give rise to a nearly invariant succession oforganisms that Mediate the

decay (199). These organisms cau. he classified into groups according to their effect on the

woo~ a more important consideration than their taxonomie status.

Under most circumstances, the first group of organisms to colonize wood which

is in contact with the ground are bacteria. These are mostly gram positive bacilli, some of

which can fix atmospheric nitrogen, although actinomycetes are aIso commonly

represented. Their effects include the breakdown ofpit membranes (pectin and pectin-like

carbohydrates), which results in the opening up of the wood structure and faciIitates the

diffusion of gases. This, in combination with the fixation of nitrogen (often a limiting

nutrient in a rotting log), cao aIlow other organisms to colonize the wood. Thus the

bacteri~ which tlourish early, are normally quickly succeeded by a second group of

organisms, the "primary moulds". These are the first fungal colonists, but these organisms

lack the ability to degrade cellulose and lignin, hallmarks of the fungi which flourish later

in the succession. The food source of these fungi are simple carbohydrates present in the

wood; they cao ooly penetrate into natural openings or those which have been produced

by other organisms. The primary moulds are succeeded by the "stainers", most of which

are ascomycetes. These fungi possess pigmentation in their hyphal walIs and cause a

discoloration of infected wood. There is some temporal overlap between the stainers and

the following group, the "soft-rots". These cellulolytic organisms are grouped together on

the basis of their ability to form cavities in lignin-POOr areas of the log, and become well

established only when there is Iittle competition from other fungi. The climax mycoflora

of a rotting log, and the group responsible for the majority of the decomposition, are

normally the basidiomycetes. These are classified into two groups: the "white-rot" fungi,

which destroy both cellulose and lignin and cause a characteristic bleaching of infected

\\'ood, and the "brown-rot- fungi, wbich degrade primarily cellulose and hemiœllulose,
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leaving the lignin as a brown-colore~ powdery residue. The final group of fungi to invade

a rotting log, which are closely associated with the appearance and dominance of the

basidiomycetes, are known as the secondary moulds. These are fungi which do Dot attack

the wood itself: but which possess an active ceUulolytic system. These organisms likely

grow on cellulose which is exposed during lignin breakdown by the white rot

basidiomycetes, and their appearance MaY represent a competition between true wood

rotters and opportunistic secondary moulds. The ligninolytic enzyme system of the

basidiomycetes bas probably evolved to rnjnjmize the exposure of cellulose in areas far

from the hyphae in order to decrease the growth ofthe secondary moulds (199, 216).

Lignin-degrading basidiomycetes are therefore an important component of the

decay subsystem of forest ecosystems, primarily due to their ability to completely degrade

lignin and cellulose. Before describing the molecular mechanisms employed by these

organisms to bring about this decompositio~ it is prudent to consider the nature of the

substrate that is acted upon by the wood-rotting basidiomycetes.

1.3. Characteristics of the Wood Substrate

1.3.1. Wood Structure and Composition

A cross section ofa woody stem reveals a series of tissue types (292). Just inside

the outer bark is the phloem tissue (inner bark), which is a narrow layer through which

carbohydrate-rich sap flows. Next is the cambium, a thin layer of cells which causes the

yearly increase in girth of the stem by forming the sapwood. The familiar annual ring

structure of the sapwood derives from the increased density ofthe wood fonned at the end

of the growth year (latewood) as compared to that formed at the beginning of the next

growth year (earlywood). The sapwood, which contains some physiologically active celIs,

provides structural support for the tree but aIso serves as a food storage reservoir and in

\vater conduction. Finally, at the center of the woody stem is the heartwood, a region of

dead cens which provides structural support ooly. The heartwood is often discolored

compared to the sapwood due to the deposition of resinous organic compounds in this

regio~ which can affect the growth ofmicroorganisms.
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The vertical structure of the sapwood consists primarily of long ceUs called

tracheids or fibres. The inter-fibre material is the middle lamella (ML), a lignin-rich

"glue" which serves to stick the fibres together. The wall of a traeheid is rich in cellulose

fibrils and consists of severallayers (Figure 1.3). The primary wall is a very thin (0.05

f.1m), impermeable layer. The secondary wall comprises the bulk of the œil wall, and

consists of three layers: an outer layer (S,) of 0.1-0.2 J.lDl thickness, a middle layer (S0

which is 2-10 J.1II1 thick. and an inner layer (S3)' similar in thickness to SI. Ofthe various

layers of the ceU wall, only S2 contains a substantial amount of lignin. Inside 83 is the

lumen, a void area where the cytoplasm of the œIl which formed the tracheid existed

when the cell was part ofthe cambium tissue.

For all its structural complexity, wood is composed primarily of on1y four types

of molecules. The most abondant of these, comprising approximately half of the total

carbon found in plants (334), is cellulose. Cellulose is a homopolymer of glucose linked

in a p1-4 linkage; the repeating unit of cellulose, cellobiose (glcJ}1-4g1c) tbus forms a

linear chain which has many free hydroxyl groups. These hydroxyl groups form powerful

interchain hydrogen bonds, which cause the individual cellulose chains to aggregate

together into microfibrils. Their interactions with one another are more powerful than

with water, rendering the cellulose cbains insoluble. Within a given microfibril of

cellulose, two distinct regions can he discerned: crystalline cellulose, where the cellulose

cbains fit snugly together, becoming physically more rigid and chemically more resistant;

and amorphous regions, which are generally more penetrable and susceptible to hydrolysis

(292). Second in abundance after cellulose is Iignin. This Molecule is responsible for a

great deal of the structural strength of the tree, and is found mainly in the middle lameUa

and in the S2 layer of the ceU wall of the tracheids. The details of its structure and

biosynthesis will he considered in the next section. Another carbohydrate present in wood

is known as hemiceUulose. This diverse group of sugars, primarily hexoses (glucose,

mannose, and galactose), and pentoses (xylose and arabinose), as weIl as the sugar acid 4-

9
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Figure 1.3. StructUral detail of wood. Depicted al the left is a bundle of wood ulIs. in the centre an
exploded view of a single cell. and al the rigbl a section of the secoDdary wall (SJ showing the relationship
between lignin. cellulose, and bemicellulose in tbis mattÏX. The œIl walllayers are primary cP). and SI' ~,
and S3. M.L. = middle lamella. Figure taken from refcrence 57.

O-methyl glucaronic acid, combine in a variety of ways to form a number of polymeric

structures (292). Sorne of the hemicellulose component is ciosely associated with

(hydrogen bonded to) the cellulose, and sorne is covalently bonded to the Iignin

component of wood. Compared with lignin and cellulose, these polymers do not pack

weIl. and therefore are noncrystalline, open, and more easily degraded by organisms in

nature. The tenn "extractives'~ is used to refer to a heterogeneous group of Molecules

which are extractable from wood in water or neutra1 organic solvents. This family of

molecules~ which normatIy comprise only a minute fraction by weight of the wood

(except in certain very resinous gymnosperms), includes resin acids, fatty acids,

terpenoids, and a1cohols (292). Sorne ofthese Molecules cao inhibit microbial growth.

10
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Lignin is a highly polymerized, branched network of three aromatic compounds

(146). The three lignin monomers, known collectively asp-hydroxycinnamyl alcohols (or

more simply as monolignols), are p-coumaryl alcohol, coniferyl alcohol, and sinapyl

alcohol (Figure 1.4)~ The structure of the lignin depends upon the relative abondance of

the three monolignols, and differs among woody plant SPecies~ Lignin from gymnosperms

(aIso called softwoods or evergreens) is called guaiacyllignin and is composed primarily

of polymerized coniferyl alcohol (Figure 1~6), while lignin from angiosperms (bardwoods

or deciduous trees) contains a roughly equal proparation of polymerized coniferyl and

sinapyl alcohols, and is known as guaiacyl-syringyl lignine Qnly in lignin derived from

grasses is there a substantial amount of polymerized p-coumaryl alcohol, although the

other monolignols are also present.

Lignin biosynthesis begins with the synthesis of the monolignols. The

biosynthetic pathway of monolignols bas been worked out by feeding radiolabelled

intennediates to cut plant stems and measuring their incorporation into ne\\' lignin

(reviewed in reference (146). As with most aromatic œil constituents (334), the

monolignols are synthesized via the shikimate-chorismate pathway which results in the

production of the amino acids phenylalanine and tyrosine (Figure I.S). In gymnosperms

Il
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and angiosperms, phenylalanine is acted upon by a lyase (phenylalanine ammonia Iyase,

PAL), resulting in the formation of cinnarnic acid, the precursor of alI three

monolignols. In grasses, an additional enzyme, tyrosine ammonia lyase (TAL) converts

that amino acid to p-hydroxycinnamic acid. Thus grasses possess an additional pathway

for monolignol synthesis which allows monolignols to he produced from tyrosine (146).

The biosynthesis of the monolignols starts from the common precursor, cionamic

acid, which is produced from phenylalanine by PAL. This molecule is then hydroxylated

in two steps to fonn caffeic acid; the intermediate step forms p-hydroxycinnamic acid,

which can he reduced to p-coumaryI a1cohoL The m-phenolic hydroxyl group of caffeic

acid is then methylated by an O-methyl transferase (OMT), yielding ferulic acid which

can he reduced to coniferyl alcohol. Aoother hydroxylation step forros 5-hydroxyferulic

acid, \vhich is again acted upon by an OMT to form sinapic acid, the direct precursor of

sinapyl alcohol.

The different composition of lignins from different species can he traced at least

in part to differences in the activity and specificity of the enzymes synthesizing the

monolignois (146). In angiosperms, these enzymes tend to he multifunctional, 50 that the

same enzyme catalyzes more than one reaction. TItus, in angjogperms, the OMT catalyzes

the addition of the methoxyl group to bath caffeic acid and 5-hydroxyferulic aci~ while

in gymnosperms the aoalogous enzyme ooly works on caffeic acid. Similarly, the p­

hydroxycinnamyl alcohol oxidoreductase, which catalyzes the final step in monolignol

fonnation from the aldehyde intermediate, works on bath coniferyl aldehyde and

sinapaldehyde in angiosperms but on coniferyl aldehyde only in gymnosperms (146). In

grasses, the unique presence of TALmay help explain why these lignins tend to he

enriched in p-coumaryl alcohol, although it is unclear whether this is due to a relative

abundance of p-hydroxycinoarnic acid or to differences in the activity of the enzymes

which reduce this compound to the correSPOnding alcohol (146).

The monolignols, once form~ are quickly stabilized by the addition of a

glucose residue at the phenolic hydroxyl group (121). This improves the solubility of
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these eompounds and reduces their reactivity ta oxidants, enabling the plant eeU to store

these reaetive molecules and to transport them safely to the site of lignin deposition. The

glucose residue is then removed by a p-glucosidase at the correct time and location for

lignin biosynthesis (121).

The deposition of lignin starts with the dehydrogenative polymerization of the

monolignols by peroxidase enzymes in the presence ofH20 2 (146). This creates a highly

reaetive phenoxy radical which possesses severaI mesomeric (transient) forms

corresponding to the sites of greatest electron spin density at different instants in time

(121). The formation of these phenoxy radicals results in near random radical coupling

reaetions in which the lignin monomers pllymerize into the dense, branched structure

typical of lignin (Figure 1.6). The frequeney of the different bonds observed in lignin is

dependent upon the reactivity of the various mesomeric forms; common bonds include JJ-

Figure 1.6. Depiction of a bypod1etical fragment of a softwood lignin moleculc in lWo of ilS d1rec
dimensioDS.
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0-4, a-O-4 (ether linkages), and direct C-C coupting of aromatic rings. During the

polymerization reaction, bonds are commonly formed with carbohydrates (hemicellulose)

present at the site of lignification, producing a lignin-carbohydrate complex (Lee). These

bonds are nonnally formed between the Ca of the monolignol and the primary alcohol or

carboxyl group of the carbohydrate (121).

1.4. Biodegradation of LipoeeUalose

Lignin is a difficult Molecule to extract from natural sources, due to its large size

and insolubility as weIl as ta its extensive bonding with carbohydrates present in the

\\'oody tissue. Unmodified preparations of lignin from natural substrates are notoriously

difficult (probably impossible) to obtain (57), and hampered early research in this field.

To study lignin formation and biodegradatio~ scientists have utilized the propensity of

the monolignols to undergo random polymerization upon oxidation to prepare synthetic

lignins. These dehydrogenative polymerizates (DHPs) are made by oxidizing monolignols

in vitro with oxidative enzymes, commonly laccase (polyphenol oxidase) or peroxidases.

DHPs can he easily radiolabelled, either uniformly or OD specific carbon atoms, are free

from carbohydrate, and can he solubilized (252). AlI of these properties greatly facilitate

the study of lignin degradation, although caution must he used in interpreting results

obtained with such molecules since it bas not been shown that they accurately model the

structure of native Iignin (252). To circumvent this problem, workers have devised a

means for preparing radiolabelled natura! lignins by feeding plants L-[U_I4C]­

phenylalanine through cut stems (80). This allows precise monitoring of the degradation

of a pseudo-naturallignocellulose by microorganisms.

In addition to DHPs and radiolahelled natura! lignins, synthetic dimeric lignin

model compounds (dilignols) have been used ta study lignin degradation. These

compounds possess a known chemical structure which is assumed to he representative of
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common bonds found in native lignin1. Dilignols with the f}-1 diaryl propane, f}-O-4 aryl

ether, and phenyl-coumaran structures have been the most extensively studied, since

together they represent the majority of lignin substructures (S7). Like the DHPs, however,

dilignols are synthetic Molecules and the real relevance of results obtained with these

substrates remains to he conclusively demonstrated (252). Nevertheless, DHPs and

dilignols have been very useful in identifying ligninolytic organisms and studying their

mechanisms ofdelignification. In the following sections a snmmary of cunent knowledge

of biologicaI mechanisms of lignin degradation will he presented.

1.4.1. OrganisDlI eapable of ligDin degradatiOD

1.4.1.1. aacteri.

The degradation of lignin by bacteria is a subject that bas not received

widespread research attention, in part because hacteria in general are inefficient lignin

degraders. Nevertheless, several reports exist of the mineralization of lignin and lignin

model compounds by diverse genera, including Nocardia, Pseudomonas, Alcaligenes, and

Arthrobacter (reviewed in (316». In general, the amount of 14C02 released from

radiolabelled DHPs is quite low (see (316) and references therein). However, there are

exceptions. In one study, Xanthomonas sp. mineralized radioiahelled DHP, releasing 30%

of the label as 1
4C02 over 20 days (174). Moreover, the hacteria were able to use the DHP

as a sole carbon source, and incorporated part of the radiolabel into cellular

Macromolecules. Importantly, however, these organisms were ooly capable of degrading

spontaneously dissociated oligomers of less than 1000 Da; they could not depolYmerize

the DHP. In another case, Sen-atia marcescens was shown to degrade extensively only a

low molecular weight fraction ofkraft pine lignin (242). Many bacteria! genera will grow

using various dilignols as a sole carbon source, indicating that they are capable of

breaking Many of the bonds found in lignin, but are inefficient lignin degraders. Vicuiia

'The random assembly via polymerizalion of Ihc monolignols leads 10 die formation of a molecuJe wbicb
contains discrete chemicaJ bonds in certain proponions. but contains no common recognitionlbindiDg sites poIeDtiaIly
rccognizeable by degradalive enzymes. 11ùs fKt separates Iipin froID ail ocher biological macromolecules and. a10ng
with the condensed nature of me molec:ule wbic:h preYeDIS the peneuation ofenzyme-siud molecules. is primarily
responsible for ilS resÎ5Wlœ 10 degndation by tbe vast majority oforpnisms in die biosphere•
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(316) bas suggested tbat the bacterial enzymes that break these bonds are intracellular,

and that these bacteria cannot depolymerize lignin but can metabolize lignin fragments

released by the activity ofother organisms. Consistent with this hyplthesis, Gooden et al.

e123) grew six actinomycete strains on a p-aryl ether dilignol and found that two strains,

Streptomyces badius and Thermomonospora mesophilia, that were able to use the dilignol

as a sole carbon source produced a number of intracellular enzymes that were responsible

for the degradation, including catechol 1,2-dioxygenase, protocatechuate 1~-dioxygenase,

and J}-carboxymuconate decarboxylase. The production ofextracellular peroxidases (123)

and polyphenol oxidases (315) bas also been demonstrat~ but their involvement in

Iignin depolymerization bas not been shown (123). Thus, although the products of lignin

fragmentation are available to at least some bacteria, there appears to he little capacity for

active high molecular weight Iignin depolymerization among these organisms. In spite of

this fact, it has been pointed out (316) that the ecologjcal role of bacteria in metabolizing

the fragments released by fungal ligninolytic activities may he significant in recycling the

carbon present in the lignin. That bacteria perform this ecologjcal function May be borne

out by the difficulty researchers have had in obtaining bacteria-free isolates of the

ligninolytic fungus P. chrysosporium (288), although this claim of commensalism bas

been disputed (154).

In contrast to their relatively minor role in tignin degradation in terrestrial

environments, bacteria appear ta play a more important role in aquatic habitats. In one

study (222), bath. bacteria and microfungj were associated with the decay of submerged

pme samples. Bacteria of unknown genera - known simply as "erosion", "cavitation", and

"tunneling" bacteria - appear ta he capable ofextensive wood cell degradation in aquatic

habitats (223). In addition, Benner et al. (30) anaIyzed the relative contributions of

bacteria and fungi to lignin degradation in aquatic environments and detennined that

bacteria play a more important role than fungi in degrading Iignoœllulosic detritus in

such habitats.
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1.4.1.2. FUDgi

The only organisms which can extensively degrade high molecular weight Iignin

are certain fungi. As discussed in Section 1.2.3, the fungi known to be associated with

wood and lingocellulose degradation fall mto three broad categories: soft-ro~ brown-rot,

and white-rot. The soft-rot fungi are mostly ascomycetes and conidial fungi, while the

brown- and white-rot fungi are basidiomycetes. Major differences exist among these

classes of fungi in tbeir ability to degrade Ii~ the ecological niches they fill, and the

mechanisms they use to degrade lignocellulose. The main features of lignocellulose

degradation carried out by each ofthese groups offungi will he outlined below.

Soft-rot fungi in general show a very limited ability to release 14C02 from

radiolabelled lignins, although ail can degrade cellulose very well (57). 1bis fact is

consistent with their place in the succession of organisms flourishing on a decaying log

(Section 1.2.3) - they estabüsh themselves before the lignin degraders, which normal1y

quickly out-compete them for nutrients in the log. Thus, lignin degradation by soft-rot

fungi has been very little studied (252) and the true extent oftheir contribution to the total

amount of lignin degradation in natural conditions remains unknown.

The basidiomycetes, then, are the ooly group of fungi that can extensively

depolymerize and mineralize Iignin, although this ability varies widely among taxonomic

groups. Tanesaka et al. (299) analyzed the wood black degradative ability of 68 different

species of basidiomycetes, including 41 wood decomposers (bath white- and bro\vn-rot),

22 litter decomposers, and 5 mycorrhizaI symbionts. Interestingly, the liUer decomposers

showed the highest lignin loss ratio (percent lignin loss/percent wood black weight loss),

followed by the white-rot fimgi, which in tum had a much higher ratio than the brown-rot

fungi. None of the mycorrhizal species anaIyzed were capable of degrading lignin. Thus

the soil-inhabiting liuer decomposing fungi appear te he the MOst effective lignin

degraders, consistent with the large amount ofplant detritus that is deposited on the forest

floor (see Section 1.2.3). Even eenain soil-inhabiting ascomycetes have been shown to

mediate limited lignin transfonnations (263).
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Among the true wood rotters~ there appears to be a certain host specificity. Tuor

et al. (310) have pointed out that brown-rot fungi appear predominantly on roning

gymnosperm w~ while whïte-rotters express a preference for deciduous wood;

however the specificity among the white-rot fungi is not very high since approximately

haIf of the species degrade hardwood only and half will degrade either hardwood or

softwood. Furthermore, the white-rot fungi can he divided iota two broad categories: the

"simultaneous degraders-, which degrade lignin and cellulose at the same time, and the

"selective" Iignin degraders (252). However, this classification scheme is wrought with

problems since the same species can exhibit bath behaviours on the same substrate;

microenvironmental conditions appear to play an important role in the type of lignin

degradation observed (57).

The brown-rot fungi do not degrade lignin, but preferentially degrade cellulose

and hemicellulose (51). However, these organisms are capable of chemically modifying

lignin as they digest the wood carbohydrates. These modifications include a decrease in

the number of methoxyl groups (demethylation) and an increase in the number of

phenolic hydroxyl groups. In addition, the oxidation of the propyl side chains of the lignin

monomers forming a-carbonyl groups is commonly observed, although almost no

cleavage of aromatic rings occurs and little depolymerization is noted (57).

Macroscopically, lignin aeted upon by these fungi is left as a brown, powdery mass~ from

which the brown-rot fungi derive their name. In contrast, the white-rot fimgi are capable

of degrading all of the components of woody tissue. Lignin that has been subjected to

such degradation typically shows a large decrease in methoxyl group content, along with

oxidative cleavage of the aromatic rings of the monolignols (57). In addition,

hydroxylation reactions and the cleavage of aryl ether bonds (4-0-0., 4-0-p> are

commonly observed. The major depolymerization reaction may he Ccx-Cp cleavage ofthe

propyl side chain (51).
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1.4.2. Physiology of lignin degradatioD by white-rot magi

In an effort to optimize the rate and extent of lignin degradation by white-rot

fungi, the culture conditions conducive to the phenomenon have been carefully examined.

Although the ligninolytic system of P. chrysosporium was originally thought to he

constitutive, Ulmer et al. (312) showed that pre..incubation ofmycelia with various lignin

preparations increased the subsequent rate of lignin degradation by these cultures. This

suggested that an induction or activation mechanism was at work, and that Iignin, or some

component ofli~ is capable of inducing the expression of the ligninolytic system of

this fungus.

The induction of al least some ligninolytic activities is, however~ very sensitive

to the concentration of certain nutrients in the fungal culture. For example, nutrient

nitrogen limitation is required for the induction ofLiP, MnP, and other components of the

ligninolytic enzyme system of P. chrysosporium (58, 110, 253, 254) and Ceriporiopsis

subvermispora (274). The induction of ligninolytic activities in these fungi appears to he

associated with nutrient depletion and entry ïnto "secondary" metabolism (110), and its

supression upon addition of nutrienl nitrogen seems to he associated with glutamate

metabolism (109). Little is known of the control mechanisms that govern secondary

metabolism and lignin degradation (57), and not ail white-rot fungal lignin degradation is

govemed by nutrient nitrogen levels. Strains ofP. chrysosporium have been found which

degrade lignin under nitrogen-sufficient conditions (60), and ligninolysis by Lentinus

edodes and Pleurolus ostrealus is known to he unaffected by nitrogen limitation (59,

194). Finally, the extensive delignification and brightening of kraft pulps (see section

1.5.2.2) observed with T. versicolor accurs under nitrogen..sufficient conditions (13).

Other culture parameters have been shown to affect lignin degradation. Jeffries et

al. (155) found that carbon or sulfur limitations were a1so able to trigger lignin

degradation in P. chrysosporium, probably as a result of a shift into secondary

metabolism. In addition, the need for a carbon co-substrate was shown for Phlehia

tremel/osa; ceUulose was shown to he a very efficient inducer (255). In this case, the co-
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substrate probably serves as the energy source for the biosynthesis of the ligninolytic

enzymes, since lignin ilself is not generally used as a carbon source by white-rot fungi

(57, 267). Sufficient oxygen appears to he an absolute requirement for lignin

biodegradatio~as almost no lignin degradation is seen under anaerobic conditions (133,

229); however above a certain concentration of O 2 no augmentation of ligninolysis is

evident (57). Finally, for certain fungi, ligninolysis is ooly observed under solid-state

fermentation conditions; culture agitation appears to inhibit this activity (lIS).

1.4.3. Enzymology of IigDiD degradatioD by wbite-rot fuagi

The large sîze, impermeability, and insolubility of lignin necessitates that its

initial depolymerization steps he extracellular. Enzymes and other species which Mediate

the depolymerization must therefore he excreted ioto the extracelluIar milieu in arder to

exert their effects. AlI of the extraeeUular enzymes that have been hypothesized to he

involved in lignin biodegradation by white-rot fungi are oxidoreductases, and none

recognize and cleave specific bonds found in lignin. This is hardly surprising, given that

the highly condensed structure of lignin does not allow the penetration of enzyme-sized

molecules (166), and given the lack of common enzyme recognition sites predicated by

the random structure ofthe molecule. The initial steps of lignin depolymerization are thus

apparently catalyzed by rather nonspecific oxidases; this initial oxidation leads to a chain

of spontaneous (or at least non-enzymatic) reactions that result in lignin

depolymerization. These enzymatically initiated but not enzymatically directed reactions

have led researchers to term the process enzymatic ·combustion" (182). Existing in a tight

balance with such oxidative reactions are enzyme-eatalyzed reductive reactions that may

aIso he important in lignin depolymerization. A number of extracellular oxidoreductases

have been isolated from culture supematants which may he involved in ligninolysis. In

the following sections the characteristics ofthese enzymes will he reviewed.

1.4.3.1. Ligain peroDdase

Lignin peroxidase (LiP; diarylpropane: hydrogen peroxide oxidoreductase; EC

1.11.1.14) is an extraeellular glycoprotein with a molecular weight of approximately 40
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kDa (57). The enzyme possesses one protoporphyrin IX prosthetic group per molecule,

and has an unusually low pH optimum of around 3.0 (182). Originally described in P.

chrysosporium (126, 303), lignin peroxidase has since been found to he nearly ubiquitous

among white-rot fungi (231, 250) and bas been isolated from cultures of brown-rot fungi

(91).

The importance of LiP in lignin biodegradation bas been inferred from the fact

that the treatment of lignin model compounds with the enzyme results in the formation of

products commonly seen in white-rotted lignin: Ca-CI} cleavage of 13-0-4 aryl ether and

f3-1 diaryl ether compounds; Ca oxidation of these same compounds to a corresponding

ketone; oxidative aromatic ring cleavage between C3-C4; demethylation; and

hydroxylation of benzylic methylene groups (see (57) and references therein). These

observations led researchers to refer to LiP as "ligninase" (182), although that term is now

rarely used. A large number of molecules serve as substrates for LiP oxidatio~ including

a plethora ofnon-phenolic lignin model compounds (182). Importantly, LiP aIso oxidizes

veratryl alcohol, a natural secondary nonphenolic aromatic metabolite of P.

chrysosporium. Oxidation of this Molecule serves as a standard assay for ils activity (57)

although other compounds have been used (17).

The catalytic cycle of LiP is that of a true peroxidase. The resting state of the

enzyme is ferrous-LiP, which undergoes a two-electron oxidation to form compound 1, an

oxy-ferryl compound; concomitant with this oxidation is the reduction of H20 2 to H20.

Compound 1 then performs a one-electron oxidation of a substrate (a lignin monomer or

veratryl a1cohol), forming compound II, which re-forms ferrous-LiP via another one­

electron oxidation (57). The aryl cation radicals of the lignin monomers 50 fonned are

then thought to undergo subsequent nonenzymatic reactions leading to a multiplicity of

products (182). In the presence of excess H20 Z' LiP May he irreversibly inactivated.

Wariishi and Gold (320) demonstrated that LiP compound nI (LiPIll) is formed when

excess H!02 is present via the formation of LiPm*, which combines with H20 Z and

results in inactivation of the enzyme. LiPm is an adduct of fenic LiP and superoxide,
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which is formed when H20 2 is oxidi.zed by LiPI. LiPill spontaneously reverts to ferric

LiP, unIess excess H20 2 converts it to LiPm* and inactivates il. Interestingly, veratryl

alcohol may act to proteet LiP from peroxide inactivation by binding to LiPm* and

returning the enzyme to its native state, releasing superoxide in the process (320). Thus

the protection ofLiP May he an important function ofveratryl alcohol (182).

Other groups have postulated another role for veratryl alcohol: that of redox

mediator. The tirst step in this process is presumed to he the formation by LiP compound

1of veratryl cation radicals which diffuse away from the enzyme and oxidize nonphenolic

lignin subunits. These oxidized lignin subunits then undergo further spontaneous

reactions, accounting for the multiplicity ofreaction products observed (284). In additio~

Popp et al. (244) proposed a mechanism whereby the veratryl radicals that are fonned by

LiP-mediated oxidation react with oxalate and ultimately fonn Mn(lll), a powerful

oxidant which can initiate cleavage reactions in lignine The Mediator concept is attractive

because it provides an explanation for the depolymerization of a Molecule that is

generaIly thought to he too condensed to allow the penetration ofenzyme-sized Molecules

(166).

LiP is known to he produced by most white-rot fungi as a series of isozymes.

Odier et al. (228) isolated 9 different isozymes of LiP from P. chrysosporium. These

enzymes showed small differences in kinetic parameters, but overall the homology as

shown by antibody cross reactions and amino-terminal sequencing was very high. Other

studies (28, 181) have shown even higher numbers of LiP isozymes which generally

differ slightly in pl, specifie activity, and Km for various substrates, but overalI are very

similar. The total number of LiP isozymes, and the total number ofgenes encoding them,

is not knO\vn.

How important is LiP in fungal delignification? Although the isolated enzyme

can catalyze in vitro the cleavage of lignin model compounds known to he representative

of intact Iignin (306), evidence bas accumulated that casts doubt on its originally

proposed raie as the centralligninolytie enzyme. For example, an LiP-negative mutant of
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P. chrysosporium was still able to delignify, albeit at a fraction ofthe wild-type level (43).

Furthermore, investigations comparing the treatment of lignin with P. chrysosporium and

with isolated LiP showed that the enzyme was not responsible for most of the

depolymerization observed (175). However, observations with isolated enzymes May he

misleading due to the absence of -natural mediators" such as veratryl alcohol, as described

above. Perhaps more convineing is the observation both in T. versicolor (13) and in other

white-rot fungi (231) that actively deligniiying culture media potently inhibit LiP aetivity.

Furthermore, the addition ofvanadate ions, also inhibitors ofLiP activity, bas no effeet on

the delignification or lignin bleaching abilities of T. versicolor (13). The pieture, th~ is

far from clear. LiP May weIl play a roIe in biological delignification, but it is not an

important and central enzyme in aU white-rot fungi. The reason for the multiplieity of

only slightly different isozymes is unknown. Much research remains to he done this field.

1.4.3.2. Manganese peroIidase

Shortly after the discovery of LiP in culture supernatants of P. chrysosporium,

another extracellular peroxidase was reported (192,235). This enzyme is similar to LiP in

molecular weight (approximately 46 kDa) and in eontaining one protoporphyrin IX-based

heme prosthetic group per enzyme Molecule. The enzyme activity was shown to he

dependent upon the presence of manganese, specifically Mn(Il), H20 2, and lactate or

similar organic acicls (192). The principal function of this enzyme was shown ta he the

peroxide-dependent oxidation of Mn(lI) to Mn(lll) (122), and hence the enzyme was

called manganese peroxidase (MnP; Mn(ll): hydrogen peroxide oxidoreductase; EC

1.11.1.13). The dependence of MnP on organic acids is explained by the necessity of

chelating the unstable Mn(ln) produced by its action (192). Chelated Mn(llI) then aets as

a diffusible oxidant, and directly oxidizes phenolie lignin subunits and crosslinks (81);

thus MnP also uses a redox Mediator to exert its effeets on intact lignine The small size of

the Mn(lll)-organic acid chelate facilitates the penetration of the dense lignin structure

which is inaccessible to MnP and other enzymes. This bas been clearly shown in

experiments demonstrating polymerie dye oxidation by MnPIMn(ll)-lactate and H20 2

when the enzyme and the dye were separated by an ultrafiltration membrane (122).
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Sînce its original isolation from cultures of P. chrysosporium., MnP bas been

found to he produced by a large number ofwhîte-rot fungi (61, 169, 273), including T.

versicolor (156). Like LiP, MnP was shown to he expressed in cultures of bath P.

chrysosporium (197) and in T. versicolor (157, 158) as a series of al least 5 isozymes

encoded by a family ofstructurally related genes. The isozymes ofP. chrysosporium were

shown to he highly homologous to one anotber (197), and, in T. versicolor, N-terminal

sequence identity among the isozymes of over 70% was observed (158). Minor

differences in isoelectric point and specific activity were observed, but essentially aIl the

isozymes were very similar. Multiple isozymes thus seem to he a universal characteristic

offungal peroxidases, although the reasODS for this multiplicity are unclear.

The catalytic cycle of MnP is very similar to that of LiP., but with one crucial

difference: The reduction of MnP Compound II (the two-electron oxidized form) to the

native ferric state ooly occurs in the presence ofMn(ll) (318, 319). The rate-determining

step in the redox cycle ofMnP was found to he this second step (190). Moreover, Kuan et

al. (190) demonstrated that MnP does not readily oxidize free (hexaquo) Mn(ll); this

species must he chelated. The managanese chelator that is used is therefore of central

importance to the activity of MnP that is observed; an ideal chelator must bath stabilize

and facilitate the dissociation of Mn(lll) from the enzyme, and must have a relatively low

binding constant for Mn(ll) (321). Kishi et al. (184) examined various organic acid

chelators for P. chrysosporium MnP in an attempt to identif}r the in vivo chelator used by

the fungus. Among the chelators lactate, oxalate, malonate, and succinate, only oxalate

was found to support MnP compound fi reduction al physiological concentrations;

furthermore, unlike the other chelators, the reaction of oxalate with MnP compound fi

was irreversible (184). These observations implicated oxalate, a known Metabolite of P.

chrysosporium produced under secondary metabolic conditions, as the physiological

chelator for MnP-produced Mn(lll). Interestingly, Mn(lll) chelated to oxalate causes the

oxidation of the latter to CO2 and COl.·' the formyI radical; the latter species in the

presence of oxygen fonns reactive oxygen radicals which May oxidize lignin subunits.

Consistent with this, oxalate bas been shown to support MnP-mediated oxidation in the
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absence of exogenous H20:z, as the formyl radical formed from Mn(lll)-oxalate reacts

with atmospheric O2 to fonn peroxide (191). Oxalate may in fact play a very important

role in the degradation of wood comPOnents by bath white-rot and brown-rot fungi

(reviewed in (290».

That MnP-mediated production of Mn(lll) is important in biological

delignification bas been shown in numerous studies. Thus MnP, unlike LiP, can cause the

depolymerization of high molecular weight lignin molecules, implying an important role

for the enzyme in the initial steps of lignin degradation (193). More incidenlal evidence of

a roIe for MnP in lignin depolymerization cornes from studies of the positive effect of

manganese ions on lignin degradation in Pleurotus spp., presumably due to the action of

an MnP (61, 173). During the degradation of a solid wood substrate, P. chrysosporium

produced an isozyme of MnP as the predominant peroxidase (85). Direct evidence bas

come from studies of purified T. versicolor MnP, which was shown to cause most of the

demethylation and delignification observed by whole culture filtrates (234). Moreover,

Addieman et al. (3) isolated a mutant of T. versic%r which is unable to secrete MnP; this

strain was completely incapable of bleaching or delignifying industrial kraft pulp lignin,

in sharp contrast to its wild-type parent. Partial restoration of these abilities was obtained

by supplementing cultures with purified T. versic%r MnP (3). Other workers have also

shown that purified MnP cao cause delignification ofkraft lignin and a brightening effect

on the delignified material (138, 187).

1.4.3.3. Peroxide-generatiDg enzymes

Clearly, fungal lignin and manganese peroxidases are involved in biological

delignification by Many different white-rot fungi, although their relative importance

probably varies among the different species. Common to aIl peroxidases is the necessity

for H20 2 in the catalytic cycle; thus a fungus using these enzymes ta Mediate extraeeUular

lignin depolymerization must also provide, directly or indirectly, a source of hydrogen

peroxide. Accordingly, candidate peroxide-generating systems have been found in P.

chrysosporium. Kelley and Reddy (171) identified glucose oxidase as a probable
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candidate for H:z02 production. This enzyme was found to he associated with the mycelia

rather than free in the culture supematants, implying that the activity of the extracellular

peroxidases may he localized to the site of H20 2 generation. The importance of glucose

oxidase in the degradation oflignin was dramatically shown by the fact that u.v.-induced

glucose oxidase-negative mutants were unable to degrade lignin, while revertants

regained this ability (251). However, other researchers have shawn that glyoxal oxidase,

which is an extraeellular enzyme, May also he an important source ofH20 2 for peroxidase

reactions in P. chrysosporium (176).

1.4.3.4. Laccue

Although its presence in plants and fungi bas been known for over a century, the

physiological significance of laccase (benzenediol: oxygen oxidoreductase, or phenol

oxidase; EC 1.10.32) remains largely speculative. Laccase is a member ofa small group

of enzymes known as the blue copper oxidases; other memhers of this family include

ascorbate oxidase in higher plants, and the mammalian serum protein ceruloplasmin

(reviewed in (213». AlI members of this family are copper-containing glycoproteins

which catalyze the one-electron oxidation of various substrates and the concurrent four­

electron reduction of oxygen to water. Laccases are monomeric tetracopper proteins

which consist of approximately 550 amino acids and have molecular weights around 64

kDa (302). The enzyme is found in a wide variety ofplants and fungi. In plants, laccase

may be involved in lignification (25), and may in some cases have a protective function.

