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Abstract 

The molecular characterization of the nitrite reductase gene cluster, from the 

opportunistic fungal pathogen (of humans and animals),'Aspergillusfumigatus Fresenius 

and the creation of a niiAe mutant (suitable for &sformation studies) were achieved. 

~ ~ e c i h c a l l ~ ,  a genomic fragment cwtaining the entire structural gene encoding nitrite 

reductase (niiA), plus segments of tlie nitrate reductase gene (niaD) and the nitrate 

transporter gene (crnA), was isolated. The complete genomic sequence of the A. 
'kc3 

fumigatus niiA gene was 5293 bp. ne sequence encodes a protein sequence of 

1 1 10 amino acids. The niiA open readmg frame is interrupted by 8 small introns. The 

niiA putative protein sequence was found to contain regions corresponding to the FAD, 

NADPH, FeS and siroheme binding sites. The niaD-niiA intergenic regulatory regon was 

found to contain promoter consensus sequences very s d a r  Lo those identified in the A. 

nidulans niaD-niiA intergenic regulatory region. These consensus sequences include 
B e  

TATA and CAAT as well as for the areA gene product (general transcription factor) 

binlng sites GATA, and the nirA gene (nitrate assimilatjon pathway specific 
j 

transcription factor) product bindmg site (TCCGCGGA). Partial sequences 

corresponcfing to the A. jiunigatus niaD and crnA genes were also obtained from the same 

genomic fragment and these showed extensive sequence homology (niaD = 60% identity; 

cnv l  = 60%) to their homologs from Aspergillus nidulans. The three genes for nitrate 

assimilation in A. fwnigancr were determined to be physically linked and transcribed in 
c. 

the s&e direction as those found in A. nidulans. The nitrate assimilation gene cluster was 



that the expression of the nitrate assimilation gene cluster in A. fumigatus was induced by 

nitrate and repressed by ammonium at the transcriptional level. 

To obtain strains mutant for nitrite reductase, gene disruptions of the niiA gene 

were created- by using a transfomqtion plasmid (pYAIO). This Bluescript@ derivative 

was contained a 1.9 kb internal fragment of the niiA gene. As web as the bacterial 

hygromycin B resistance gene (hph) as a selectable marker for transfonpation into A. 
0 

fumigatus . Two niiA mutants were obtained (transfomants:T3 and T6) whch gkw 

poorly on minimal meda containing nitrate as the sole nitrogen source, but had normal 

growth on minimal medium containing ammonium and showed resistance to the 
* s a c  * 

antibiotic hygromycin B.  oreo over, the two mutants were found to be mitotically stabla. 

Sduthern analysis of DNA from T6, using three probes namely, the same niiA internal 

fragment. the plasmid Bluescript and the hph gene, confinped that the niiA gene was 

disrupted. Southern analysis also revealed th was inserted at the niiA gene 
d 

locus on the chromosome. The mutant of the T6 strain was rescued by transformation 

with plasmids containing the entire sequence of the niiA gene of A. jiunigatus (pYA2-3) 

and A. nidulans (pniiA), condusively identifying it as niiA'. 

Contributions to our knowledge of the molecular characterization of A. fumigatus 

in general, and to the nitrate assirmlation gene cluster in particular, have been achieved in 

h s  study. In addtion, the niiA mutant strain could be extremely useful in future studies 

of A. fumigarus which to date has seen little genetic characterization. 
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Aspergillus fwnigahu Fresenius is rtunistic fungal pathogen that poses 

serious medical problems as h s  fungus is the most common cause of invasive and non- 

invasive pulmonary aspergrllosis in immunocompromised patients (Holden et al., 1994). 

Aggressive cytotoxic chemotherapy, organ transplants, and AIDS all predispose patients 

to fungal infections (Holden et al., 1994). Little is known regardmg the pathogenesis of 

A. fwnigatus. To date, the virulence factors important in the initiation and spread of 

aspergdlosis have not been identified (Holden et al., 1994). However, in parallel with 

bacterial virulence, researchers postulate that virulence of A. jiunigatus may be related to 

the production of extracellular proteases. A serine alkaline protease (ALP) and a 

metalloprotease (MEP) have been cloned and investigated as potential virulence factors 

(Monod er al., 1993, Ramesh et al., 1995). However, disruption of the ALP or MEP 

genes I d  not decrease the virulence of the A. fwnigarus in murine models of aspergillosis 

when compared to wild-type strains (Mond  et al., 1993 and Remesh et al., 1995). In 

fact, the only mutant of A. fumigatus that has failed to cause systemic infection when 

injected into the bloodstream of steroid-treated mice was a paba @-aminobenzoic acid) 

requiring mutant (Sandhu et al., 1979, Holden et al., 1994). 

Although several genes encoding potential epitopes responsible for the 

allergenicity of A. fwnigatus have been cloned ( Crameri et al., 1996, Moser et al., 1992), 

few housekeeping genes have been cloned to date (Mellado et al., 1995). Therefore, 

molecular/genetic characterization of housekeeping genes provides a good starting point 

for increasing ow understandmg of A. jiunigotus. The cloning of gene clusters opens the 

doorway to facilitate future studies of a diverse nature in A. jiunigahcs including those 

involving pathogenicity. The most suitable gene cluster that can be cloned in A. 



fumigatus and disrupted without affecting the viability of the organism, is the dispensable 

nitrate assimilation gene cluster (since other nitrogen sources such as ammonium, 

glutamine, and glutamate can be used; Marzluf, 1993). Therefore, the goal of this 

research was to clone and characterize the nitrate assimilation gene cluster from A. 

fumigarus. ~nfo ia t ion  regarding its nitrate assimilation gene cluster would be useful in 

contributing to the general molecular characterization of this organism and in provilng 

* 
ii 

insights into the overall structuralorganization of this gene cluster with respect to its 

corresponding genes investigated in other species of filamentous fungi. Ultimately, 

development of, a homologous transformation system for thls rnedmlly important fungalc 

pathogen can be acheved. Such a transformation system has been proven to be very 

practical in other Aspergillus species of agricultural and industrial importance (Daboussi 

et al., 1989). Therefore, an effective homologous transformation system will facilitate the 
1 

study of other A. fumigarus genes of interest, for example, potential virulence factors. , 

The specific objectives of this work are as follows: .? 