For example, laccase is found in the white latex of lacquer trees; upon exposure to air

(plant injury), the laccase oxidizes the latex, causing polymerization and cauterization of

the wound (213). In non-white-rot fungi, laccase bas been observed to he responsible for

the green colour ofAspergillus conidiospores, implying a role in spore maturation (70).

Laccase is also nearly universal among wood-degrading fungi (302), and may he involved

in delignification.

Copper enzymes contain severa! types ofcopper centres, which are distinguished

by their spectral properties (168). A~ 1" Cu centre is mononuclear (1 Cu atom) and is
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characterized by a high absorbance in the visible spectrum. (Àmu -600 nm). This feature

imparts a distinctly blue colour to enzymes containing type 1 Cu centres (hence the "blue"

copper oxidases posses a type 1 Cu centre). These Cu centres function primarily in

electron transfer rather than in catalysis, which distinguishes them from the mononuclear

type 2 Cu centres. Type 3 Cu centres consist of two closely situated Cu atoOlS. These

centres aIso function in catalysis, specifically in Oz binding and activation. Laccase

contains four tightly bound Cu atoms, one of which acts as a type l, one as a type 2, and

two are involved in a type 3 Cu centre (213). The type 1 Cu centre is situated

approximately 13 A from the remaining three Cu atoms, wbich are closely grouPed ioto a

catalytic triad and are approximately equidistant from one another (3.4-5.1 A apart) (168).

A cysteine residue that is not involved in a disulfide bridge bas been hypothesized ta he

involved in mediating the interaction between the type 1 Cu centre and the catalytic triad

(53). In fungallaccases, the amino acids which coordinate the type 1 Cu atom are situated

within the C-tenninal region of the prote~ and the typical methionine-Cu ligand is

replaced by a leucine-Cu bond; this fact May account for the higher redox potential of

fungal laccases compared to tree laccases (213). The catalytic cycle of laccase consists of

a controlled electron tlow from the substrate to the catalytic triad (and ultimately ta

oxygen) through the type 1 Cu centre (168). Laccase cao be considered as a biological

"battery", since it catalyzes the one-electron oxidation of a substrate along with the four­

electron reduction ofoxygen to water; electrons must he stored from sequential oxidations

before their release in the formation of2 H20 from 1 O2 (302).

The one-electron abstraction which is eatalyzed by laccase results in the

fonnation of an organic free radical. This species is generally unstable and undergoes

further reactions, either spontaneous (for example, polymerization or fragmentation), or

enzymatically catalyzed (re-reduction, or further oxidation to a quinone) (302). Although

laccase is cIassified as a diphenol oxidase, its substtate range in vitro is quite wide; thus

monophenols (including monolignols) and diamines are a1so oxidized, and the full

substrate range of laccase is cunently unknown (302). Attempts to demonstrate a raIe for

laccase in biological delignification were stymied by the tendency of laccase to cause the
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net polymerization of phenolic lignin-like substrates, not their fragmentatio~ in in vitro

studies. However, like LiP and MnP, laccase can act via redox Mediators or intermediates

in order to exert effects on substrates that are not normally accessible to or oxidizeable by

the enzyme. For example, severa! non-phenolic lignin model compounds with a redox

potential too high to he directly oxidized by laccase are oxidized and degraded by laccase

in the presence of 2,2'-azinobis-(3-ethylbenzthiazolate-6-sulfonate), or ABTS (49). This

finding was important for in vitro delignification with a laccase!ABTS system, and also

implied that laccase may have a role to play in delignification in fungal systems if a

physiological equivalent ofABTS is present.

In the case of one efficiently ligninolytic white-rot fungus, Pycnoporus

cinnabarinus, a low molecular weight compound suspected of being a physiological

redox Mediator bas been found. In the wiltL P. cinnabarinus is characterized by an orange

to red basidiocarp, and produces a red pigment when grown in liquid cultures. Eggert et

al. (98) identified the chromophore as cinnabarinic acid (CA), and further showed that CA

is formed from its precursor, 3-hydroxyanthranilic acid (3-HAA) by the action of a

laccase that is produced by the fongus. Further studies implicated 3-HAA as a

physiological redox Mediator for P. cinnabarinus laccase (97). Thus a non-phenolic

dimeric lignin model compound was oxidatively c1eaved in the presence of P.

cinnabarinus laccase and 3-HAA. Furthermore, high molecular weight (>9600 Da) DHP

was actively depolymerized by the laccasel3-HAA system, resuIting in the formation of

degradation products ranging from approximately 4 kDa to monomeric phenolics (97).

The Mediator effect of 3...HAA in these eXPeriments was shown by separating the DHP

and the laccase/3...HAA system by a membrane apparatus which ooly allowed the

diffusion of small molecules (97). The fact that, in the P. cinnabarinus system, laccase is

produced as the predominant extracellular enzyme and that LiP and MnP were

undetectable in delignifying cultures lends further credence to the hypothesis that the

Iaccase/3-HAA system is important in delignification (97). The laccase of P.

cinnabarinus was shown to he a typical fungallaccase which is produced constitutively

during primary metaboIism, but, as in T. versicolor (74), is strongly induced by 2,5-
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xylidine (99). Furthermore, N-terminal sequencing showed that P. cinnabarinus laccase is

homologous to that produced by other white-rot fungi such as T. versicolor and Corio/us

hirsutus (99). To date, however, a physiological redox mediator for laccase bas been

found only in this system.

Evidence for a role for laccase in delignification bas also accumulated in other

systems. An carly and powerful demonstration was the work of Ander and Eriksson (8),

who showed that a laccase~eficient mutant ofP. chrysosporium, in contrast to wiId-type

and revenant strains, was unable to degrade kraft lignin or wood. In another study (130),

lignosulfonates were shown to induce strongly the secretion of laccase by Fomes annosus,

providing circumstantial evidence that laccase may he involved in lignin metabolism.

Like MnP and LiP, laccase bas been sho",u to produce lignin-oxidizing Mn(lll) chelates

(16). The mechanism is thought to he similar to that hypothesized by Popp et al. (244) for

the LiP-mediated oxidation of Mn(ll) (16), making the process of Mn(llI) production

peroxide-independent. Finally, a redox-cycling mechanism was proposed for T. versic%r

laccase and glucose oxidase in which net depolymerization of high molecular weight

lignins is observed only in the presence of both enzymes; glucose oxidase was

hypothesized ta re-reduce Iaccase-generated radicals, decreasing their tendency ta

polymerize and actually resulting in depolymerization (297).

1.4.3.5. CeUobiose dehydrogenue

An extracellular cellobiose-oxidizing, quinone-reducing enzyme was first

detected in lignocellulolytic cultures of T. versic%r in 1974 (323, 324). Since that time,

the enzyme bas been referred to variously as ceUobiose:quinone oxidoreductase,

cellobiose oxidase, cellobiose:cytocbrome c oxidoreductase, and more recentl)' ceUobiose

dehydrogenase (CDH; EC 1.1.99.18). The latter name will he used in this thesis. CDH bas

been found in a large number of white-rot fungi, including P. chrysosporium (27),

Sporotrichum thermophile (76)~ F. annosus (149), and in the brown-rot fungus

Coniophora puteana (282). However, since the enzyme cao he produced in large
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quantities by optimized cultures of P. chrysosporium (24, 131), most of the biochemical

information that bas accrued to date is from the COH produced by this fungus.

COR is found in cellulolytic cultures of most white-rot fungi as a glycoprotein

with a molecular weight around 90 kDa by SOS-PAGE analysis (27). Although in P.

chrysosporium and most other fungi COU appears as a monomer, some reports have

identified dimers (282) or even tetrameric aggregates of COR in some fungi (149). The

enzyme contains one cytochrome b type heme and one f1avin adenine dinucleotide (FAD)

per Molecule (27). CDH oxidizes cellobiose very readily, but will aIso accept electrons

from cellotriose and other ceUodextrins, including cellulose (27, 266), and reduces a wide

range of substrates, including dichlorophenolindophenol (DCIP), cytochrome c, quinones,

Metal ions, and a host of others (see (11) and references therein). A second cellobiose­

oxidizing quinone-reducing activity is commonly found in cellulolytic cultures. This

enzyme, referred to as cellobiose:quinone oxidoreductase (CBQ; EC 1.1.5.1).. bas a

smaller molecular weight than CDR (approximately 70 kDa), and contains a flavin

cofactor. Both COR and CBQ readily reduce certain substrates such as DCIP, but ooly

CDH reduces horse heart cytochrome c (279); this fact can he used to distinguish the two

enzymes. Evidence bas accumulated which shows that CBQ is a proteolytic cleavage

product of CDH. Henriksson et al. (143) showed that purified CDH can he cleaved with

the plant protease papain into two discrete domains, a heme-containing domain and a

flavin-containing domain; the latter protein possesses Many of the properties of CBQ,

including a greatly decreased ability to reduce cytochrome c (142). Even more

convincingly~ another group (327) showed that polyclonaI antibodies raised to either

protein eross-react with the other, and that partial digestion of both proteins with

staphylococcal V8 protease or cyanogen bromide YÎelds nearly identical bands by SOS­

PAGE. Habu et al. (132) identified proteases produced by P. chrysosporium that cleave

CDH, forming CBQ and an enzymatically inactive herne domaine AlI of this evidence

points toward a two-domain model for COH, with the heme and f1avin domains separated

by a protease-sensitive linker region. This model was confirmed by small-angle X-ray
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FIgUI"e 1.7. Model ofP. chrysosporium CDR derived from small-angle X-ray scattering studïes. Each of the
two domains is approximately 9 nm in lengfh, and the diameter al the widest point is 4.3-5.1 Dm.

GlycosyJation is not shawn. Figure taken from reference 196.

scanering studies of purified CDH (l96)~ which showed CDH to have an oblong shape

(Figure 1.7).

CDH is commonly thought to he involved in the degradation of cellulose. COH

is produced by a range of fungi which degrade cellulose~ and is often coordinately

regulated with their cellulase systems (265). Moreover~ like most cellulases (see section

1.4.3.S.), COR binds to cellulose (26~ 260, 266). The cellulose-binding capacity of COH

resides in the f1avin domain (143). The binding of CDH to cellulose is distinct from that

of other fungai cellulases in that it is bound more strongly and more sparsely (144). For P.

chrysosporium CDH, the cellulose/CDH interaction is not electrostatic, since it is

unaffeeted by NaCl, but is more likely to he a eharge transfer or hydrophobie interaction

(144). Furthermore~CDH bas been shown to bind preferentially to amorphous rather than

erystalline cellulose (152, 280), and a cooperation with fungal cellulases in the breakdown

of cellulose bas been demonstrated (26). Presently, several familles of cellulose-binding

domains (CBDs) are recognized (see section 1.4.3.6), but the CODs of bath P.

chrysosporium COH (144) and of T. versicolor CDH (Chapter 3) do not appear to belong

to any of them.
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However, the simple binding ofCDH to cellulose does Dot in itself implicate it in

cellulose hydrolysis. Both the oxidative and reductive half-reactions catalyzed by CDH

could be involved in cellulolysis. For example, the oxidation of ceUobiose results in the

production of cellobiono-l,S-lactone (145), an unstable species which hydrolyzes to

cellobionic acid. This oxidation effectively decreases the concentration of cellobiose,

which dampens the end-product inhibition of exo-cellulases that cIeave cellobiose units

from the ends ofcelluose chains. Furthermore, Kremer and Wood determined that among

the many substrates reduced by CDH, Fe(lll) is likely one of the most physiologically

relevant (188). The reduction of Fe(Ill) to Fe(II) in a system containing hydrogen

peroxide results in the formation of a highly reactive oxygen species, according to the

Feoton reaction:

The hydroxyl radical (-OH) is a powerful oxidant which can chemically cleave

cellulose chains (136). Clearly, the CDH-mediated reduction ofFe{llI) to Fe(ll) will bath

promote Fenton's chemistry and sustain it by regenerating the fe(ll). Although P.

chrysosporium COR will also reduce atmospheric O2 to hydrogen peroxide, so that it can

generate bath of the Fenton's reactants, oxygen is in general a very POor electron acceptor

for CDH and will only function in the absence ofother substrates (27, 279). Nevertheless,

H20 2 is efficiently produced in the extraeellular milieu by other enzymes, since it is

required for MnP and LiP fonction (section 1.4.3.2). Thus, if COR is secreted, Fenton's

reagent (H20:!Fe(ll) can clearly he produced by white-rot fungi (328). Cleavage of

cellulose chains by this mechanism bas been reported bath in P. chrysosporium (208) and

in brown-rot fungi (150). CBQ reduces Fe{llI) much less efficiently than does CDH and

so does not likely generate hydroxyl radicals under physiological conditions (142)

(Chapter 2). Interestingly, the proteases produced by P. chrysosporium which cleave

CDH to CBQ do 50 only when CDH is bound to cellulose (132); this implies not ooly that

CDR undergoes a confonnational change upon cellulose binding, but also that the fongus

possesses a means for dampening the CDH-mediated production of hydroxyl radicals via
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the proteolytic cleavage ofthe beme domain. Even more intriguingly, proteases have been

isolated from cultures of P. chrysosporium which ooly cleave CDH 10 CBQ when

cellobiose is present and COU is in its reduced state; in other words, the oxidation state of

CDH affects its susceptibility to proteolysis in addition to its binding to cellulose (100).

These observations hint al a highly sophisticated mechanism. for the Mediation of COR

activity by the action ofextracelluJar proteases and by variable rates ofCDH secretion.

COR may also he involved in lignin degradation through its capacity to produce

hydroxy1 radicals. In addition to causing the chemical cleavage of cellulose, hydroxyl

radicals are known to cleave Iignin model dimers (300). Henriksson et al. (141)

investigated this phenomenon using COU in a hydroxyl radical-producing system and

found that the CDWcellobioselFe(llI)lHzOz mixture was not only able to degrade

cellulose and xyl~ but srnthetic lignin (DHP) was a1so dePOlymerized into fragments

small enough to pass through membranes of 500 - 3000 Da cutoff In ail cases~ hydroxyl

radicals were demonstrated to he fonne~ strengthening the hypothesis that the

degradation was mediated by Fenton's cbemistry (141). In another study investigating the

effect of Fe(lll)/HzOz and COU on lignin degradation, Ander (7) demonstrated that

guaiacyl/syringyllignin (bardwood lignin) is more susceptible to CDH-generated .OH­

mediated cleavage than is guaiacyllignin (softwood lignin).

COH May have another role in the degradation of lignin. Among the many

substrates reduced by COR are the pbenoxy radicals generated by the actions of the

ligninolytic peroxidases and laccases produced by the white-rot fungi. The isolated

peroxidases commonly cause POlymerization of lignin rather than degradation; however it

has been found that CDH is capable of decreasing this polymerization, presumably by re­

reducing the radicals generated by the oxidative enzyme, often to phenolics (12). The

oxidation of the cation radical generated by LiP-mediated oxidation of veratryl alcohol

was also strongly dampened by COR and cellobiose. These results implied that CDH May

function in a complete fungal system by helping to shift the

polymerizatioo/depolymerization balance in the direction of depolymerization (12).
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Similarly, a range of interactions between COH and oxidative ligninolytic enzymes was

found in another study (270). The cellobionic acid that is ultimately formed by the

oxidation of ceUobiose by COH was found to he an effective chelator for Mn(llI)

produced by MnP; furthermore, COH was able to reduce insoluble Mn(lV)02 to Mn(ll) or

Mn(lll)~ thereby making Mn available to the MnP catalytic cycle. These interactions are

thought to he supplemented by the reduction of Mn(Ill)-generated quinones back to

phenolic lignin subunits, which can then he re-oxidized by MnP-generated Mn(lll). The

cycle~ however, is not futile since smaller, non-phenolic lignin fragments are produced

which are not susceptible to reduction by COR; this is proposed to result in a net

depolymerization of lignin (270).

Thus, the biochemical versatility of CDH aUows a number of hypotheses to he

made regarding its true in vivo role in lignin and/or cellulose biodegradation. The true role

and importance ofCOH in these proeesses remains to he elucidated, and the enzyme May

weIl function in both cellulose and lignin biodegradation. In a long-term study following

the production of cellulases and CDH in a leaf Iitter decomposition system~ CDH was

found to peak much later than cellulases (205). These workers proposed a three-stage

model for leaf litter decomposition by basidiomycetes in which COR is produced during

the third stage~ when a shift from mostly polysaccharide degradation to the coupled

degadation of lignin and polysaccharide occurs (205).

1.4.3.6. Other enzymes: CeUulases and proteases

The unique talent of the white-rot fungi is the ability to degrade and render

bioavailable the vast amount of photosynthetically-derived carbon contained within lignin

Molecules. However, these fungi do not use the lignin as a major carbon source (57, 267),

and remove the lignin ooly as a means to the end of exposing the cellulose and

hemicellulose which can he used as a source ofcarbon and energy for their growth. Thus

""hite-rot fungi possess an active celluiolytic system to liberate this carbon; however, a

wide array of other organisms, including soft-rot fungi and a number of bacterial genera,

are also cellulolytic. In order to avoid expending energy removing lignin only to expose
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cellulose to degradation by opportunistic competitors, the white-rot fungi must rein in

their ligninolytic activity. As the ligninolytic enzyme system is extracellular, one of the

few means available to modulate its activity is with extracellular proteases that destroy

the ligninolytic enzymes. The major properties ofthe cellulolytic and proteolytic enzymes

produced by white-rot fungi will he reviewed below.

Organisms which are capable of degrading cellulose do so by secreting a

complex mixture of cellulases that act synergistical1y to degrade the polymer (29). The

fungi are no exception and produce three classes of cellulases: exo-I-4-(3-glucanases

(cellobiohydrolases (CBH), which release cellobiose or glucose from the non-reducing

end of a cellulose chain; endo-l-4-I3-glucanases (endoglucanases (EG», which cJeave (3­

1-4 glycosidic bonds randomly along the length of the cellulose chain; and 13­
glucosidases (cellobiases), which hydrolyze cellobiose and low molecular weight

glucodextrins to glucose (29). The EGs are thought to attack amorphous regions of

cellulose fibres, thereby creating new sites for CBHs; the cellobiases prevent the

accumulaton of cellobiose, an inhibitor of CBH synthesis (29). Among the fungi, the

cellulase system of the soft-rot fongus Trichoderma reesei is by far the best studied (29);

however all indications are that the cellulolytic systems of P. chrysosporium (103, 313)

and other white-rot fungi (265) are similar. The cellulase system is repressed in the

presence of glucose, and is induced by cellulose; the mode of induction appears to he the

release of a soluble inducer from cellulose through the action of a low constitutive

cellulase system (102).

Cellulases contain a set of common structural elements and are organized ioto

domain structures (reviewed in reference (119». The isolated domains commonly retain

their independent function when isolated from the native protein. A cellulose-binding

domain (CBD) is present on nearly ail fungal cellulases. The CaD is not required for

enzymatic activity of the cellulase, but modulates the interaction of the enzyme and the

substrate. Severa! classes of CBD are known, including fungal (family 0, and bacterial

(family fi), which are somewhat different in structure and apPear to recognize distinct
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structures on the cellulose surface (307). The fungal CBDs are approximately 30 amino

acids long and are a1ways located either at the amino or the carboxyl terminus of the

protein (119). They contain four cysteine residues which form two disulfide bridges~ and

aIso contain a number of aromatic residues (tyrosine, tryptop~ and phenylalanine),

which are thought to Mediate the interaction with cellulose (119). In addition to the

CBDs, cellulases possess a distinct catalytic domain. By primary structural homology,

these domains are grouped into nine families of related sequences. A given organism May

possess cellulases with catalytic domains from a number of different familles, and the

same family of catalytic domain cao. he found in widely divergent organisms. These

observations have led to the conclusion that the cellulases evolved trom a few ancient

common sequences by domain shuftling and subsequent mutations (119). Connecting the

CBO to the catalytic domain in many ceUu1ases is a short (6-59 amino acid) linker

domain which is enriched in proline and hydroxyamino acids (serine and threonine).

These domains are thought to form a flexible hinge connecting the cellulase domains

(1 19).

Proteases are an important class of extracellular enzyme produced by white-rot

fungi. Eriksson and Pettersson (105) purified two acidic proteases from cellulolytic

cultures of P. chrysosporium which stimulated the activity of EGs by an unknown

mechanism. In additio~ the decay of LiP activity in late secondary metabolic cultures of

P. chrysosporium was shown to he due to the action of severa! proteases whose activities

increase as LiP activity decreases (83, 94). The synthesis of the extracellular protease is

modulated by the amount of glucose in the medium and the enzyme appears under

conditions of carbon starvation (93). Dana (84) purified another endoprotease from P.

chrysosporium which is distinct from previously described proteases from this fungus. In

addition to their aforementioned roles in limiting and possibly regulating ligninolytic

activity, the extracellular proteases have been proposed ta he important in recycling

nutrient nitrogen present in the amino acids which constitute extraeellular proteins (83).

37



•

•

•

1.4.4. Moleeular biology of6piD degradatioD by white-rot faDgi

The wealth of biochemical information which bas accumulated on the enzymes

involved in lignocellulose degradation bas been supplemented by molecular analyses in

recent years. A large nomber of clones encoding various features of the ligninolytic

system of different white-rot fungj have been isolated (Table 1.1). These sequences have

in tum provided a great deal ofnew information regarding these enzymes, including their

complete amino acid sequences, their intronlexon structure, and the reguIation of

expression of the genes encoding them. Sorne of the major findings of these molecular

studies are outlined below.

The isolation of several clones encoding LiP (Table 1.1) bas enabled the detailed

genetic analysis of this enzyme. The lip genes appear to occur in clusters on one of the

chromosomes (248), and have been found in tandem (163). Gaskell et al. (117) localized

10 different LiP-encoding genes to 3 distinct linkage groups in P. chrysosporium; one

group contained 8 closely linked lip genes. In addition to their genomic distribution, the

regulation of the expression of lip genes bas been closely examined. In P. chrysosporium,

the transcription of the gene encoding LiP isozyme H8 was shown to be regulated by

nutrient nitrogen limitation in the same way that ligninolysis is regulated in this fongus,

providing circumstantial evidence that LiP May he involved (203). However, other reports

examining lip expression in the same fungus showed no regulation by nitrogen (160), as

seen in another white-rot fongus, Bjerkandera spp. (167). In another report investigating

the expression of lip in low nitrogen medium by P. chrysosporium, expression ofdifferent

LiP-encoding genes was found to he time-dependent, such that difIerent isozyme­

encoding transcripts peaked separately; moreover9 no precise correlation was found

benveen transcript and isozyme levels (44). Similarly, Stewart et al. (294) found that the

relative lip transcript level displayed complex regulation in resPQDSe to bath carbon and

nitrogen nutrient limitation. This seeming complexity of /ip regulation may he explained

by an underlying reguJation of all the lip genes by the intraeellular cAMP levels (45).

Thus increased levels ofcAMP, known to rise sharply during the shift tram primary to
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Enzyme Natare ofcIoae Orpais. Co••at Refere.ce

LiP gcnomie P. chrysosporium LG2; 8 inttons 262

LiP gcnomic T. versic%r LPGI; 6 mirons 38

LiP 4cONA P. chrysOlporium 333

LiP cDNA P. chrysOlporium 304

LiP genomic T. venico/or LPG l, LPG2; tandem genes 163

MnP genomic P. cluysOlporium mnp-I; 6 introns 124

MnP eDNA P. chrysospOl'ium 236

MnP cDNA P. cluysosporium mnpl 245

MnP genomi~cDNA P. chrysOlporfum mnp2; 7 introns 210

Laccase genomic P. radiDla 9 introos 277

Laccase 2 genomi~ 2 cDNA Carialra hirSllhls allclie fonns: 10 introos 186

Laccase cDNA T. versicolor 224

Laccase 2 gcnomie T. versicolor CVLG/. CVL3; Il inlroos 153,215

Laccase gcnomi~ cDNA PMI' lac1: 10 introns 71

Laccase genomi~ cDNA P. ostreatus pax1; 19 introns p0x2 118

Laccase 2 genomic, 2 cDNA Trameles vi/losa Iccl, Icc2: 8, 10 introDS 330

Laccase 3 genomic T. vil/osa [cd. /cc4, IceS 3JI

Laccase 2 cDN~ 1 genomic T. venicolor IccI,IcdV2 230

COH 2genomic P. clvysosporirun aJlclcs cdh-I, cdh-2; 13 inttons 200

CDH cDNA P. chrysospOI'ium edh-2 201

CDH eDNA P. ehrysosporium 249

novel peroxidase genomic T. versicolor PG V; 12 introns 162

cellobiohydrolase 3 genomic P. chrysosporirun cbhl-I, cbhl-2, cbhl-J 78

cellobiohydrolase 2 genomic, 2 cDNA P. clvysosporirun alleles ofcbhll; 6 introns 301

AAD eDNA P. chrysosporirun aryl-alcobol dchydrogenase 259

glyoxal oxidase cDNA P. chrysosporiJlm gIx-lc 177

1Basidiomyccte PMl, dcposited in Spanish type culture collection (CEcr 2971). is an unidcntified white-rot
fungus isolatcd from paper mill watewater (71).

2 cDNA clones isolaled from the T. Yel'$ico/or cDNA library as dcscribcd in ADDCIldix 1.
. . . . . . . . .Table 1.1. Clones eneodmg major hgnoçellulolyUç enzymes from whlte-rot fungl. ThIS lIst IS mcomplete•

as a number of unpublished sequences for severaJ ligninolytiç enzymes are also available (sec
http://www.ncbi.nlm.nih.govrraxonomyl).

•

•

•



•

•

•

secondary metabolism and to he a carbon and energy starvation signal, are associated

with transcription of lip genes, and as cAMP levels drop, transcription of alllip genes

stops. In addition, the isolation of a u.v.-induced mutant of P. chrysosporium defective

in the production of all LiP isozymes hints tbat the regulation of the entire lip gene

family is controlled by one or only a few loci (43).

The expression of the mnp genes, like the Iip genes, appears to he controlled in

P. chrysosporium by the nutrient nitrogen level; thus mnp mRNA and MnP ooly

accumulate under conditions of nitrogen limitation (55). This correlation with nutrient

depletion is not observed in T. versicolor, however, and 50 is not universal among white­

rot fungi (72, 73). Moreover, in P. ehrysosporium, several other factors influence the

synthesis of MnP. The appearance of MnP in nitrogen-limited cultures is critical1y

dependent upon the presence ofMn(lI) ions, which appear to regulate the transcription of

the mnp genes (54, 55). Mn(ll) ions strongly regulate the expression of mnp in T.

versicolor as weIl (234). Pease and Tien (238) showed that the different isozymes ofMnP

display differential regulation, like the LiP isozymes; again, the significance of this not

known. In addition to Mn regulatio~ the transcription of mnp genes is sensitive to heat

shock induction, consistent with the existence of heat shock response elements (HSEs)

upstream of mnp (56). The physiologica1 relevance of this form of regulation is unclear,

but the reliefofoxidative or chemical stress may he important (202).

Laccase is known ta he produced as a series of6-1 0 isozymes in Many white-rot

fungi (39) which are commonly differentially regulated (116). The availability of a

number of laccase clones bas allowed researchers to analyze the regulation of

transcription of the lcc genes. In T. versicoLort /cc transcription cao he induced by either

I-hydroxybenzotriazole or 2,S-xylidine (74). InterestinglYt transcription of the T.

versicolor Lee genes is also induced by copper and nitrogen (74).

With the notable exception of CDH, the lignocellulolytic enzymes produced by

white-rot fungi are encoded by gene familles. Moreover, each isozyme tends to he

differentially regulatedt even though the gene products are highly similar. For examplet at
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least ten distinct lip sequences have been reported in P. chrysosporium (125), the

similarities ofwhich range from 71.50/0-99.5%. A complicating factor in the identification

of new isozymes from genetic sequences is that aIlelic variants of severa! of the P.

chrysosporium LiP isozymes (125) as well as of COR (200) and glyoxal oxidase (178)

have been reported to accor. For COR, two distinct aIleles, cdh-I and cdh-2, were

identified based on RFLP patterns from single basidiospore progeny. The two genes are

97% identical in sequence, and their produets have an identical amino acid sequence since

the nucleotide changes are all in wobble bases or introns (200).

Another interesting finding ofthe gene cloning studies is that funetionally related

genes tend to occur in clusters. This bas been observed not ooly for Iignocellulolytic

genes (78, 163), but also for other functionally related genes in many filamentous fungi

(311). The direction oftranseription within such gene clusters May he the same (163) or

different (78). Since each gene bas its own regulatory elements, and since polycistronic

mRNAs are not observed in eukaryotes, the reason why such an arrangement bas evolved

is unclear (3 11).

The biochemical analysis of enzymes involved in lignocellulose biodegradation

is commonly hampered by the existence of severa! related isozymes in a single

preparation. Moreover, these enzymes are often produced in small amounts and are

susceptible to degradation by endogenous proteases during purification. In an attempt to

overcome these difficulties, researchers have developed means for expressing cloned

ligninolytic genes from white-rot fungi in other organisms (heterologous expression) or

under the control of a constitutive promoter in the same organism (homologous

expression). Severa! such systems have been utilized successfully to express various

components of the lignocellulolytic system of different white-rot fungi (Table 1.2). One

of the most common approaches is to use spccies of the ascomycete genus Aspergillus,

normaliy A. oryzae or A. nidulans (Table 1.2). The expression ofheterologous proteius in

aspergilli is attractive since these organisms stably integrate heterologous DNA ioto their

chromosomes and are known to correctly process and excrete foreign proteins when the
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genes possess appropriate regulatory regions (68). These fungi are prodigious producers

of extraeellular amylases when grown on a substrate containing maItodextrins~ and the

availability ofAspergillus amylase gene sequences (227, 298, 309) bas enabled the design

of efficient expression vectors for this fungus (68). In addition to their utility for

producing purified recombinant protein using cloned genes, heterologous expression

systems have been used in the reverse sense ta isolate clones encoding cellulolytic genes

from filamentous fungi (82).

Enzyme Source Host Com.ent Relereace

Laccase T. villosa Â. oryr..ae amylase promotcr 331

Laccase Myceliophlhera Â.oryzae amylase promoter 32

IhermophiJa

Laccase C. hirsuoo Saccluvomyces 186

cere:visiae

Laccase T. venicolo,. Pichio. paslO,.is 164'

Laccase P. ,.adiala T,.ichodemuz nesei cellulase promoter 278

MnP P. chl'ysospo,.ilUft A.oryzae amylase promoter 295

MnP P. chrysosporillm P. chrysospo"ilUft homologous expression 211

MnP P. chrysospo"ilUft Spodopterafrugipe,da BacuJovirus expression 237

(Sf9 insect ceUs)

LiP P. chrysospcrillm Spodopterafrugipe,da Baculovirus expression 159

(Sf9 insect ecUs)

LiP P. chrysosporillm Spodoptera frugipe,da Baculovirus expression 204

(Sf9 inscct ceUs)

glyoxaJ P. chrysosporillm A. nidu/ans g1ucoamylasc promoter 178

oxidase

'The /cclV cDNA from T. versic%r has a1so been successfully expressed in Pichia pastoris (M.
Brown, unDublished results).

Table 1.2. Production ofligninolytic enzymes in heterologous or homologous hosts.

1.S. Applications ofWhite-Rot FIiDgi

The extracellular oxidative enzyme system produced by white-rot fungi to

degrade lignin in nature is sufficiently nonspecific to catalyze the oxidation of a wide
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range of lignin-related modeI compounds as weIl as an anay of molecules that are not

represented in lignin substructures. This fact bas not been lost on researchers, who have

been keen to take advantage of the nonspecific, powerfuI oxidative capacity of white-rot

fungi and their enzyme systems in a variety ofapplications. Included among these are the

oxidative degradation of recaIcitrant organic poUutants, the treatment of effiuents from

pulp and paper miIls, and the modification of wood pulp to improve brightness and fiber

properties.

I.S.I. BioreDlediatioD

The terro ubioremediation- refers to the use of microorganisms or their enzyme

systems to decrease the concentration, toxicity, or colour of pollutants in water or soils.

White-rot fungi have been widely investigated as potential bioremediation agents. For

example, Bezalel et al. examined the biodegradation of a range of polycyclic aromatic

hydrocarbons (PAHs) by P. ostreatus (33-35). Up to 94% of the PAR species decreased

to undetectable concentrations over an 11-day incubation period, with a proportion

mineralized to CO2• In addition, P. chrysosporium bas been reported to degrade 2,4­

dichlorophenol (314) and dibenzo-p-dioxin (165), and severa! white-rot fungi can degrade

pentachlorophenol, a toxic wood preservative that bas contaminated Many sites

worldwide (see (212), and references therein). Fungal inocula for pentachIorophenoI­

contaminated soils consisting ofPhanerochaete sordida, P. chrysosporium, T. versic%r,

and severa! other fungi removed up to 90% of the contaminant over a four week period

(198). Most of the bioremediation studies have implicated MnP, LiP, or laccase as the

enzymes responsible for the decrease in concentration and toxicity of the organopollutants

(40, 41, 67, 314); however in at least one case, an intracellular enzyme of P.

chrysosporium is involved in the breakdown of aromatic pollutants (261). In addition to

organic pollutants, white-rot fungi are the only organisms known ta degrade nylon (87), a

material with a very long half-Iife in the environment due to its resistance to

biodegradation. Interestingly, white-rot fungi are a1so known bath to degrade and to

produee a class of toxie compounds knawn as adsorbable organic halogens (AOX); in
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fact~ these organisms may he one of the most important sources of "natural" AOX in the

environment (reviewed in reference (88».

1.5.2. Wbite-rot fuDgi iD the pulp and paper industry

The pulp and paper industry produces cellulosic fibres, principally from wood

substrates. Overall, the MOst important industrial process for the production of wood pulp

is the kraft process (292). Kraft pulping involves "cooking" wood chips in a liquor

composed of sodium hydroxide and sodium sulfide. The cook normally proceeds at very

high temperatures (160°C-180°C) for severa! hours~ and results in a pulp that is renowned

for its great strength. Kraft pulps are produced using wood chips derived either from

hardwoods (HWKP) or softwoods (SWKP). The process also generates valuable by­

products such as taU oil and turpentine. However, the major disadvantage ofkraft pulping

processes is that the pulp produced is dark brown in colour due to chromophores present

in the chemically modified residual lignin (292). The pulp is therefore bleached in order

to obtain a ,vhiter product with a high cellulose content and very little residuallignin. The

increase in "brightness", or brightness gain, is measured using a standardized procedure

(ISO brightness) which detennines the retlectance ofblue light ofa sample expressed as a

proportion of that of a standard reference (52). A fully bleached pulp possesses an ISO

brightness of over 90. The bleaching of kraft pulp is a multi-stage procedure. In each

stage, oxidizing chemicals are added which react with sorne of the residual lignin to form

acid- or alkali-soluble degradation products. Each stage is therefore followed by an

extraction stage, in which the residual lignin is dissolved in a solution of 1-2% NaOH.

The bleached pulp is then moved into the foUowing bleaching stage, and the alkaline

extraction liquid is ultimately discharged into the mill's receiving waters (after treatment

to remove toxicity). A number of different bleaching chemicals have been successfully

used to bleach kraft pulp (Table 1.3). A typical chemical bleaching sequence, CEDED or

CEHDED, results in a product with acceptable brightness levels. However, bleaching

sequences using a C stage (CIJ result in environmental problems in the miIl receiving

waters due to the chlorinated organic compounds that are extraeted in the E stage. Thus,
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modem bleaching sequences have almost completely eliminated the use of Ch as a

bleaching chemical (elemental chlorine free, or ECF bleaching), and there is currently a

push toward the elimjnation of chlorine dioxide in bleaching sequences (totalIy chlorine

free, or Tep bleaching).

Given that the goal of bleaching processes is to selectively remove residual

lignin, it is Dot surprising that white-rot fungi have been viewed as heing potentially

usefuI in this area. Biotechnologjcal processes have primarily found application in two

areas; the treatment of the aIkaline extraction effluent to reduce colour, and the biological

bIeaching of pulps to reduce or elirninate aItogether the need for chemicals in bleaching.

In the following sections the progress made to date in these fields will he reviewed.

Stage Cbemieal AbbreviatioD

ChIorination Cl2 C

Alkaline extraction NaOH E

Hypochlorite NaOCI+NaOH H

ChIorine dioxide CI02 D

Peroxide H20 2 PorQP

Oxygen O2 + NaOH 0

Ozone 0) Z
Table 1.3. Common chemical bleaching stages. From (292).

1.5.2.1. Decolourization of kraft ble.chery emuents

The effluent which emerges from the alkaline extraction stage of the bleaching

process (called El effluent) is dark in colour due to the presence of solubilize<L modified

lignins. These effluents are nonnally treated by aerobic or anaerobic biological (bacterial)

treatment systems before being discharged into the mill's receiving waters; however,

while such treatment systems are very effective at removing some of the toxicity and

biological oxygen demand (BOD) of these effluents, they are notably ineffective at

removing bleachery effluent colour or degrading the high molecular weight
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chloroorganics. The ability of white-rot fungi to decolourize this eftluent is weIl

documented. One of the most well-studied and effective fungi is T. versicolore Almost 30

years ago, it was shown that this fungus can remove over 70% of the colour from 50­

called "black liquor", the spent kraft pulping Iiquor (209). Later, Livemoche and Jurasek

(206, 207) reported the isolation ofa particularly effective strain of T. versic%r (strain

52, the dikaryotic parent of the strain used in the studies described in this thesis). This

fungus was found growing on a rotting elm stump near the Paprican building in Pointe­

Claire.. Quebec. The treatment of kraft bleachery effiuent with this strain removes >80%

of the colour within three days. Other groups have reponed similar results with T.

versicolore Bergbauer et al. (31) showed over 90% colour removal and a decrease of45%

in the concentration of chIoroorganics over a three day treatment periode Furtherinore, T.

versicolor has been used in a batch reactor system ta remove over 93% of the colour and

35% of the COD from bleachery effluents (22). In another study, over 60% of effluent

toxicity was removed, as much as 10% of which was due to passive binding of the toxic

compounds to the fungal mycelium rather than active degradation (3 17). These sorts of

spectacular colour removal and detoxification results provided an impetus for the

development and Patenting of a rotating disk bioreactor - the MyCoR process (mycelial

colour removal).. which, using P. chrysosporium, cao reportedly remove more than 75%

of the colour in one day and decrease the concentration of toxic materials in effluents

(240). One drawback ta the use ofwhïte-rot fungi in the treatment ofeftluents is the need

for a co-substrate, normalIy glucose~ to enable fungal growth and metabolic activity.

However, the use of inexpensive sugar refinery wastes (15), along with the finding that

Lentinus edodes effectively decolourizes the effluent without the addition of a co­

substrate (108), have offset this disadvantage.

1.5.2.2. Biobleacbiag of kraft pulps

Kraft pulping removes the majority of the lignin in wood chips, and what

remains (kraft lignin) is a chemically modified, condensed, demethoxylated, hydroxylated

form with only a limited resemblance to native Iignin. Nevertheless, ,,"hite-rot fungi have

been investigated for their ability to degrade kraft lignin in puIps, in the hope that all or
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part of the bleaching chemicaIs may he replaced by a biological process. In 1989, Paice et

al. (233) screened several species ofwhite-rot basidiomycetes and round that T. versicolor

52, the same strain found to he 50 effective in decolourizing eftluents., increased the

brightness ofan unbleached hardwood kraft pulp by 15 points to 48% with a concomitant

decrease in the pulp's lignin content. Although some undesirable celluJose degradation

was aIso observed, the pulp strength was not adversely affected, probably due to

improved hydrogen bonding as a result of ·cleaner" or more lignin-free cellulose fibres

(233). The fungus was later shown to also delignify softwood kraft pulp (258), but little

brightening was seen until an aikaline extraction was mu (258). Other groups have

reponed such "biobleaching" with other fungi., such as P. sordida (187)., P. chrysosporium

(308) and an unclassmed basidiomycete IZU-154 (114). However., only the latter fongus

shows large improvements in brightness and Iignin removal comparable to T. versicolor

strain 52. Given the importance of the T. versicolor system to our group at Paprican., the

present discussion will he limited to this fungus (for a more detailed review., see (18».

A subsequent screening of severai monokaryotic and dikaryotic strains of T.

versicolor showed that., in general., the monokaryotic strains were slightly more efficient

(2). Furthennore., the original dikaryotic strain of T. versicolor 52 was separated into two

mating-compatible monokaryons by protoplasting and compared to the parent strain (2).

One of the monokaryons., T. versicolor 521., consistently bleached pulp to a high

brightness and was chosen for subsequent work (2)., including the work described in this

thesis.

The most important advantage of the biological bleaching of kraft pulps is the

chemical savings: Delignification by fungi can reduce the amount of bleacbing chemicals

required by over 70% (257). The potential chemical and cost savings and the resultant

decrease in undesirable emissions (especially of increasing., unacceptable AOX) from

pulp mills bas motivated researchers to find ways to apply a biological bleaching system

as a stage in the kraft pulp bleaching process. The major barrier to he overcome is the

lime required to achieve a substantial brightening effect; T. versicolor and the other fungi
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investigated require severa! days, which is far too long to he of any industrial use (257).

In an effort to improve bath the speed and the efficacy of the fungal pulp treatments, the

mechanisms employed by the fongus to delignify and brighten kraft pulp have been

investigated. Early experiments showed that, although a cell-free filtrate ofa biobleaching

culture had no effect on unbleached kraft puIp, the fungus was still able to delignify when

separated from the pulp by a membrane tiller (14). This demonstrated that direct contact

benveen the pulp fibres and the fungal mycelium is not necessary for bleaching to

proceed~ and that certain components of the biobleaching system must he constantly

renewed by the fungus. An investigation of the enzymatic activities produced by T.

vesicolor during biobleaching showed that while LiP does not play a role (13), bath MnP

and laccase are produced during biobleaching (234). The importance of MnP in

biobleacbing was shown both by its chemical effects on the pulp (234) and by the Iack of

brightening by u.v.-induced MnP-negative mutants of T. versicolor (3). A system

consisting of T. versicolor MnP, Mn(ll)-maionate, and HzOz cao substantially delignify

modem kraft pulps (232) and the tl'eated pulp is easily bleached to commercially

attractive brightness levels bya subsequent alkaline hydrogen peroxide bleaching stage.

Enzymatic delignification with MnP is therefore a potentially useful bleaching step for

kraft pulps; however its application is limited by the sensitivity ofMnP to concentrations

of H!O! in excess of 0.1 mM (232). In addition, purified MnP, while an effective

delignifying agent, is unable to reproduce the extensive brightening shown by the

complete fungal system (234), and the MnP-negative mutant also shows decreased levels

of laccase (3). Bourbonnais et al. subsequently showed that T. versicolor laccase, in the

presence of the artificial Mediator ABTS, is able to remove as much as 50% of the

residuallignin in chemical pulps in a two-hour treatment (48, 50). However, the industrial

application of this process is currently limited by the high cast ofthe ABTS (48), 50 other

mediators are being sought which lack this disadvantage. Thus, although bath MnP- and

laccase-based enzymatic delignification stages work weil enough to he commercially

viable, impediments presently exist which limit their industrial application (232).
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Experiments such as these have provided the impetus for a great deal of research

in the field ofbiological delignification and bave led to an improved understanding of the

enzymatic mechanisms used by white-rot fungi to degrade lignin. However, none of the

enzymes that have been isolated from biobleaching liquors to date have been able to

reproduce the extensive brightening ofkraft pulps which is observed using the complete

fungal system (232). CDH bas been hypothesized to play a key role in the degradation of

lignin through its various interactions with the oxidative enzymes MnP and laccase (18).

These interactions MaY explain, at least in part, why the complete fungal system is so

much more effective tban either purified enzyme. The studies described in this thesis are

therefore aimed at providing some insight on the characteristics and role of COR in the

biodegradation oflignoceDulose by white-rot fungi.
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PREFACE TO CHAPTER 2•

Previous work in this laboratory (266) indicated that T. llersicolor COR may he

involved in Iignin degradation tbrough a number of hypothesized interactions with the

oxidative enzymes MnP and laccase. Moreovert T. llersicolor COR appeared to he

distinct from the P. chrysosporium enzyme in a number of its featurest incillding

molecular weight (thought to he 57 kDa and 47 kDa for the heme/flavin and flavin-only

isoforms)7 and in its ability to reduce glucose in addition to cellobiose. With a view ta

clarifying these characteristics of T. versicolor COHt the purification of the enzyme was

undertaken.

The purification protocol had previously been developed by B. Roy (266), a

former student in this laboratory. The experiments described in this chapter supplement

and complement the characterization undertaken by B. Roy, and were published

essentially in the form presented here (269). The data presented here derive from the

purification 1 undertoo~ and exclude for the most part the data which already appears in

the thesis of B. Roy. However, where necessary for compariso~ sorne of the data

contributed by B. Roy is presented; this is cIearly indicated by reference to bis thesis.
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2.1. Abstraet

The white-rot fungus T. versicolor degrades lignocellulosic material at least in

part by oxidizing the Iignin via a number of secreted oxidative and peroxidative enzymes.

An extracellular reductive enzyme, ceUobiose dehydrogenase (CDR), oxidizes cellobiose

and reduces insoluble Mn(lV)Ob commonly found as dark deposits in decaying woo~ to

form Mn(llI). The latter species, in Many chelates and complexes, is a powerful lignin

oxidizing agent. COR also reduces ortho-quinones and produces sugar acids which can

promote manganese peroxidase-mediated oxidation and therefore Iigninolytic activity. To

understand better the role of COR in Iignin degradation, proteins exhibiting cellobiose­

dependent quinone-reducing activity were isolated and purified from cultures of T.

versicolor. Two distinct proteins were isolated, with apparent molecular weights of

97,000 and 81,000 and isoeleetric points of 4.2 and 6.4 respectively. The larger CDH

(CDH 4.2) contained both t1avin and herne cofactors, whereas the smaIler cootained ooly

a flavin (CDH 6.4). These CDH enzymes were rapidly reduced by cellobiose and lactose,

and somewhat more slowly by cellulose and certain cello-oligosaccharides. 80th

glycoproteins were able to reduce a very wide range of quinones and organic radical

species but differed in their ability to reduce Metal ion complexes. Temperature and pH

optima for CDH 4.2 were affccted by the reduced substrate. Although CDR 4.2 showed

rather high substrate specificity among the ortho-quinones, it could aise rapidly reduce a

structurally very diverse collection of other species, from negatively charged triiodide

ions to positively charged hexaquo ferric ions. COH 6.4 showed a higher Km and a lower

Vma:< and turnover number than did CDH 4.2 for aIl substrates tested. Furthermore, CDR

6.4 did oot reduce the transition metals Fe(lll), Cu(ll), and Mn(lll) at concentrations

likely to he physiologically relevant, while COR 4.2 was able to rapidly reduce even very

Iow concentrations ofthese ions. The reduction ofFe(lll) and Cu(ll) by COH 4.2 may he

imponant in sustaining a Fenton's-type reaction, which produces hydroxyl radicals that
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can cleave bath Iignin and cellulose. Unlike the COR proteins from P. chrysosporium,

CDH 4.2 and 6.4 are unable to produce hydrogen peroxide.

2.2. Introduction

Over a period of severa! days, the white rot fungus T. versicolor 521 can bleach

and delignify bath hardwood and softwood kraft pulps (2! 18, 233, 257, 267). Intimate

contact between the fungus and pulp fibres is not required for this to occur: the culture

liquor contains everything necessary to bleach and degrade kraft li~ aIthough constant

regeneration or renewal of liquor components is necessary for delignification to continue

(14). During pulp biobleaching T. versicolor secretes bath Iow molecular weight

metabolites and a number of lytic enzymes (267). Two of these enzymes, manganese­

dependent peroxidase (MnP) (234) and laccase (47) cao, in the presence of appropriate

cofactors, oxidize, demethylate, and delign.ify kraft pulps, although not nearly as

extensively as a complete T. versic%r culture.

Cellobiose dehydrogenase (CDR) bas been proposed as an enzyme important in

bath Iignin (104, 106, 324) and cellulose biodegradation (26, 188). COR is produced by

many white-rot fungi (10) including T. versic%r (324), and is aIso secreted by a number

of non white-rot fungi (76, 89, 275, 282). The enzyme bas reportedly been isolated from

the white-rot fungi P. chrysosporium (324), and F. annosus (149). It should he notOO that

CDH activity May easily he underestimated or missed, as laccases can mask its presence

in culture supematants by rapid re-oxidation of the hydroquinones produced by CDHs

from quinone assay substrates (268). To counter this, a new CDH assay has been

developed (268). CORs cao reportedly use electrons from the oxidation of cello­

oligosaccharides (26, 188, 270) to reduce free radicals to phenolics (12, 267, 279, 324),

quinones (76, 90, 323), Fe(llI) (76, 188, 189), Mn(llij (27), and Mn(IV) (266, 270). Thus,

CDH-mediated reduction produces Many lignin-based structures which are good

substrates for the laccases and MnPs commonly secreted by white-rot fungi during

delignification. The reduction ofO2 to 8 20 2 via superoxide is also reportedly catalyzed by

P. chrysosporium CDH in vitro (21, 76, 142, 220); however, O2 reduction rates are low
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compared to those ofmany other CDH substrates (326). A consequence of the wide range

of reductive reactions catalyzed by this enzyme bas been that the nomenclature for this

enzyme is in a state of flux. The term ·cellobiose dehydrogenase" (COR) is used in this

report to describe both f1avin only and heme-flavin cofactored proteins isolated ftom T.

versic%r. The heme-flavin cofactored enzyme with a similar activity from P.

chrysosporium, formedy referred to as cellobiose oxidase (CDQ), is also referred to as

cellobiose dehydrogenase (5). The term ·cellobiose:quinone oxidoreductase" (CBQ) is

used here ooly for the non-heme enzyme from P. chrysosporium.

Based on its broad substrate range and interaction with laccases, peroxidases,

cellulose, and Iignins, a wide variety of roles for COH in wood and industrial pulp

delignification have been proposed (6, IS, 104, 270). COH may he an essential

component of the delignification system in white-rot fungi. The objective of this study

was to determine some of the structuraI and catalytic properties ofthe T. versicolor CDRs

in arder to understand better their role in T. versicolor-mediated kraft pulp biobleacbing

and delignification.

2.3. Materials and Methods

2.3.1. Fungal Cultures

T. versic%r strain 521 was stored al -sooe and cultured on mycological broth

(MB) plates as previously described (2). For the production of CDR, the complex spore

gennination medium described by Canevascini (63) (Medium A; 0.5 gIL KCI, 0.1 gIL

MgS04'7H20, 0.1 gIL yeast extraet, 1 gIL KH2PQc,0.4 g/L Nl!&Cl), and 1 mL of a trace

metals solution (267) was inoculated with 4 agar plugs (1 cm dia.) taken from the

periphery of a growing colony of T. versicolor. Inocula for production cultures were

prepared in a 500 mL plastic Erlenmeyer flask containing 200 mL of Medium A, 5 gIL

glucose and incubated at 27°C for 4S h with shaking (r = 4.5 mm) at 200 rpm, followed

by transfer to 800 mL ofmedium A plus 5 gIL glucose to a 3.S L Fembach tlask tbat was

in tum incubated for 48 h agitated at 100 rpm (r = 4.5 mm). CDH production was done in

14 L of Medium A with 5 g/L ceUulose (Solka Floc) in aerated 20 L Nalgene carboys
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inoculated with 1 L ofa growing T. versicolor culture and shaken (75 rpm) at 27°C. The

culture was sampled every 12 h, clarified by centrifugation (10,000 x g; 5 min) and CDH

activity assayed.

2.3.2. Assays

COH activity in column fractions was monitored using the cellobiose-dependent

reduction of 3,5-di-tert-butylbenzoquinone(l,2) (TBBQ) at 420 nm (324). The assay

mixture contained Na- acetate (100 mM; pH 4.5), ethanol (20% v/v), ceUobiose (2 mM),

and TBBQ (0.33 mM). Otherwise, CDH aetivity was measured using the chlorpromazine

radical reduction assay, as described elsewhere (268). The use ofthis assay overcomes the

problem of laccase-mediated re-oxidation of the TBBQ reduced by CDH, which masks

the true extent ofenzyme aetivity.

The reductions of 2,6-dichIorophenolindophenol (DCIP), cytochrome c,

ferricyanide io~ and triiodide ion were measured SPectrophotometrically in a 1 mL assay

volume and enzyme activity was calculated using moJar extinction coefficients of 7100,

33700, 1040, and 26200 respectively. The kinetics of ceUobiose oxidation were measured

using 0.2 mM OCIP in 50 mM Na-acetate, pH 4.5. Fe(lll) reduction was measured in the

presence of 0.1% phenanthroline; the apPearaI1ce of Fe(ll)-phenanthroline was indicated

by an increase in absorbance at 510 nm and quantified using an experimentally

detennined molar extinction coefficient of 16200. The reduction of Cu(lI) ta eu(l) was

measured using 1 mM 2,9-dimethyl-4,7-diphenyl-l,10 phenanthrolinedisulfonic acid

(bathocuproinedisulfonic acid). Reduction to the Cu(l)-chelate was measured at 483 Dm

using a molar extinction coefficient of 12250 (92). Mn(lll)-maionate was prepared by

mixing 100 mM Mn(lIl)-acetate with 100 mM Na-malonate, stirring for 4 h at 23oC, and

fiItering (0.22 f.1Dl). The concentration of Mn(lIT)-malonate obtained was determined at

270 nm (molar extinction coefficient of 8000). Unless otherwise stated!t ail enzymatic

assays were performed al 23°C in 50 mM Na-acetate, pH 4.5, and 2 mM cellobiose.
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Cellobiose-dependent O2 uptake by CDH was measured with a polarographic

oxygen electrode (Rank Brothers, Cambridge, U.K.) at 25cC in a 3 mL closed cell. The

reaction mixture contained lOU/mL COR and 2 mM cellobiose in 100 mM Na-acetate

pH 4.5. Assays onder air were performed after f1ushing the reaction mixtures with 30 mL

of air from a syringe, while determinations under O2 were made after bubbling pure O2

through the assay mixtures for 1 min. H20 2 was determined by the addition of 600 V/mL

catalase to the reaction mixture and measuring the O2 produced. As a positive control,

H20 2 was added to the reaction mixtures to a final concentration of0.0125% and the borst

of O2 produced was measured. Both short term (5 min) and longer term (ovemight)

measurements ofO2 concenttation and H20 2 production were made.

2.3.3. PUrificatiOD Procedure

COB was purified from celluIolytic cultures of T. versicolor 521 exactly as

described elsewhere (266, 269). Briefly, CDH-containing culture liquors were subjected

to column chromatography in the foUowing sequence: DEAE-Sepharose, Sephacryl S­

300. and MonoQ (Performed twice). Between each step, fractions displaying CDH

activity were pooled and washed before being loaded onto the next column.

2.3.4. Enzyme kinetics

The Michaelis-Menten Km and Vmax values were determined for a number of

CDH substrates using Eadie-Hofstee plots ofkinetic data. TBBQ or OCIP were used as

the electron acceptor with various electron donors while ceUobiose was used as the

electron donor for electron acceptor trials. AIl determinations were at pH 4.5 in 100 mM

Na-acetate. TemperatUre optima of the two CDH enzymes were determined using a

thenno-jacketed cuvette holder and using TBBQ or DCIP and ceUobiose as substrates at

pH 5 in 100 mM Na-acetate. The optimal pH of CDH 4.2 was determined using 50 mM

Na-acetate (pH 4.0, 4.5, 5.0), Na-succinate (pH 5.5), K-phosphate (pH 6.0, 6.5, 7.0) and

Tris-HCI (pH 7.5, 8.0, 8.5).
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2.3.5. Eleetrophoresis

8DS-polyacrylamide gel electrophoresis was performed using a Pharmacia

~lultiphor apparatus with 8-18% gradient acrylamide gels against molecular weight

standards. lsoelectric focusing was performed with the Phast Gel IEF apparatus with pH

ranges of 3-9 and 2.5-6 in conjunction with appropriate IEF isoelectric point (pl)

standards (Pharmacia). Protein bands were visualized by staining with Coomassie blue

and CDH activity detected using 2 mM DCIP (pH 6) and 2 mM cellobiose.

2.3.6. Speetroscopy

Absorption spectra were recorded on a Perkin-Elmer Lambda 3

spectrophotometer at room temperature in a cuvette with a 1 cm path length. Enzyme

spectra were recorded in 20 mM Na-acetate buffer (pH 4.5). Enzymes were reduced using

cellobiose (2 mM).

2.3.7. Western blot

Purified CDH was separated by SDS-PAGE using ExcelGel SOS 8-18 and the

Multiphor electorphoresis system (pharmacia) and the procedures recommended by the

manufacturer. Samples were prepared by diluting them 2-fold in 2x SOS-PAGE sample

buffer (0.5 M Tris-CII0.4% S08/20% glyceroU3% DIT/O.001% bromophenol blue),

placing them in a boiling water bath for S min, then setting the samples on ice for 5 min.

Electrophoresis was carried out at 600 V for 60 minutes at 10°C. Following

electrophoresis, proteins were transferred to a polyvinyldienetluoride (PVDF) membrane

(lmmobilon-P; Millipore) using a Nova-blot semi-dry transfer system (pharmacia) and the

recommended procedures. Transfer was effected using a current of 0.8 mA/cm2 of

membrane for 60 min. Proteins transferred to the PVDF membrane were visualized by

staining with Ponceau-S Red and the locations of the moiecular weight markers was

noted. The membrane was destained in 0.1 N NaDH and rinsed thoroughly with water.

The membrane was dried by placing it al 37°C for 60 min. Proteins reaeting with a rabbit

anti-P. chrysosporium CDH POlyclonal antibody (polyAb) were deteeted using a
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chemiluminescent Western blotting kit (Boeheringer-Mannheim). The anti-CDH polyAb

was used at a dilution of 1:20,000 for detection.

2.4. Resolu

2.4.1. PurifieatioD of CDH

COR synthesis was found to he strongly induced in T. lIersicolor by ceUobiose

and cellulose (data not shown), and the latter was used as a carbon source for the growth

of the fungus for enzyme production. Under these conditions, each 15 L culture contained

at harvest homogeneous 3-4 mm. spherical white fungal colonies filling the lower third of

the carboy. Nearly all of the CDH enzyme activity was found extracellularly as two

proteins easily separable on non-denaturing polyacrylamide gels (266). The tinte of

harvest ,vas critical as, after peaking, medium CDH aetivity would fall in a few hours to

virtually zero. The CDHs secreted by T. lIersicolor 521 during growth on Solka Floc

cellulose were isolated and purified from the culture medium in four steps. The initial

separation on DEAE..Sephactyl gave three activity peaks (Figure 2.1).

Fractions containing the first CDH activity peak (Figure 2.1A, peak 1) were

pooled and subsequently purified. The fractions containing the 5eCilnd CDH activity peak

(Figure 2.1A, peak 2) were also pooled and further purified (Figure 2.1B, C). The

smallest peak from the DEAE column (Figure 2.1 A, peak 3), had a higher CDH activity

than implied by the graph since it co-eluted with a laccase activity (not shown) that re­

oxidized the TBBQ. These fractions were pooled and purification was attempted, but the

CDH activity declined to zero. The instablility of the activity of this peak May have been

due to proteolytic activity that co-eluted with the CDH. Indeed, instability ofactivity was

a problem throughout the purification, aIthough the pooled fractions from the MonoQ

column remained stable when stored at 4°C.

Unfortunately, this procedure often gave very low yields and high losses,

especially in the ion-exchange steps. More recently, bath the yield and stability of CDH

have been improved by harvesting early, when there is only about 5 chlorpromazine units
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per mL ofCDH in the supematan~and by changing the buffer used throughout to 10 mM

ammonium acetate t pH 5.0 and using linear 10-500 mM gradients of the same buffer to

elute the DEAE and MonoQ columns. Post-harvest COR activity losses appear ta he due

largely ta proteolytic cleavage with active CDH fragments of 47,000 and 57,000 kDa

often found (266).

Purification of COR peak 1 activity gave a pale yellow solution. The molecular

weight ofthe protein was estimated ta he 81 kDa by SOS-PAGE, although multiple bands

were observed that were probably due ta proteolytic degradation (Figure 2.2). By

isoelectric focusing, the pIaf COR peak 1 was determined. ta he 6.4 (266). Therefore

CDH peak 1 was designated CDH 6.4.

Purification of CDR peak 2 yielded a red-brown protein producing a band on

SOS-PAGE gels with an estimated molecular weight of 97 kDa (Figure 2.2). The protein

aIso appeared ta he degraded, since multiple bands were observed all of which reacted

with anti-P. chrysosporium COR POlyAb (Figure 2.2). Furthennore, when a non­

denaturing PAGE gradient gel (l0-25%) was stained for activity using DCIP or for

protein with Coomassie blue, a single diffuse band was observed (not shown). Isoelectric

focusing gave a pl of 4.2 for CDH Peak. 2 (266) and sa in subsequent discussion, it is

designated CDH 4.2.

CDH 4.2 showed maximal activity with TBBQ in acetate buffer at pH 5.0.

(Figure 2.3). However, when DCIP was used as substrate, the pH optimUDl shifted ta 4.5

and the relative activity was higher at most pHs assayed With TBBQ as substrate,

enzyme activity was optimal at 50°C, and was rapidly lost at temperatures >60°C (50%

inactivation in 30 s at 60°C). Rowever, with OCIP as substrate, a shift in the temperature

optimum to 55°C was observed. Furthermore, CDH activity was gready enhanced at the

higher temperatures assayed (55-65°C) with DCIP as substrate compared to TBBQ. OCIP

reductive activity was completely lost at 70°C. The temperature profiles of CDR 4.2 and

COR 6.4 were identical using DCIP as substrate (Figure 2.3). Thus, the nature of the
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substrate reduced by CDH appeared to have a large effect on the useful pH and

temperature ranges ofthe enzyme.

The purified COHs (3 mg/mL) were stored at 4°C in sterile buffer for over a year

without substantial loss of enzymatic activity, but lost 30-50% of their initial activity

when frozen and thawed. Lyophilization resulted in complete inactivation of the CDH

proteins. Full activity was maintained by storage of the enzymes in 50% glyceroll20 mM

Bis-Tris pH 4.5 at -20°C.

2Â~.ComdonofCDH4~aDd6A

FAD was previously determined ta he a cofactor ofCDH 4.2 and CDH 6.4, with

approximately one FAD Molecule per protein molecule (266). Subsequent extraction of

CDH 4.2 with acidified acetone and preparation of a pyridine hemochromogen extract

yielded a solution with a strong absorbance at 555 Dm (266), demonstrating that the

enzyme~s heme was of the cytochrome h type, similar to P. chrysosporium CDH (27,

220).

2.4.3. Spectrophotometrie analysis ofeDH reduction

CDH 6.4 displayed absorption peaks at 457 and 496 nm (266), as bas been

observed for the CBQ from P. chrysosporium (221, 325). Addition of Na2S0) or

cellobiose eliminated these peaks, presumably by reduction of the FAD (266). CDH 4.2

had an A..2ofA280 ratio of 0.53-0.59, which is similar to values previously reported for the

P. chrysosporium CDH (140).

Oxidized CDH 4.2 differed from oxidized COR 6.4 in having absorption peaks

at 410 Dm and 530 nm (Figure 2.4). When CDH 4.2 was reduced to the ferrous form with

cellobiose, the absorption maxima were shifted to 418 and 548 nm and the molar

absorptivities of the peaks were increased (Figure 2.4). The observed decrease in

absorption between SOO and 450 Dm upon reduction by cellobiose (Figure 2.4) bas been

associated with the reduction ofthe flavin cofactor in P. chrysosporium COR (27, 220).
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2.4.4. Catalytic properties of T. venicolor CORs

With TBBQ as the electron acceptor, both CDHs oxidized ceUobiose as their

preferred substrate (Table 2.1), though lactose was used at lower but very significant

rates. Previous work bas shown that cellotriose is oxidized by CDR at rates similar to

lactose (266). The enzyme will not significantly oXÎdize glucose or any other of the

monosaccharides tested at realistic concentrations, although very slow oxidation was

observed in 1.5 M glucose (data not shown). Both CDR isoforms are quite specific for the

f3-1,4 glycosidic bond, since of the disaccharides teste~ ooly cellobiose (glc-B-I,4-glc)

and lactose (gal...B-I,4-gIc) were measurably oxidized (Table 2.1). The specificity ofCDH

for gIucose-containing saccharides is revealed by the fact that lactose, which difÏers from

cellobiose only at the epimeric C-4 of the galactose residue, is oxidized at a much lower

rate than cellobiose (Table 2.1). Tbough oxidation of the cello-oligosaccharides by CDH

was not detectable in a short (5-10 min) assay, TBBQ reduction by COR was detectable

with longer (6-24 h) incubation periods (266). CDH 4.2-mediated oxidation of cellulose

was aIse detected using a more sensitive assay which showed a marked CDH-dependent

increase in the number ofcarboxylic acid groups on insoluble cellulose (268).

Consistent with the low reduetive specificity ofsimilar enzymes isolated &om P.

chrysosporium, CDH 4.2 from T. versicolor 521 readily reduced a wide range of

substrates, including positively and negatively charged ions, quinones, and various cation

radicals (Table 2.2; (266». However, T. versicolor COR was evidently unable to reduce

O2 to H20 2 (Table 2.2), a capability which bas been suggested to he a fonction of P.

chrysosporium COR (21). In short term (5 min) assays in pure oxygen, and in longer term

(ovemight) assays in air, neither a decrease in dissolved oxygen concentration nor the

presence of newly produced H20 2 was detectable. In determining the detection limit for

this assay, we assumed that a change in oxygen concentration corresponding to 2% of the

full scale (set to 240 J.1M onder air and 1200 J,lM under oxygen) would he detectable.

Therefore, we should have been unable to detect a change in O2 concentration of less than

4.8 J,lM under air and 24 f.1M onder oxygen; these values were used to calculate detection
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limits for the assay shown in Table 2.2. Thus these observations do not absolutely mie out

oxygen reduction by T. versic%r CDH, but the rate of O2 reduction must he very slow,

especially since it was undetectable after 16 hours of incubation. Furthermore, all O2

reduction assay mixtures were checked after the O2 assay for CDH activity by removing

the assay mixture to a tube containing 100 flM DCIP; in each case, decolourization ofthe

DCIP was noted, verifying that the reaction mixture could carry out CDH-dependent

reduction.

A comparison of the reductive activities of CDH 4.2 and CDH 6.4 with various

substrates revealed that the two enzymes possess similar substrate specificity among non­

metallic substrates, but CDH 6.4 had a higher Km and lower turnover numher 0ceaJ and

maximum velocity CVmaJ for ail of the one-electron acceptors tested (Table 2.2). Among

transition metals the differences were very pronounced. Oxidized fonns of the three

transition metals (Fe, Mn, and Cu) suspected of involvement in fungal delignification

were far more readily reduced by CDH 4.2 than by CDR 6.4. In fact, the latter enzyme

was entirely unable to reduce cytochrome c or ferricyanide ions, substrates rapidly

reduced by COR 4.2 (Table 2.2, Figure 2.S).

2.4.5. Stability ofeDH

It was observed during production of CDH in the carboys that early COH

production was largely CDH 4.2 (as determined by the cytochrome c reduction assay) but

that by day 6 or 7 of culture growtb it was mostly COR 6.4, and that the latter enzyme

activity was much less stable through the purification procedure. From days 3 to 7 or 8 of

the carboy culture growth of 521, COR activity rose at an increasing rate~ peaking al 13­

17 chlorpromazine units per mL, followed by a ·crash· in which virtually all CDH

activity disappeared within 8...10 h. AlI of this is consistent with proteolytic degradation of

CDH 4.2 to CDH 6.4 and finally to inactivity. The studies ofHabu et al. (132), Wood and

Wood (327) and Eggert el al. (100) have shown that in the P. chrysosporium system

secreted proteases cleave the hemeltlavin CDH (analogous to T. versic%r CDR 4.2) to

the flavin-only C8Q (analogous to T. versic%r CDH 6.4) and an inactive heme domain.
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2.S. Discussion

Archibald bas demonstrated that aIl of the essential components of the T.

versicolor biobleaching system are present in the extraeellular supematant of actively

bleaching cultures (14). Though oxidative enzymes such as MnP and laccase do carry out

a useful level of hardwood and softwood kraft pulp delignification, their effect is not as

extensive as tbat observed when whole fungal cultures are used (47, 234). One hypothesis

posits that a catalytic oxidative and reductive cycling of lignin substrates is established by

ligninolytic cultures of T. versicolor and which favours a net dePOlymerization of Iignin

(270). Similar catalytic schemes have been proposed by other investigators for the in vitro

depolymerization oflignosulfonates by peroxidases and glucose oxidase (129,235).

COH is the only extracellular enzyme known in T. versicolor biobleaching

cultures that can reduce aromatic substrates and organic Cree radicals. T. versicolor 521

secreted CDH isoforms into the culture medium under nitrogen-sufficient conditions

when either cellulose or cellobiose was the carbon source, conditions similar to those

under which biobleaching is observed (2,233,256,267).

The reductive activities of these two enzymes were similar to the equivalent

enzymes isolated from P. chrysosporium (Table 2.3; (21, 27, 220, 221, 279, 324). A

notable difference of the T. versicolor heme-tlavin enzyme from those ofother fungi is its

inability to reduce oxygen to hydrogen Pel'oxide. Henriksson et aL (142) hypothesized

that the function of the heme group in P. chrysosporium CDU is to augment the reaction

rate with l-electron acceptors, since only the reaction rate with l-electron acceptors was

significantly affected by the removaI of the heme domain. We did not specificaIly test this

hypothesis with the T. versicolor COUs. In addition, there is some ditference in the

apparent MW of the CDH proteins isolated from T. versicolor and P. chrysosporium.

CDH 4.2 from T. versicolor gave a MW of 97 kDa on SOS-PAGE gels (Figure 2.2),

somewhat larger than most reports of the equivalent enzyme from P. chrysosporium,

which generally give an apparent MW ofaround 90,000 (107, 143, 327). However, other

groups have reported the MW of P. chrysosporium CDH to he 98,000 (279) and as high
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as l02~OOO by SDS-PAGE (21). Recently, Li et al. (20I) have reported a calculated

molecular wight of80,115 Da for P. chrysosporium CDR based on a cDNA sequence of

23 19 base pairs (773 amino acids, including an 18 amino acid signal peptide). The

discrepancy between the apparent MW of the CDH enzyme of P. chrysosporium as

measured by SDS-PAGE and as calculated from the cDNA sequence is probably due to

glycosylation. A range of MW values for the CBQ (flavin only) enzyme of P.

chrysosporium bas a1so been reported, from about 60,000 (107, 327) to 75,000 (279). The

equivalent enzyme from T. versicolor, the flavin-only CDR 6.4, migrated on SDS-PAGE

gels with an apparent MW of81,000 (Figure 2.2).

Purified preparations of the two quinone-reducing enzymes yielded two proteins

with a ten-foid difference in their specific activities when TBBQ was used as the quinone

substrate. The smaller, flavin-only enzyme, CDH 6.4, showed lower activity toward all

substrates tested compared to the larger~ heme-tlavin CDH 4.2. Moreover, CDR 6.4 was

unable to reduce cytochrome c or ferricyanide ions onder the conditions tested and

reduced Cu(II), Fe(lll), or Mn(lll) ooly very slowly, while CDH 4.2 rapidly and

efficiently reduced aU of them. When COR 6.4 reduced Fe(Ill) and Cu(II), the Km values

were in the millimolar range and rates of eatalysis low, compared to micromolar Km
values and rapid catalysis by CDH 4.2 (Table 2.2). The concentrations of these ions are

likely to be in the micromolar range onder physiological conditions. Thus the presence of

CDH 4.2 May render ail three metals more bioavailable, produce Iignin-oxidizing Mn(lll)

directly, and promote Fe(ll) and Cu(l)-driven Fenton's chemistry. In a Fenton's reaction,

Fe(lI) or Cu(l) (135) reacts rapidly with H20 2 to form Fe(llI) or Cu(Il) and the hydroxyl

free radical (.OH). This radical bas been implicated in cleavage reactions of both

cellulose (136~ 293) and lignin (300). Although CDH from T. versicolor bas been shown

to not generate hydrogen peroxide, even onder extended exposure to pure O2, sorne

peroxide is certainly present under delignifying conditions since it is required to sustain

MnP activity. The reduction of Mn(lll)-maionate by CDH may he important in

dampening Mn(lll) oxidative activity on Iignin; thus, in addition to supporting MnP
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activity by providing Mn(ll) from insoluble Mn(lV) (270), CDH May dampen the effeets

ofMnP aetivity.

The lower specifie activity, yiel~ and molecular weight ofCDR 6.4 compared to

COR 4.2 May he heeause COR 6.4, like the P. chrysosporium flavin only CBQ (132), is

formed from CDH 4.2 by proteolysis and heme loss. CDH 4.2 may fragment because: (a)

the herne domain of the protein is not covalently linked to the rest of the protein and

spontaneously dissociates; (b) the protein bas an autoproteolytie activity; or (c) COR 4.2

is partially degraded by a protease. The first two are not likely~ since purified COR 4.2 is

quite stable at 4°C in dilute buffer. In P. chrysosporium, the heme and flavin domains are

reportedly joined by a protease-sensitive region since not ooly proteases from this fungus

(132), but also staphylococcal V8 protease (327) and papain (143) cleave the protein ta

yield heme- and flavin-containing fragments. Recently Eggert et al. (100) have shown

that at least three proteases from P. chrysosporium can cleave cellulose-bound COR. Two

ofthese proteases (designated n and ml, cleave COR in the presence ofcellobiose alone,

which suggests that the enzyme is susceptible to proteolysis ooly in its reduced form

when its quinone or free radical substrates are absent. If in the T. versic%r system CDH

6.4 is indeed a proteolysis product ofCOR 4.2, then this c1eavage could serve to modulate

the activity of COR 4.2. This eould he especially relevant in terms of the Fenton's

reaetion; the ability of CDR to sustain a Fenton's reaetion by reducing fenie and cupric

ions to ferrous and euprous ions would he greatly deereased under physiological

conditions by the cleavage of COR 4.2 to COR 6.4. If: however, COR 6.4 is transcribed

from a separate gene, then the smaller enzyme may he playing another role in

lignoeellulose degradation. The possible proteolytic cleavag~ of CDH 4.2 to COR 6.4 is

currently under investigation.