1) to clone and characterize the nitrate assimilation gene cluster from A. fumigants 

which consists of three genes: nitrate reductase (niaD), nitrite reductase (niiA), and 

' the nitrate transporter (cmA.) 

2) to carry out complete molecular characterization of the nitrite reductase gene (niiA) 

3) to create a niiA- strain of A.fwnigafus, which can rescued by complementation with 
1' 

cloned niul' genes of A,fumigam and A. nuiulans. 



e 
/ 

Biology of Fund 
m$ 

.- Apergillusfwnigatus (Fresenius) is a dikaryomycotan fungus of the subdivision 

Ascomycotina (Kendnck, 1992). . The subdivision comprises two diverse classes 

(Ascomycetes and Saccharomycetes), among whch are beneficial decomposers or 

saprobes as well as parasites and detrimental, opportunistic pathogens (Kendrick, 1992). 

Ascomycetous fungi derive their name h m  sac-shaped meiosporangia (asci) whlch form 

8 endogenous ascospores. Although ascomycetes may reproduce sexually, the more 

frequent means of fungal propagation involves the xual production of conidia (non- 

motile, dust-like mitospore$ borne on stalked conilophores (Raper, 1965). These dust- 
I 

like spores are easily transported on air currents and in fact, the air we breath is estimated 

to contain several million fungal spores per cubic meter (Kendrick, 1992). malung 

exposure to fungal pathogenic spores for immunosuppressed patients, inevitable. 

The vegetative structure of a fungus (the thallus) cobs of either unicells (in 

fungi expressing a 'yeast-like* morphology) or  of long, tubular, threadlike filaments of . ' 

cells called hyphae. Fungi which produce hyphae are generally referred to as filamentous 

fungi (Bos, 1996). Only the asexual or anamorphc phase of A. fiunigatu can infect 

humans whle its benign teleomorph or sexual phase, classified as Sartorya Migara 

Vuillemin (Kendnck, 1992) is found associated with tree roots. Humans infected with 

Aspergillusfumigazus have inhaled conidia, which germinate initially in the lung tissue 

and develop invasive hyphae (which if left unchecked can spread other park of the body; 

Kendnck, 1992). 



Filamentoly Fungi and Nitrogen Metabolism: 

Filamentous fun@ (ff) possess complex nitrogen catabolic pathways which function to 

ensure a constant nitrogen supply for growth (Marzluf, 1993). Specific primary nitrogen 

sources preferred by ff include ammonia, glutamate or glutamine. However, several 

secondary nitrogen sources such as nitrate, purines, amino acids and amides can be 

utilized once primary sources are depleted (Marzluf, 1993). The utilization of such 

secondary nitrogenous compounds requires de novo synthesis of premeases and catabolic 

enzymes, whlch are controlled at th'e transcriptional level by a nitrogen regulatory circuit 

( ~ 0 ~ 4 1 9 6 6  and 1979, Hawker-et al., 1992). 

Nitrogen Cycle: 

The nitrogen cycle includes prkesses such as nitrogen assimilation, nitrogen 

fixation, nitrification, and denitrification. Nitrogen asslrnilation is the process where by 

inorganic nitrogen is utilized as a nutrient to synthesize important nitrogen containing 

compodncls. Nitrogen assirmlation requires energy expenditure depending on the redox 

potential of the inorganic source used. For example, ammonium is a low cost source of 

0 

nitrogen. In contrast, nitrate assirmlation requires much greater energy expenditure. 

Energy is required to reduce nitrate to nitrite by the enzyme nitrate reductase, and for the 

further reduction of nitrite to ammonium by the nitrite reductase. The process of nitrogen 

fixation (fixing atmospheric nitrogen) is carried out by both aerobic and anaerobic 

bacteria, and is catalyzed by the enzyme nitrogenase and it requires great energy 

expendtures. Nitrification is an aerobic process that involves the oxidation of 



ammonium to nitrite and the subsequent oxidation of the nitrite io nitrate. Denitrification 

is a process in which nitrate is used as an oxidant in anaerobic respiration leading to the 

. release of nitrogen gas and nitrous oxide (Prescott et al., 1993). 

Genome Struc'ture in Filamentous Fungi: 

Gene organization in filamentous fun@ (ff) include gene clusters, nonclustered 

genes, or cluster genes. To date an increasing number of gene clusters have been 

qscovered including the A. nzdulans pm gene cluster, four genes involved proline 

catabolism (Arst and MacDonald, 1975), the N. crassa qa gene cluster, seven genes for 

rf quinic acid break down'(~i1es et al., 1986a); &d the corresponding A. nidulans qut gene 

cluster, seven gens  for quinic acid utihation (DaSilva et al., 1986), the A. nuiulans 

" alcA-alcR alcohol cluster for ethanol utilization (Pateman et al., 1985, Gwynne et 

a1. ,1987) and the nitrate assimilation gene cluster, three genes for nitrate utilization from 

A. ndulans and A. parasiticus (Cove, 1963, Chang et al., 1996). Characterization of 

these gene clusters has revealed that individual transcripts are synthesized (as in higher 

eukaryotes) rather than the multi-cistronic mRNA species, which occur in prokaryotes. 
4 

More recently, twenty-five co-regulated transcripts have been found to define a 

sterigmatocystin (a toxic secondary metabolite) gene cluster in A. nidulans. The 

transcripts of the sterigrnatocystin (ST) gene cluster range in size from 0.6 to 7.2 kb and 

they are coordmately induced under ST-producing conditions (Brown et al., 1996). 

A number of fungal "cluster7'g&es have also been discovered which specify 3 

single mRNAs from which multifunctional polypeptides are translated; these include the 

Neurospora his-3 and the A. nidulans arornA ahd (Legerton and Yanofsky, 1985, 



Neurospora his-3 and the A. nidulans aromA and (Legerton and Yanofsky, ,1985, 

Hawluns, 1987). In A. n iduhs ,  the aroA cluster gene is transcribed as a single ~ R N A  

species encoding the pentafunctional AROM protein (Charles et al., 1985, Hawkins, 

1987). Comparison of the aromA cluster genes product to its homologue from bacteria 
4 

sugge,sted that the aromA cluster genes may have arisen as a result of a fusion of five 

individual prokaryotic units ( Hawkins et 01.. 1993. Charles et al.. 1985, 1986, Hawluns. 