The heme-containing CDH of P. chrysosporium bas been thought to serve

primariIyas a generator ofH20 2 (21); however our results (Table 2.2) for the T. versic%r

enzyme and thase of others for P. chrysosporium (326) are not consistent with this

hypothesis. Both CDH 4.2 and 6.4 reduced quinones, organic radicals, and Fe, Cu, and
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Mn complexesy but neither reduces O2 ta O2- or ta HP2 (Table 2.2). Though the list of

quinones reduced by T. versicolor COR was extensive.. many para-quinones are ooly very

slowly reduced, unlike most ortho-quinones, cation radicals, and Fe(lll), Cu(ll) and

Mn(lIl).complexes which were readily attacked (Table 2.2; (266».

2.6. ConclusioDs

(1) T. versicolor CDH 4.2 is similar to the CDH proteins reported from P.

chrysosporium in having FAD and beme cofactors, ~ing of simiJar size, binding ta

cellulose, and heing able to reduce Many quinones, organic radicals, and metal ions. It

differs at least in its inability ta reduce O2 ta H20 2 in the presence of a suitable electron

donor.

(2) COHs 4.2 and 6.4 specifically oxidize P1-4 linked glucose polymers. Using

one of these as an electron source, CDH can reduce a broad range of quinone and non­

quinone substrates. These CDH proteins are bowever unable to rapidly reduce some bulky

para-quinones.

(3) COH 6.4 bas an FAD cofactor only and is less efficient at catalyzing ail

substrates tested than is COR 4.2. Compared to COH 4.2, COH 6.4 is almost inactive in

reducing Fe{ln), Cu(ll), and Mo(ln) complexes. As appears to he the case ~ith the P.

chrysosporium tlavin-only COH, COH 6.4 MaY he a proteolysis product ofCOR 4.2.

(4) Neither protein is a useful generator of hydrogen Peroxide, but bath bind to,

oxidize, and are induced by cellulose and kraft pulpe

(5) T. versicolor COH 4.2 MaY complement MnP activities in delignification by:

(a) oxidizing cellobiose, cellooligomers and cellulose ta effective Mn-complexing agents;

(b) reducing Mn02 to Mn(ll) and Mn(lll), tbus rendering Mn available to MnP as well as

inducing MnP; (c) producing Mn(llI) complexes directly, and; (d) producing pbenolic

substrates for MnP. Moreover, COR 4.2 may dampen Mn(ln) oxidative activity toward

lignin by reducing the ion ta Mn(ll).
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(6) By reducing Mn(lV) and Mn(lll) to Mn(ll), and Cu(ll) and Fe(llI) to eu(l)

and Fe(ll) respectively, CDH 4.2 cao effectively solubilize and render more available

these essential metals in the extraeellular milieu.

(7) CDH 4.2 may promote cellulose and hemicellulose polymer degradation by:

Ca) reducing end oxidation; and (h) by promotion of -OH-mediated polymer cleavage via

Fe(III) and Cu(lI) reduction in the presence ofhydrogen peroxide.

(8) The temperature and pH ranges of CDH 4.2 are dependent to a significant

extent on the nature ofthe substrate which is reduced by the enzyme•
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Substrate CDH 6.4 activity CDH 4.2 activity

(peak 1) (peak 2)

U/mg U/mg

Cellobiose (glcB1,4-glc) 3.6 ± 0.51 25 ±0.4

Cellotriose' 1.6 ± 0.14 17±0.4

Lactose (glcB1,4..gal) 1.8 ±0.17 3.1 ± 0.0

Mannitol' 0.34± 0.03 0
Sorbose! 0.36 ±0.06 0.1 ±0.004
Raffinose' 0.49 ± 0.11 0
Cellulose oligomers1 0 NQ2

Bacterial cellulose! 0 0
Whatman cellulose' 0 0
Solka Floc cellulose l 0 0

1 Data from (266)

2ND = not detennined
. . .

Table 2.1 COH acnVlty uslDg vanous sugars as electron donors. The eleetron acceptor was TBBQ or DCIP
in 100 mM Na-acetate. pH 4.5. Each assay was monitored for less than ten min (shon-tenn assays). Results
are the means of duplicate detenninations ± standard deviatioDS. [n addition to the substrates shawn. 0­

glucose. L-arabinose. o-fruetose. o-galactose. o.gentobiose. o-gluconate. glycerol, glueuronate, sorbitol, 0­

xylose. sucrose, maltose. and D-mannose were tried and could not serve as electron donors for COR in this
short-tenn assay.
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CDH 4.2 CDH6.4

Substrate Â Km Vrnax keal Km Vlnall kcAl

(nm) (pM) (pmol/min/mg) (S"I) (pM) (pmol/minlmg) (S·I)

CeIlobiose1 520 120 6.3 6.1 220 1.9 1.5

DCIP 520 7.8 5.0 4.8 30.8 1.8 1.4

Cytochrome c 415 7.8 10.5 10.2 --- 0 0

Fe(CN)l" 420 110 5.4 5.2 --- 0 0

Fe(lIl) 510 2.4 2.3 2.2 480 0.18 0.2

Cu(lI) 483 0.89 2.6 2.5 123 0.81 0.7

O2 --- --- <0.08 <0.07 --- <o.os <0.07

Used DCIP (0.2 mM) as the electron acceptor.
Table 2.2 Comparison of die reductive activites of CDH 4.2 and CDH 6.4. Reaction mixtures comained 2 mM cellobiose and 50 mM Na acctale, pH 4.5, 10
which various concentrations of subslrate were added.
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T. versicolor P. chTysosporiunr

K:haracteristic CDH4.2 CDH6.4 CDHlCBO CBQ

(bemeIFAD) (FAD) (hemeIFAD) (FAD)

MW 97 kDa3 81 IDa3 90kDa 55kDa

A.-mlAun 0.57 - 0.63 -
pl 4.2 6.4 4.18 5.45

T (optimum) 5Q-60°C SQ-60°C sooe NR4

pH (optimum) 4.5-5.0 MY 5 NR
Reduction of:

I~-

K..,(IlM) 850 ND 0.2 0.3
~ (5-1) 2.2 ND 17 14

CJ1:0chr0me c

Km (pM) 7.8 0 0.3 0.3?
k..,.r (5-1) 10.2 0 13 0.07

Fe(CN)i&iJ-

K", (,Ml 110 0 7000 4000
k.... (5-1) 5.2 0 5.5 1.0

1A11 assays were done at 23°e in 50 mM Na-acetate buffer, pH 4.5 in a volume of 1
mL

2Prom: Hemiksson et al. (142)

3MW measured by SOS-PAGE

4NR. not reported

SND, Dot detennined
-Table 2.3 Comparison of T. v~TS'color CDH ID the anaIogous P. chrysosponum proœins.
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Figure 2.1. Purification of CDH. Concentrated and dialyzed culture supematant was passed througb
DEAE-Sephacryl (A) equilibrated with Bis-Tris butTer (20 mM~ pH 6.S)~ washed with 1 liter of the same
buffer and eluted with a linear gradient of NaCI (0-1 M in 2 Hters) (266). Pooled fractions displaying
TBBQ reducing aetivity were concentrated using Amicon YM-IO membranes~ washed with 20 mM Bis­
Tris pH 6.5. and loaded onto a Sephacryl 5-300 column (8) which was eluted with the same buffer. Pooled
Sephacryl fractions were again concentrated and wash~ then loaded onto a MonoQ column (Pbarmacia)
(C) and eluted with a )inear NaCI gradient (0-400 mM). Active fractions were pool~ conccn~ and
washed with 20 mM Bis-Tris pH 6.5. The grapbs in (B) and (C) show the purification of CDH peak 2
(COR 4.2). Each fraction was assayed for CDH aetivity by measuring the rate of change of absorbance al
405 nm in the presence ofTBBQ and celJobiose.
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Figure 2.2. SOS-PAGE and Western blot of T. venic%r COR 4.2 and CDH 6.4. A. SOS-PAGE. Aliquots
of CDH 42 and COH 6.4 purified as descnbed in Materials and Metbods were subjected to SOS-PAGE in
the presence of dithiothreitol and stained with Coomassie blue. Lanes: l, T. versic%r COH 4.2; 2, P.
chrysosporium COH; 3, anotber preparation of T. venic%r COR 42; 4, T. versic%r COH 6.4; M,
Molecular weight markers (phosphorylase b, 94 kDa; bovine serum albumin, 67 kDa; ovalbumin, 43 kOa;
carbonic anhydrase, 30 kDa; soybean trypsin inhibitor, 20.1 kDa; a-Iactalbumin. 14.4 kOa). B. Western
blot of purified CORs. An SDS-PAGE gel similar to mat shown in A was blotted to a PVDF membr.me
and probed using anti-P. cJuysosporium CDR polyclonal Ab as described in Materials and Metbods.
Lanes: 1. T. versicolor COH 4.2; 2, T. versicolor COR 6.4; 3, T. versicolor COR 4.2 (corresponds to
A, lane 3); 4. P. chrysosporium COR. The locations of the molecuIar weigbt marker bands (same as in
A) are indicated. C. Determination of the molecular weigbts of COR 4.2 (*) and COR 6.4 (+) by SDS­
PAGE. The relative migration <Rt) of the higbest MW antibody staining bands from each preparation was
measured and compared to standards e->.
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Figure 2.3. pH and temperature profiles of CDH 4.2 and 6.4. A. The COR 4.2 pH range was
determined using 0.33 mM TBBQ~ (266) or 0.2 mM DCIP~ as substraœ and cellobiose (2 mM) in
50 mM Na citrate (pH 3.0, 3.5), Na acetate (pH 4.0,4.5, 5.0), Na succinate (pH 5.5), K-phospbate (pH
6.0. 6.5. 7.0, 7.S) and Tris-HCI (pH 8.0, 8.5) buffers as descnbed in Materials and Metbods. Values
shown are the means of triplicate determinations. B. ReducÎDg aetivity of CDH 4.2 and CDH 6.4 at
various temperanues. Activity of CDH 4.2 was measured in 50 mM Na acewe buffer (pH 5.0 for
TBBQ; pH 4.5 with DCIP) with 0.33 mM TBBQ (~ (266) or 0.2 mM DCIP~ and 2 mM ceUobiose
as substrates. The temperature depeodaDce of CDH 6.4 (Â) wu measured using 0.2 mM DCIP as the
electron acceptor onder the same conditions as CDH 4.2. Values sbown are the means of dupIicaae
delerminations.
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Figure 2.4. Visible specuum ofoxidized (-) and reduced (-) CDH 4.2 in 50 mM Na-acewe buffer (pH
4.5). The enzyme was purified as descn1Jed and the absorbance profile recordcd. The enzyme was reduced
by adding 2 mM ceUobiose to the enzyme preparation.
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Figure 2.S. Reduction of feme. cuprie. and manganic iODS by COR 4.2 and COR 6.4. A. Reduction of
Cu(II) by COR 4.2 and COH 6.4. Assays were performed as descnOed in Materials and Methods. To
each mixture was added 5 pg COH 4.2~ or 10 PI of CDH 6.4 (.). and the appearance of Cu(l) wu
monitored at 483 Dm. ResullS were caIculated using an extiŒtioD coefficient of 12.25 mM-1

• B.
Reduction of Fe(lll) by COR 4.2 and CDR 6.4. Assays were performed as described in Materiats aud
Methods. Ta each mixture wu added 10 PI of CDH 4.2 (-) or 30 PI of CDH 6.4 (.). and the
appearance of Fe(ll) was monitored al 510 DDl. Results were calculated using an experimentally
determined extinction coefficient of 16.2 mM-I . C. Reduction of Mn(lU)-malonate by CDR 4.2 and
COH 6.4. Each reaction contained: 50 mM Na aœtate. pH 4.5; 2 mM ceUobiose; and Mn(Dl)-malmwe
(prepared as described in Materials and Methods). Ta cach mixture was added 10 pg of CDR 4.2 (II) or
20 JLg of COR 6.4 (A). The n:duction of Mn(Ol)-malcmate was monitored al 270 DDl•
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PREFACE TO CliAPTER3

The purification and characterization of T. versicolor CDH as described in

Chapter 2 revealed a number of interesting features. The enzyme ap~-d to he more

similar both catalytically and structurally to P. chrysosporium CDH than was previously

thought. In additio~ a number of its catalYtic caPabilities supponed hypotheses

previously formulated to explain its role in the degradation of both lignin and cellulose.

For example, the reduction ofFe(Ill) and Cu(ll) could support the production ofhydroxyl

radicaIs, which can cleave both fignin and cellulose. To probe funher the molecular

features of this enzyme, and to acquire the tools required for a molecuIar analysis of T.

versicolor cdh, we undertook the cloning and sequencing ofthe gene encoding CDH in T.

versicolor. Sïnce neither genomic nor cDNA libraries were available from our stI'ain, the

first step involved the construction ofsuch libraries (described in Appendices 1 and 2). To

probe the genomic library, we obtained a cDNA clone encoding CDH from P.

chrysosporium (201), which was generously provided by Dr. V. Renganathan. The

results, described in the foUowing chapter, have been published elsewhere (96). K.

Bartholomew helPe<i with the production of the genomic library by producing the size­

selected Sau3A-digesed genomic DNA. 1 performed all other experiments, with the

guidance of K. Bartholomew, S. Moukha, T. Charles, and F. Archibald. The sequencing

of the cdh cDNA clone iso1ated by RT-PCR was done commercially.
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3.1. Abstract

Cellobiose dehydrogenase (CDH) is an enzyme produced under lignocellulose­

degrading conditions by T. versic%r strain 52J and several other wood-degrading fungi

including P. chrysosporium. In order to understand better the nature and properties of this

enzyme, we isolated a genomic clone of T. versic%r cdh using heterologous probes

derived from the sequence ofP. chrysosporium cdh. DNA sequence analysis revealed that

T. versic%r cdh consists of 3091 bp of coding sequence interrupted by 14 introns.

Southem blotting showed that the gene was present in a single copy in the strain of T.

versicoJor analyzed. T. versic%r cdh was shawn by Northem blot analysis to he

expressed as a single ttanseript under cellulolytic conditions. RT-PCR ofpoly(AY RNA

isolated under cellulolytic conditions was used to generate a near fuIl-length cDNA copy

of the cdh mRNA. The deduced protein encoded by T. versicolor cdh coosists of 768

amino acids (aa), including a predicted 19 aa signal peptide. The protein had 73% identity

to the correSPOnding protein from P. chrysosporium, which is the ooly other CDH­

encoding gene that bas been cloned. Based uPOn its deduced primary structure and

alignment to similar sequences, T. versicolor CDH shares a general structural

organization with P. chrysosporium CDH and other hemotlavoenzymes. Amino acid

residues HI 09 and M61 in the N-terminal heme domain are hypothesized to function in

berne binding; the C-terminal f1avin domain contained a consensus sequence for f1avin

binding benveen residues 217-222. Although the protein is known to bind to cellulose, no

obvious homology to bacterial or fungal cellulose binding domains was observed.

However, strong homology was observed to a region of P. chrysosporium CDH that is

hypothesized to he involved in cellulose binding.

3.2. IDtroduetioD

T. versic%r is a white-rot basidiomycete fungus known to secrete at least three

classes of oxidoreductases, namely laccase, manganese peroxidase (MnP), and cellobiose
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dehydrogenase (CDH), during growth under lignocellulolytic conditions (18, 233).

Purified laccase and MnP derived from T. versic%r strain 521 have been shown to he

capable ofindustrial kraft pulp delignification (18). ln vivo, these enzymes· are thought to

interact extensively in order to bring about the degradation of lignin and cellulose during

wood biodegradation (12, 18). CDH is a hemoflavoenzyme which preferentially oxidizes

cellobiose and reduces a wide range ofsubstrates (reviewed in (11, 12, 107). ln vitro, the

enzyme bas a number of interesting properties that could contribute in vivo to the

degradation ofboth lignin and cellulose; it reduces phenoxy radicals generated by laccase

and prevents their repolymerizatio~ it generates cellobionie aeid which can chelate

Mn{lII) produced by MnP, and it reduces insoluble Mn02 and thereby renders Mn(lI)

available ta the MnP catalytic cycle (270). Furthermore, CDH bas the ability to reduce

Fe(III) and Cu(ll) which can sustain a Fenton's reaction in which Fe(fi) or eu(l) react

with H20 2 to produce highly reactive hydroxyl radicals (-OH) that can chemically attack

both lignin and cellulose (6, 7, 188, 189, 269, 328). Although the in vitro biochemica1

abilities of CDH allow many hypotheses ta he made regarding its true in vivo role in

IignoceUulose degradation, the exact nature ofthat role remains unclear (6, 141).

COR is found in cellulolytic supematants of T. versicolor cultures predorninantly

in two isofonns: a large (97 kDa, measured on SOS-PAGE gels) isoform with both heme

and flavin cofactors, and a smaller (81 kDa) protein with a flavin cofaetor (269). The

Iarger protein possesses ail of the biochemical capabilities of the smaller enzyme along

.with several unique properties, including the ability to reduce fenie and cupric ions (269).

This led to the hypothesis that the flavin-only isoform is a proteolytic cleavage product of

the larger heme-flavin enzyme, as is the case for P. chrysosporium COR (132,327). CDH

may he c1eaved as a means ofregulating its activity (100); for example the cleavage ofthe

heme-flavin isoform to the flavin isoform would eHminate the ability ofCOH to sustain a

Fenton's reaction (269), thereby reducing the .OH-mediated cleavage of lignin and

cellulose. Proteolysis is one of only a few mechanisms by which T. versic%r could

control the activity of its extraœllular enzymes in order to reduce the degradation of

lignocellulose in areas distant from the fungal Mycelium.
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In order to gain more information about the structure, fi.mction, and regulation of

T. versic%r COR, and eventually ta attain further insight into its role in lignocellulose

biodegradation, we cloned and sequenced a CDH-encoding gene from T. versic%r strain

52J.

3.3. Materials and metbods

3.3.1. OrganisDl and culture conditions

The fungal strain employed in this study, T. versicolor 521 (ATCC 20869) is a

monokaryon which was derived from a wild dikaryotic isolate by protoplasting (2). This

strain has been sho~n previously to eftectively biobleach and delignify unbleached

industrial kraft (chemicaI) pulp (18). T. versicolor 521 produces CDR when grown on a

defined medium containing cellulose as the carbon source (269).

3.3.2. Construction of a geDomie library

High molecular weight DNA was isolated from T. versic%r strain 521, partiaIly

digested with Sau3A, and size fractionated on a 100/0-40% sucrose gradient using standard

procedures (20). Fragments of approximately 12-18 kb were pooled, dephosphorylated,

and ligated into BamIn-digested Â. GEM-12 arms (promega). An aliquot (0.5 J,lg) of the

ligation mixture was packaged using a GigaPack Gold packaging extract (Stratagene) and

plated on E. coli NM539 (Promega). The packaged phage was amplified once in E. coli

NM539.

3.3.3. IsolatioD of T. ~rsicolo' cdlr

Duplicate plaque lifts of 20,000 clones from the genomic Iibrary were screened

with two probes derived from the P. chrysosporium cdh cDNA (201). The 5' end probe

was a l kb SacI-generated fragmentencoding the entire beme domain and the N-terminus

of the flavin domain, and the 0.5 kb 3' end probe was a BgnI-ApaI digestion product of

the P. chrysosporium cdh cDNA encoding the C-terminus of P. chrysosporium CDR.

Hybridization was effected using Sx SSC/Sx Denhardt's solution (1OOx = 2% BSA, 2%
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polyvinylpyrrolidone, 2% FicoU 400)/0.5% snSl20 J1g1mL denatured sheared salmon

sperm DNA (Pharmacia) at 56°C for hybridization and 2x SSC/O.5% SOS at 56°C for the

most stringent wash. Clones that hybridized to bath probes were picked and subjected to

two successive rounds of screening at lower plaque densities. Three clones binding bath

probes were purified, and one ofthese, containing a 13 kb insert, was subjected to further

analysis.

Southem analysis (not shown) of this 13 kb DNA fragment using each of the

probes and the same hybridization and wash conditions indicated that the entire coding

region of cdh was located on a 5 kb EcoRI-generated fragment. This fragment was

subcloned into pBluescript KS+ (Stratagene), restriction mapped, and appropriate

fragments were subcloned (Figure 3.1).

3.3.4. DNA sequencing

The nt sequence of both strands of each subclone of the 5 kb EcoRI fragment

was determined, and the identity of their terminal restriction sites was confirmed by

sequencing through them in the 5 kb EcoRI fragment using synthetic oligonucleotides as

primers. Sequencing reactions were perfonned using an AmpliTaq cycle sequencing kit

(perkin-Elmer) or a cycle sequencing kit (BRL). 33P-labelled products were separated on a

6% polyacrylamide gel with 7 M urea and visualized by autoradiography. Some of the

sequence was determined using an ABI 373A automated sequencer (MOBIX, McMaster

University, Hamilton, Canada). The sequence was compiled and analyzed using Gene

Works 2.5.1.

3.3.5. KT-PCR

T. versicolor poly(Ar RNA was isolated from total RNA (Section 3.3.7) using

magnetic bead-coupled oligo dT (Boebringer-Mannheim), and reverse transeribed using

Expand RT (Boehringer-Mannheim) and an oligo dT primer to generate a cDNA pool.

The cDNA was used as a template in a peR using cdh-specific primers (Figure 3.2), Taq

polymerase (Boeheringer-Mannheim) and Taq extender (Stratagene). Thennocycling
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conditions: 94°C x 1 min, 55°C x 45 s,72°C x 3 min (5 cycles), then 94°C x 1~ 55°C

x 30 s,72°C x 3 min (35 cycles), followed by 72°C for 5 min. AS J.LL aliquot ofthe initial

amplification was used as a template for a second amplification using the same primers

and Pfu polymerase (Stratagene). Cycling conditions for this re-amplification were the

same as above, except that an extension time of 6 min was used. The product of the Pfu

reamplification was separated from the reaction mixture using QiaQuick columns

(Qiagen), then incubated with Taq polymerase and 0.2 mM dNTP mix (no primers) al

72oC for 60 min. The products of this reaction were again separated from the reaction

mixture using QiaQuick coIumns, then used directly in a ligation reaction with

pMOSBlue T-vector (Amersham) according to the manufacturer's directions. Clones

containing a cDNA insert of the appropriate size were screened using standard

procedures.

3.3.6. Southem blot

Total T. versicolor genomic DNA (l0 J.1g) was digested with various restriction

enzymes and fractionated on a 1% agarase..TBE gel electrophoresed at 30V ovemight.

The DNA was blotted to a Hybond N+ (Amersham) membrane and probed using a 33p_

labelled probe consisting of a 1.2 kb XhoI fragment of T. versicolor cdh (Figure 3.1).

Hybridization was carried out at 65°C using the same hybridization solution as used for

the library screen. The most stringent post-hybridization washes consisted of O.IX

SSC/O.I% SDS al 65°C for 10 minutes (repeated once). The blot was exposed ta X-ray

film (Kodak X-OMAT AR) for 3 days at ambient temperature.

3.3.7. Northem blot

T. versicolor was grown in a defined medium consisting of O.Sg/L KCI, O.lgIL

MgS04 • 7 H20, 0.1 gIL yeast extract, 1 gIL KH2PO.. 0.4 g/L NH.CI, 5 g/L cellulose, and a

trace metal solution (267). Total RNA was isolated at various times from biomass

aliquots of T. versicolor by foUowing the procedure of Wendland et al. (322). Total RNA

(5 Jlg) was loaded on a 1.4% agarose gel prepared in 10 mM Na phosphate buffer at pH
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6.8 according to the procedure ofPellé and Murphy (239). RNA was blotted to a Hybond

N+ membrane (Amersham) in 20x SSPE and hybridized ovemight at 51°C to a p!3

labelled Xho! fragment of T. versicolor cdh (Figure 3.1) in 5x SSPEl5x Denhardt's

solutionl50% formamide/O.l % SDS120 I-lglmL denatured sheared salmon sperm DNA.

The most stringent post-hybridization wash consisted ofO.lx SSPElO.l% SOS at 65°C

(repeated once). The washed blot was exposed to X-ray film (Kodak X-OMAT AR) for 2

days at ambient temperature.

3.3.8. Enzyme usays

The supernatant of culture aliquots taken for RNA harvesting was assayed for

CDH activity. The heme/f1avin isoform was assayed by measuring the cellobiose­

dependent reduction of cytochrome c at 415 Dm (269), and the activity ofboth isoforms

(heme/flavin and f1avin only) was determined using the chlorpromazine radical reduction

assay described by Roy and Archibald (268).

3.4. Results and discussion

3.4.1. Cloning and sequencing of T. versicolor cd"

In arder ta isolate clonees) containing the gene encoding CDH, agenomic library

consisting of T. versicolor genomic DNA partially digested with Sau3A was produced in

the vector Â. GEM-12 and screened using probes derived from P. chrysosporium cdh. The

gene was localized to a 5 kb EcoRI fragment by Southem hybridization, and the nt

sequence surrounding cdh was determined. The region sequenced consisted of 3.6 kb of

DNA, including 3091 bp which encompassed the entire coding sequence, 262 nt upstream

of the gene, and 262 nt downstream. orthe gene (Figure 3.2). The region upstream orthe

methionine (M) start codon contained a putative TATAA box consensus sequence at -55

bp and a possible CAAT box at -88 bp (311). No polyadenylation signal that was

consistent with mammalian or yeast poly(A) sites (311) was round in the 3' untranslated
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cdh

lkb
Figure 3.1. Physica1 map of T. v~r$icolor cdh and the surrounding region. This restriction map was
derived from the 13 kb À. clone which hybridized ta bath P. chrysosporjum cdh probes. The location ofthe
coding region of cdh is shown, as is the 1.2 kb internaI Xhol fragment used as a hybridization probe. ~
EcoRI; S, Sacl; X. Xhol; P, PSII.

region (UTR).

The coding region of T. versicolor cdh was interrupted by 14 mtrons. The

locations of the introns were inferred by alignment of the T. versicolor sequence to the

known P. chrysosporium cDNA and genomic cdh sequences (200, 201) as well as by

translating the open reading frame and comparing the resultant protein sequence to that of

P. chrysosporium CDH. The intron assignments were subsequently confinned by

sequencing the cdh cDNA (Section 3.3.2). AlI of the introns contained 5' and 3' splice

sites that corresponded to those of other basidiomycetous introns (286). The consensus

sequence of the introns of the T. versicolor cdh gene was 5'GTRMGT (32) GCTRA (12)

y AG3' where the numbers in parentheses correspond to the average number of nt. The

average mtron length was 56, with a range from 50-67. This is very similar to the

consensus intron structure for basidiomycetes found by Schuren (286). The positions of

the introns of T. versicolor cdh were very similar to that ofthe corresponding P.
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Figure 3.2. The 3615-nt sequence of cdh trom T. versicolor 52J and its deduced aa sequence. lntrons are
shown in lower-case lettering. The putative TATA and CAAT elements are underlined. Oligonucleotide
primers used for RT-PCR are indicated by underlines. The predieted f'Irst amino acid of the mature protein
(Q- 1) is marked by a double underline. The hypothesized heme-chelating M and H residues in the herne
domain are underlined. The flavin binding consensus sequence is shown in boldo The stop codon is
indicated by an asterisk (*).
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gaatcctcgccgtcgcgcgcgctggcgtccgcccgtcatcgcctgccccttgttgccagt -203
atcatcgacagcatataggcgaccgtacgtccgcgtaatagctacacatcggtacacgcc -143

-88
atatgggtcgcgtaatctcgctatccgcgtccttgaatgttcggctatttctcgcaatac -83

-55
cggaatgctgggcatcccggggaggcgtataaagagctgtttagaccttcttgcacggtg -23
agcgcaacactacgaccgccgcATGAAGTTCAAGAGCCTGTTGTTGTCTCTGCTGCCATT 38

M K F K S L L L S L L P L -7
GGTCGGCTCCGgtgcgatgcattttttcgcgtcagcagctagagtgctaaacgatgcgta 98

V G S v -3
ttgaacagTGTACTCTCAàGTCGCCGCACCCTACGTAGACTCCGGGAATGGCTTCGTCTT 158

y S ~ V A A P Y VOS G N G F V F 15
CGACGGCGTCACCGACCCGGTGCACAGCGTCACCTATGGAATCGTCCTCCCTCAAGCATC 218

o G V TOP V H S V T Y G l V L P Q A S 35

CACCAGCACAGAGTTTATCGGCGAGTTCGTTGCGCCCAACGAGGCGCAATGGATTGGATT 278

T STE FIG E F V A P N E A Q W l G L 55

GGCTCTCGGAGGAGCCATGATCGGCAACCTTCTTCTCGTCGCATGGCCGAATGGGAACAA 338
A L G G A H l G N L L L V A W P N G N K 75

AATTGTGTCTTCGCCTCGCTACGCGACgtaagtgacattccaatataaatgacgatgtac 398
l V S 5 P R Y A T 84

aaaactgaatgcggggactcacaaagCGGATACACATTGCCGGCGGCGTACGCAGGACCA 458

G Y T L P A A Y A G P 95

ACCATTACCCAGCTGCCGTCGAGTTCAGTCAACTCAACCCACTGGAAGTTTGTGTTCCGC 518
T l T Q L P S S 5 V N S T li W K F V F R 115

TGCCAGAACTGCACAGgtacgtgatcttcacttcgttaggatcacgtcgttgacgcctcc 578

C Q N C T A 121
ctcgacagCCTGGAACGGCGGAAGCATCGACCCCTCCGGCACTGGCGTCTTCGCCTGGGC 638

W N G G S l 0 P S G TGV F A W A 138

CTTCTCGAACGTCGCGGTAGACGACCCCTCCGACCCCAACAGCAGCAATGCTGAGCACAC 698
F S N V A V 0 0 P S 0 P N S S N A E H T 158

TGACTgtgagtggccaaactcacctgcgatcgccagcgtgctgatgaaacattccagTCG 758
o F G 161

GGTTCTTCGGCATCAACTTCCCCGACGCTCAGAGCTCGAACTACCAGAACTACCTCGCAG 818
F F GIN F P 0 A Q S S N y Q N Y L A G 181

GCAACGCGGGGACTCCCCCTCCCACGTCCGTTCCTAGCGGCCCGTCCAGCACTACCACTA 878
N A G T PPP T 5 V P S G P S S T T T T 201

CCACCGGTCCTACGGCTACTgtgaggatcttctttcagcgctgcctgacccgtagctgac 938

T G P T A T 207
gattttgtagGCTACGCCGTTTGACTATATCGTCGTCGGCGCTGGCCCTGGTGGTCTCGT 998

A T P FOY l V V GAG P G G L V 224
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CACTGCCGATCGCTTGTCTGAAGCTGGCAAGAAAGTCCTACTTCTCGAGCGTGGCGGACC

TAO R L S E A G K K V L L L ERG G P

CTCGACTGCGGAGACCGGTGGCACGTATGACGCCACATGGGCCAAGTCTGCTAACgtga9

S T A E T G G T Y D A T W A K SAN

tccataatccgcgcatatagccagggtccatgcgacggagctgaccatcgtccaatccag

1058
2CC

1118
262

1178

•

•

CTTACAAAATTCGACGTCCCGGGATTGTTCGAGACTTTGTTCACCGACACGAACCCATTC 1238
L T K F D V P G L F E T L F T D TNP F 282
TGGTGGTGCAAGGgtgagttttggtcgtagccgtgcctcaccccttactgaagaagcctt 1298

W W C K 0 287
ccagACACCAACTTCTTCGCGGGATGCCTTCTGGGTGGCGGTACCTCGGTCAACGGAGCg 1358

T N F F A G C L L G G G T S V N G A 305
taagtccggttccctagtgcggccgccggtggttctaacgcttcttcccagTCTCTACTG 1C18

L y W 308

GTACCCTAACAGCCGCGACTTCTCCACTGCGAGCGGGTGGCCAAGCAGCTGGAGCAACCA 1C78
y P N S R D F 5 TAS G W P S 5 W S N H 328

CCAGCCGTTCACCGACAAGCTGAAGCAGCGCCTACCGAGCACGGACCACCCCTCCGCCGA 1538
Q P F T 0 K L K Q R L PST D H P 5 A D 3C8

TGGCC~ACGTTATCTCGAGCAGTCGGCCACCGTCGTCCAGCAGCTGCTCTCAGGCCAGGG1598
G Q R Y L E Q S A T V V Q Q L L S G Q G 368

ATACTCGCAAATCACTATCAACGACAACCCCGACTCGAAGGACCACGTGTTCGGATTCAG 1658
Y S Q l TIN D N P D S K D H V F G F 5 388

CGCCTTCGACTTCCTCAACGGCCAGCGTGCAGGCCCCGTCGCGACATACTTCGAGACCGC 1718
A F 0 FLN G Q R A G P V A T Y F E T A C08

GCTTGCGCGCAAGAACTTCGTGTACAAGGACAACGTGCTTGTCACGCAGGTTATCCGCAA 1778

L A R K N F V Y K D N V L V T Q V l R N C28
CGGGTCGACGATCCTCGGTGTCCGCACGAACGACAACACGCTCGGACCGGATGGGATCGT 1838

G S TIL G V R T N D N T L G PDG l V CC8
GCCCCTGAACCCGAACGGCCGTGTCATCCTCTCTGGTGGTTCCTTCGGCACTCCCCGTAT 1898

P L N P N G R VIL S G G S F G T P R l C68
CCTCTTCCAGAGCGGTATCGGGCCGACGGACATGCTCCAGACCGTGCAGAGCAACGCCCA 1958

L F Q S G l G P T D M L Q T V Q S N A Q C88
GGCGGCGGCGAACCTTCCCCCGCAGAGCGAGTGGATTGACCTGCCCGTCGGACAGTCGGT 2018

A A A N L P P Q S E W l D L P V G Q S V 508
GTCCGACAACCCGTCGATCAACgtaagtgttcatgcatqcggtcgtaactattgcggaag 2078

SDN PSI N 515
gctgatgtaacgtatagCTCGTGTTCACGCACCCGAGCATCGACGCCTACGACAACTGGG 2138

L V F T H PSI D A YON W A 530
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CTGATGTGTGGTCAAACCCCAGGCCGGCGGATGCCCAGCAGTACCTGCAGAGCCGCTCCG 2198
o V W S N P R P A D A Q Q y L Q S R S G 550

GCGTGTTGGCCGGTGCATCCCCTAAqtacgtcctgcatcattqgccatgaggtcttctaa 2258

V L A GAS P K 558

cgactgacatgtgctactacagGCTGAACTTCTGGAGAGCATACGGTGGCAGCGATGGCA 2318
L N F W R A Y G G S D G l 571

TCACCCGCTACgtgcgttgggcattctcatcacctcagaagtgcgatgtttgatacgaac 2378

T R Y 574

tacagGCGCAAGGAACTGTTCGCCCTGGTGCAGCGTCCGTCAACACATCCGTTGCGTACA 2438

A Q G T VRP G A A S V N T S V A Y N 593

ACGCGAGCGAGATCTTCACAATCACTCTCTACCTGTCCAACGGTATTCAGTCCCGCGGCC 2498
A SEI F T l T L Y L S N G r Q S R G R 613

GCATTGGTGTCGATGCTGCCTTGAACGCGAAGGCCCTCGTCAACCCGTGGCTCACCAACT 2558

l G V D A A L N A K A L V N P W L T N S 633

CCGTCGACAAGACGGTCCTGCTGCAAGCCCTGCATGACGTGACGTCCACCATGAAGAACG 2618

V 0 K T V L L Q A L H D V T S T M K N V 653

gtaggttccccqtactcgcgatgttggacacggctcacgtatcgttttcagTGCCTGGCT 2678

P G L 656

TGACGATGATCACCCCCGACAACACGATGACGCTCGAGCAATACGTCGCCGCCTACGATC 2738
T MIT P 0 N T M T L E Q y V A A Y 0 P 676

CGgtgcgtagcttctgctgcggtaccaccgcagcctgaaacagatgctgatgcaaacgct 2798

•

gcccacagGCGACAATGTGCTCCAACCACTGGGTCGGCGCCGCGAAGATGGGCACGAGCT
ATM C S N H W V G A A K M G T S S

CGTCCACCGCAGTTGTCGACGAAAACGCGAAGGTGTTCAACACGGACAACCTGgtgagcg
S T A V V 0 ENA K V F N TON L

ctgtggcgcctcatttccgacgcgcgcgggcactgacgaaattgacgtttgtgcagTTCA

F l
TCGTGGATGCGTCCATCATTCCGTCGCTGCCGATAGGGAACCCGCAGGGAGTGCTGATGT

V 0 A SIl P S L P l G N P Q G V L M S

CGGCGGCGGAGCAGGCGGTTTCGCGCAITCTGGCGCTTGCTGGGGGTCCTTGAggcggcg

A A E Q A V SRI L A L A G G P *

caaaagcattttggatgtcgggctgcgtgggtgqccccgtcgtqtqctqtac~tqtattc

ggtaaacggaggtactaatatcggagtatatqcttagtctcaggtctgtgagagtgtgag
tgacattcaatggtattgcatcattgatacgctcgtgaaccctgccattattgtggacat
gtatccgtacgcaattgctgattgatgaaatcaacccgccgagcaggctatcgtgcaagt
gttgacatgctcgag
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chrysosporium gene (Figure 3.3). However, the region corresponding to exon 9 of the T.

versicolor sequence was interrupted by an intron in the P. chrysosporium sequence and

there were two introDS in the C...tenninus.encoding region of the T. versicolor sequence

with no homologues in the P. chrysosporium sequence. Thus, overall., there was one

additional intron in T. versicolor cdh (Figure 3.3).