Gene Structure and Regulation: 

As found in all eukaryotes, fungal genes have promoter sequence regions 

to whch transcription factors bind and initiate transcription (Gun et al., 1987). Although 

most genes of ff have only one transcription initiation site, it is not unusual for some 

genes to contain multiple transcription initiation sites (both major and minor sites) which 

may sigmficantly influence the size of the mRNA. For example, two transcripts 4.1 and 

3.4 kb, of the A. nidulans homologue of qa-3 gene are made due to the presence of two 

initiation sites 700 bp apart (Gun et al., 1987). 

P The TATAAA sequence is a signature promoter sequence of most higher 

eukaryotic and prokaryotic genes and is usually located about 30 bp (eukaryotic) upstream 

of the major transcriptional initiation site (Ballance, 1986). However, thlgTATAAA 
,-- 

consensus sequence is not present in all ff promotors. When present it is located 30-60 bp 

upstream of the major initiation site 4 ff promotors, and it is present in a single copy as in 

the yeast ~chizosaccharom~ces pornbe and in higher eukaryotes. In Saccharomyces 

7 



1986). TATAA sequence serves as a binding site for transcription factors. 

Removal of the AT-rich motif from the A. nidulans trpC gene did not 

affect expression whch suggests that little functional significance exists for the AT-rich '* 

motif for thls particular gene (Gurr et al., 1987). However, the TATAAA sequence in 

, other ff genes is thought to be important in binding transcription factors (Bruchez et al., 

1993b). Another promoter consensus sequence is the CAAT sequence, often located 

between 60 bp and 120 bp upstream from the cap site in the promoter repon. The 4~ 
9 
*. 

CCAAT box is also an important promoter sequence. For example, deletion of the 

CCAAT sequence reduces the level of A. nidulans am& gene expression under either 

carbon or nitrogen limiting conditions. CCAAT box containing-oligonucleotide Was able 

to restore expression of the amds gene (Littlejohn and Hynes, 1992). The CCAAT box 

sequence of the A. nidulans Taka-amylaseA (TU) gene was found to confer starch 
"". 

inducibility on the gene (Magata et'al., 1993). The CCAAT sequence was found to bind 
i 

two proteins designated AnCPl and AnCP2 in nuclear extracts from starch-grown and 

glucose-grown cells, respectively. A third protein designated AnNPl was also found to 

bind to a 25 bp regon upstream of AnCP2 in nuclear extracts from cells grown under 

repressive conditions. The ArzNPl protein is proposed to function as a repressor and 

hence impede the bindmg of AnCP2 to the CCAAT box ( Nagata et al., 1W3). 

Eukaryotic gene transcription involves the production of a primary RNA transcript 
fi, 

"iwhch is subsequently processed and is followed by the addition of a cap at the 5' end and a 

poly (A) tad at the 3' end. The 5' end is.capped by the addition of a 

7-methyl-Guanidine to one of the very fmt nucleotides of the mRNA. The cap is thought to 

stabdue the rnRNA and to guide the rnRNA to ribosomes. The 3' end of mRNA is modified 
8 



p l y  (A) tad at the 3' end The 5' end is capped by the addtion of a 

7-methd-Guanidine to one of the very f i t  nucleotides of the -A. The cap is thought to 

stabdue the rnRNA and to gude the mRNA to ribosomes. The 3' end of rnRNA is modified 

by the adchtion of poly (A) tail downstream of the consensus sequence AAUAAA which is +- 

found in most of the eukaryotic rnRNAs and is thought to play a role in polyadenylation 

(Lewin, 1995). Some ff genes contain a sirmlar or abbreviated form (AUAA). Other genes 

lack the AAUAAA consensus (Gurr et al.. 1987). Another consensus sequence, 

CCTG'ITCC whlch may function as a terrmnmon signal, is found downstream from the 

poly(A) site of marnmAan mRNA (McClauchlan et al.. 1985). Some ff genes contain a 

similar block (CATGGTTO downstream of the AAUAAA consenps sequence. but 

whether or not the CATGG'ITCT sequence plays a role in transcription termination remains 

to be determined (Montague, 1987). 

Translation of most ff genes begms at the first ATG, and the sequence around the 

ATG is crucial for guidmg the ribosomes to the correct translation start site (Kozak, 

198 1 ). figher eukaryotic mRNAs contain the consensus sequence CCACCATGGC in 

whch the -2 position is usually apurine and often is adenine. Similarly, in ff mRNAs, 

80% of the sequence around the ATG contain adenine at -3 position (Kozak, 1981, 

Bruchez et al., 1993a). 

Introns: 

Introns are non-colng sequences found interrupting 

, . 

:.. = 

the coding sequence in most 

eukaryotic genes (Watson et al.. 1987). lntrons are removed from the primary RNA 

transcript in a process known as RNA splicing to produce rnRNA. Introns are often 

9 



identified by utilizing S \ mapping, electron heteroduplex analysis or by comparison of 

genomic to cDNA sequencks (Watson et al, 1987). In ff, most genes cloned and 

sequenced have been found th contain introns. In contrast, very few yeast genes have 

. L 

introns. Yeast genes carry only a single intron with the only exception being the MATa 1 ' 

gene with two introns (Miller, 1984). Intron sizes can vary from 50 bp to 10 kb 

dependhg on the organism (Lewin, 1995). 

- 
Ff introns are much shone: than those found in mammalian and yeast genes with 

an average intron size of approximately 100 bp, although some introns may be as large as 

300 bp. The number of introns interrupting the non-coding sequence varies from one in 

N. crassa H3 gene (Woudt er al., 1 983), to two in N. crassa ant gene (Kinnaird and 

Fincham, 1983), to as many as seven in the A. nrdulans niiA (Johnstone et al., 1990) gene 

or eight in the A. nidulans ben-A gene (May et al., 1985). Examples of ff genes whlch do 

f 
not have introns, include genes of the N. crassa qa cluqter. (Giles et al., 1985) and yr-4 B 
(Glazebrook er al., 1987). Furthermore the yeast introns are often positioned toward the 

3 I 

5' end of the nuclear protein encodmg genes whereas ff inmns are positioned toward the 

5' end, 3' end or randomly dstributed throughout the gene (@rr et al., 1987). 