T. versicolor, like P. chrysosporium and other white-rot basidiomycetes, bas

multiple genes possessing high but not complete homology encoding laccases (50, 218,

219)7 MnPs (72), and lignin peroxidases (163). To determine if T. versicolor CDH is a1so

encoded by multiple genes, genomic ONA from T. versicolor was digested with various

restriction enzymes and analyzed by Southem blot using an internaI 1.2 kb XhoI fragment

of T. versicolor cdh as a probe (Figure 3.4). The appearance of only one band in each of

the Janes suggested that there was only one copy of cdh in the strain of T. versicolor

analyzed. This finding supports the hypothesis that the two active isoforms of the enzyme

found in culture sUPematants, heme/flavin and tlavin-only (269) are encoded by the same

gene and that the flavin-only isoform is a proteolytic product of the "complete" enzyme.

Both of these isoforms bind to anti...P. chrysosporium CDH polyclonal antibodies (Ab) in

their SDS-denatured forms (not shown), suggesting that they contain common sequence

elements. The appearance of the flavin-only isofonn is not likely explained by alternative

splicing of the mRNA since only one size ofcdh mRNA is observed (Figure 3.5; Section

3.3.2). Whether T. versicolor COH is encoded by allelic variants, as bas been shown for

P. chrysosporium CDH (200), is unknown since the sttain analyzed here is monokaryotic.

3.4.2. Expression ofcd" in T. versicolor

CDH is normally produced by T. versicolor under lignocellulolytic (Primary

growth) conditions (269). In order to isolate RNA which contained copies ofcdh mRNA,

T. versicolor was grown on a defined medium containing cellulose as the carbon source

(269). RNA was isolated from biomass samples that were shown byenzyme assay 10 he

producing COH (Figure 3.5). This RNA was subjected to Northem analysis using a 1.2 kb

XhoI fragment of T. versic%r cdh as a probe (Figure 3.5). The results showed that cdh
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/ t1 III 1III Il 1

Pccdh ..
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Figure 3.3. Locations of the T. wmcolor and P. chrymspoTÎllltl cdh iDJrons. The sequeaces are aligned by
their respective ATG stan codons, sbown by a downward arrow. CorrespoDding ÏDttoDS are connected by
lines. The upward arrow indÎeatCS the locations of the respective stop codons. The P. chrysosporium
sequence is the cdh2 allele (200), deposited in GeDBank under accession number U65888.

was transeribed under cellulolytic conditions as a single mRNA species, lending further

credence to the hypothesis that both isoforms are encoded by one gene. Furthermore it

appears that the expression of cdh is controUed at the level of transcription since the

transcript was detected at the same tinte as the active protein appeared in the supematant

(Figure 3.5). Two assays were used to measure the total activity contributed by both

isofonns of CDH. The reduction of cytochrome c is catalyzed only by the heme/flavin

isofonn, while chlorpromazine reduction is catalyzed by bath isofonns (269). The fact

that cytochrome c-reducing activity declined at the same time as the level of transcript,

while chlorpromazine-reducing activity remained high when little or no transcript was

detectable, was consistent with the hyPOthesis that the initial translation product is the

herne/fIavin isoform and that the flavin-only isoform is formed by proteolytic cleavage.

The RNA population used in these experiments, which was shown to contain

copies of cdh mRNA, was reverse transcribed into cDNA using a paly (T) primer and

reverse transcriptase. The cDNA was used as a template in a peR usÏDg cdh-specific

primers (Figure 3.2), resulting in the amplification of a 2.2 kb cDNA corresponding to

most of the deduced protein coding regjon of cdh. This cDNA was cloned into a

pMOSBlue T-vector (Amersham) according to the manufaeturer's instructions and the

complete sequence was determined. The cDNA sequence confirmed the assignments of
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all of the introns except for intron 1, which is located within the signal peptide-encoding

region of the gene. The cDNA that was obtained is not full length and is missing the

signal peptide.encoding region and 5' untranslated region (UTR), a10ng with the ONA

encoding the final four amino acids (aa), stop codon, and 3' UTR. The sequence of the

cDNA is 99.9% identical to the corresponding coding region of the genomic sequence,

but there are 3 discrepancies (a C-G transversion at base 13, a C-T transition at base 1647,

and a A-G transition at base 2309), each of which result in aa changes in the deduced

proteine These May correspond to base misincorporations by the Taq or Pfù polymerases

used to amplitY the cdh cDNA.

3.4.3. The T. venicolo, CDD proteiD

The deduced protein encoded by T. versicolor cdh eonsists of768 aa, including a

19-aa signal peptide. The site of the signal peptide cleavage was predicted using the

method of Neilsen et al. (225), sinee an N-terminal aa sequence could not he obtained

from the purified protein (269). The predieted start of the mature T. versicolor CDH is a

gIutamine (Q) residue at position 20 relative to the M residue (Figure 3.2). Overall, the

homology of the T. versicolor apoprotein to the P. chrysosporium apoprotein was very

high, with 73% identity. Polyclonal rabbit Ab raised against P. chrysosporium CDH

strongly cross-reacted with T. versicolor CDH (not shown). Based on its homology with

the P. chrysosporium protein and the organization of other bemoflavoenzymes, T.

versicolor CDH appears to he divided into two domains: an N-terminal heme-binding

domain and aC-terminai tlavin-binding domaine A putative bydroxyamino acid-enriched

"linker" regionjoining the two domains is found in T. versicolor CDH between residues

189-202; a corresponding region is found inP. chrysosporium COH (201). The mature T.

versicolor bemelflavin protein consists of 749 aa and bas a MW of 79324 Da while the

flavin domain bas 548 aa and a MW of 58393 Da Earlier observations on SOS-PAGE

gels showed an apparent MW of 97 kDa for the bemelflavin protein and 81 kDa for the

flavin domain (269). The presence of4 predicted N-glycosylation sites on the protein, 3 in

90



•

•

•

the fla"in domain and 1 in the beme domain, may explain these difIerences in MW if

these sites are indeed glycosylated.

T. versicolor CDH displayed an FAD binding motif (G-X-G-X-X-G) between

residues 217 and 222 (Figure 3.2). The N-terminus of the flavin domain of P.

chrysosporium CDH displays a similar motif (201). In addition, residues 202-228 of T.

versicolor CDH were highly bomologous to the biochemically determined N-terminus of

the t1avin domain of the P. chrysosporium protein (201); thus residue 202 was presumed

ta he the first aa of the f1avin domain of the T. versicolor protein. Furthennore, the C­

terminal region of T. versicolor CDH was very similar to that seen in the P.

chrysosporium protein which bas been shown (201) to he homologous to other FAD­

dependent enzymes. Cox et al. (79) showed that the axial ligands of the herne iron of

CDH are M and histidine (H). In the heme domain of P. chrysosporillm CDH, an M

residue at position 65 is thought to he involved in binding the herne (201, 249); this M

residue was conserved at position 61 in the T. versicolor sequence and extensive

homology to the P. chrysosporium sequence was observed in this region (74% identity

between aa 61-79 of T. versicolor and 65-83 of P. chrysosporium CDR). Moreover, the

conserved locations ofthree H residues at positions 23, 109, and 157 in the T. versieolor

protein (positions 23, 114, and 163 in the P. chrysosporium protein) implicated these

residues as possible axial ligands of the hexacoordinate heme Ïron. Two of the three H

residues (corresponding to HI09 and HI57 in T. versicolor and H114 and H163 in P.

chrysosporium) were aise tound to he conserved in a CDH-encoding gene fragment

amplified from another white-rot fungus, Pyenoporus einnabarinus (Chapter 5). The full­

length P. cinnabarinus CDH-encoding clone subsequently showed that ooly these two H

residues are conserved among all three proteins (S. Mollkha, unpublished observation),

excluding H23 of T. versicolor CDH as a likely heme ligand. Furthermore, the recent

report of a CDH-encoding sequence2 from the ascomycete Thielavia helerathalliea

(Sporotrichum thermophile) shows that only the H residue anaIogous to HI09 of T.

28. Li et al., deposited in GenBmk onder accession number AF0749S 1
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versicolor CDH is positionally conserved among alI four known CDH proteins. AlI of

these observations suggest that HI09 of T. versic%r COH and Hl14 of P.

chrysosporium COH may be involved in the binding ofthe heme iron.

T. llersic%r COR binds to cellulose (269), as bas been observed for the P.

chrysosporium protein (144, 260). The cellulose binding domain (CaD) of P.

chrysosporium CDH is probably located in the f1avin domain (201). Furthermore, recent

studies by Henriksson et al. (144) indicate that the cellulose-binding site of P.

chrysosporium COH is located within residues 251-299. Supporting this hypothesis, the

corresponding region of T. versic%r CDH (residues 246-294; Figure 3.6) displayed very

high homology, including the positional conservation of all 9 aromatic residues which

may be involved in cellulose interaction (119). However, comparing the putative T.

versicolor and P. chrysosporium CDH cellulose binding sequences to the known cao
consensus sequences for bacterial and fungal cellulases (119, 307) revealed no obvious

homology. Thus the putative P. chrysosporium CDH cao identified by Henriksson et al.

(144) and the analogous T. versic%r sequence reported here appear to he structurally

unique CBDs.

3.5 Conclusions

(1) Using two heterologous probes derived from P. chrysosporium cdh, a

genomic clone of T. versicolor cdh was isolated.

(2) A total of3.6 kb ofDNA surrounding cdh was sequence~revealing a protein

coding region of 3091 nt with 262 nt upstream and 262 nt downstream. The coding

sequence is interrupted by 14 introns ranging in size from 50-67 nt which are highly

similar in structure to other basidiomycetous introns.

(3) T. versicolor cdh is highly homologous ta P. chrysosporium cdh and displays

a similar intronlexon structure. There is one more intron in the T. versicolor sequence

than the P. chrysosporium sequence and the positions of two introns are different between

the two genes.
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(4) Southem anaIysis ofthe T. versicolor genome using a homologous cdh probe

indicates that the gene is present in a single copy.

(5) T. versic%r cdh is probably transeribed as a single transcript under

cellulolytic conditions and appears to he regulated al the level of transcription. Northern

analysis indicates that RNA isolated when active CDH protein is measured contains cdh

mRNA~ a near full-Iength cDNA copy ofwhich was isolated by RT-PCR.

(6) T. versicolor CDR is highly homologous to the corresponding P.

chrysosporium protein and consists of768 aa, including a 19 aa signal peptide. Similar to

other hemoflavoenzymes~T. versic%r CDR appears to he composed of two domains, an

N-terminal beme domain and aC-terminal t1avin domain linked together by a

hydroxyamino acid-enriched linker region. The flavin-only isofonn of T. versicolor CDH

is likely produced by proteolytic cleavage and not alternative mRNA splicing since ooly a

single size ofcdh mRNA is observed.

(7) Based on positional conservation and sequence homology to CDH sequences

from other fungi, aa M61 and HI09 are likely axial ligands for the herne iron. The flavin

domain contains an FAD-binding motif, GAGPGG~ between residues 217-222 and shares

sequence simiIarity with other f1avin enzymes.

(8) By homology to the putative P. chrysosporium CDH COD identified by

Henriksson et al. (144), residues 248-293 of T. versicolor CDH May he implicated in

cellulose binding.

The sequence described in this report bas been deposited in GenBank with

accession no. AF029668.
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Figure 3.4. Southem blot of T. venicolor DNA probed using a homologous cdh probe. Laue 1: EcoRI;
Lane 2, HindnI; Lane 3, Sacl; Laue 4, XhoI. The positions of the molecular weigbt markers arc indie:ated,
and their sizes (in kb) are shawn.
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Figure 3.5. Nortbem blot of T. v~nicolor RNA (A) and concomitant assays for CDR (8). A.
Nonhem blot. The gel was nm al 3V/cm for 2.5 h wim buffer recirculation. Lanes correspond
to RNA barvested at t = 96. 120. 144. 168. 218. 264. 312. and 341 h after inocuIatioD. B.
Enzyme assays for CDR taJœn from the supemaIaDt ofdie T. wnicolor cultures al die samc lime
as biomass aliquots wen: harvested for RNA isolatiOD. HemelOavin isoform (cytOCbrome c
assay): Â; bath isoforms (chlorpromaziœ assay): •.
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• 246 294
'Tv CDH: TAETG GTYDA 'l'WAKS ANLTK FDVPG LFETL FI'DTN PFWWC KDTNF FAGC

252 300
Pc CDH: TKQTG GTYVA PWATS SGLTK FDIPG LFESL rrDSN PFWWC KDITV FAGC

Figure 3.6. Alignment of the putative COOs of T. versicalor and P. chrysosporium COR. The cao ofP.
chrysosporium CDH was predicted by Henriksson et al (144). The conserved aromatic residues are
boldfaced. The cysteine residues at positions 291 and 300 ofthe P. chrysosporium sequence (corresponding
to residues 285 and 294 of the T. versicalor sequenœ) are thought to be involved in the formation of a
disulfide bond (144).
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PREFACE TO CHAPTER 4

One ofthe major problems encountered in the purification of T. versicolor COR

is the difficulty in isolating adequate quantities of non-degraded enzyme (Chapter 2).

This fact hampered study of the biochemical features of COR, and led to a search for

ways to avoid this problem. The isolation ofa cDNA clone encoding T. versicolor COR

(Chapter 3) provided us with the possibility of producing T. versicolor CDH in a

heterologous host, thereby avoiding endogenous cdh regulatory systems (at the levels of

gene expression and proteolysis). Furthermore, the study of structureffunction

relationships of the amino acids of CDH may he facilitated by the availability of a tool

enabling site-directed mutagenesis studies. For these reasons, we undertook the

expression of T. versicolor CDH in Aspergillus oryzae.
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OF TRAMETES YERSICOLOR CELLOBIOSE DEBYDROGENASE AND
LACCASE IN ÂSPERGULUS ORI'ZAE
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4.1. Abstract

Five separate constructs for the heterologous expression of T. versicolor

cellobiose dehydrogenase (COU) and laccase in the filamentous hyphomycete

Aspergillus oryzae were generated and cloned. Using the gene fusion technique of

splicing by overlap extension (SOE-PCR), we spliced the control regions of A. oryzae

Talca-amylase (promoter/ signal peptide and terminator DNAs) to cDNAs encoding three

versions of T. versic%r COH (the complete protein, heme domain alone, and flavin

domain alone) and two T. versicolor laccases (l and IV). The results of the SOE-PCRs

indicated that for the reaction ta work weIl, a molac ratio of close to 1:1 of the DNA

fragments to he spliced is essential. AlI five constructs were verified by restriction

mapping, PC~ and DNA sequencing. They were then used to co-ttansfonn protoplasts

of A. oryzae using growth on acetamide as sole nitrogen source as a selectable marker

with the plasmid p3SR2, which contains the A. nidu/ans amdS gene for acetamidase.

Several putative transformants were obtained for each of the five contructs. None of the

laccase transformants appeared to produce a functional recombinant protein. Four of the

CDH transformants, one cdbF (flavin only) and three cdhHF (heme/flavin), apPeared to

express functional recombinant CDH by a plate assay using the green ABTS+ cation

radical as an activity indicator. One of these straïns, cdhF, was unequivocally

demonstrated to he a true co-transformant by PCR analysis ofgenomic ONA.

4.2. Introduction

As discussed in Chapter 2, CDH is typically produced in low yjelds by T.

versicolor, and extensive degradation ofthe protein purified from homologous sources is

commonly observed (302). One promising means of obviating these difficulties is to

produce the protein in a heterologous host. The filamentous hyphomycete genus

Aspergillus includes well-studied organisms which have been used for many years for
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the expression of foreign proteins (128, 180). Interest bas centred on tbese fungi as

hosts for the expression of foreign proteins because, among other reasons, of tbeir

ability to secrete copious quantities of their own proteins (grains per liter are not

uncommon), and because their long bistory of use in the food industty (for example, in

the production of soy sauce) assures that efficient fermentative processes are already in

place (180). However, the production of heterologous proteins in aspergilli can he

Iimited at severa! levels: transeriptional, translational, or POst-translational (128), so

researchers have focussed on using homologous transcriptional control regions to

facilitate the expression of the beterologous gene. A common strategy is the fusion of

the heterologous gene 10 the control regions of a known, well-expressed fungal gene

such as amylase (128). This strategy bas been successfuIly applied to the expression of

various heterologous fungal proteins in Aspergillus (32, 69, 295) However, tbis

approach necessitates that in-frame fusions he made hetween the homologous control

regions and the gene in question.

One difficulty with performing in-frame fusions between DNA molecules is the

necessity for convenient restriction sites within the molecules, which often must he

engineered ioto the sequences. Horton et al. (148) have described a means for spliciog

genes without the use of restriction enzymes and Iigase. The method, known as splicing

by overlap extension (SOE-PCR) is based upon the polymerase chain reaction (Figure

4.1). SOE-PCR provides the researcher with precise control over the splice jonction of

two DNA Molecules, and affords an extremely powerful method for fusing two genes at

any desired point.

Herein we describe the application of SOE-PCR to the construction of vectors

for the heterologous expression of T. versicolor proteins in Aspergillus oryzae. The

recent isolation of cDNA clones encoding laccase (230) and CDR (Chapter 3) allowed

us to expand the range oftools availabIe for the study ofthese proteins.
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4.3. Materials aud Methods

4.3.1. Strains and plasmids

The Aspergillus oryzae strain used in these studies was from the GD culture

collection (GD France SA No. 1135 strain RP). This is a derivative ofa wild strain ofA.

oryzae derived by several rounds of u.v. mutagenesis foUowed by screening for amylase

overproduction. Plasmid manipulations were done using the E. coli host strains JMI09

(329) (Promeg~Charbonnières, France) or MOSBlue (Amersham). Plasmid pMOSBlue

was obtained from Amers~ and plasmid pBluescript KS+ was from Stratagene (La

JoII~ Califomia). Plasmid p3SR2 containing the amdS gene ofAspergillus nidulans was

obtained from the Fungal Genetics Stock Center (Kansas City, KS, USA).

4.3.2. DNA extraetioD and purifieatioD

Total genomic DNA was isolated from A. oryzae according ta standard

procedures (46). Plasmid DNA was prepared from cultures of E. coli by CsCI density

gradient centrifugation using previously described methods (20).

4.3.3. PeRs to amplify products to he used ÎD splieiDg reaetioDs

The PCR primers which were used to generate products with termini modified

appropriately for gene splicing by SOE-PCR are given in Tables 4.1 and 4.2. Primers

were synthesized by Pharmacia. The primer pairs that were used to amplify each

individual product are given in Table 4.3. Thennocycling was performed using a Perkin

Elmer GeneAmp peR system 2400 (perkin-Elmer, Norwalk, CT, USA).
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Fagure 4.1. General scheme for splicing by overlap extension (SOE-PCR) as descnùed by Hotton
et ai. (148). The haJched box represems a DNA fragment (X) which is to be spliced to the DNA
fragment represenœd by the fiIlcd box (Y). Primers bande are desigued 50 tbat their 5' ends are
complementary 10 the end of DNA fragments Y and X respectively, which results in two PCR
products wim modificd termini tbat are complemenwy 10 one another. These IWO PCR products
are mixed, denatured, and aIlowed 10 re-anneaJ; among the possible duplexes dw form is one in
which the complememary termini anneal and prime one anod1er. The 3' ends of these termini are
extended by polymerase and the spliced product is the only DNA molecule in the reaction which
is amplifiable using primers a and d .
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Primer Primer sequence (5'-3') Comment

code

L22 TCTAGAATTCTGGCIGTGGIGIAÇAGG Upstream primer for Taka-amylase promoter

amplifications. Amylase-spccific region

undcrlincd; aIso contains XbaI and EcoRI sites.

L26 GGATCCGAATTCGGTGGAATAIAGCICG Downstream primer for Taka-amylase tenninaJor

amplifications.Amylase-specific region

undcrlincd.; aIso contains BamHI and EcoRI sites.

TaP-cdhHF GTGCGGCGACTTGAGCCAAAGCAGGTG Downstream primer for amplification of amylase

promoter cohesive for complete coding region of

cdhcDNA

cdhHF-TaP ACCTGCTTTGGCTCAAGTCGCCGCAC Upstrcam primer for amplification of complete

coding region of cdh cDNA cohcsï"'e for amylase

promoter.

cdhHF-TaT TCAAGGACCCCCAGCAAGCGCCAGAATG Downsucam primer for amplification of complete

coding n:gion of cdh cDNA cohesivc for amylase

terminator.

TaT-cdhHF GCTGGGGGTCCTTGAAGGGTGGAGAGTATA Upstrcam primer for amplification of amylase

tenninalOr cohesive for complete coding region of

cdhcDNA

cdhH-TaT TCTCCACCCTTCAGGTAGTGGTAGTG Oownsucam primer for amplification of the berne

domain-encoding rcgion of cdh cDNA cobesive

for amylase tenninator.

TaT-cdhH ACTACCACTACCTGAAGGGTGGAGAG Upstn:am primer for amplification of amylase

terminator cohesive for the herne domain-

encoding region ofcdh cDNA

TaP-cdhF CGTAGGACCGGTAGCCAAAGCAGG Downstream primer for amplification of amylase

promoter cohesive for the f1avin domain-encoding

region ofcdh cDNA.

cdhF-TaP CCTGCTTTGGCTACCGGTCCTACG Upstn:am primer for amplification of the flavin

domain-encoding region of cdh cDNA cohesive

for amylase promoter.
. .Table 4.1. Primers used to amphfy products used for SOE-PCR for the three CDH-encodmg construets.

•

•
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The Taka-amylase promoter and tenninator amplifications used A. oryzae

genomic DNA (100 Dg) as template. The reaction mixture cODtained 200 J.1M each dNTP

(Boebringer-Mannheim), 25 pmol each primer, lx PfU POlymerase buffer (Stratagene),

and 1.9 U Pfû polymerase (StratageDe) in a 100 f.1L reaction volume. For MOst of the

amplifications, cycling conditions were as follows: 94°C, S min followed by 5 cycles of

94°C, 1 min; S7°C, 30s; and 72°C, 1.5 min; then 35 cycles of 94°C, 305; S7°C, 30s; and

72°C, 1.5 min; then 1 cycle of 72°C, 20 min. The primers for the lccIV-cohesive

amylase promoter and tenninator amplifications required an annealing temperature of

52°C.

Primer Primer sequence (5'-3') Comment

code

TaP-lccl CGGCCCGATGGCAGCCAAAGCAGG Downstream primer for amplification of amylase

promoter cohesive for [ccl cDNA.

Iccl-TaP CCTGCTTTGGCTGCCATCGGGCCG Upsueam primer for amplification of [ccl cDNA

cohesive for amylase promotcr.

Iccl-TaT CTCCACCCTTCACTGGTTAGCCTC Downsueam primer for amplification of [ccl

cDNA cohesivc for amylase tenninator.

TaT-Jccl GAGGCTAACCAGTGAAGGGTGGAG Upstream primer for amplification of amylase

tenninator cohesive for [ccl cDNA.

TaP-lccIV GGGCCCAATGGCAGCCAAAGCAGG Downsueam primer for amplification of amylase

promoter cohesivc for [cciV cDNA

IccIV-TaP CACCTGCTTTGGCTGCCATTGGGCCCGT Upstream primer for amplification of [ccIV cDNA

cohesive for amylase promoter.

IccIV-TaT TCTCCACCCTTCJ\GAGGTCGGACGAG Downstmun primer for amplification of [cciV

cDNA c:ohesivc for amylase tenninator.

TaT-lccIV TCGTCCGACCTCTGAAGGGTGGAG Upstream primer for amplification of amylase

tenninator c:ohesivc for [ccIV cDNA.
. .

Table 4.2. Primers used to amplifY produets used for SOE-PCR for the IWo Jacc:ase-encodmg consttuets.

•

•
For the cDNA amplifications, template DNA was as follows: COH: pIasmid

pMB-cdh514, which was isolated by RT-PCR from T. versicolor mRNA (Chapter 3);

103



•
laccase: lccI, plasmid pBK117; Icc1V, plasmid pBKl16. The laccase cDNAs were

isolated by Ong et al. (230) from the T. versicolor cDNA library prepared as described in

Appendix 1. Aliquots containing 100 ng of plasmid were used in the cDNA

amplifications. The same conditions were used as described above, except tbat the

extension time was increased to 5 min. For amplification of the complete coding region

of the cdh cDNA an annealing temperature of65°C was used.

•

After amplification, a 10 J.1L aliquot of each reaetion was analyzed by agarose

gel electrophoresis (1% agarose-TAE). Products greater than 500 bp in length were

purified from agarose gels using Gene Clean (BioIOI), while smaller products (Taka­

amylase terminator amplifications) were concentrated and washed using QiaQuick

affinity columns (Qiagen). Aliquots of each purified PCR product were again analyzed

by agarose gel electrophoresis as above with ethidium bromide (5 J.1g/mL) in the gel and

running buffer. The bands were visualized under u.v. light and photographed using a

digital camera. The amount of DNA in each band was calculated by detennining its

fluorescence intensity vs. known standards (Boehringer-Mannheim molecular weight

marker sets IIIIVI).

104

Primer pairs used for product

Construct Amylase promoter cDNA Amylase terminator

Tam-cdhHF L22ffaP-cdhHF cdhHF-TaP/cdhHF-TaT TaT-cdhHF1L26

Tam-cdhH1 L22ffaP-cdhHF cdhHF-TaP/cdhH-TaT TaT-cdhHlL26

Tam-cdhF2 L22ffaP-cdhF cdhF-TaP/cdhHF-TaT TaT-cdhHFlL26

Tam-lccI L22ffaP-lccI IccI-TaPllccI-TaT TaT-lccIIL26

Tam-lccIV L22ffaP-lccIV IccIV-TaPIlccIV-TaT TaT-lccIVlL26

'The cDNA portions ofconstructs Tam-cdhHF and Tam-cdbH are identical al the S' end.

2The cDNA portions ofconstrue::ts Tam-cdhHF and Tam-cdhF arc identic::aJ al the 3' end.
. . .

Table 4.3. Primer paIlS uscd for amphficabon ofprodue::ts to be spbc::ed by SOE-PCR. Primer codes arc
the same as in Tables 4.1 and 4.2.

•



•

•

•

4.3.4. SOE-PCR

For the splicing reactions, equimolar amounts of PCR products to be spliced

were added to the reaction. The molarity of each PCR product was determined based

upon its known size and its calculated concentration. The total amount of DNA in each

splicing reaction was 100 ng. The reaction (100 J.1L total volume) was prepared as two

separate 50 J.LL reaction mixtures: mix 1 contained dNTPs (350 J,1M final concentration)

and 100 ng DNA, while mix 2 contained ExPand polymerase buffer (Boehringer­

Mannheim; lx final concentration) and 2.6 U ExPand enzyme mix (Boehringer­

Mannheim). The thermocycler was heated to the denaturing temperature, then mix 1 and

mix 2 were combined on ice and quickly placed in the thermocycler. Conditions for

SOE-PCR: 94°C, 2 min; fol1owed by 5 cycles of 94°C, 10 s; 60°C, 30 s; and 68°C, 3

min. After these 5 cycles, primers were added to a final concentration of 600 nM, then

cycling proceeded as follows: 5 cycles of 94°C, lOs; 60°C, 30 s; and 68°C, 3 min; then

20 cycles of 94°C, 10 s; 60°C, 30 s; and 68°C, 6 min. Products of SOE-PCR were

analyzed by agarose gel electrophoresis. Bands of the predicted size were gel purified

using Gene Clean, then verified by re-amplification using primers L22 and L26 (Table

4.1). The re-amplification used 0.2 mM dNTPs, 25 pmol each primer, 5 f.lL of the

putative SOE product, lx Pfu polymerase bufIer, and 1.9 U Pfu polymerase. Cycling

conditions: 94°C, 5 min; followed by 5 cycles of 94°C, 1 min; 60°C, 30 s; and 72°C, 6

min; then 35 cycles of 94°C, 30 s; 60°C, 30 s; and 72°C, 6 min. A final 20 min

incubation at 72°C was Performed. SOE-PCR products which were successfully re­

amplified in this reaction were selected for cloning.

The construct Tam-cdhHF, wbich contained the full coding region of cdh, was

constructed in severa! steps (see Figure 4.2): A PCR primer, cdh1695 (5'­

TGCTCTCCAGAAGlTCAG-3') was designed to pair with primer cdhHF-TaP (Table

4.1). PCR ~ith these primers proceeded as follows: 0.2 mM dNTPs, 100 ng pMB­

cdh514, 25 pmol each primer, lx Pfu buffer, and 1.9U Pfu polymerase were mixed in a

100 ilL final volume. Cycling conditions were the same as described for the other cDNA

amplifications, except that an annealing temperature of 65°C and an extension lime of 4
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min were used. This was designed 10 give a product of 1.7 kb cohesive for Taka-amylase

promoter DNA which encoded the heme domain and part of the flavin domain of CDH.

The PCR product included a unique NruI restriction site corresponding to an NruI site

contained within construet Tam-cdhF. This PCR product was spliced to the Taka­

amylase promoter DNA as described above. The spliced produet was cloned into

plasmid pMOSBlue (see below) and digested with HindIll and NruI. A product of4.8 kb

consisting of pMOSBlue with an insert of Talca-amylase promoter spliced to the 5' end

of the cdh cDNA up to the NruI site was then ligated to a 1.25 kb HindIIllNruI fragment

of cloned construct Tam-cdbF. The latter fragment encoded the 3' end of the cdh cDNA

from the NruI site spliced to the Taka-amylase tenninator DNA. Products ofthis ligation

\vere transformed iuto E. coli MOSBlue.

4.3.5. CloDiDg the spliced products

The termini of the SOE...PCR products were repaired and adenylated by

incubation in a solution containïng 0.2 mM dNTPs, lx Taq polymerase buffer

(Boehringer-Mannheim), and 2.5 U Taq polymerase (Boehringer-Mannheim). The

reaction proçeeded at 72°C for 60 ~ then the spliced product was washed and

concentrated using a QiaQuick column. Most of the spliced products were then ligated to

the pMOSBlue T-vector according to the manufacturers' instructions and a 1 J.L.L aliquot

of the ligation reaction mixture was used to transform. competent E. coli MOSBlue ceUs.

Transformed ceUs were selected on LB plates containing 50 J.lg/mL ampicillin, 15

Jlg/mL tetracycline, 20 J.lg/mL isopropylthio-l3-o-galactoside (lPTG), and 32 flg/mL 5­

bromo-4-chloro-3-indolyl-p-o-galactoside (XGal).

The laccase constructs, Tam-lccI and Tam-lccIV, were cloned ioto a T-vector

prepared from pBluescript KS+ (pBS...n according to the procedure described by Hadjeb

and Berkowitz (134) (see section 5.3.5). The ligation reaction contained lx ligase butTer

(Promega), 3 li of T4 DNA ligase (Promega), and a 3-fold molar excess of spliced

product DNA over pBS-T DNA. The reaction was incubated at 16°C ovemight, then
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used to transform competent E. coli JMl09. Transformants were selected on LB plates

as above, except that no tetracycline was used.

Plasmid DNA obtained from the transformation reactions was analyzed by

restriction enzyme digestion and agarose gel electrophoresis. Plasmids containing inserts

of the appropriate size and restriction pattern were verified by re-amplification using

primers L22 and L26 as described above.

4.3.6. TnmsformatioD ofÂSp~rgUIIISory%tll!

Protoplasts were prepared from A. oryzlJe as follows: flasks containing 100 mL

of LB with 200 J,1M EDTA were inoculated with a suspension of conidia to a final

concentration of 1.7 x 106 conidia/mL. FIasks were incubated at 30°C 16 h, then

germinating conidia were harvested by filtration through cheesecloth and washed with

isotonic solution (0.8 M MgSOJ50 mM malate pH 5.8). The washed mycelia were

transferred to a 50 mL polypropylene tube (2 g wet weight mycelium/tube), and

sllspended in 6 mL of 10 mg/mL Novozyme 234 (lnterSpex Products Inc., Foster City,

CA, USA) in isotonie solution. The tubes were incubated in a horizontal position at 30°C

with gentle shaking for severa! h and observed microscopically at regular intervais.

When large amounts of protoplasts were evident, the solution was transferred ta a glass

homogenizer and the plunger was gently pressed down to liberate trapped protoplasts

from the mycelium. The solution was then transferred ta a 15 mL polypropylene tube,

and 1 vol 0.6 M sorbitol/lOO mM Tris-CI pH 7 was Iayered on top. The solution was

centrifuged at 2500 x g (Beckman RC-3 centrifuge, HG-4L rotor) for 30 min, and the

protoplasts were aspirated from the MgSOisorbitol interface with a Pasteur pipette. The

protoplasts were washed twice with lM sorbitol/IO mM Tris pH 7.5, and finally

suspended in 1.2 M sorbitoU50 mM CaCI/IO mM Tris pH 7.5 to a final concentration of

IOI-109/mL. The protoplasts were stored on ice and used within 1 week.

Transformations were performed essentially according to the procedures of

Yelton et al. (332). 8rietly, 0.1 mL of the protoplast suspension was incubated with 00-
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Figure 4.2. Strategy for cloning the full-Iength COH coDStruct Tam-edhHF. See section 4.3.4 for a
description.

•
transforming DNA (5 I-lg each of plasmid p3SR2 and the expression construct) for 25

min at room temperature, then 1.25 mL ofPEG 3350/10 mM CaClllO mM Tris-Cl pH

7.5 was added and the SUSPenSion was incubated at room temperature for another 20
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min. Protoplasts were collected by centrifugation (8000 x g, 5 min, Hermle Z230MR

microcentrifuge), and resuspended in 0.5 mL STC buffer (1.2 M sorbitoVlO mM

CaClllO mM Tris-CI pH 7.5). Transfonnants were selected on minimal medium (77)

with 10 mM acetamide, 20 mM CsCl, and 1.0 M sucrase, as described by Christensen et

al. (69).

4.3.7. ADalysa of transformants

Colonies ofA. oryzae were transferred from the initial selection plates to plates

containing minimal medium (77) with 0.5% glucose, 10 mM acetamide, and 20 mM

CsCI. Straîns which grew on these plates were maintained thereafter on YM plates (3 g

malt extract, 3 g yeast extract, 5 g peptone, and 10 g glucose per liter).

The production of functional recombinant CDH was anaIyzed by subculturing

transformants to minimal plates with 0.15% glutamine, 0.5% maltose, 0.2 mM

cellobiose, and 0.1 vol of ABTS+ radical solution. The ABTS· radical solution was

prepared by oxidizing 10 mM ABTS with laccase until the solution tumed dark green,

then removing the laccase by ultrafiltration (Amicon YM-I0 membranes). Production of

functionai CDH was inferred by the appearance of decolorized zones of reduced ABTS

around the growing colonies. Recombinant laccase was assayed by growing

transfonnants on minimal plates with 0.15% glutamine, 0.5% maltose, and 10 mM

ABTS and observing the plates for green halos of oxidized ABTS+ surrounding the

colonies.

Genomic DNA was prepared from transformants according to the procedure of

Wendland et al. (322). An aliquot ofapproximately 100 - 500 ng of the DNA was used

in a PCR to amplify the expression construct. For amplification of the Tam-edbHF

constuct, primers cdh1695 and cdhHF-TaP were used, while the Tam-cdhF construct

was amplified using primers cdhF-TaP and cdhHF-TaT. The peRs contained 0.2 mM

dNTPs, 25 pmol each primer, lx Taq extender buffer (Stratagene), 1 U Taq extender

(Stratagene), and 1 U Taq PQlymerase (pharmacia) in a 100 J.1L final volume. A positive

control for both of these amplifications contained 100 ng of pMB-cdh514 as template,
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and a negative control contained 100 ng of untransformed A. oryzae genomic DNA.

Cycling conditions: 94°C, 5 min; then 5 cycles of 94°C~ 1 min; 60°C, 30 s; and 72°C,

2.5 min; followed by 35 cycles of94°C, 30 s; 60°C, 30 s; and 72°C, 2.5 min.

4.4. Results

4.4.1. Gene .plicing by SOE-PCR

1bree separate expression constructs were isolated using cdh cDNA as a

template: Tam-cdhHF, which encompassed the complete coding region of CDH (amino

acids (aa) 1-749); Tam-edhR, which comprised the heme domain of CDH (aa 1-201);

and Tam-cdhF, which encoded the flavin domain ofCDH (aa 202-749). The cDNA used

for constructs Tam-cdhHF and Tam-cdhH shared a common S'end, which corresponded

to aa #1 of the mature CDH protein (Chapter 3). The cdh cDNA which was isolated by

RT-PCR from T. versicolor mRNA is missing the DNA encoding the final four amino

acids (AGGP) and stop codon (Chapter 3). Primers cdhHF-TaP (which was used to

amplify cDNAs cdhHF and cdhF), and TaT-cdhHF (which was used to amplify amylase

terminator DNA cohesive for cdhHF and cdhF cDNAs) were therefore designed to

encode these amino acids. This a1tered the splice junction between the Talca-amylase

terminator DNA and the cdhHF and cdhF cDNAs by giving only a 15 nt overlap

between the two Molecules; other SOE-PCRs had longer overlaps (Figure 4.3).