Ff introns &splay the same intron boundaries found in vertebrates, plants, and yeast. 

They start with GT at 5' end and terminate with AG at the 3' end. It should be noted that an 

excepon to thls has been observed in intron 2 of the N. crassa fes-1 where the 5' boundary 

is CT not GT. In ad&tion, the 5' boundaries f intmn 1 of the genes qa-I$ and &s-1 are P 
GC instead of GT (Bruchez et al., 1993b. Gurr et al., 1987).- Analyses of ff introns have 

shown there is a strong preference for the bases ANGT following GT but there is no . 

preference for particular nucleotides preceding the GT splice site (Gun et al., 1987). In 

10 



addition, ff introns lack pyrimidine-rich sequences preceding the AG splice site, and the 3'- 

end splice sites terminate with PYAG in most introns. Few introns terminate with AAG 

(Bruchez et al., 1993b). 

The p ~ s e k e  of introns in the middle of coding sequence raises the question of their 
w 

physiological significance. They may be required so that a gene can be differentially spliced 

to give rise to two or more fo& of the gene product (Krainer and Maniatis, 1988). For 

example, the A. nrdulans 4 gene is alternatively spliced, two amdS transcripts are made: 

a shoi one which results from splicing all of three introns and a long transcript which 

retains intron 3 as a part of the coding sequence (Corrick et al., 1987). The A. nidulans nii4 4 

gene may also be alternatively spliced. PCR analysis has shown that two mRNA species are 

made and that the shorter transcript retains the last intron, whch contains a stop codon 

(intron 7) as part of its codmg sequence (Johnstone et al., 1990). Alternative splicing is 

wide spread in higher eukaryotes (Maniatis, 1991). 

Lntrons divide coding sequences into segments known as exons whch vary in size 

from 3 to 850 nucleotides long in N. crassa and A. nuiulanr. For example, the N. crassa 

tub-2 gene codmg sequence is made up of seven exons rangmg in size from 4 to 264 

nucleotides long (Orbach et al.. 1986), and the A. nidulans actin gene codmgsequence is 
t 

made up of six exons ranging in size from 3 to 257 nucleotides in length (Kinghorn, 1987). 

Compared to higher eukaryotic exon sizes, which can be classified in groups that are 50, 
J- 

'8 

140,200,300, and >300 bp long, exon sizes in ff are found to exhibit random size variations ' 

(Montague, 1987)- 



Genetic and Mdecular studies on Nitrate Assimilation Genes in Filamentous Fungi: 

Disruption of the structural genes encoding the nitrate or nitrite reductases renders 

the cell unable to use nitrate as a nitrogen source. Mutants defective in n i p e  assimilation 

are easily identified and assigned to either gene by growth on defined media (Cove, 1979). 

Mutants grow poorly on nitrate as the sole nitrogen source. In addition mutants with a 

dmupted nitrate reductase (niuD) gene are resistant to chlomte (Cove, 1979). Phenotypic 

selection of mutants is very useful since it allows identification of mutants through a double 

selection process. However, it should be noted that mutants whlch grow poorly or can not 

grow on either nitrate or nitrite as a nitrogen source do not arise solely from mutations 

disrupting the ninD and niiA genes, but they may also result fr& mutations in a number of 

other genes involved in the regulation-of knitrate assidation pathway in Aspergillus 

(Cove, 1966, 1967). That is, chlorate resistant mutations are obtained also in cnr genes 

which encode products involved in 16 biosynthesis of the molybdenrim cofactor and lead to ' 

an inability of the fungus to utdize nitrate as a nitrogen source (Cove, 1979). 

The expression of the nitrate assmilation gene cluster is regulated in several ways. It 

is induced by nitrate and repressed by ammonium. Suppression of the expression of nitrate 

8 
assunilation genes by ammonium is known as nitrogen metabolite repression. The induction 

by nitrate and repression by ammonium of the nitrate assimilation gene cluster, are two 

independent events and their respective effects mediated by products of different 

regulatory genes (Cove, 1967, Hurlburt and Garret, 1988). Induction of the nitrate reductase 

and nitrite reductase by nitrate in wild-type cells has been investigated at the translation 



level by comparing enzyme levels from induMrand uninduced cells (Crawford and Ant, 

1993). Induction of these enzymes has also been investigated at the transcriptional level by 

Northern analysis of total RI)GA from induced and uninduced cells (Hawker et al., 1992). 

Genetic studies using A. n i d h  and N. crassa have shown that the induction of . 
P 

nitrate assimilation genes is mdated by the positively-acting gene products of the nirA or 

nit-4 (a pathway specific transcription factor) and areA or nit-2 (a general transcription 

factor; Burger et al., 199 1, Crawford and Arst, 1993, Fu and Marzluf, 198% Fu et al., 

1989). In A. nidulans, loss-of-function nirA- mutations affect inducibihty and lead to the 

inability of cells to u&e nitrate or nitrite as nitrogen sources. In contrast, gain-of- function 

mutations nirAc result in constitutive expression of the nitrate nductase gene whde the n i r ~ ~  
0 

mutations relieve nitrogen metabolite repression (Cove, 1967, Cove, 1979, Rand and Arst, 

1978. Tollervey and Arst, 1981, Cove, 1993). In addition, the double mutant alleles n i r ~ ~ ' ~  

have been found to suppress the loss-of-function mutation in the regulatory gene areA whch 

mdates nitrogen metabolite repression in A. nidrthns (Tollervey and Ant, 1982). Mutants 

of nirAc and n i r ~ ~  have been identified either by staining colonies for nitrate reductase 

activity or monitoring hypersensitivity to chlorate toxicity under appropriate conditions 

(Cove, 1979 and 1993, Paternan and Cove, 1967, Rand and Arst, 1978, Tollervey and Arst, 

1982). 

The areA gene from A. nidulanr has been extensively studied and several areA 

mutant phenotypes have identified (Arst and Cove, 1973, %st and Scazzocchlo, 1985, Arst 

et al., 1989. Caddick and Arst, 1990, Hynes, 197.5, Kudla et al., 1 WO, Stankovich et al., 

1993). Some of the areA mutants studied exhbit loss-of-function mutations whde other 

mutants possess altered expression of other genes that are regulated by the areA gene (Arst, 
13 



1982, Arst and Cove, 1973, Cadd~ck and &st, 1990, Crawford and Arst, 1993). h s - o f -  
i 

fkction mutations of the areA (areAr) gene render the cell unable to utilize nitrogen sources 

other than ammonium or glummine. The areAr mutation results in a pleiotropic effect by 

reducing the expression of a number of genes under the control of tbe areA gene, which 
i r  a\ . 

implies the areA gene has a role in gene regulation9(Arst and Bailey, 1977, Ant and Cove, 
9 

1973, Arst and Scazzocchio. 1985). It has been reported that the N. crassa nit-2 gene can 
..i 

rescue the areAr mutant which suggests that both genes share d a r  functional domains 

(Davis and Hynes, 1987). The nit-2 gene mutmons described in the literature are all loss-of- 
\ 

function mutations (Fu and Marzluf, 1990, Martluf, 198 1, P e w  et dl., 1982). 
v 

Some mutants whch carry point mutations, duplications, or deletions w i t b  the 

putative DNA bindmg domain of the areA gene have also been described. One mutation in 
P 

the areA gene is  are^'" which carries a leucine to valme change in the *-finger loop 

(Kudla et. al., 1990). Ths  mutation was found to elevate the expression of a number of 

genes includmg acetamidase, cimdhe pennease, and histidax, and to reduce the expression 

of other genes such as the nitrate red&, nitrite reductase, and formamidase. The  are^'" 

mutation also abolishes two pnne permeasts (Arst, 1977, Arst and Cove, 1973, Arst and a 
d 

Scazzocctuo, 1985, Pohghome and Hynes, 1982, Stankovich et al., 1993, Crawford and 

The regulatory genes nirA 

charactenzed (Burger and 

from A. rudulam and - nit4 from N. crassa have been cloned and 

Scauocchio, 199 1, Fu and Marzluf, 1989). and the regions of the 

NIRA and NrT4 proteins which bind DNA have been found to reside w i h  the N-termini 

and to share 90% identity at the a . o  acid level (Burger and Scaaocchlo, 1991, Yuan et 

al., 199 1). Both proteins contain seven conserved cysteine residues in their DNA binding 
14 



domains which are thoyght to &ticipate in ZU'* chelation to form a zinc finger (Campbell 

and b g h o r n ,  1990). They have also k e n  found to contain a very acidic region that might 

be involved in gene activation. In &tion, the NIRA protein sequence contains two proline- 

rich regons wide the NlT4 contains glutamine-rich and polyglutamine-rich regions. 

Proline-rich, glutamine rich, .and polyglutamine-rich regions may also be canddates for 

activation domains (Maxzluf, 1993. Crawford and k t ,  1993). Sndies which involved 

deletion of the glutamine-rich regon of the NIT4 sequence have shown that thls regon is 

essential for NIT4 function (Yuan et al., 1991). In contrast, deletion of the polyglutamine- 

rich region of the NIT4 sequence resulted in a reduction of but not in a loss of function of 

thls protein (Yuan et al., 199 1, Yuan and Marzluf, 1992). The abhty of nirA and nit4 

genes to complement mutants of each other has been explored: it was found that although 

the nirA gene did not complement a mutant of the nit-4 gene, the nit4 gene was able to 

complement a mutant of nirA gene (Yuan et al., 199 1, Hawker e 9 9  1 ). The inability of - 
the A. nidulans nirA gene to complement its N. crassa homolog could be attributed to a lack 

of expression of the nirA in N. crassa (Yuan et al., 1991). However, a hybrid gene in which 

the C-terminus (573 amino acids) of the NIT4 protein was replaced with the C-terminal(397 

amino acids) of the NIRA protein was partially functional in N. crassa (Hawker et al., 
4 

1991), suggesting that at least the glutamine- and polyglutamine-rich regons of the NfR 

protein can be replaced by the prohe-rich regions:of the NIRA protein. The 

functionahy of the hybrid protein indicates that there must be sirmlar motifs contained 

w i h  the C-terminal regon of the A. nuiulans NIRA protein which can bind to similar 

sequences of N. crassa DNA and induce some activity (Hawker et al., 

and MRA proteins contam the motif S/TPXX, a common motif found 



proteins (Campbell and hghorn ,  1990). The C-terminus of the NIRA protein contains 

seven SPXX and two TPXX motifs whereas the C-terminus of the NIT4 protein contains six 

SPXX and one TPXX. It has been *dated that phosphorylation of the S/TPXX motif 

might modulate activity of the protein by fitting into a DNA groove ( Suzuki, 1989, Suzuiu 

and Yagi, 199 1 Crawford and Arst, 1993, Marzluf, 1993). 
d 

The areA and nit-2 are two global positive-Wting regulatory proteins which activate 

the expression of a number of other unlinked s t r u c d  genes in the nitrogen regulatory 

circuit in A. nrdulans, and N. crarsa, respectively. The areA and nit-2 regulatory genes have 

been cloned and characterized and they encode protein products of 876 (areA) and 1036 

(nit-2) amino acids (Kudla et al., 1990, Fu and Marzluf, 1990). The AREA and NIT2 
# 

protein sequences were found to share sigdicant homology only in some regons. One of 

these is a domain of 52 amino acids: a putative DNA bincfing region which contams a zinc 

finger (Cys-X2-Cys-X-Cys-X2-Cys). The Cys-X2-Cys-X 17-Cys-X2-Cys regon shares 
I 

very sigmficant sequence s d a r i t y  to the DNA-binding domain of the GATA farmly. 

Evidence has been obtained whch shows & sequence changes in the putative DNA 
1 

bindmg domain decrease or abolish DNA bindmg (Kudla et ul., 1990, Lee et al., 1990, 

Wootton et al., 1991, Stankovich et ul., 1993). In addition to a zinc finger domain, the 

AREA and NIT2 proteins are also rich in the 5 m X X  motif and in acidic rebons whch 

may be involved in gene activation (Fu and Marzluf, 1990, Kudla et al., 1990). 