Nevertheless, for the construct Tam-edhF, the splicing reaction worked weIl with the

shorter overlap (Figure 4.4). Thus, it was possible to repair the 3' end of the cdh cDNA

in arder ta improve the chances ofobtaining a functional construct.

The two laccase constructs, Tam-IccI and Tam-lccN, were made using cDNAs

isolated from the T. versicolor cDNA library (Appendix 1) by Ong et al. (230). 80th of

these cDNAs are full-length and include the 5' and 3' untranslated regions along with the

signal peptide-encoding regions. The PCR primers that were used to amplify laccase

cDNAs cohesive for A. oryzae Taka-amylase promoter and terminator DNAs were

designed to yield a product starting at amino acid #1 ofthe mature protein (excluding the

S' UTR and laccase signal peptide) and ending at the final amino acid (excluding the 3'
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3' T GGA CGA MC CGA GTT CAG CGG CGT G----­
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B

A oryzae amylase promoterl
signa' peptide

T. versicolor cdh cDNA

···········CA ATT erG GCG CTT GCT GGG GGT CCT TGA 3'
3' CGA CCC CCA GGA ACT TCCCACCTCTCATAT'--­

l L A L A G G P *

•••••••••••••••• C ACT ACe ACT ACC TG};, AGGGTGGAGAG 3'

3'G TGA. TGG TGA TGG ACT TCCCACCTCTC-----

T T T T *
• c

...

T. versicolorcdh cDNA

T. versicOlOr cdhH cONA

A. ayzae amylase terminator

A oryzae amylase terminator

•

Figure 4.3. Detail of the splice jonctions for the COR CODStrUClS. A. Splice junction between the amylase
promoter and the S' end ofcdh cONA. B. Splice juDction al the 3' eDd of the cdh cDNA depicting the repair
of the 3' end of the cdh cDNA as il is splic:ed to die amylase termiDator. C. Splice jUDCtion between the 3 '
end of the cdhH cONA and the amylase rermiDator. 1bc final amino acid of this CODSuuct m corresponds
to amino acid 201 of the mature COR proœin (Chaprer 3).

UTR and stop codon). These products were fused in-frame to PCR products encoding

the A. oryzae Taka-amylase promoter and signal peptide (S'end) and stop

codonlterminator DNA (3' end) in order to encourage proper heterologous mRNA and

protein processing in Â. oryzae. Both of these constructs were successfully isolated and

cloned (Figure 4.5).
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In the splicing reactions, there was an inverse correlation between cDNA length.

and the ease of the SOE-peR. For the cdhH cDNA, which was 603 nt, a three-way

splicing reaction including the amylase promoter, cDNA, and amylase tenninator DNAs

worked easily on the first attempt (Figure 4.4). However, three-way splicing reactions

did oot work at all for any of the other, longer cDNAs (not shown). For the cdhF, lccI,

and lccIV cDNAs, all of which were around 1.5 kb in length, it was necessary to first

fuse the amylase promoter and cDN~ purify the spliced product, then perform a second

two-way splicing reaction with the amylase terminator DNA (Figures 4.4, 4.5). The

cdhHF cD!'-tA, which was 2.2 kb in length, did not work in splicing reactions despite

repeated attempts (not shown). Sînce direct fusion by SOE-peR of this construct was

oot feasible, we devised an alternative strategy (Figure 4.2). The S'end ofthe cdh cDNA

was successfully amplified using primer pair cdhHF-TaP and cdh169S and the 1.7 kb

product was fused to the amylase promoter (Figure 4.6). The fused product was cloned,

digested with NruI and HindIll, and ligated to the NruI/HindDI-digested fragment of

construct Tam-cdhF containing the 3' end of the cdh cDNA and the amylase terminator

(Figure 4.6). The structure ofall five cloned constructs were verified by re-amplification

using primees L22 and L26, restriction mapping, and by sequencing the ends of the DNA

(not shown).

4.4.2. Transformation ofA. OryuJt! with expression constracts

Each of the five expression constructs was used in a co-transformation with the

amdS geoe from Aspergillus nidu/ans (P3SR2). Several acetamide-utilizing strains ofA.

oryzae were isolated on the original transformation plates (Table 4.4). However, there

was much background growth on the minimal plates, including the "no DNA- control

(not shown). The putative transformants that appeared the healthiest were chosen for

further analysis.

4.4.3. Analysis of the transformants

Untransformed A. oryzae was unable to decolorize the ABTS+ radical

încorporated into minjmal plates. However, four of the putative co-transfonnants, one
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cdhF and three cdhHF, gave large zones ofdecolorization (not shown). The ABTS'" plate

assay appeared to he highly sensitive, since short term assays for CDR in the supematant

of liquid cultw'es of these transformants did not reveal any CDH activity (not shawn).

Furthennore, clearance zones on ABTS'" plates without cellobiose were approximately

70% of the size of the zones on cellobiose-containing plates (not shown). Purified T.

versicolor CDR was found to he capable of reduCÎDg and decolorizing the ABTS'" radical

using maltose as an electron source when incubation limes were increased to ovemight

(not shown). This maltose oxidation was sufficiently slow compared to cellobiose

oxidation that it was not observed in earlier work using shorter term colorimetrie assays

(Chapter 2). We a1so observed that the clearance zones appeared after the first ovemight

incubation of the A. oryzae strains, but disappeared thereafter. None of the A. oryzae

strains co-transformed with constructs Tam-IccI or Tam-lcclV showed apparent laccase

activity on minimal plates with ABTS.

Co-transfonned construct Number ofstrains growing on
minimal plates with acetamide

Tam-edhHF 13

Tam-cdhF 14

Tam-cdhH Il

Tam-IccI 8

Tam-IcclV 6
Table 4.4. Co-transformabon ofA. oryzae wlth expressIon constructs and p3SR2.

Total genomic DNA was isolated from several of the transformants. One of the

strains~ the cdhF co-transformant which produced clearance zones on the ABTS'" plates,

was shown to contain the cdhF expression construct (not shown). Curiously, the other

three decolorizing strains did not give a band with primers specific for the construct

Tam-edhHF.
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4.5. DiscussioD

Gene splicing by overlap extension (SOE-PCR) as described by Horton et al.

e148) is an elegant application of the polymerase chain reaction which enables the

precise fusion of DNA fragments without the need for cODveniendy located restriction

sites. The power of this technique lies in the precise control of the splice junction it

affords, which easily allows in-frame fusions to be made. We have applied this

technique to the construction ofvectors for the expression ofT. versicolor proteins in the

hypbomycete A. oryzae. Although the SOE-PCRs worked well, and enabled the fusion

of A. oryzae Taka-amylase control regions to the cDNAs of T. versic%r CDH and

laccase, we found an inverse correlation between the size ofthe cDNA and the facility of

the SOE-PCR. A molar ratio very close to 1:1 of the products to he spliced appeared to

be absolutely critica1 for this technique to work. In the present application, extreme size

differences between the PCR products to he spliced may have exaggerated small errors

in the detennination of the concentration of the DNAs and made a direct 3-way splicing

difficult. We found that the upper size limit for the cDNA for a two-way splicing

reaction with the 0.7 kb promoter was approximately 1.7 kh. Thus, if the molar ratio is

incorrect, SOE-PCR will Dot work weil. For this reason, the use ofa digital camera with

software enabling the calculation of DNA concentration from fluorescence intensity was

essential to success.

In addition, the cboice of thermostable polymerase is important in SOE-PCR. In

the present application, we chose Pfù polymerase for the amplification of the DNAs to

he spliced. This polymerase was chosen due to its high fidelity (unlike Taq.. it POssesses

a proofreading capability), and because it lacks the terminal A-transferase activity

associated with Taq polymerase. The latter feature is important for SOE-PCR, because

the template-independent addition of single A residues to the termini of the products

may interfere with the subsequent splicing reaction or disrupt the reading frame of the

spliced product. For the splicing reactioDS, we chose the ExPand Long Template

enzyme, which is a mixture of Taq and Pwo polymerases. The Pwo polymerase

component possesses a proofreading capacity, which makes the fidelity of the ExPand
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mixture similar to that of the Pfu. The Pfu polymerase was tried in the SOE-peRs and

did not function weIl. The terminal A-transferase activity ofthe Taq component was not

undesirable in the splicing reactions~ since it facilitated cloning of the spliced products

into a T-vector. In fact~ the gel purified spliced products were incubated with dNTPs and

Taq polymerase due precisely to this activity in order to prepare the products for cloning.

Thus the judicious choice of thermostable polymerases allowed us to isolate and clone

five expression constructs for T. versicolor proteins in A. oryzae.

CDH is a protein with several potential in vivo functions and industrial

applications. However, the T. versicolor enzyme is difficult to purify in large quantities

without extensive degradation (Chapter 2), which greatly hampers the study of the role

of the protein in biological delignification. To facilitate such studies, we have

constructed vectors for the expression ofCDH and ofits two domains ïnA. oryzae. We

chose to express the domains separately because the catalytic function of the flavin

domain is distinct from that of the complete protein (Chapter 2). These vectors should

enable the purification of larger quantities of undegraded enzyme than have hitherto

been possible from T. versicolore Furthennore, these vectors provide an important tool

for the study of structure/function relationships of amino acids within CDR by site­

directed mutagenesis. For T. versicolor laccase~ ex vivo delignification processes have

been developed (48, 232) which may he of industrial significance, 50 that the

purification of large quantities ofenzyme MaY become necessary.

The hyphomycete Aspergillus oryzae is an industrially important fungus which

is commonly used as a source ofamylase, an enzyme ofimportance in the food industry.

The fungus is a prodigious producer of extraeellular amylase when grown on starch or

maltose (289). For this reason, we chose the regulatory regions and signal peptide ofA.

oryzae Taka-amylase, which is a well-characterized gene (36, 120, 298, 309). Other

groups have used a simiIar approach. Chrïstensen et al. (69) used an amylase promoter to

express an aspartic protease of Rhizomucor meihei. In addition, an MnP of P.

chrysosporium was successfully expressed in A. oryzae (29S)~ as was a laccase of
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Myceliophthora themophila (32). Although other systems have aIso been successfully

used to express ligninolytic enzymes:t such as the yeasts Pichia pastoris (164) (M.

Bro~ unpublished) and Saccharomyces cerevisiae (186):t and the filamentous

ascomycete Trichoderma reesei (278), we felt that the A. oryzae system offered the MOst

advantages. Transformation ofaspergilli bas been known for some time, and a number of

optimized protocols are available (23, 62, 305, 332). Furthermore, the high level of

expression of extraeellular fungal proteins attainable by A. oryzae (128) made this the

system of choice for expression ofT. versicolor CDR and laccase.

In our initiai attempts to transformA. oryzae with the expression constructs, we

used a phleomycin selection system. These experiments were unsuccessful in tha~

although strains growing on phIeomycin-containing plates were easily obtained, none of

these were found to he CDR transformants. Such results have been notOO before for A.

oryzae (246), in spite of the fact that phleomycin resistance selection worles weil for the

related fungi A. nidulans (19) and A. niger (246). For this reason, we used an acetamide

selection system and plasmid p3SR2, which contains the A. nidulans amdS gene (IS1).

This plasmid integrates stably ioto genomic DNA (30S) and amdS confers the ability to

grow on minimal plates containing acetamide as sole nitrogen source. This system bas

been successfully used for co-transformation in A. oryzae:t which grows poorly with

acetamide as sole nitrogen source (69,295). Rowever:t some background gro~1h on such

media is commonly observed (30S):t which can make selection of AmdS+ colonies

difficult. lbis has been attributed to acetamide degradation by other enzymes produced

by the fungus, as weil as to nitrogenous impurities in the agar used to solidify the

medium (305). In our work, CsCI was incorporated into the mjnimal medium to suppress

this background growth, but a uniform lawn of slowly groWÎDg cells was obtained.

AltemativelY:t the background growth by untransformed protoplasts that we observed

could be due to leaky expression of an endogenous:t functional A. oryzae amdS gene

(127). We used a relatively uncharacterized strain of Â. oryzae which had previously

been subjected to severa! rounds of u.v. mutagenesis to maximize amylase production.

Thus, the undesirable background growth tbat we observed May have been due to weak
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expression ofendogenous amdS. However, the presence of nitrogenous impurities in the

agar is a more likely explanation, since the strain used grew very poorly on minimal

plates solidified with electrophoresis-grade agarose instead of standard bacteriological

agar (which is a relatively crude mixture ofagarose and agaropectins). The high levels of

background growtb. may have interfered with the identification of true transformants in

certain cases.

Using similar amounts of each transforming plasmid, co-transformation

frequencies ranging from 4% (62) ta 100% (69) have been reported. We were able to

unequivocally demonstrate cdh co-transformation (by PCR) for only 1 transformant out

of 27 cdhF and cdbHF transformants analyzed (Table 4.4), which corresponds to a

theoretical co-transfonnation frequency of 3.7%. However, since the chances of mis­

identitYing transformants were quite high due to the background growth (see above), the

true co-transformation frequency cannot he calculated. The laccase transformants (none

of which produced functionallaccase), and the cdhH transformants (which would not he

expected to produce an active protein) were not anaIyzed by PCR so the proportion of

co-transformants is unknown. Furthermore, we attempted to detect the expression of

nonfunctional COR and laccase using polyclonal rabbit antibodies, but these

experiments were inconclusive hecause the antibodies reacted with an unkno\\n factor in

the supematants ofliquid cultures. Supematants from ail strains, even untransfonned A.

oryzae, reacted with the antibodies used.

The acetamide selection system, as used in these experiments, was relatively

unsuccessful, although one true co.transformant which May have secreted functional

recombinant CDR was identified. Other selection systems have been used for aspergilli,

such as auxotrophic complementation using trpC (332), niaD (62), and pyrG (23, 32).

However, we were unable ta use any of these selection systems due to the lack of an

appropriate Â. oryzae mutant. Improvements upon the acetamide system as used here

\vill be necessary in order to obtain sucœssful transformation with the expression

constructs for laccase and COH. For example, agarose should he used to solidi.fy the

selection medium, and a more characterized strain of Â. oryzae, such as ATCC 11488
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(295), should he use<!. Once successful high level heterologous expression is achieved, a

powerful tool for the study ofcelJobiose dehydrogenase will have been acquired.

4.6. CODclusioDS

(1) Using the method ofgene splicing by overlap extension (SOE-PCR), the A.

oryzae Talca-amylase promoter and terminator DNAs were fused ta cDNAs encoding T.

versic%r CDH and laccase. These were designed as vectors for the heterologous

expression ofthese proteins inA. oryzae.

(2) The molar ratio ofDNA Molecules to he spliced by SOE-PCR significantly

affects the success of the reaction. A molar ratio close to 1:1 is important in order for the

reaction to proceed.

(3) Severa! putative transforman~ofA. oryzae were obtained using growth on

minimal medium with acetamide as sole nitrogen source for selection. However, the

selection was plagued by high background growth, which MaY have interfered with the

identification oftrue transformants.

(4) One true co-transformant was identifie~ which contained the cdhF

expression construcL This strain may have produced low levels of functional

recombinant COR (flavin domain), as shawn by decolorization in a plate assay with

ABTS~ radical. Tbree other strains were identified which produced clearance zones on

such plates, but PCR analysis of the genomic DNA of these strains did not reveal the

presence ofthe expression construcL

(5) A low co-transformation ftequency for the two plasmids was observed. This

frequency May he improved by switching to a more characterized strain ofA. oryzae and

by using agarose to solidify the selection medium ta prevent the outgrowth of

untransformed protoplasts using nitrogenous impurities present in regular agar.
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Figure 4.4. SOE-PCR of the COH herne domain (cdhH) and tlavin domain (cdhF) tG the A. oryzae Taka­
amylase promoter and tenDinator DNA and the cloning of the spliced produets. Lanes: 1, cdhH-eohesive
amylase promoter amplification; 2, cdhH-cobesive amylase tenniDator amplification; 3, amylase-eobesive
cdhH cDNA amplification; 4, produet of the three-way splicÏDg reaction; 5, Clooed Tam-cdhH cut with
BamHI; 6, cdhF-eohesive amylase promoter amplification; 7. cdbf-eobesive amylase ten'Dinator
amplification; 8, amylase-eobesive cdhF cONA; 9. produet ofthe two-way promoter/cdhF cDNA splicÎDg
reaction; 10. produet of the promoter-edhFlterminator splicing reac:tion; Il, Cloned Tam-cdbF cut witb
XballPst!. The sizes ofthe molecular weigbt markers (in bp) is shown.
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Figure 4.5. SOE-PCR of the laccase cDNAs to the Â. oryzae Talca-amylase promoter and tenninator
DNA and the c10ning of the spliced produets. Lanes: I~ IccI-cohesive amylase promoter amplification; 2~

Iccl-cohesive amylase tenninator amplification; 3, amylase-eohesive Iccl cDNA amplification; 4, product
of the two-way promoterllcc( cDNA splicing reaetion; S~ produet ofthe promoœr-Icclltenninator splicing
reaction; 6, Cloned Tarn-Iccl eut with BamHI; 7, IccIV-eohesive amylase promoter amplification; 8,
IcclV-cohesive amylase tenninator amplification; 9, amylase-cohesive IccIV cDNA amplification; 10,
product of the two-way promoter/lccIV cDNA splicing reaction; Il, product of the promoter­
IcclV/tenninator splicing reaction; 12, Cloned Tam·lccIV cut witb BamHI. Markers are the same as in
Figure 4.4.

120



•

M
III 1 2 3

M
4 5 VI

•

•
Figure 4.6. Construction of the Tam-cdhHF expression vector. Lanes: l, cdhHF-cohesive amylase
promoter amplification; 2, amplification ofthe S' end ofthe cdh cDNA using primers cdhHF-TaP and cdh
]695 (cdhS'); 3, spliced produet of amylase promoter and cdbS' cloned into pMOSBlue and eut witb Nl1d
and HindIlI; 4, NruUHindllI Tam-cdhHF fragment (cdh3' plus terminator); S, Ligationproduet oflmes 3
and 4 cut with Xbal and Pstl, corresponding tG claned Tam-cdhHF. Markers are the same as in Figure 4.4.
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PREFACE TO CIlAPTERS

The high degree of similarity at the amino acid level hetween T. versicolor

CDH and P. chrysosporium CDH (Cbapter 3) MaY partially reflect the relatedness of the

two fungi. CDH activity bas been reported in a wide range of fungi, bath white-rotters

and others (6). The availability of a large number of CDH sequences from disparate

organisms would he helpful in the determination of which amino acids are critical to

CDR function. Furthermore, the screening of uncharacterized organisms for CDH

activity can he a painstaking and difficult undertaking, since it is often produced in low

amounts and since its activity cao he masked by the activity of oxidative enzymes (268).

A rapid method for the identification and cloning of cdh-like genes from any organism

containing such genes was therefore developed. The experiments described in this

chapter were performed under the guidance of S. Moukha, and the sequencing of the P.

cinnabarinus cdh clone was performed commercially.
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5.1. Abstnct

We have developed and tested a method for ampli.fYing cellobiose

dehydrogenase (cdh)-Iike genes from any organism having DNA homologous to the cdh

genes of the basidiomycetes T. versicolor or P. chrysosporium. The method is based

upon the polymerase chain reaction (PCR) using cdh-specific primers. Primers which

may recognize any homolgous cdh were designed using regions of complete

conservation of amino acid sequence hetween the CDHs of the white-rot fungi T.

versic%r and P. chrysosporium. These are the ooly two CDRs for which complete

amino acid sequences are available. Upstream primers hybridized to regions encoding

the herne domain of CDH, including those amino acids thought to he involved in

complexing the heme irone Downstream primers were designed to recognize highly

conserved regions within the f1avin domain of COR. To test the primers, we used

genomie DNA from the white-rot fungus P. cinnaharinus, whieh is known to produce

CDH but bas a completely uncharacterized cdh locus. Eight different primer pairs

yielded three PCR products close in size to the control amplification, which used cloned

T. versicolor cdh as template. Reasons for the failure of certain peRs included lack of

complete conservation of amino acid sequences, differences in codon choice, and

nonoptimal PCR conditions. The PCR products which were close to the control size

were cloned and one of these, a 1.8-kb product, was completely sequenced. The PCR

produet was highly homologous to both T. versicolor and P. chrysosporium cdh, and

eontained eight putative ïntrons. The cloned product encoded a predicted protein

fragment with 88% homology to the corresponding fragment of T. versicolor CDH and

84% homology to the corresponding portion of P. chrysosporium CDH. We therefore

eonclude that one ofthe primer pairs successfully amplified a previously uncharacterized

cdh, and that the primer sets may he tested with other, more distantly related fungi.
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5.2. Introduction

Organisms which degrade lignin and cellulose do 50 by secreting a range of

extraeelluJar enzymes which together account for the complete degradation of these

\\'ood polymers. The degradation of cellulose appears to he mediated by a series of

cellulase enzymes which hydrolytically cleave cellulose chains at the end of a chain

(exo-l,4-J}-glucanases, or cellobiohydrolases), or in the middle of a chain (endo-l,4-J}­

glucanases). In addition, p-glucosidases degrade cellobiose and cellodextrins, the

products of the endo- and exo-cellulases, to glucose (29, 119). In contrast to the

hydroJytic enzymes involved in cellulose degradatio~ lignin depolymerization occurs

through the action of a series of extracellular oxidoreductases, such as manganese

peroxidase (MnP), lignin peroxidase, (LiP), and laccase. These enzymes oxidize lignin

subunits via l-electron abstractions, probably usiog a low molecular weight Mediator or

manganese cornplex (49, 97), and this oxidation can lead to non-enzymatic

fragmentation reactions (182).

Cellobiose dehydrogenase (COU) is an extracellular oxidoreductase produced

by a wide range of lignocellulolytic organisms (6). COH contains both a protoporphyrin­

IX-based beme and a flavin (FAD) prosthetic group (269, 325), and is organized ioto

two domains: an amino terminal herne domain and a carboxy terminal f1avin domain

(196). The two domains are connected by a proteolytically sensitive hinge region (l00,

196) which is rich in hydroxyamino acids (201, 249), simiIar to linkers found in

cellulases (119). CDH also binds to cellulose, as do most cellulases., and appears to

contain a structurally unique cellulose-binding domain (CBD) (144). The enzyme

oxidizes cellobiose and cellodextrins while reducing a wide range of substrates,

including quinones, Metal ions, organic radica1s, dyes, and other chromophores (142,

269). COH is thought to he involved in the degradation ofboth cellulose and Iignin. For

example, by reducing Fe(lll} to Fe(ll), COH can promote and sustain a Fenton's reaction

in which the latter ion reacts with H20 2 to produce hydoxyl radicals (-OH), capable of

abstracting an electron from and cleaving both lignin and cellulose (6, 188, 285, 300,

328). Furthermore, CDH is known 10 reduce phenoxy radicals generated by MnP and
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laccase-mediated lignin oxidation; this reduction can decrease the teodency towards

polymerization ofthese radicals and MaY resu1t in a net depolymerization (12, 270).

CDR activity has been reported in a large number of white-rot fungi (10), in

one brown-rot fungus (282), and in several other fungi which are cellulolytic but oot

ligninolytic (76, 89). Moreover, CDR bas been purified and characterized from severa!

fungi (27, 64, 149, 269, 275, 325). Rowever, complete CDH amino acid sequences have

been reported for ooly two fungi: T. versicolor (Chapter 3) and P. chrysosporium (201,

249). The two proteins are highly homologous to one another and display similar domain

structures. Rowever, given the relatively close taxonomie relationship between these two

organisms, it is difficult ta determine exactly which amino acids are critical for COH

function based on comparison of the two sequences. A rapid method for detennining

further COR sequences from fungi known ta produce CDH or from uncharacterized

organisms would provide a useful tool with which to study structural differences

between the various CORs. Herein we describe a PCR-based method and show its utility

by amplifying, cloning, and sequencing a fragment of a cdh-like gene from the white-rot

fungus P. cinnabarinus. This method is similar ta that described by D'Souza et al. (95)

for the amplification of laccase-like sequences from white- and brown-rot fungi.

5.3. Materials aad Metbods

5.3.1. Straias aad plasmids

The fungal strain used in these studies, P. cinnabarinus 1-937 (CNCM, Institut

Pasteur, Paris, France), is a wild strain originally isolated in Paris. Transformation­

competent Escherichia coli JMI09 was purcbased from Promega (Charbonnières,

France). Plasmid pBluescript was obtained from Stratagene (La JoU~ Califomia).

Restriction enzymes, Taq polymerase, and dNTPs were from Boeheringer-Mannheim

(Meylan, France).
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5.3.2. IsolatioD ofgeDomie DNA

P. cinnabarinus 1·937 total genomîc DNA was isolated according to standard

procedures (247). The DNA was diluted to a concentration of 0.1 mg/mL in TE buffer

(lO mM Tris-CI, pH 8.0; 1 mM EDTA) and stored al -20°C.

5.3.3. PCR primer design

The predicted amino acid sequences of P. chrysosporium (201~ 249) and T.

llersicolor (Chapter 3) CDH were compared in order to determine short stretches of

complete conservation of amino acid sequences between the two fungi. For primer

desi~ stretches of 6 amino acids were chosen (corresponding to a primer length of 18

nucleotides). The upstream primers were based on conserved regions within the heme

domain of CDH, and the downstream primers were based on the flavin domain. The

codons used by both fungi ta encode the amino acid sequences were then determined,

and degenerate oligonucleotide primers were designed based on the respective codon

choices. Possible primers which were degenerate in the last two (3') nucleotides were

excluded. The primers ultimately designed, and the corresponding amino acid sequences,

are shawn in Table S.L Primers were synthesized by Eurogentec (Seraing, Belgium).

A. Heme domain - UpstrealD primers

protein sequence NSTHWK ALGGAM
-

funcùon Herne binding (H residue) Heme binding (M residue)

codons:

T. versicolor MC TeC ACG CAC TGG "'AG GCT CTe GGA GGA Gee ATG

P. CM)'SOSPOrium Me TCA Aec CAC TGG MG GCC CTe GGT GGe Gce ATG

primer sequence (5'-3') MC TeM ACS CAC TGG MG GCY CTe GGW GGM Gee ATG

Drimercode l-U 2-U
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B. Flavin dom.in - Dowastream primen

protein sequence VLLLER VGAGPG

funetion Flavin binding Flavin binding (GXGXXG motit)

codons:

T. versic%r GTC CTA CTT CTC GAG CGT GTC GGC GCT GGC CCT GGT

P. chrysosporium GTT CTC CTT CTC GAG CGC GTC GGT GCT GGT CCT GGC

primer sequence (5'-3') RCG CTC GAG MG KAG RAc RCC AGG RCC AGC RCC GAC

primer code 1-0 2-D

protein sequence SEAGKK NWADVW

funetion Flavin binding? Unknown

codons:

T. versic%r TCT GAA GCT GGC MG AAA MC TGG GCT GAT G7G TGG

P. chrysospor;um TCG GAG GCT GGC MG MG MC TGG GCT GAC GTC TGG

primer sequence (S'-3') YTT CTT GCC AGC YTC MGA CCA SAC RTC AGC CCA GTT

primer code 3-D 4-D
. .

Table S.l. Primers for amplification of cdh-like sequences from P. cinnabar;nus. Codon choices for P.
chrysosporium cdh are taJcen from the ctlh-2 allele deposited in GenBank under accession number
U65888 (200). Abbreviations: R = A or G; Y = C or T; M = A or C; K =G or T; S = G or
C; W=AorT.

•

•
5.3.4. PCR

•

Thermocycling was performed using a Perkin Elmer Gene Amp PCR system

2400 (Perkin Elmer, Norwalk, CT, USA). To each 100 f.lL reaction mix was added 100

ng P. cinnaharinus genomic DNA; 0.2 mM each ofdATP, dCTP, dTIP, and dGTP; 25

pmol each primer; 0.1 volume 10X Taq polymerase buffer; and 1 U Taq polymerase.

The reaction mix minus Taq polymerase was heated at 94°C for 5 min before addition of

Taq. Conditions for thermocycling were as follows: 5 cycles of 94°C, 5 minutes; 50°C,

30 seconds; and 72°C. 2 minutes; then 35 cycles of94°C, 30 seconds; 50oe, 30 seconds,

and 72°C... 2 minutes. A final 20 minute incubation at 72°C was then performed. As a

positive control for each primer set. lOng of a plasmid containing cloned T. versic%r

cdh was added instead ofthe P. cinnabarinus genomic DNA.
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5.3.5. ClonÏDg ofPCR produets

An aliquot of 10 J,1L of each PCR mixture was analyzed by agarose gel

electrophoresis. Reactions which displayed a band close to the size of the T. versicolor

cdh band were chosen for further analysis. These reaction mixtures were concentrated to

a volume of 30 J.1L using QiaQuick affinity columns (Qiagen). The PCR products were

again run on a 1% agarose gel, and the bands of interest were gel purified using a

QiaQuick gel purification kit (Qiagen). The gel purified DNA was then incubated at

72°C for 2 hours with 0.2 mM each dNTP in a 100 Jll reaction containing 2.5 U Taq

polymerase and the buffer supplied by the manufacturer. The DNA was again

concentrated and washed using a QiaQuick column (30 fJL final volume). An aliquot of

this solution was then ligated overnight at 16°C to a T-vector prepared from pBluescript

(see below). The ligation reaction contained 7 J,LL of the PCR product, 1 fJL of the T­

vector~ and 3 U of T4 DNA Iigase in a 10 JJL reaction volume. Ligation products were

used to transform competent E. coli JMI09, and recombinant (white) colonies were

selected from LB plates containing 50 J.1g1mL ampicillin, 40 J.1g/mL S-bromo-4-chloro-3­

indolyl-f}-o-galactoside (XGaI), and 40 JlglmL isopropylthio-f3-o-galactoside (IPTG).

Plasmid DNA from such colonies was prepared by the alkaline lysis miniprep protacol

(20) and the presence of the desired PCR product verified by restriction enzyme

digestion and agarose gel electrophoresis.

The T-overhang vector was prepared according to the procedure of Hadjeb and

Berkowitz (134). Briefly, 10 Jolg ofpBluescript was digested with EcoRV at 37°C for 60

min, and the digested plasmid was washed free of enzyme and buffer using a QiaQuick

column. The DNA was incubated with 2 mM dTIP and S U Taq polymerase al 72°C for

120 min. After phenoUch1oroform extraction and precipitation with ethanol, the vector

,"vas self-ligated ovemight at 16°C using 3 U T4 DNA ligase (promega). Following this

incubation, vectors which received the T-overhang were resolved from the blunt-ende<L

concatemerized molecules by electrophoresis in a 1% agarose gel in Tris-acetate-EDTA

buffer. The sharp band corresponding to linear plasmid (the T-vector) was excised from

the gel, purified using GeneClean (Bio 101), and resuspended in a final volume of 10 fJL
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of sterile distilled water. An aliquot ofthe gel-purified T-vector was analyzed by agarose

gel electorphoresis in order to approximate its concentration. The T-vector was

immediately stored at -70°C until use.

5.3.6. DNA sequeDeing

Cloned peR products were sequenced by the primer walking method using an

automated DNA sequencer (Genome Express, Paris). The sequence was compiled and

analyzed usÎng MacVector version 6.0.1.

5.4. Results

5.4.1. Amplification and doning ofedlt-like sequences from P. cinlla6arinus

Both upstream primers were tested against each of the four downstream primers

using P. cinnabarinus genomic DNA as template. As a control, each primer set was aIso

used in a PCR with cloned T. versicolor cdh as template. The results of these

amplifications are shown in Figure 5.1. Ali primer pairs produced bands of the expected

size in the control reactions. With P. cinnabarinus genomic DNA as template., upstream

primer 1U produced weak or no bands when paired with downstream primers 3D and

4D, and amplified a large number of bands with downstream primer 20. A single, clear

band was observed using primer set 1U/lD which was reasonably close to the size ofthe

control band. Upstream primer 2U gave better resuIts; in three of the four reactions, a

band close to the size of the control was observed., a1though primer sets 2U/ID and

2U12D also contained a number of nonspecific bands. Primer set 2U/30 did not produce

any products at ail. Encouraging results were observed using primer set 2U/4D, which

resulted in the amplification of a single product identical in size (l.8 kb) to the control

DNA.

Bands close to the size of the control band in each ofreactions lUIlD, lU/20,

2U/ID, 2U/20, and 2U/4D were chosen for gel purification and cloning. The average

PCR product cloning efficiency using the pBluescript..based T-vector was approximately

95%. Five white colonies from each transformation were chosen for miniprep analysis
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and were screened using restriction enzymes EcoRI and XhoI. AIl plasmids analyzed

contained an insert ofthe expected size (data not shown).

5.4.2. SequeaciDg the cloaed PCR products

The PCR produet produced by primer set 2U/4D was the longest product

generated and therefore potentially contained the largest proportion of P. cinnabarinus

cdh. For this reason, it was chosen for DNA sequence analysis. The complete sequence

of PCR product 2U/40 is shown in Figure 5.2. The sequence was 1864 nucleotides in

length. and contained 55.8% G+C. It displayed very high homology both to T. versicolor

cdh (between nucleotides 535 and 2401), and to P. chrysosporium cdh (between

nucleotides 765 and 2669 of the cdh-2 allele (200». A total of 8 putative introns were

found in the PCR product, which were identified by alignment to the known cdh genes

as weil as by translation of the gene with the putative introns removed. A comparison of

the known intron locations of T. versicolor and P. chrysosporium cdh to the putative

introns ofPCR product 2U/40 is shown in Figure 5.3.

The predicted protein fragment encoded by PCR product 2U/4D contained 479

anlino acids. The protein fragment displayed very high homology to the corresponding

amine acid sequences of both T. versicolor CDR (88% homology between amino acids

56-533) and of P. chrysosporium CDR (84% homology between amino acids 60-539)

(Figure 5.4). Moreover, there appeared to he a strict conservation of amino acid

sequence among the three proteins at areas of known functionality, such as the heme­

and FAD-eomplexing amino acids, and the cellulose...binding domains (Figure 5.4). The

high homology ofPCR product 2U/40 to T. versicolor and P. chrysosporium cdh at both

the nucleotide and predicted amino acid levels and the relatively close conservation of

intron positions led us to conclude that this PCR product corresponded to a fragment of

P. cinnabarinus cdh.

s.s Discussion

D'Souza et aL (95) have described a PCR...based screening method for

amplifying laccase-like sequences from various organisms. Their method involves the
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use of primers specific for regions encoding copper-complexing amino acids. These

amino acid sequences are known ta he highly conserved in laccases from a wide variety

of organisms, since a very large number of laccase gene sequences is available (95). At

the present time, DNA sequences are available only for the cdh genes of two organisms:

T versic%r (Coopter 3) and P. chrysosporium (200). However, CDH is known to he

produced by a large number ofwhïte-rot fimgi (6, 9), by one species ofbrown-rot fungus

(282), and by severa! species of soft-rot fungi (76, 89, 276). The full range of organisms

which produce CDH is currently unknown. A series of primer sets were therefore

developed with the intention of enabling the amplification of cdh-like sequences from

organisms known or suspected to contain such genes. Given the paucity of amino acids

within the two proteins with a known functionality, the primers were designed to

amplify genes encoding short stretches of amino acids that are completely conserved

between the T. versicolor and P. chrysosporium CDR proteins. Moreover, the choice of

upstream primers encoding amino acids thought to he involved in complexing the heme

iron and downstream primers from the flavin domain increased the IikeIihood of

amplit)ring hemelflavin proteins. As a test of the primer sets so designed, we chose the

fungus P. cinnabarinus 1-937. This fungus is known to produce small quantities of a

CDH which binds to anti-P. chrysosporium CDR POlyclonal antibodies (C. Laugero,

unpublished observation), but bas never been anaIyzed for the presence of cdh-like

genes.

ln a preliminary trial witbout optimization of the PCR conditions, severa! ofthe

primer sets produced products that were close in size to those generated using cloned T.

versicolor cdh as a template. Upstream primer lU, which encoded the sequence

NSTHWK, appeared to work less efficiently than upstream primer 2U, which encoded

ALGGM1 (Figure 5.1). The general failure ofupstream primer lU was likely due to a

difference in codon choices at the critical 3' end; in P. cinnabarinus, the K residue is

encoded by~ while in T. versic%r and P. chrysosporium (and therefore in the

primer sequence), this codon is AAG (Table 5.1; Figure S.2). A similar explanation is

likely for downstream primer ID, which encodes the sequence VLLLE~ except that the
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,"ide redundancy of leucine codons and the conservative substitution of an isoleucine

residue in the P. cinnaharinus sequence probably accounts for its failure. Thus, the three

PCR products that were cloned using upstream primer 1U and downstream primer ID

were almost certainly nonspecific amplification products: Although their size was close

to the control, the differences that were observed were more than would he expected

given the sequence of the specific product amplified using primer set 2U/4D (Figure

5.2). The failure of the peR using primer set 2U/3D was likely due to nonoptimal

reaction conditions rather than to the lack of a corresponding sequence or to differences

in codon choices, as the P. cinnaharinus CDH sequence ultimately showed (Figure 5.4).

The reaction conditions for primer set 2U/3D should he optirnized before using

these primers to amplify cdh-like sequences from unknown organisms, since it would he

advantageous to probe an unknown organism with more than one set. This is because a

previously uncharacterized organism which possesses a cdh-like gene may contain an

inconveniently located intron which would prevent hybridization of one or both primers,

May differ in its codon choices, or May simply lack homology to other CORs in the

amino acids encoded by the primers. However, the latter possibility should djminish as

other CDR sequences accumulate and amino acids critical to CDH function become

known. In the present case, with ooly two CDR sequences available, we chose upstream

primers hybridizing to the heme domain and downstream primers hybridizing to the

f1avin dom~ in order ta maximize the chances that a hemeltlavin protein-encoding

gene was amplified. In this context it is interesting to note that downstream primer 2D,

encoding the general tlavin-binding motif GXGXXG, produced a number ofbands with

both upstream primers; it is possible that ManY ofthe bands amplifed using these primer

sets corresponded ta other hemeltlavin proteins, but this possibility was not tested.

PCR products produced by the different primer sets which were close in size to

the control were selected for cloning. One of these, a I.S-kb product produced by primer

set 2U/4D, was fully sequenced (Figure 5.2). That this PCR product corresponded to a

fragment ofP. cinnaharinus cdh was shawn by its strong homology to T. versicolor cdh
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and P. chrysosporium cdh, by its conservation ofintron positions (Figure 5.3), and by its

very high homology at the amino acid level to the known CDHs (Figure 5.4). The P.

cinnabarinus cdh fragment eontained eight putative introDS, all ofwhieh were similar in

length and strueture to introns found in other basidiomyeetes (286). The intron/exon

structure of P. cinnaharinus cdh was more sunilar to T. versicolor cdh than to P.

chrysosporium cdh (Figure 5.3); consistent with this, the predieted amino acid sequence

encoded by this fragment of P. cinnaharinus cdh is more highly homologous to T.

versicolor CDR (88% homology to T. versicolor COR vs. 84% homology to P.

chrysosporium CDR). The T. versic%r and P. chrysosporium CDH proteins are 83%

homologous (Chapter 3). Thus, the P. cinnaharinus and T. versicolor CORs are more

similar to one another than to P. chrysosporium CDH. These observations are consistent

with the taxonomie classifications of the three fungi; P. chrysosporium is in Order

Stereales, while bath T. versic%r and P. cinnabarinus are in Order Apyllophorales.

On!y at the level ofFamily do the latter two fungi diverge (T. versicolor is a member of

the Polyporaceae, while P. cinnabarinus is a member of the Schizophyllaeeae).

Nevertheless, the predicted amino acid sequences ofail three proteins are highly simiIar

(Figure 5.4). Furthennore, regions of COH hypothesized to he involved in complexing

the herne and f1avin cofactors, and the putative CBOs (144) are strongly conserved in all

three proteins.

The method described in this paper could he used to amplify cdh-Iike genes

from a variety of organisms. However, it is unknown whether all CDR proteins are as

highly conserved as the three that are known to date; thus, at least two primer sets would

likely he required to screen an uneharacterized organism. We suggest that primer set

2U/4D he used in conjunction with optimized reactions with primer sets 2U12D or

2U/3D. In testing the primer pairs, we have chosen an organi~ P. cinnaharinus, that

was previously known to produce a COH that was sunilar to the T. versic%r and P.

chrysosporium proteins. Testing the recommended primer sets with a series of CDH­

producing organisms from different taxonomie groups is the next logical step. It is

probable that, as more sequences become kno~ more rational primer sets cao he
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designed. These experiments should provide valuable insights into the structure and

fonction ofCDH.

5.6. Conclusions

(l) PCR primers designed to amplify cdh-like genes from a variety of

organisms were developed and used successfully to amplify most of a CDH-encoding

gene from P. cinnaharinus, an organism which produces a previously UDcharacterized

CDH.

(2) AIl three known CDH proteins are highly homologous~ although. the CDHs

from P. cinnabarinus and T. 'Versic%r are more similar ta one another than to P.

chrysosporium CDH.

(3) Amino acids within CDH that were previously hypothesized to he involved

in the complexation of the berne and flavin prosthetic groups, and in the cellulose

binding domain, are conserved in P. cinnabarinus CDH.

(4) Due to potential differences in codon choices, intron positions, and amino

acid sequences among the CDH-encodïng genes of various organisms, at least two

primer pairs should he used to screen an uncharaeterized organism for cdh-like genes.

(S) Primer set 2U/4D could he used in conjonction with optirnized reactions

using primer sets 2U12D or 2U/3D ta amplify cdh-like genes from other organisms.
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Figure S.l. PCR amplification of cdh-liIœ gene fragments trom P. cinnabarinus. A. Reactions using
upsueam. primer lU. B. Reactions using upsueam primer 2U. Primers are coded as shown in Table 5.1.
Arrows indicate bands lhat were chosen for gel purification and cloning.
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2U
GCCCTCGGTGGAGCCANATCGGCGACTTGCTGATCGTCGCTTGGCTAAACGGAAACGAG 60
A L G G A M
ATTGTCAGTTCGACCCGCTATGCAACgtaaçtgcctttatgaqaaqqagtttqagaacga 120
aacaqtaacacgtctccaqGGCTTACCAGTTGCCCGACGTGTACGCGGGTCCTACCATCA 180

lU
CCACCTTGCCTTCCAGTTTGGT~CGTTTTCCGCTGTCAGA2CO

N 5 T H W K
ATTGCACCTqtaaqtttccaaaaqccatccatcqaaacqcggctcacqqaqccaacqcag 300
C':'TGGG.~GGGCGGAGGAGGCATAGACCCTACCGGTACCGGCGTCTTCGCGTGGGCGTACT360
CGTCTGTGGGCGTCGACGACCCCTCGGACCCGAACACCACTTTCCAGGAGCACACTGATT 420
gtaaqtcqagqcttcqcatcaattgttatcagcttcttgacqgtacttctagTCGGATTC 480
TTTGGAATCAACTTCCCCGACGCCCAGAACTCGAATTACCAGAACTACCTGCAAGGCAAT 540
GCCGGk~CTCCTCCTCCCACTTCGACGCCGTCCGGGCCGACTACTACCAGCAAACCTACC600
Gu"TCCTACTGCTTCCgtqagtattcttctagtatgtgaggtggtcgaaccctcatcatgt 660

2D

ctqtagGCCACGCCATATGACTATATCATT~~TATCATTGCC720
V GAG P G

3D 10

GCGGACCGATTG ~CQAACGTGGTGGCCCCTCG 780
5 E A G K K VIL L E R

ACTGCA~AGACTGGGGGCACGTACTACGCTCCATGGGCTAAATCTCAAAACqtgaactcq 8CO
tttqtqcatgcactgaatctctcctattgagactgaccacgcatcagCTCACCAAATTCG 900
ACATACCCGGCCTTTTCGAGTCTATGTTCACTGACCCTAATCCATGGTGGTGGTGCAAGG 960
qtgcgtgtagacagtcgqttctqcgaggtacgtqctqatqaqagatgcaqATACCAACTT 1020
CTTCGCTGGCTGCTTACTTGGCGGAGGCACGTCTGTCAATGGAGCqtqaqtaacactqtg 1080
atggtcttctttqtqcqagttataacgagtatqccatagTCTATACTGGTTGCCCAGTGA 1140
TGCAGATTTCTCAACCGCCAACGGATGGCCTACGAACTGGGGGAACCACGCGCCATATAC 1200
GAGCAAGTTGAAGCAACGCCTTCCCAGCACAGACCACCCCTCTGCTGACGGAAATCGCTA 1260
TCTCGAGCAGTCTGCTACCGTCGTTAGCCAGCTCCTGCAGGGCCAAGGCTATCAACAGAT 1320
CACCATCAACGACAACCCCGACTACAAGGACCACGTCTTCGGGTACAGCGCCTTCGACTT 1380
CATCAACGGCCAGCGCGCAGGGCCCGTGGCGACGTACTTCCAGACCGCATCTGCGCGCAG 1440
CAACTTTGTGTACAAGGACTACACGCTCGTCAGCCAGGTCTTGCGCAACGGCTCGACGAT 1500
CACTGGCGTGCGCACGAACAACACTGCGCTCGGCCCCGATGGCATCGTGCCGCTCAACCC 1560
CAA~GG~CGTGTCATTCTCGCCGCTGGGTCTTTCGGCACCCCGCGCATCCTGTTCCAGAG1620
CGGGATCGGCCCGACGGACATGATCCAGACGGTGCAGAGCAACCCGACTGCGGCTGCGAA 1680
CCTCCCGCCTCAGAGCGAATGGATCAACCTCCCGGTAGGACAGGGTGTGTCGGACAACCC 1740
TTCGATAAATqtacgtcctcgattqtccacactacqcqcctccctatqactgaccttcat 1800

4D

gatctttcagCTTGTATTTACACACCCCAGTATCGATGCTTACGA~1860
N W A 0 V

C'l'GG

w
Figure 5.2. The nucleotide sequence ofPCR produet 2U/4D amplified from P. cinnabar;nus. The regions
corresponding to the primers shown in Table 5.1 are shown in bold, and the corresponding predieted
amino acids sequences are indicated. Predicted intr'ons are shown in lower-ease lettering.
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• Figure 5.3. Alignment of the predicled iJurODS of PCR product 2U/4D from P. dnnDbarilUlS (A) 10 the
known intron locations of the correspoDding regions of B. T. vemcolor cdh (Chapter 3), and C. P.
chrysosporium cdh (200). Introns diagrammed above correspond [0 introns fi-IX of T. versicolor cdh and
II-X of P. chrysosporium cdh.
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Figure S.4. Optimized global alignment of the predieted amino 8Cid sequences of r. versic%r COlL P.
chrysosporium COH, and PCR product 2U/40 from P. cinnabarinus. Conserved amine 3Cids are shawn
in dark grey. while conservative changes (amino acids with similar fune:tional groups) are shaded light
grey. Oissimilar amine acids are not shaded. Alignment was performed using the CLUSTALW algoritbm
(MacVee:tor 6.0.1). Amino acids thought to be involved in COR function are as follows: M (beme
binding). aa 65; H (berne binding). aa 114; SrrlP-enriched linker, aa 191-216; GXGXXG (flavin binding).
aa 223-228; cellulose-binding domain, aa 252-300.
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PREFACE TO CHAPTER 6

The biocbemical and molecular characterization of CDH reported in the

previous chapters provided interesting new information regarding this enzyme.

However, these experiments did not directly address the fundamental question ofthe role

of CDH in delignificatio~cellulose degradation, and pulp biobleaching by T. versicolor.

A CDH-deficient mutant was 50ugbt in order ta provide a means of addressing this

question. The availability of the genomic clone encoding CDH (Chapter 3) allowed the

possibility of using targeted deletion as a means of accomplishing this goal. Gene

targeting by disrupting a cloned version of a gene before transformation bas been used

for Many years in yeast systems and bas also been reported in fiIamentous fungi. The

following chapter describes efforts to isolate such a mutant.

K. Bartholomew was responsible for the optimization of the protoplasting and

transformation protocol for T. versicolor, and performed ail of the transformations with

the mutagenic vector. In addition, L. Valeanu screened the transformants for CDH

activity and performed the biobleaching and delignification analyses. 1 performed all of

the other experiments described in this chapter.
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6.1. Abstract

Although ceUobiose dehydrogenase (CDH) is capable of reducing a wide range

of substrates, including transition metal ions, quinones, and phenoxy radicals, its true in

vivo role bas remained mysterious. In order ta study the potential importance ofCDH to

Iignocellulose degradation and pulp biobleaching, we constructed a CDH-deficient strain

of the polypore basidiomycete T. versicolore This strain was developed by transforming

protoplasts ofT. versicolor strain 521 with a plasmid consisting ofa disrupted version of

cloned T. llersicolor cdh containing a phleomycin resistance cassette. Of 143

phleomycin-resistant colonies analyzed, 3 (2.1%) did not produce measureable CDH

over two successive two-week culture periods. Of these three, two yielded normal

amplification products with cdh-specific primers. The third, cdhm25C, consistently

failed ta give an amplification product with cdh-specific primers and had lost its ability

to growon phleomycin-containing plates. We conclude that strain cdhm25C is a true cdh

mutant which bas undergone a targeted insertion followed by a genetic reanangement

which resulted in the excision of the phleomycin resistance cassette and ail or part of the

CDH coding region. Cultures of two of the cdh mutants, cdhm2SC and cdhm4D,

biobleached and delignified industrial unbleached kraft pulp as efficiently as wild-type

T versicolor, which suggests tbat CDH does not play an important raIe in these

processes.

6.2. Introduction

As discussed previously (Chapter 1), T. llersic%r is able to degrade both lignin

and cellulose, and its unique abilities have led us to investigate its potential application

in a pulp flbiobleachingn system. In this system" washed, unbleached kraft pulp is

incubated with the fungus in a growth medium for severa! days, resulting in a substantial

increase in pulp brightness and a concomitant decrease in the lignin content (18).

Although biobleaching with T. llersicolor offers potentially great chemical savings and
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reduced organochIorine emissions from pulp mills, using the complete fungal system to

biobleach and delignify kraft pulp is impractical for mill application because it takes too

long (18). We have therefore investigated the enzymatic system employed by the fungus

to delignify with a view to applying the isolated enzymes. Enzymes from T. versic%r

which have been shown to drive systems delignifying kraft pulp are manganese

peroxidase (MnP) (234) and laccase (48). However, neither of these enzymes have been

able ta match the rate and extent of delignification and biobleaching afforded by the

complete fungal system (232). This bas led ta the search for other T. versîc%r enzymes

that May he important in biobleaching.

Cellobiose dehydrogenase (COH) is one potential candidate. CDH is an

inducible extracellular hemoflavoenzyme which oxidizes cellobiose, short cellodextrins,

and the reducing ends of cellulose molecules to acids (6). The enzyme reduces a very

wide range of substrates, including quinones, metal ions, and phenoxy radicals (6, 27,

142, 269). A more complete review is given in Coopter 2. This lack of specificity bas led

to a numher of different hypotheses regarding the true in vivo role of CDR. Many

workers see COH as primarily a cellulolytic enzyme (26, 107, 260), while others

postulate that it is involved in lignin degradation through various interactions with the

lignin oxidizing enzymes (12, 270) and reduction of oxidized Iignin quinones and

phenoxy radicals to phenolics. COH May well he involved in both lignin and cellulose

degradation through its ability ta promote the production ofhydroxyl radicals, which are

powerful oxidizing agents that cao cleave both lignin and cellulose CI41, 328) (Chapter

2). Each of these putative functions of COH are based upon the demonstrated in vitro

biochemical capabilities of the enzyme, but none have been proven unequivocally to be

important in vivo. One effective means of determining the reaI raie of CDH is to

generate mutants that are deficient ooly in the production of CDR. To date, no such

mutants have been rePOrted for any ofthe COH-producing fungi.

Traditionally, the isolation of a desired fungal mutant bas been achieved by

randomly mutagenizing a conidia! or protoplast preparation, usuaIly by ultraviolet light,
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and screening the surviving ceUs for the desired phenotype. Altbough snch an approach

has been successfully used ta study the roles of laccase (8) and MnP (3), the method is

limited by the necessity of screening large numbers of mutants and by the requirement

for an effective screen for the desired phenotype. Moreover, it is never certain that only

the desired gene bas been mutated. In the case of CDH, no efficient screening method

has been developed since secreted oxidative enzymes tend ta interfere by re-oxidizing

CDH-reduced chromophores, which bas hindered the search for CDH-less mutants.

An alternative approach to generating a desired mutant involves the in vitro

disruption ofa cloned version ofthe gene onder studyand the subsequent introduction of

the disrupted version of the gene into the hast organism (281). In a certain percentage of

sucb transfonnants, the nonfunctional version of the gene will recombine into the hast

genome directIy at the targeted locus, displacing the endogenous gene and resulting in a

"knockout" mutant. This approach bas been used for Many years ta disrupt genes in yeast

(264), and bas more recently been successfully applied ta filamentous fungi (4, 37, 113).

CDH is an ideal target for such studies since it is encoded by a single structural gene

(Chapter 3), and therefore the phenotype ofa knockout mutant is unIikely ta he masked

by the activity of other isozymes, as bas been observed in other systems (179), and as

would he the case for T. versicolor laccase or MnP (72, 218).

Here we describe the application of this method ta the development of a CDH­

deficient strain of T. vesicolor. Using a phleomycin-based transformation vector for

basidiomycetes developed by Schuren and Wessels (287), we have construeted a vector

designed to integrate into the cdh locus of T. versicolor. A strain which does not produce

CDH and which possesses an altered cdh locus bas thereby been developed.

6.3. Materials aad Methods

6.3.1. OrgaDism

The fungal strain employed in this study was T. versic%r 52J (ATeC 20869).

AlI plasmid manipulations were done using the E. coli host strain DHSa (137).
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6.3.2. Construction of transformation veetors

Plasmid pBScdhgenl-lE, which contains a 5 kb EcoRI fragment of T.

versicolor genomic DNA including the complete cdh gene (Chapter 3), \Vas used as the

basis for the construction of a cdh knockout vector (Figure 6.1). The 5 kb insert was

subcloned into pUC7, a vector which lacks a SacI site, ta fonn plasmid pUC7-cdh. This

plasmid was digested with SacI, thereby removing an internaI 2 kb SacI fragment from

the insert which contains most of the coding region of cdh, and re-ligated. A plasmid

lacking the 2 kb SacI fragment of cdh \Vas retrieved and designated pUC7-edW1S.

Plasmid pGPhT (287) was digested with Pvun to release a blunt-ended fragment

containing the entire phleomycin-resistance cassette. This fragment was ligated to SacI­

digested and filled-in (T4 DNA polymerase) pUC7-cdlu1S to form plasmid pcdh4S­

GPht, and was also ligated to SmaI-digested pBluescript KS'" (Stratagene) to fonn

plasmid pBS-GPhT.

6.3.3. Transformation of T. v~rsicolo,

Cultures of T. versic%r 521 were prepared for protoplasting as follows: Four

colonies of 2-3 cm diameter grown on YM agar plates (3 g malt extract, 3 g yeast

extrac~ 5 g peptone, and lOg glucose per liter with 1.5% agar) were transferred into a

100 mL Eberbach semimicro blender cup and blended at high speed in 100 mL YM

broth for 40 s. The mycelial macerate was transferred to a 500 mL flask and incubated at

30°C with shaking at 200 rpm until the culture appeared saturated (2-3 days). For

protoplast preparation, 5-10 mL of this liquid culture was transferred to 100 mL fresh

YM broth~ blended for 40 s as above, and incubated in a fresh flask at 30°C with shaking

(200 rpm) for 12-18 h.

Mycelia from these ovemight cultures were harvested by centrifugation al 2500

g for 5 min. The mycelia were washed twice with 0.5 M Mg osmoticum (0.5 M MgS04,

10 mM MES, pH 6.3). Washed mycelia were suspended in an equal volume of 1 M Mg

osmoticum (1 M MgS04, 20 mM MES, pH 6.3), and Novozyme 234 {lnlerSpeX

145



•

•

•

Products, Inc.) was added to a final concentration of 500 flglmL. The mycelia were

incubated at 30°C for 4 h with gentle mixing, then 1.0 vol of sterile H20 was added and

the cultures were centrifuged at 2500 g for 5 min to collect the digested mycelia and

protoplasts. The pellet was resuspended in 25 mL 0.5 M Mg osmotic~mixed, and

recentrifuged. The protoplast-containing supematant was sav~ and the pellet was again

resuspended in 0.5 M Mg osmoticum. This step was repeated once more, and the

resulting supematants were pooled. Protoplasts were pelleted by adding an equal volume

of 1 M sorbitol osmoticum (l M D-sorbitol, 10 mM MES, pH 6.3), and centrifuging at

2500 g for 10 min. The collected protoplasts were resuspended in 2-3 mL 1 M sorbitol

osmoticum, counted using a hemocytometer, and their concentration adjusted to lOI/mL.

The protoplasts were stored on ice and used within 1 week ofpreparation.

Plasmid DNA to he used for transformations was purified on a CsCI gradient

using standard procedures (20). DNA (5flg) was diluted with water and CaCl2 was added

to a îmal concentration of 50 mM in a total volume of 120 flL. An a1iquot of 200 J-lL of

the protoplasts (2 x 10') was transferred to a 15 mL sterile plastic centrifuge tube and

iocubated for 20 min on ice. The protoplasts were then mixed with the DNA solution

and incubated for another 20 min on ice. Following this incubation, 320 J,LL of50% PEG

3350 \vas gently added, the suspension was incubated again on ice for S min, and 3.S mL

of recovery media (YMIO.5 M MgSOiloo J-lglmL phleomycin/40 mM MOPS, pH 7.0)

was added. The ttansformation mixture was incubated ovemight at 4°C, then added to

severa! soft agar overlays (recovery media with 0.7% agar) and spread evenly on the

surface of YM-phleomycin 100 plates (100 J-lglmL phleomycin/SO mM MOPS pH 7.0).

Plates were incubated at 30°C until phleomycin-resistant colonies were observed.

6.3.4. Phenotypie sereenmg of transformaDts for CDH produetion

Phleomycin-resistant transformants were ttansferred from the initial

transformation plates onto fresh YM-phleomycin 50 plates (50 J-lglmL phleomycin/40

mM MOPS pH 7.0). Colonies which grew on these secondary plates were subcultured

onto YM plates without phleomycin and portions of these colonies were used to

146



•

•

•

inoculate 50 mL Erlenmeyer tlasks containing 20 mL each of CDH production medium

(Chapter 2) with 5 g/L ceUulose as the carbon source. These flaslcs were incubated al

25°C with shaking. Starting on day 4, aliquots of the culture supematants were removed

and assayed for CDH using the chlorpromazine radical reduetion assay (268). Cultures

were tested every two days for a two-week peri~ and any strains exhibiting measurable

CDH activity were discarded. Transformants which did not produce detectable eDH

during the primary assay were re-inoculated in duplicate into fresh CDR production

medium as above and anaIyzed for another two-week period. Strains which still did not

produce CDH in either flask were considered CDH(-) and were subjected ta genetic

analysis.

6.3.5. Genotypic analysÎS of transformants

Genomic DNA was isolated from each transformant as previously described

(322). The cdh locus was amplified from total genomic DNA using an upstream primer,

5'-CAT TGG TCA TeC CTC GAG Tce-3', which hybridized to T. versicolor genomic

DNA 150 nucleotides upstteam of the EcoRI site corresponding to the 5' end of cdh on

plasmid pBS-cdhgenl-lE. This primer was chosen so that only the endogenous cdh

locus., and not the cdh fragment from ectopic integration events, was amplified. The

downstream primer, 5'-ACA AGT ACA GCA CAC GAC GG-3', hybridized

downstream of a PstI site within the endogenous cdh gene. These cdh primers were

designed to yield a PstI-digestible product of 3.55 kb from wild-type T. versicolor 521

genomic DNA. The primers (25 pmol each) were used in a PCR containing 0.2 mM

dNTPs, 1 U Taq polymerase (pharmacia), and 1 U Taq extender (Stratagene), in a 100

J.lL reaction volume. Amplification conditions: 94°C, 5 min followed by 5 cycles of

94°C~ 1 min; 52°C, 30 s; 72°C, 2.5 min, then 35 cycles of94°C, 30 s; 50°C, 30 s; 72°C,

2.5 min. Amplification of the laccase ID gene was effected using primers S'-TAC TGT

GAT GGT CTG AGG-3' (upstream) and 5'-GTe ITG CGC GIT CTG CGC-3'

(downstream). The amplification was done in a 50 J1L reaction mixture containing 10%

DMSO, 0.2 mM dNTPs, 20 pmol each primer, and 1 U Taq DNA polymerase
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(pharmacia). Cycling conditions: 94°C 5~ then 35 cycles of 94°C, 2 min; 60°C, 2

min; 72c C, 2 min, foUowed by 10 min at 72°C. An aliquot of 10 flL of the amplifications

was analyzed by agarose gel electrophoresis.

6.3.6. BiobleachiDg

Flasks containing 1% (w/v) unbleached hardwood kraft pulp from a Quebec

mill in 200 mL of83 mM glucose, 5 mM glutamine, 5 mM NaCI., 5 mM KH2PO.., 1 mM

MgS04, 0.1 mM CaCI2, 10 mM dimethylsuccinate, 0.8 mg/L thiamine, and a trace Metal

solution (267) were inoculated with lOOk (v/v) ofa liquid fungal culture prepared in the

same medium. AlI flasks were supplemented with 75 J,1M MnSO.. to facilitate bleaching.

Flasks were incubated at ambient temperature for oine days with shaking at 200 rpm.

Culture supematants were analyzed periodically for laccase, MnP, and CDR activity. At

the end of the incubation, handsheets were prepared &om the pulp/mycelium mixture

and the brightness measured using standard methods (CPPA Standard Method E.l,

1990). Residual lignin was measured using the micro-kappa method (CPPA Standard

Method G.I8, 1997).

6.4. Results and Discussion

6.4.1. Construction of. mutagenic transformation vector for T. versicolor

cdh

Plasmid pGPhT was developed by Schuren and Wessels (287) as a

transformation vector for basidiomycetes. This plasmid contains the hIe gene of S.

hindustanus, which encodes a phleomycin binding protein, under the control of

regulatory sequences from the glyceraldehyde-3-phosphate dehydrogenase (GPD) gene

of the basidiomycete S. commune. Previously we have determined that this plasmid

confers upon T. versicolor the ability to grow in the presence ofphleomycin, and tbat the

plasmid integrates stahly and ectopically into genomic DNA (G. Dos Santos et al.,

manuscript in preparation). Plasmid pGPhT was reported ta confer phleomycin

resistance to S. commune when the GPD promoter was deleted up to position -130 (287),
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which suggested that a 1.5 kb Pvun fragment ofpGPhT should contain the phleomycin

resistance cassette. Ta determine whether this was in fact the case, plasmid pBS-GPhT

was constructed. Protoplasts of T. versicolor S2J transformed with this plasmid yielded

phleomycin-resistant colonies, while control transformations without plasmid DNA did

not yield any colonies (data not shown). A typical transformation gave 5-10

transformants per J1g of DNA. The plasmid probably integrated into genomic DNA

ectopically, as did plasmid pGPhT, but the transformants were not analyzed further. Ta

construct a cdh-deficient mutant of T. versicolor, plasmid pcdhâS-GPht was constructed

with the aim of targeting the insertion of the phleomycin resistance cassette to the

chromosomal region containing cdh. The mutagenic plasmid was constructed as

diagrammed in Figure 6.1 and its structure was verified by restriction mapping (not

shown). This plasmid was used ta transfonn protoplasts of T. versicolore

6.4.2. Phenotypie aDalysis of pbleomycin resistaDt transformants

A total of 142 phleomycin-resistant transformants of T. versicolor 52J were

isolated. These strains were analyzed for their ability to produce CDH, and of these, 9

(6.3%) did not produce measurable CDH over the two week assay periode These 9

strains were then re-inoculated into duplicate flasks of CDH production medium and

analyzed for a second two-week periode Of the 9 straïns, 6 produced detectable CDR in

at 1east one tlask during the second assay period, although ail of these produced CDR

substantially 1ater than untransformed T. versicolor (day 4 for the untransfonned vs. day

6 or later for the transformants). The reason for this delay in COR production is

unknown, but May he due to differences in growth rates. Three strains of the 142

originally tested (2.1%) produced no measurable CDH in either flask over the second

two-week assay period. These strains were considered to have a CDH(-) phenotype.

6.4.3. Genetie analysis ofCOR(-), pbleomycin resistant T. versicolor strains

The three CDH(-) strains, cdhm4D, cdhm9D, and cdhm25C were subjected to

genetic analysis. In theory, a targeted double recombination event would result in the
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complete replacement of the endogenous cdh with the vedor DN~ which contaÏns a

large deletion in the coding region of the gene (the 2 kb SacI fragment is replaced with

the 1.5 kb phleomycin resistance cassette). Such a gene replacement is expected to occur

in a small but detectable proportion of the transformants (4~ 112) and should result in a

strain which cannat produce functional CDH. Total genomic DNA was isolated from

each CDH(-) strain and used in a PCR with cdh-specific primers. A targeted double

recombination event would have resulted in an amplification product of 3.05 kb which

contaÏns a BamID site but does not contain a Pstl site. This is in contrast to an unaltered

cdh locus~ which gives a 3.55 kb product which contains a Pst] site but no BamHI site.

Of these three straïns, two (cdhm4D and cdhm9D) POssessed an apparently normal cdh

locus. The other strain, cdhm25C, did oot give an amplification product with cdh

primers (Figure 6.2), even though the experiment was rePeated three times. However, the

same strain gave a normal amplification produet using laccase-specifie primers (Figure

6.2). Moreover, strain cdhm25C, in contrast ta the other two CDR(-) straîns, apPeared ta

have lost the ability to growon YM-phleomycin plates (Figure 6.3). These results lead to

the conclusion that the mutagenic plasmid initially inserted at the cdh locus and

conferred the ability ta grow in the presence of phleomycin for some rime, but tbat a

genetic rearrangement later occured at the cdh locus which resulted in the excision ofthe

phleomyein resistance cassette aloog with some or aIl of the endogenous CDH-eneoding

gene. Thus strain cdhm25C can probably he considered a true cdh mutant.

The proportion ofCDH(-) strains that were isolated was smaU (2.1%). Although

gene targeting is known to occur with a high frequency in yeast systems (112, 264), the

major mode of integrative transformation in filamentous fungj is ectopie (112). Alie et

al. (4) studied the targeted integration into P. chrysosporium genomic DNA ofa plasmid

containing an S. commune gene conferring adenine prototrophy cloned iota a disrupted

version of the P. chrysosporium ura3 gene. In this system, a similarly small proportion

of transfonnants were shown 10 he due to homologous transformation (these were

selected on 5-tluoroorotic acid), and all were shown to he due ta a double recombination

event leading to a knockout of the ura3 gene (4). In the present case, 97.9% of the
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phleomycin-resistant transformants were presumably due to ectopie integration, sinee

their COR phenotype was unafIected. AltemativelY7 sorne of these strains with an

unaffeeted COR phenotype May have been due to homologous integration near the cdh

locus by a single crossover event occuring in a region outside of that required for proper

expression of the gene (for example, within the 2 kb immediately downstream of the

gene). Nevertheless, we were able to identifY three CDH(-) strains by direct enzymatic

assays of a relatively smalt sampling of phleomycin-resistant straÏnS. In none of the

CDH(-) strains identified did a double recombination (knockout) event occur; however7

the mutagenie plasmid probably integrated at the targeted locus in at least one case and

resulted in a strain with the desired phenotype. Thus this method May he of general

utility in creating mutants ofany gene of T. versicolor for which a clone is avaiJable.

6.4.4. Nature of the CDH(-) phenotype

The three CDR(-) strains which were isolated were used to evaJuate the

potential role of CDH in pulp biobleaching. In ail three strains7Ievels of pulp bleaching

and delignification close to that ofthe wild-type T. versic%r 52J were observed (Figure

6.4). In addition, CDH was undetectable in the wild type strain at the end of the

bleaching assay (not shown). These results indicate that COR is probably not important

in the pulp biobleaehing effect of T. versic%r. Rowever, the levels of the known

delignifying enzymes, MnP and laccase, varied widely among the various strains (not

shov.n). Further studies are underway to detennine whether or not COR is important in

delignification and to elucidate its true role.

6.5. Conclusions

(1) A 1.5 kb Pvun fragment of pGPhT, a transformation vector developed for

basidiomyeetes (287), contains the phleomycin resistance cassette. This fragment

confers phleomycin resistance to T. versicolor.

(2) A mutagenic transformation vector, pcdhAS-GPhT, designed to target its

insertion to the endogenous CDH-encoding gene of T. versicolor, was constructed.
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(3) Of 142 phleomycin-resistant strains isolated using this vector, 3 (2.1%) were

classified as possessing a CDH(-) phenotype. Ofthese three, two possessed an ostensibly

normal cdh locus, as determined by PCR analysis. The other, cdhm25C, appeared to

contain an altered cdh locus and had lost the ability to grow on phleomycin-containing

plates. This strain is likely a true cdh mutant which occured by targeted insertion

followed by genetic rearrangement which deleted ail or pan ofthe endogenous cdh.

(4) Analysis of the CDH(-) phenotype indicates that CDH is probably not

involved in pulp biobleaching or delignification by T. versicolor.

(5) T. versicolor 521 mutant 25C is a uniquely effective tool for elucidating the

true biological role ofCDH.
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Figure 6.%. PCR analysis of the CDH(-) T. venicolor strains tnmsformed with knockout vector pcdhAS­
GPhT. Lanes 1-10 correspond to amplifications using cdh-specific primus on genomic DNA fiom
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12). M. molecular weight markers (1 kb Iadder ti'om Boehringer-Mannheim; sizes (in kb) are incüeated)•
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Figure 6.3. Growth of CDH(-) transfonnants on YM-phleomycin 100 plates. The three mutants and
untransfonned T. versic%r 52J were subcultured to these plates from YM plates without phleomycin and
incubated for three days al 30°C.
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CHAPTER 7 GENERAL DISCUSSION

The objectives of this work were essentially twofold: To develop general tools

useful in the analysis of the phenomenon of kraft pulp biobleaching and delignification

by T. versicolor; and to apply these tcols to a molecular analysis of the CDH produced

by this fungus. Ultimately, the objective was to apply the molecular tools to an analysis

of the role of this enigmatic enzyme in the degradation of lignin and/or cellulose and in

pulp biobleaching. The work described in this thesis bas led to an evolution in our

understanding ofthe cbaracteristics and role of T. versic%r CDH.

Molecular tools

Prior to the present studies, few studies of the molecular genetics of pulp

biobleaching by T. versicolor 52] had been undertaken. The tcols required for sucb an

analysis had therefore to he developed. Accordingiy, genomic and cDNA libraries were

produced (Appendix 1, Appendix 2) which should enable the isolation of further

important clones. Furthermore, the constructs for the expression of T. versicolor CDH

and laccase in A. oryzae (Chapter 4) May prove to he very useful for isolating larger

quantities of these enzymes if better expression levels can he achieved. These vectors

would aIso enable the study of structurelfunction relationships within CDH and laccase

by site-directed mutagenesis, again assuming that appropriate levels of properly

expressed protein can he attained. In addition, the cdh-specific primers (Coopter 5)

should help in the rapid isolation of further clones encoding COR from diverse

organisms, which will aid in the identification ofamine acids critical to CDH fonction.

The application of these molecular tools to the study of T. versicolor CDH bas

contributed to a new level of understanding of this enzyme. The genomic and cDNA

clones (Chapter 3) were the tirst CDR-encoding clones outside ofP. chrysosporium. The

predicted amino acid sequence of T. versicolor CDH corroborated interesting

hypothesized features of the analogous enzyme from P. chrysosporium, including the

potentially novel cellulose binding domain. In addition, the beme-eomplexing amino

acid residues were identifie<!, although the identification of HI09 of T. versicolor COR

157



•

•

•

as the berne chelating residue required comparison to the sequences of P. cinnaharinus

and T. heterothallica CDH (Chapter 3). Most importantly, however, the cloning of T.

versic%r cdh allowed us to construct a knockout vector, which enabled the isolation of

three strains of T. versic%r deficient in CDH production. The fact that these strains are

capable of carrying out substantial levels of kraft pulp delignification and biobleaching

(Chapter 6) bas modified our thinking about the raie ofCDH in this system. This will he

considered in more detail below.

Rote of eDD in kraft aDd Dative lignin degndatioD

When the present work was started, a series of hypothesized raies in lignin

degradation and pulp biobleaching had been put forward for T. versic%r CDH based

upon the in vitro catalytic activity of the enzyme (266, 270). For example, the ability of

COR to reduce phenoxy radicals generated by the action of the oxidative enzymes

laccase and MnP produced by T. versic%r were proposed to result in a dampening of

the tendency of these radicals to polymerize, shifting the balance of lignin

polymerization/depolymerization in favour of the latter. This re-reduction of phenoxy

radicals was hypothesized to enhance lignin degradation and removal from wood or

wood pulpe Furthermore, CDH bas been shown to he capable of reducing insoluble

MnOz to more bioavailable forms, and the cellobionic acid formed from cellobiose

oxidation was shown to he an effective Mn(lll) chelator (270). These observations were

thought to at least partially explain why the complete T. versicolor system is 50 much

more effective in bleaching kraft pulp than any of its isolated enzymes, alone or in

combination, have hitherto been shown ta he. Thus CDH was seen to act synergistically

with MnP, the one T. versicolor enzyme which is known to biobleach and delignify.

However, the present work bas cast doubt on the importance of these

hypothesized interactions in lignin degradation. Although purification of the enzyme

confmned many of its previously known catalytic caPabilities (Chapter 2), the

preliminary results descrihed in Chapter 6 seem to argue against the involvement of

CDH in the degradation of lignine More recent results with the CDH(-) mutant strains
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have aIso shown little or no decrease in the ability to degrade DHP li~ again arguing

that CDR does not likely play a major role in lignin degradation in this system. It should

of course he noted that the biobleaching and DHP degradation assays are not necessarily

reflective of the degradation of wood by the fongus in nature~ since the cultures are not

staric but are vigourously shaken: A role for COR in lignin degradation in static cultures

has not been ruIed out. Previous in vitro assays with purified CDH and MnP showed a

very slight delignificatioo ofkraft pulp, and it was hypothesized that optirnization of the

reaction conditions would lead to further improvements in delignification (266).