A more interesting mutation of the areA gqa& ~ r e . 4 ~ ~  which possesses & in-frame tandem 

duplication of 4 17 bp, whlch results in'an AREA protein with two zinc fingers. The 

mutation not only leads to nitrogen metabolite de-repression of nitrate reductase and nitrite 

reductase, it also relieves the repression of thymine-7-hydroxylase synthetase and 
16 



asparaginase by atmospheric oxygen (Caddick and Arst, 1990, Shaffer and Arst, 1984, 

Shaffer et. al., 1988). It has been postulated that the two zinc fingers contained in the 

 ARE^^^ protein function independently and alternatively, and that the two zinc fingers may 

allow a trans-acting protein to &versify and establish control over a new set of genes 

(Crawford, 1993). 

Studies which involved deletions of 30 to 140 residues from the areA C-terminus 

resulted in nitrogen metabolite de-repression (Crawford and Arst, 1993). Therefore, the C- 

terminal region of the areA gene may play a crucial role in dtrogen metabolite repressi,on 

(Kudla et al.. 1990, Stankovich et il., 1993). In contrast, stu&es whch involved 

. transformation with deletion clones have shown that the 2 14 C-terminal residues of NlT2 

and about 499 N-terminal residues of AREA are not essential (Fu and Marzluf, 1990, Arst et 

al., 1989, Kudla et al., 1990). However, it should be noted that the transformation with 

deletion clones performed in N. crassa were determined using only nitrate as the sole 

nitrogen source. The work has been criticized because the authors did not use a range of 

nitrogen sources in their work, so that the results were less informative than was the case in 

the AREA studies in A. n~dulans. It has been argued that residues unnecessary for 

expression of one structural gene may be essential for the expression of other gene(s), and 

therefore using a single assay of functionahty can not be generalized (Stankovich et 01.1 



Structure of Nitrate Assimllntion Genes in l&mentous Fungi: 

The nitrate assmulation pathway has been extensively studed in Aspergillus 

nighhm and N. crassa by means of genetic and physiologcal analyses (cbve, 1979, Cove 

and Paternan, 1963, h g h o r n ,  1989 Marzluf, 1993,. Crawford, 1993). Moreover, the 

structural genes encochg nitrate (nMD) and nitrite (niiA) reductase, as well as the gene 
/ 

encodmg a nitrate traniponer ( c d )  have been cloned from A. nidulrurs. The genei were 

fo d to be ysically lmked on chromosome VIII and that the nitrate and nitrite reductase """ 
9 s  are chverkently transcribed from an intergenic promoter region of 1200 bp (Cove, 

/ \ 

1979, Johnstone Bt al., 1990). The n i h e  transporter (cmA) gene is transcribed in the same' 
/- 

\ -tion as the niiA. In addition, the niaD gene has been cloned from other Aspergillus 

\. 
F i e s  includmg A. niger (Unkles et al., 1992). A. parasiticus (Chang et al., 1996). and A. 

oryzae (I(ltamoto et al., 1995). The niuD and niiA genes in the ascomycete Leptosphaeria 

maculans were found to be transcribed in the same direction ( W d h n s  et al., 1994). In 

contrast. the nitrate reductase (nit-3) and nitrite reductase (nit-6) gene have also been cloned 

from N. crmsa; and these were found to reside on separate chromosomes but were regulated 

in a parallel fashon (Exley et a!. ,1993). 

The organization of nitrate assimilation genes in A. n i h h m  is conserved in all 

Aspergillus species investigated so far. The gene organization suggests that the nitrate and 

nimte reductases may be co-regulated in all of the examined species. Studes have shown 

that the nitrate reductase gene regulates its own expression and it may also regulate the 

expression of the nitrite reductase (niiA) and the nitrate transporter (cntA) genes (Cove, 

1969, Hawker et al., 199 1, Maloy, 1993). 



heme-siroheme domains. 

The nitrate reductase enzyme transfers two electrons donated by two NADPH 

molecules, and to FAD, to heme/Fe2' cofactor, to molybdopetrin, and finally to nitrate 

thereby reducing nitrate to nitrite. The nitrite reductase then transfers six electrons from six 

NADPH molecules in sequence from FAD, to heme-siroherne cofactors, and finally to 

nitrite reducing it to ammonium ions (Campbell and Kinghom, 1990). 

a) Nitrate reductase: 

The structural gene for nitrate reductase has been cloned and characterized from a 

number of organisms representing prokaryotes, eukaryotes, plants, and algae ( h g h o m  and 

Campbell, 1989). These clones have allowed the use of the predicted putative amino acid 

sequences (from different organisms) to be compared so that sequence smdarities can be 

inferred. Studies which involved alignment of nitrate reductase protein sequence from 

Arabldopsis thdiana (Craw ford et al., 198&), Nicotiana tabacwn (Calza et al., 1987). A. 

nldulans (Johnstone et al., 1990), Neurospora crassa (Exley et al., 1993). A. niger (Unkles 

et al., 1991) and A. parasiticus (Chang et al, 1996) show that there is extensive sequence 

homology between fungal and plant proteins. The sequence homology among plant and 

fungal nitrate reductase gene sequences suggests that these genes originated from a common 

ancestral gene (Kinghorn and Campbell, 1989). 

Biochemical evidence shows that the nitrate reductase enzyme possessed three 

domains; FAD (flavoreductase), heme (cytochrome b577) and Molybdenum cofactor 

(Molybdo-reductase) with a SH group functioning as the pnmary electton acceptor from 

NADWNADPH. Comparisons of the A. nrdulanr nitrate reductase (niaD) protein sequence 
19 



Biochemical evidence shows that the nitrate reductase enzyme posskssed three 

domains; FAD (flavoreductase), heme (cytochrome b577) and Molybdenum cofactor 

(Molybdo-reductase) with a SH group functioning as the pnrnary electron acceptor from 

\ 
NADWNADPH. Comparisons of the A. nrdulanr nitrate reductase (niaD) protein sequence 

to yeast flavocytochrome b2 (heme bindmg protein) and bovine and human NAD 

cytochrome (known to contain FAD cofactor domain) showed repons of simil&ity 

around the mid region and at the C-terminus, respectively (Ozls et al., 1985, Ktnghorn and 

Chpbell, 1989). The A. nrdulans nitrate reductase (NIAD) protein also shares sequence 

similarities with other enzymes containing molybdenum cofactor, heme, or FAD domains. 

Based on protein sequence ahgnments, the Molybdenumcofactor, heme, and FAD domains 

of fungal nitrate reductases are positioned from N-terminus to C-terminus, respectively 

(Campbell and Kmghorn, 1990). 

b) Nitrite reductase: 

The structural gene for the hitrite reductase ( n i d )  has also been cloned h m  

filamentous fungi, plants, bacteria, and algae (Campbell and Kinghorn, 1990). The nitrite 

reductase (MIA) catalyzes a six step electron reducti~n~of nitrite to ammonium. The NIIA 

protein accepts six electrons from three equivalents of NADPH and transfers them via 
s 

bouhd FAD, iron-sulfur center, and siroheme to nitrite. m e  plant iissimilatory nitrite 

reductase utilizes fenadoxin as the electron donor, fungal NIIA and Escherichia coli 

a respiratory NIR utilize NADWNADPH as electron donors. Plant, fungal, and E. coli nitrite 

reductase enzymes contain both an iron-sulfur center and the prosthetic group siroheme. 
e 

\ 
The Fed& domain represents tetranuclear iron-sulfur centers and the siroheme denotes a 



tetrahydroporphyrin. Four cysteine residues found conserved in the nitrite reductase 
/ 

enzgmes are thought to bind the tetranuclear h n  cluster. The siroherne is also suggested to 

bind to one of these well conserved four cysteine residues (Back et al., 1988). 

c) Nitrate transporter: 

The structural gene for a fungal nitrate transporter (cnul) gene has been cloned 

-'S and characterized from A. nidulans. The gene encodes a 1.8 kb rnRNA transcript whlch 

.f translates to a membrane protein of 507 residues with 12 putative transmembrane helices 

(Unkles et al., 1991 and 1995). Mutants of the A. nidulans c d  gene grew on nitrate as 

A 
L, the only nitrogen source implying that an alternative nitrate transport system exists in A. 

nidulans (Craw ford and Arst, 1993). In fact, a second nitrate transporter gene (cmB) has, 

been identified in A. niger (Debets er al., 1990b) and has recently been cloned from A. 

nidulans (A. Glass, pers. comm.). The A. nidulans c e g e n e  shares significant homology 

with two genes encoding high-affinity NO3' transporter: nar-3 and nar-4 isolated from 

the alga, Chlamydomonas reinhardtii (Quesada et al., 1994). 



MATERIALS AND METHODS 

Bacterial strains and growth conditions used 

The E. coli strain KW25 1 (Promega) was used to propagate the mL3 genomic 

library. The strain DH5a wak used to propagate the plasrnid ~luescri~t@'and subclones in 

h s  vector, KW25 1 and DH5a (BRL) w e  grown in Luria-Bertani (LB) medium 

(Sarnbrook et al., 1989). The plasmid PJD2 1 containing the bacterial hygrornycin B 

phosphotransferase (hph) gene was h d l y  provided by Dr. Holden (Dept. of Infectious 

Diseases and Bacteriology, Royal Postgraduate M d c a l  School, London, UK). The plasrnid 
J 

pniiA containing the A. nidulans nitrite reductase gene (niiA) was obtained from the Fungal 
Q 

Genetics Stock Center (FGSC). 

rc u 

Fungal strains and growth media and conditions 

Wild-type Aspergillusfwnigatus isolates ATCC 13073 and 42202 were used in thls 

study. Stock cultures were grown on MYPD medun slants and plates (0.3% Malt extract, 

0.3% Yeast extract, 0.5% Bacto Peptone, 1.0% Dextrose, with 2% agar) as recommended 
3 

by ATCC. The slants were stored at 4' C under sterile mineral oil. The A. jhigatus 

ATCC 13073 strain was used to prepare genomic DNA and total RNA, and to prepare 

protoplasts for pulsed field gel electrophoresis and transformations. A. furmgatur ATCC 

42202 was also used to prepare genomic DNA whde the genomic library DNA was from A. 

jiunig4m.s strain c I ~ J V  192-88 of Jaton-Ogay er al. (1992). The A.fwnigatus isolates 

were grown in MYPD medmm. Cells in liquid cultures were grown for 2 to 3 days at 28' 

C with shaking at 240 rpm, and cells on plates were grown for a week at 28OC. Minimal 

growth media containing various N-sources were prepared as described by Cove (1 966). 



c Library Screen 

An Aspergillusfsunigatus (CHUV 192-88) 3cEMBL3 genomic library was 

provided by Dr. M. Mopod [Labomtoire de Mycologie (Service de Dennatologie). Center 

Hospitalier Universitaire Vaudois, Lausanne. Switzerland]. A titre of about 2 x 10' 

pfulml was used. Approximately twenty thousand phage plaques were screened with a 

0.8 kb EcoRYEcoRV cDNA fragment correspondmg to the nitrite reductase gene (niiA) 

of A. fumigatus. Three rounds of screening were carried out accordmg to standard 

procedures as outlined in Sarnbrook er al., (1989). 

Phage DNA extraction 

Phage DNA was extracted using the Qiagen phage prep lut (Qiagen). 

Plasmid DNA isolation 

Plasmid DNA was isolated either using the alkaline plasmid prep method 

(Sambrook et al., 1989) or using a plasmid prep kit (Qiagen). The DNA extracted with 

either of these method was used for both restriction dgests and sequencing reactions. 

Restriction enzymes 

All restriction enzymes were purchased. from either. from Bethesda Research 

Laboratories (BRL) or from Pharmacia. The amount of restriction enzyme used per 

reaction was generally about 2 units of enzyme per 1 p,g of DNA. The cfigestion 

reactions were canied out at 37OC for at least one hour, ping the reaction buffers 

2 3 



provided by the supplier. 

Agarose gel electrophoresis 
r2 

Genornic and cloned DNA digested to completion was loaded on 0.7% agarose 

gel and run in 0.5X TBE buffer as described in Sarnbrook et,al. (1989). DNA was 

visualized under ultraviolet light (UV) by addition of ethidwn bromide, (1 pl of a 

10,&nl stock solution per 100 rnl of agarose), before pouring the gel. Gels-werc 

photographed using a UVP gel documentation system. 