However, despite numerous subsequent auempts in this laboratory, no substantial in

vitro synergy between COH and either laccase or MnP in Iigninolysis or kraft pulp

biobleaching has been demonstrated (F. Archibald and L. Valeanu, unpublished results).

It therefore seems unlikely that CDR plays a major role in kraft pulp delignificatioo in T.

versicolor.

Biobleaebing

The biobleaching results with the CDR(-) strains (Chapter 6) seem to constitute

strong evidence that COR is not important in pulp biobleaching by T. versicolore

However, it remains possible that some other reductive activity is masking the effect of

the lack ofCDH by performing sorne its hypothesized reductive reactions. One POtential

candidate is pyranose oxidase, which oxidizes glucose and reduces sorne of the same

substrates as CDH. This POssibility should he tested using a co-substrate other than

glucose in a biobleaching assay. Very recent results indicate that the COH(-) strains can

in fact biobleach effectively using xylose, which is not a substrate for pyranose oxidase,

as a co-substrate. This is oot consistent with the above hypothesis, and argues that the

reductive activity of CDR does not contribute substantially to the pulp biobleaching

effect.

Fenton's ebelDistry and ceUulose degndatioD

CDH May promote the production of hydroxyl radicals through its ability to

reduce Fe(lD) and Cu(ll), although the T. versicolor enzyme does Dot appear to he
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capable of directly producing H20 2 by the reduction of oxygen (Chapter 2). In this

characteristic, T. versicolor CDH seems to he distinct ftom the P. chrysosporium

enzyme., but is suniIar to the CDH produced by C. puteana, a brown rot fungus (282).

One possible source ofH20 2 is the auto-oxidation ofFe(ll) complexes to Fe(Ill) and O2-;

the superoxide thereby formed couid react with Fe(ll) to form Fe(lll) and H20 2 (328).

Wood (328) suggested that Fe~xaIatecomplexes, which readily auto-oxid.ize, could

be an important source of R20 2 in situ, and oxalate is in fact produced by cultures of T.

versicolor (267). Moreover, extraeellular PeI'Oxide is necessarily produced by T.

versicolor in order to support the action of its peroxidases. The hydroxyl radicals

produced by the Fenton reaction are capable of chemically cleaving both lignin and

cellulose. The presence of a putative cellulose binding domain on CDH (albeit a

structurally novel one) suggests that these radicals, which have a very short half-life due

to their reactivity, May preferentially act on cellulose when the enzyme is bound. In this

context. it is interesting to note the observation that CDR 6.4, the flavin-eontaining

isofonn of CDH, is unlikely to generate hydroxyl radicals under physiological

conditions due to its low reactivity with FeOm and Cuon (Chapter 2). The observation

in the P. chrysosporium system that the heme/flavin (CDm isoform is ooly cleaved to

the flavin isoform (CBQ) when the enzyme is bound to cellulose (132) suggests that the

fungus has an interest in limiting hydroxyl radical production, Perhaps in order to proteet

the nearby fungal Mycelium from oxidative damage. ln situ, there MaY he a delay

between the binding of CDR to cellulose and the cleavage of the beme domain by the

fungal proteases which allows the enzyme time to act. The oxidative cleavage of

cellulose chains by hydro~-yl radicals May he especially important in oPenïng up the

ceIlulose strueture within the erystalline regjons by deereasing the hydrogen bonding

between adjacent chains, a1lowing exo- and endo-eellulases to enter and degrade the

cellulose polymer. The f1avin domain of CDH whicb is produced by proteolysis would

no longer produce hydroxyl radicals, but could still fonction in oxidizing cellobiose ifan

appropriate electron acceptor (sueh as phenoxy radicals produced by laccase or MnP

activity) was present. Since in the wood substrate lignin and cellulose are elosely
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associated,. a dual raie for the enzyme in ligninolysis (by the interactions previously

hypothesized) and celluiolysis is possible. However7 CDH binds to cellulose,. is induced

by cellulose, and specifically oxidizes the monomeric unit of cellulose. Its reduetive baIf

reaction can sustain the production of hydroxyl radicals, which can attack cellulose.

Furthermore, a structurally and catalytically similar CDH is produced by a non­

ligninolytic fungus (282). In our system, CDH(-) mutants are capable of carrying out

delignification and pulp biobleaching to the same extent as wild type T. versicolor

(Chapter 6). Subsequent experiments have shawn that tbese CDH(-) strains have a

greatly decreased ability ta degrade~ dry birch wood blacks and grow very poorly

on highly crystalline purified cellulose as a carbon source compared to the CDH(+)

parent. The weight of the evidence 50 far attained therefore indicates that COR can most

properly he considered a cellulase that May also play a raie in the degradation of lignin

through its reductive capacity7 but is not an important delignifying enzyme in T.

versic%r.
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APPENDIX 1 CONSTRUcnON OF A cDNA LlBRARV FROM TIlAMETES VERSlCOLOR SU

Al.I. Preface

One of the goals of this project was to isolate DNA clones from T. versicolor

52] encoding proteins of relevance to its kraft lignin biobleaching abilities. In the

absence of appropriate clone banks, it was necessary to construct a cDNA library from

mRNA isolated under biobleaching conditions. Our intention was to create a library that

was likely to contain clones encoding proteins that are important in the biobleaching

process, possibly including previously unknown proteins. The following pages

document the efforts to create such a library.

The clonai composition of a cDNA library is dependent on the pattern of gene

expression as mRNA at the time of metabolic shutdown (harvest); for this reason, the

selection ofgrowth conditions is critical. We therefore carefully evaluated the conditions

ofgrO\vth of T. versicolor 52J conducive to biobleaching. The following experiments are

an extension of earlier observations (147, 183). Kirkpatrick et al. (183) demonstrated

that low levels ofsoytone used as sole nitrogen source in a semi-defined medium results

in a substantial brightening effect on HWKP in biobleaching cultures that is due to a

chemical effect of the fungus on the pulp. In addition, the work of Ho et al. (147)

showed that the inclusion of a small amount of HWKP in inoculum cultures improves

the brightness ultimately obtained, and that the brightness increase observed is due

primarily to delignification ofthe pulp.

AI.l. Materials and Methods

AI.l.I. OrganÎsm

The fungus chosen for these experiments was T. versic%r 521 (ATee 20869),

a white-rot basidiomycete known to produce a marked biobleaching effect on hardwood

kraft pulp (2~ 233).
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Al.2.2. Growtb conditioDS

To evaluate the effect of various growth conditions on biobleaching activity, a

two-stage growth protocoI was utilized. The ·prebleachïng" stage was inoculated with

three 1 cm diameter punchouts from a colony of T. versic%r 521 on an MD agar plate

(blended in 10 ml medium) in a total of200 ml. A glass marble was added to the flasks,

which were subsequently incubated al 25°C for 5 days with shaking al 200 rpm.

Follov.ing this, 10 ml ofthe prebleaching stage cultures were used to inoculate triplicate

"biobleaching" stage cultures containing growth medium plus 2% HWKP. The growth

medium common to aIl biobleaching tlasks contained 0.2% Bacto-Soytone, 83 mM

glucose, 5 mM NaCI, 5 mM KH2PO., 1 mM MgSO., 0.1 mM CaCI2, 0.1 mM thiamine,

and a trace metal solution consisting of 3 J.1M FeSO.., 1 J,1M CuSO.., 5 f.1M ZnCI2, 1 J.1M

MnS04, 0.1 flM NiCI2, and 0.5 J.lM (NH.)6MO,02... The additions to this medium in bath

growth stages which were used to evaluate effects on biobleaching are detailed in Table

A 1.1. A control biobleaching flask with no fungal inoculum was aIso încluded. The pulp

used in both prebleaching and bleaching flasks, as weIl as the flaslcs containing the

cultures, had been acid washed prior to the experiment.
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Medium Group Prebleaching tlasks Bleaching flasks 1

number

1 30f,lMMnSO. 30 JlM MnSO.

2 30 f,lM MnSO., 0.25% HWKP 30 JlM MnSO.

3 - 30 JlM MnSO.

4 O.2S%HWKP 30 JlMMnSO.

5 30 IJM MnSO. -
6 30 IJM MnSO•. 0.25% HWKP -
7 - -
8 O.25%HWKP -

'AlI bleaching tlasks contained2% HWKP. 1. . . ..
Table AI.I. Additions to growth medium to create the differentiaJ growth conditions used to evaluate
biobleaching induction.
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Al.2.3. Enzyme usays aBd brigbtDess mODitoriDg

Aliquots of 25 ml were removed daily from each biobleaching culture, and the

supematants were used to monitor laccase and MnP activities. The solids (pulp and

fungal hyphae) ofthese samplings were used ta make mini-handsheets which were then

used for brightness measurements. MnP activity was monitored using the Mn(ll)­

malonate assay, and laccase was measured using the ABTS oxidation assay.

Al.2.4. RNA extraction

T. llersicolor 52J was cultured in the medium described above containing 30

J,LM MnS04, 0.25% HWKP, and 2 mM cellobiose for three days at 25°C with shaking at

200 rpm. Biomass and pulp were separated from the growth medium by filtration, then

added to a mortar containing liquid nitrogen and ground to a fine PQwder using a Pestle.

The extraction of RNA from the biomass proceeded essentially according to previousIy

published protocols (139). Total RNA was loaded onto an oligo dT spin column

(Clontech) and paly A+- RNA was isolated by folJowing the protocol recommended by

the manufacturer.

Al.2.S. cDNA syntbesis and Iibnry construction

An aliquot of the poly A+- RNA (5 f.1g) was used as a substrate for cDNA

synthesis using StrataScript™ RNaseH- reverse transcriptase (Stratagene) and following

manufacturer' s protocols. Briefly, cDNA synthesis was initiated using a 50-nt Iinker­

primer with an 18-nt PQly (dn sequence and an internaI XhoI site. First strand synthesis

proceeded with 5-methyl dCTP in the reaction mix to proteet any internaI restriction

sites; second strand synthesis was catalyzed by RNase H and DNA polymerase 1 and

proceeded in the absence of S-methyl dCTP. The resuItant ds cDNA termini were filled

in with the KIenow fragment ofDNA polymerase 1, and EcoRi adaptors were ligated to

the bIllOt ends. Following this, XhoI digestion released the EcoRI adaptor from one end,

resulting in a cDNA Molecule that was cohesive for EcoRI on the 5' end and for X'hoI on

the 3' end. Following this procedure assured that aIl cDNA molecules were Iigated

directionally ioto the).ZAPTM veetor (Stratagene) arms with their 5' ends adjacent to the
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lacZ promoter, thereby facilitating antibody-based screens by ensuring that cDNA

molecules would he transeribed ftom the sense strand. The cDNA was fractionated using

a Sephacryl 8-400 spin column (Stratagene) to remove the released adaptor and leftover

linker-primer. Appropriate fractions were pooled, extracted with phenol/chloroform,

precipitated, washed, and dried. Pooled cDNA fractions were redissolved in 10 J.lI sterile

H20. A 2 1,11 aliquot ofthis cDNA (about 100 ng) was ligated to the arms of the "-ZAP™

vector according to the manufacturer's instructions. A 1 J11 a1iquot of this ligation was

packaged in 5 separate reactions using GigaPack® Gold packaging extracts (Stratagene)

and following the recommended protocol. The packaged phage was plated on E. coli

XL-I Blue (Stratagene) to detennine its titre. The cDNA Iibrary was amplitied once on

E. coli XL-I Blue; the amplified library was collected by layering 10 ml of suspension

medium (100 mM NaCl, 8 mM MgSO.., 50 mM Tris-CI, pH 7.5, 0.01% (w/v) gelatin)

onto each plate and incubating overnight at 4°C. The pooled, amplified cDNA library

was titered once again on E. coli XL-I Blue and stored at -70°C in 7% DMSO. The

percentage of recombinant phage in the library was evaluated by plating a1iquots of

appropriate dilutions on E. coli XL-I Blue on plates containing 4 mg/ml 5-brom0-4­

chloro-3-indolyl-J}-o-galactoside (XGal) and 2.5 mM isopropyl thio-J}-o-galactoside

(lPTG); blue plaques contained no inserts.

Al.3. Results

Al.3.1. Determination of appropriate growtb conditions

Since the clonaI composition of a cDNA library is determined by the gene

expression pattern at the tinte of biomass barvest and RNA isolation, we carefully

evaluated the growth conditions that led to the production of proteins that may he

involved in the biobleaching phenomenon. The results of these experiments are

summarized in Figure Al.1. The different growth conditions gave rise to large

differences in the rate of brightness increase and in the final brightness obtained.

Furthennore, consistent with previous observations (147), the fungus seemed to respond

to 0.25% HWKP in the prebleaching medium to gjve higher brightness levels in the

bleaching cultures than are observed when no HWKP is included. In addition, the
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inclusion in the medium of 30 f.1M MnSOc, which is known to he an inducer of MnP~

appears to he required for this effect. However, the biobleaching differences between

cultures containing HWKP and those lacking it are not completely explained by the

production ofeither MnP or laccase, as similar levels ofthese enzymes were observed in

bath cultures (data not shown). This suggests that some other factor or factors, possibly

including eDH, is induced by HWKP and contributes to the biobleaching effect shown

by T. versicolor.

AI.3.2. cDNA library synthesis

The growth medium that was determined to he optimal for the production of

biobleaching-related proteins (Medium Group 2) was used ta culture T. versicolor S2J.

Total RNA was extraeted at day 3 post-inoculation, yielding approximately 1 mg ofnon­

degraded RNA. A total of 700 J.1g of total RNA was loaded onto an oligo (dn-ceUulose

coI~ and 25 J.lg of poly(At RNA was recovered (this corresponds ta a yield of

3.5%). The poly(A}'" RNA was analyzed by agarose gel electrophoresis and observed to

he free from degradation (data not shown). A 5 J.1g aliquot ofthis preparation was used

as a template in a cDNA synthesis reaction, yielding approximately 500 ng of cDNA.

The size range of the cDNA was tested by running 100 ng on a 1.5% agarose gel with

molecular weight markers; the top of the smear indicated a maximum cDNA length of

approximately 10 kb~ and a minimum length of <lkb (data not shown). This cDNA was

ligated into dephosphorylat~EcoRIlXhoI-digested ÀZAP vector arms, packaged in five

separate reactions, and plated on E. coli XL-l Blue. The titre of the packaged phage was

determined (Table Al.2.) and the titres of aIl five packaging reactiODS were added

together to give the pre-amplification base of the library (Table AI.2.). AIl of the

recombinant phage 50 generated were combined and amplified once on E. coli XL-l

Blue, and the resultant amplified library was again titre~ giving a final phage

concentration of 1.6 x 10· pfulml. Aliquots of this library were stored at -700 e in 7%

DMSO. To evaluate the percentage of recombinant phage in the library, phage were

plated on E. coli XL-l Blue ceUs on plates containing XGal and IPTG. The results

showed that 98.3% ofthe phage population was recombinanL
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Al.4. Discussion

To produce a cDNA library from T. versic%r 52J which is likely to contain

clones encoding biobleaching-related proteins, we evaluated the growth conditions

which produce the biobleaching effect. Conditions which produced the maximum

brightness were used in a subsequent experiment to extract RNA which was used to

produce the cDNA library. Note that a single time point was chosen for RNA harvesting

(day 3), which was essentially arbitrary and represented the middle of the growth cycle

when enough biomass was present to extraet an acceptable amount of RNA. Short of

producing multiple libraries, no consideration could have been taken of the temporal

expression of various genes; thus the library only contains clones that were being

produced at the time of RNA isolation and may not contain cDNA Molecules

representing aU proteins of importance to the etIect

The pre-amplification base of the library corresponds to the number of cDNA

molecules that were originally package<L and cao he used to determine whether the

library is truly representative of all of the genes that were being expressed when the

RNA was harvested. The probability, P, that the rarest mRNA will he represented at

least once in the library may he calculated by the following formula (185):

P = l-[I-(nff)]N

where n = nomber ofMolecules of the rares! mRNA

T = total numher ofmRNA Molecules in the ceU

N = number ofclones in the library (pre-amplification base)

•

P may he calculated for a chosen value ofn when T is known; an estimate of

T (for mammalian cells) bas been made at 5.6 x lOS (185). Using this value, tor n = 10, P

= 0.94, meaning that there is a strong probability that ail clones represented by 10 or

more Molecules are represented in the library. The probability is even greater if T is

lower in T. versic%r than in a mammalian œil. Combined with the observation that
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over 98% of the clones are recombinant, we are quite confident that the library is

representative of the pattern of gene expression at the time of RNA harvesting. Indee~

two full-Iength and one truncated laccase-encoding cDNAs have been isolated from this

library by another group (230), and one ofthe laccase-encoding clones isolated from this

library has been successfully used to express functionai recombinant T. versicolor 521

laccase in the yeast Pichia pastoris (M. Bro~ unpublished results).
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Packaging Dilution Numberof Pfulmll Average Pfu plarecf
reaction plaques

undiluted 53 5.3XHr

10-1 5 5Xlot
5.2XIO" 2.61XIO·

1
10-2 0 -

undiluted 40 4.0Xlot

10-1 4 4Xlot
4Xlot 2.0XIO"

2
10-2 0 -

undiluted 55 5.5X10·

10-1 3 3Xlot
4.3XIO" 2.2X104

3
10-2 0 -

undiluted 45 4.5X104

10-1 4 4X10"
4.3XI(f 2.2XIO·

4
10-2 0 -

undiluted 35 3.SXICJ4

5 10-1 5 5X10" 1.3XIOs 6.SX10"

10-2 3 3XIOs

TOTAL: 1.55XIOS

IThe calculation ofpfulml was as follows: # plaques X 1000 X dilution factor~ since 1 Jil
of the ligation reaction was packaged.

2The pre-amplification base was caJculated by multiplying the titre of the packaging
reaction by the total volume plated (167 JlI on each ofthree plates) and adding the totals
obtained for ail five reactions.

.
Table Al.2. Titre ofunamphfied packagmg reaetions.
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•
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Filure AI.I. Brightness of HWKP in biobleaching cultures of T. versicolor 52J grown under various conditions. A. Medium group 1(.); Medium
group 2 (Â); no fungus «». B. Medium group 3 (.); Medium group 4 (Â); no fungus «». C. Medium group 5 <->; Medium group 6 (Â); no fungus
(0). O. Medium group 1(.); Medium group 8 (Â); no fungus (0). Medium group numbers correspond to 'hose described in Table AI.I.
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Al.l. Preface

The cDNA library that was constnlcted in this project provided an imponant

tool for use in the molecular biologica1 analysis of deIignification/ pulp biobleaching by

T. versicolor 521. However, as descri~ the Iibrary did not necessarily contain clones

representing all proteins of imponance ta biobleaching, since only the mRNA

synthesized during a single time point in the fungal growth cycle was chosen for

analysis. Therefore, a representative genomic library which contains clones representing

all genes in the entire genome of the fongus was sought. In this case, the conditions

under which the fungus is grown do not affect the clonai composition of the library; the

only consideration is to generate enough biomass ta enable the extraction ofan adequate

arnount ofundegraded DNA.

•
APPENDIX2 CONSTRucnON OF A GENOMIC LIBRARV FROM TRAMETES

VERSICOLOR SU

•

•

A2.2. Materials and Methods

A2.2.1. Organum

The fungus used in these experiments was T. versicolor 52J (ATCC 20869).

A2.2.2. Growth offunps and extraction of DNA

T. versicolor 521 was grown in YM broth (3 gIL malt extract, 3 g/L yeast

extract, 5 g/L peptone, and 20 g/L glucose) until sufficient biomass was present.

Extraction ofDNA was according to previously published protocols (247).

A2.2.3. Partial digestion of DNA and size selection

High molecular weight genomic DNA from T. versicolor 521 was digested with

severa! seriai dilutions ofSau3A for exactly 30 min at 37°C. Aliquots of these reactions

\vere analyzed on a 0.7% agarose gel prepare<! in TAE buffer and the amount of

restriction enzyme which generated an optimum amount of DNA fragments in the

desired size range (12-18 kb) was chosen for a subsequent preparative digestion. The

partially Sau3A digested DNA was fractionated on a lOO/0-400./ct sucrose gradient

prepared as described (20) by centrifuging at 30000 rpm for 24 hours (Beckman L8-70
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centrifuge, SW41 rotor, 1.54 x lOS g atr~ 6.8 x 1()4 g at rmiJ. Fractions of 700 JJ1. were

removed from the top of the gradient and aliquots were analyzed by agarose gel

electrophoresis (0.7% gel prepared in T AE buffer). Fractions containing DNA of the

desired size range were concentrated using Microcon-30 concentrators (Amieon) and

washed with TE buffer ta remove the sucrose.

A2.2.4. Preparation of the geDomic 6brary

An aliquot of75 f,lg ofDNA from the Â.GEM-12 cloning vector (Promega) was

digested with Hamm (SU/J,lg) in a 500 JÙ reaction volume for 60 min at 37°C. The

digested DNA was concentrated to 100 III using a Microcon-30 concentrator, Iayered on

top ofa 100/0-40% sucrose gradient and fractionated as described above. Fractions of500

f.ll taken from the top of the gradient were analyzed by electrophoresis on a 1% agarose

gel (TAE bufIer). Fractions which contained BamHI-digested arms were pooled,

concentrated using Microcon..30 concentrators, and washed with TE buffer.

Partially digested, size-fractionated genomic DNA (3 I!g) prepared as described

in Section A2.2.3 was dephosphorylated in a 60 III reaction using shrimp alkaline

phosphatase (United States Biochemicals) for 30 min at 37°C The phosphatase was

subsequently denatured by heating the reaction to 65°C for 15 min, then the

dephosphorylated DNA was concentrated and washed using Microcon-30 concentrators.

The genomic DNA (3 J.1g) was ligated ovemight to BamInooCut Â.GEM-12 vector arms

(1.5 Jlg) in a 60 JlI reaction volume using 12 U of DNA Iigase (United States

Biochemicals). The ligation reaction was concentrated to 15 I!l using Microcon-30

concentrators and an aliquot corresponding to approximately 1 J,lg of the concentrated

DNA was packaged using a commercially available system (GigaPack@ Gold,

Stratagene) and following recommended procedures. The packaging reaction was titrated

using E. coli NM538 and E. coli NM539 (Promega) and the number of plaques

generated on each strain was compared to determine the percentage of recombinant

phage in the library. The initial packaging reaction was amplified once using E. coli

NM539 and the amplified library was coUected by layering 10 ml ofsuspension medium
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(Appendix 1) on each plate and allowing the phage to diffuse into the liquid ovemight at

4oC. The liquid from each plate was combined and chloroform was added to a final

concentration of 5% (v/v). The suspension was incubated for 15 min at ambient

temperature.. then centrifuged for 10 min at approximately 1000 g to pellet the cell

debris. The supematant was decanted and chloroform was added to a fmal concentration

of0.3% (v/v). Aliquots ofthis phage suspension were stored at -70°C in 7% DMSO. The

amplified library was again titrated on E. coli NM539.

A2.3 Resalts

Ta generate a library containing at least one copy of aU T. versicolor genes,

genomic DNA was partially digested with Sau3A and ligated into the cloning vector

ÀGEM-12. The ligation reaction was packaged into viable phage particles and used to

infect susceptible E. coli cells. The titre of this initial packaging reaction was

determined~ and the results are shown in Table A2.I. This figure, 1.4 x lOs pfu,

represented the pre-amplification base ofthe library. The cloning vector chosen for these

experiments uses a Spi (Sensitive to P2 Inhibition) selection procedure for

differentiating recombinant from non-recombinant phage. The central IIstuffer" fragment

of this vector contains Â. genes that are not essential for phage propagation and are

replaced with recombinant DNA. Included among these genes are functional copies of

the Â. red and gam genes, which inhibit propagation on any strain of E. coli which is

lysogenic for phage P2. Recombinant phage do not have the stuffer fragment and are

therefore red gam (Spi-); such phage can grow on a P2 lysogen, while non-recombinant

phage (Spi"') will not he propagated. The proportion of recombinant phage in this

mixture was therefore determined by comparing the titre observed using E. coli NM538

cells with that obtained using E. coli NM539 cells. The latter strain is a P2 lysogen and

only forms plaques with recombinant phage (i.e., with Spi- phage), while the former

strain will propagate either recombinant or non-recombinant phage. Since the titres

obtained with the two strains were nearly identical, the library was shown to he close to

100% recombinant (a more accurate assessment of the percentage of recombinant phage
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was made using the amplified library and a figure of89.1% was obtained). This library

was amplified once on E. coli NMS39 in order to obtain a stable~ high.titre phage

population for use in cloning experiments. The results shown in Table A2.2 show that

the final titre obtained was 2.2 x 109 pfulml.

Number ofplaques on

Dilution E. coli NM538 E. coli NM539 Pfulml Pfu in packaging reaction

10-2 277 281 2.8xl0s 1.4xlOS

10-3 34 24 ND ND

10-4 4 4 ND ND
. . .. . . . -Table Al.I. Titre ofmlnal packagmg reactlon. An ahquot of 100 ~I out of the 500 fd packagmg reaction

was plated. ND = Dot determined since sample size (number ofplaques) was too smalL

Dilution nomber ofplaques Pfulml average

10-6 225 2.25x109

10-6 229 2.29xl09 2.2x109

10-6 203 2.03xl09

10.7 20 ND

10-7 21 ND -
10-7 17 ND

. .
Table Al.2. Titre of the amphfied hbrary. An ahquot of 100 fd of each dilution was plated on E. coli
NM539 and the resultant number of plaques determined. ND = not detennined since the number of
plaques was too small.

•

A2.4. Discussion

•

The objective of these procedures was to produce a high·titre gene library from

T. versicolor 521 that includes the entire genome. The total number of recombinant

phage that must he generated in order 10 obtain such an inclusive library depends upon

the average phage insert size as weil as on the size of the genome under analysis,

according to the following formula (217):
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• where

N =1n(l-P)/ln[l-(llG)]

N = number ofrecombinant phage required

P = probability of the library including a given gene

1 = average size ofinsert

G = size ofgenome

•

•

The size of the T. llersicolor genome (G) is unkno~ but assuming that it is of

the same order of magnitude as that of other white-rot fungi such as Schizophyllum

commune and P. chrysosporium., an estimate of 3xlO' bp May he made (311). The

average size of insert (1) taken off of the sucrose gradient may he estimated to he 15 kb

(the midpoint of the size range chosen., 12-18 kb). Thus, for a probability (P) of0.999 of

finding a given clone, we oeed to generate and screen at least 1.4xl0· recombinant

phage. From Table A2.1 we can see that the unamplified base of the library was more

than sufficient for our purposes; even if the estimate of the genomic complexity of T.

versicolor is low by an order of magnitude, the Iibrary's base of 1.4xlOs phage is

adequate. This library was successfully used to isolate a genomic clone containing the

gene encoding cellobiose dehydrogenase (Chapter 3).
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APPENDIX3 CUARACTERIZATION OF A BIOBLEACRING MUTANT OF TRAMETES

YERS/COLOR SU

•

•

A3.1. Preface

Early investigations into the mechanisms of delignification by 1: versicolor

52J indicated that MnP was important to the process (234). To investigate tbis further,

mutant strains of tbis fungus were 50Ugbt tbat lacted MnP activity. Accordingly,

protoplasts of T. versicolor 52J were produced, mutagenized with ultraviolet ügbt, and

screened on nutrient plates containing guiaicol (3). Colonies which did not produce a

dark halo ofpolymerizate were chosen for further analysis; one suchs~ named M49,

\vas shown to produce no detectable MnP and very low laccase (3). This mutant showed

similar growth cbaracteristics to the wild-type strain, but remarkably less

delignifieation and biobleaching, providing strong evidence that both MnP and laccase

are important to the process. As a supplement to the extensive charaeterization of this

mutant undertaken by Addleman et al. (1)(3), we investigated severa! eharacteristics of

mutant M49 in comparison to the wild-type T. versicolor 521. Specifically, we

examined the ability of M49 to decolorize and dechlorinate kraft bleachery effluent, to

produce ethylene from a-keto-y-methiolbutyric aeid (KMB), and to decolorize the

polymerie dye poly 8-411. AlI of these activities bave been reponed for wild-type T.

versicolor 521. The data appearing in this appendix were included in the original

publication descnbing the isolation of mutant M49 (3).

AJ.2 Materials and Methods

AJ.2.1. DecolorizatioD aad decblorinatioa of the E-stale emuent

The brown organochlorine-containing effluent from the E 1- (alkaline

extraction) stage of a hardwood kraft pulp mili bleach plant was filter sterilized (0.22

flm), set to pH 7.0, and shaken (200 rpm, 25°C, 5 days) in 200 ml aliquots (500 ml

flasks) with 6--day fungal inocula prepared in mycological broth (15% of final volume).

The inocula were prepared by adding 5 one cm diameter punchouts from the growing

edge of a fungal colony on MB agar plates to a flask containing 100 ml MD and two

176



•

•

•

glass marbles and incubating at 25°C with shaking at 200 rpDL El effluent decolorization

was measured after 3 and 5 days as the decrease in absorbance of the effiuent at 465 nm.

AOX was quantitated using a Euroglas ECS-lOOO AOX analyzer and the DIN 38409

HI4 procedure (283). To monitor possible AOX adsorption to the fungal Mycelium,

contraIs with heat-killed and briefly incubated viable Mycelium were run. In paraUel

with live Mycelium inocula., 6 day cultures of 521 and M49 in mycological broth were

boiled with constant stirring for 15 min and used ta inoculate (at 15% v/v) triplicate

flasks containing sterile El effluent. In addition., the short-term effects of live fungal

cultures on AOX values were monitored by washing the inoculum twice with water,

incubating live mycelia with El eftluent., and measuring the AOX at 10, 30, and 90 min.,

and 3 h and comparing it to a controllacking fungal Mycelium.

AJ.2.2. Ethylene production from KMB

Supematants (5 ml) from 2 and 5-day pulp bleaching or effiuent dechlorination

trials with the wild-type T. versicolor 52J, or the mutant M49, were incubated (27°C,

200 rpm) in low light with 2 mM a-keto-y-methiolbutyric acid (KMB) in sealed 50 ml

flasks. After 1 h., samples (1.0 ml) of the headspace gas from control and sample flasks

were analyzed for ethylene by gas chromatography using a flame ionization detector

(l20°C; injector at 90°C) and a Porapak-Q packed column (70°C), with helium as the

carrier gas. Evolved ethylene was quantitated against standards using an integrator to

monitor peak area., and the total amount (JlII1ol) of ethylene produced pec flask was

calculated.

AJ.2.3. Eft'eets on Poly 11-411

The decolorization of the dye Poly 8-411, an indicator of white-rot

(delignification) activity (66, 75, 243) was monitored in liquid cultures. An inoculum

consisting of a 6-day Iiquid culture ofT. versic%r 521 or M49 in MB was added at 15%

(v/v) to a sterile solution of 0.02% Poly 8-411 in water; a control with IS% (v/v) MD

\vith no fongus was also included. The cultures were incubated al 2SoC with shaking at

200 rpm for 5 days. At various limes, 2 aliquots were removed from each culture and
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centrifuged for 5 min al 12,500 g. The A 597 of the supematants were measured against a

water blank.

AJ.3 Resolu and discussion

Kraft bleach plant effluents are dark brown due to some of the water-soluble,

chIorinated, and oxidized lignin degradation products of the pulp bleaching process.

These dark chromophores are very resistant to microbial breakdown during secondary

treatment of waste waters, and consequently are routinely released in10 waterways.

Oxygen-dependent Trametes-mediated decolorization of these bleachery effiuents, as

weIl as of the black Iiquor from kraft pulping is weIl documented (22, 31, 108, 195, 206,

3 17). Although enzyme-mediated decolorization of bleachery effiuents bas been

achieved using horseradish peroxidase and immobilized lignin peroxidase in the

presence of H20 2 (Ill), as weU as immobilized laccase (86), color reduction was not as

extensive as with the T. versicolor fungal system (Ill, 233). MnP from P.

chrysosporium cao also decolorize these effiuents (214). However, with T. versicolor

neither addition of active oxygen species scavengers nor induction or inhibition of

secondary metabolism blacks effluent decolorization (15). In this study, mutant M49

was unable to decolorize kraft m.ill eflluent, while after 5 days wild type S2J removed

about 60% of the color (Table AJ.l). Simïlar results have been found with laccase-Iess

mutants of Pleuro/us sajor-eaju and P. eryngii, which had lost the ability to decolorize

various substrates (101).

"High molecular weight chlorolignins", which are largely aggregates of low

molecular weight chlorolignins (161), comprise the majority of the organically bound

chIonne (AOX) present in modern kraft pulp mill bleacbing effluents. Although these

high molecuIar weight AOX aggregates are very resistant to bacterial degradation (272),

various white-rot fungj, including T. ve~~icolor and P. chrysosporium, are known to

dechlorinate them (15, 31, 193, 241, 317). Laccases and LiP secreted by T. versicolor

(271) and MnP and possibly LiP from P. chrysosporium (193,241) have been shown 10

partially dechlorinate low MW phenolic AOX species. In the present work mutant M49
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displayed almost no ability to dechlorinate El emuent AOX compared to ~ild-typeSV

(Table A3.l). In keeping with earlier results demonstrating time-and light-dependent

breakdown in kraft bleachery emuent AOX under similar conditions (272), the untreated

control effluent AOX also felI, but only slightly over the 5-day incubation period. 1bis

partially explains the decrease in AOX that was observed in the M49-treated efl1.uent.

Also~ although AOX adsorption to fungal mycelium bas been reported to he low (317),

in our 5-day heat-killed controls some non-metabolically-mediated AOX decrease did

occur (Table A3.I). The short..term AOX assays with live Mycelium a1so suggested that

some passive binding occured (Table AJ.I). Therefore, considering the controls in Table

A3.1 ~ AOX binding and non-biological AOX degradation would appear to account for

ail the disappearance of AOX seen in the M49 culture, indicating tha~ along with

delignification~AOX (chlorolignin) degradation is missing from mutant M49.

The production of ethylene from KMB bas been suggested as a good assay for

the presence of active delignification, since the ethylene..producing reaction is a high

energy single electron abstraction which cao he carried out by lignin- and manganese

peroxidases, Mn(lll) complexes and the .OH radical but not by horseradish or other

peroxidases from non-delignifying organisms. P. chrysosporium bas been shown to

produce ethylene from KMB ooly during delignification, which occurs during secondary

metabolism (13. 170). ln contrast, the presence ofLiP and secondary metabolism is not

necessary in T. versicolor for pulp bleaching, or the production of ethylene from KMB

(13). Compared to 521, ethylene production from KMB was much lower in mutant M49

(Table A3.1), further evidence that the mutant is deficient in activities related to the

delignification ofpulp and the decolorization ofEl efl1.uenL

The dye Poly 8-411 was decolorized > 97% by 521 over 5 days, while M49

removed 77% of the color over the same time period (not shown). However, at 30

minutes after addition of0.02% Poly 8-411 to the cultures, 521 had removed nearly 50%

of the color from the dye, while M49 had removed less than 7% (not shown).

Interestingly, although both cultures decolorized the dye to some extent, different hues
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were evident in the products; 521 changed the dye from a deep blue to a faint red, while

M49 changed the dye ta a dark purple colour, suggesting a qualitatively different

degradation mechanism or subsequent step. The decolorization of the Poly B-411 dye

that was observed with mutant M49 could he attributed to the low amount of laccase that

is produced by this stI'ain, as laccase alone is known to Mediate this effect (50).
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Color AOX (mglL) ethylene laccase (VIL) MnP (VIL) pH

Trial (OD46S ) (~mol/f1ask)

3d 5d 3h 5d 2d 5d 3d 5d 3d 5d 5d

no fungus 0.530 0.567 59.0 49.2 0.006 0.0 0 0 0 0 7.2
(control) ±3.0 ±5.9

52J 0.281 0.255 53.8 33.3 1.09 0.14 321 464 1052 891 5.6
±0.019 ±0.030 ±O ±1.9 ±0.46 ±0.07 ±54 ±37 ±192 ±195

boiled 52J 0.543 0.585 nd 43.8 0.014 0.008 0 0 0 0 6.9
±0.004 ±0.040 ±4.5 ±0.001 ±0.001

52J (M49) 0.474 0.663 53.3 45.2 0.013 0.049 24±2 33 ±I 0 0 7.1
±0.070 ±0.020 ±1.3 ±1.0 ±0.004 ±0.010

boiled 52J 0.549 0.571 nd 41.8 0.014 0.004 0 0 0 0 7.0
(M49) ±0.020 ±0.020 ±2.0 ±0.006 ±0.004

'Cultures with El effluent and U% (v/v) fungal inoculum in myc:ological broth were prepared as described in the text. Values arc exprcssed as the
mean of 3 detenninations :t: standard deviation (nd =not determined). At day S, the average dry weights of the fungal mycelia were: S2J, 0.268 g;
M49. 0.204 g.

Table A3.I. Characteristics of T. versicolor mutant M49.
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