B 

Southern blots 
C 

Gels containing DNA to be transferred were soaked in four volumes of 0.25 M 

HCl for 15 minutes, then washed with distilled water, and soaked in four volumes of 0.5 

NaOH with 1.5 M NaCl for 30 minutes. The gels were subsequently soaked in four 
r 

volumes of 1.5 M NaCl and 0.5 M Tris-HC1 for 45 minutes. The transfer of DNA to a 

nylon membrane (Arnersham) was carried out using standard procedures as described by 

Sambrook et al.(1989), When the transfer was complete, the blots were soaked in 2X 

SSC and the DNA was cross-linked to the nylon membrane by UV M a t i o n  usiqg a 

Strata Lnker (S tratagene). 

Labeling of DNA probes 

All of the probes used in this study were labeled with 3 2 ~ - d ~ ~ ~  or dCTP using 

the oligolabeling technique of Feinberg and Voglestein (1983). Random hexamer 
1 0 ,  

primers were obtained from Pharmacia. The labeling reaction was carried out overnight 
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at room temperature. Then the probe was put through a G-25 Sephadex packed in a 1 ml 

syringe. The specific activity of the probe was measured using a liquid scintillation 

counter (Beckman) and the required amount of probe was used (1  x106 counts per ml of 

hybrilzation buffer). 

Hybridization of probes to DNA blots 

DNA blots were first prehybridized overnight in the hybridization buffer (SXSSC, 

0.5% SDS), whlch contained 2.5% Denhardt's solution (50X stock 

Denhardt's is 0.02% Ficoll, 0.02% polyvinyl pyrrolidone) at 6g•‹C. 

solution: 1 X 

Then freshly filtered 

hybridization buffer with the probe was added and hybrihzation was carried out at 6g•‹C 

overnight (sometimes the hybriduation was carried out in a hybiidization buffer 

containing 50% formarnide). Next day the blots were washed in 1X SSC and 0.1% SDS 

buffer at 68OC four periods of 15 minutes. Kodak X-OMAT or Dupont films were placed 

on the blot with DuPont lighting-plus-intensifymg screen and kept at -70' C or room 

temperature overnight. Generally autoradtographs were developed the next day. 

Su bcloning 

Genornic DNA fragments to be subcloned were purified from agarose gel using a 

SephaglasO BandPrep k t  (Pharmacia ). DNA fragments were ligated to the plasmid 

Bluescript@ using the enzyme T4 ligase, as recommended by the supplier (BRL). The E. 

coli transformation procedure was carried out as described in the BRL transformation 

protocol. Transformed cells containing plasmids with inserts were detected as white 



colonies on agar plates cont;tinin& ampicillin, X-gal(5-bromd chloroindoy1-Beta-D- 

galatoside) a n d ' 1 ~ ~ G  (isopropyl thlogalactoside); Mini-preps of DNA from a sample of 

whte colonies was digested with &agnostic restriction enzymes and suitable subclones 

were identified in agarose gels. 

Preparation of a nested set of deletions 

' Some of the niiA gene sequencing made use of nested deletions. The deletions were 

created using the Erase-a-Base System (Promega) from a 2.8 kb EcoRVPstI genomic 

subclone containing a portion of the A. fwnrg& niiA gene cloned in pYA22/3, Fig. 3). The 

resulting fragments were sequenced using the reverse primer of the vector plasmid 

Oligonucleotides 

Commercially avdable forward and reverse pnmers were used to sequence the ends 

of the inserts from the vatious subclones generated in thls study. ~ligonucleotide primers 

(1 8 nucleotides in length) were designed from genomic sequence for either PCR or for 

subsequent sequencing as it became available, using the program OLIGO (Rychllk and 

Rhoads, 1989). All oligonucleotides were obtained from the GIBCO BRL Custom Pnmers 

service (GIBCO). Such primers were used to obtain the hiiA gene sequence contained in 

pYA.2-3 and pYA61. 



Sequencing methodology and sequence analysis 

DNA sequencing was performed using the dldeoxy {ermination method of Sanger et 

al. (1975). All DNA fragments to be sequenced were submitted as DNA, or as "ready 

reactions", and were sent to the automated sequencing services at either the Biotechnology 

Laboratory, IMBB, Simon F w r  ~nive&ty, Burnaby, BC., or the University Core 

- Services, The University of Calgary, Calgary, AB. Both strands of the niiA gene were 

sequenced. 

DNA sequences determined were used to search the data banks using THE BWST 

SERVICE NET WORK, NCBL Subsequent DNA and protein sequence analyses were 

conducted using the following computer programs: (I) FASTA (Pearson and Lipman, 

1988); (II) ESEE (The Eyeball Sequence =tor) (Cabot and Beckenbach, 1989); and (Ill) 

Clustal W (figgins and Sharp, 1988). 

Polymerase chain reaction (PCR) 

PCR  actions were canied out in 25 pl reaction volirnes with 25-50 ng of DNA 

as template, 25 prnol of both primer sets, 1.25 mM dNTPs, and 0.5 to 1 .O units of TAQ 
d 

polymerase (Promega). The conditions used were as follows: 35 cycles of 30 seconds at 

96" C, 60 seconds at 5S0C, 60 seconds at 72' C. PCR products were separated on a 1% . 
agarose gel. 

1 



Preparation of to&d RNA and Northern bldting v P i  
Mycelia were collected by filtration under stenle condtions. 100 mg (from 100 ml 

culture) of wet mycelia were frozen in liquid nitrogen and ground to powder in a precooled 

mortar and pestle. Total RNA was isolated fiom the cell powder using the Trizol reagent 

(BRL) as described .by the manufacturer. Approximately 20 C L ~  samples were 

Electrophoresed on a 1.2% formaldehyde denaturing agarose gel. The m~ was transfk* 

to ~ybond'  nylon membrane (Amersharn International) by Northern blotting as describbe in 

Sambrook et al. (1989) and RNA was cross-Med to the nylon membrane by UV 

d a t i o n  using Strata W e r  (Stratagene). 

H y b r i d o n  to 32~-labelled probes was carried out at 42' C in 50% formami&. A 

0.8 kb cDNA fragment was used as a probe for nitrite reductase (niiA) gene, a 1.6 kb EcoRl 

genomic fragment for nitrate reduaase (niaD) gene, and a 0.6 kb EcoRI genomic fragment 

for the nitrate transporter ( c d )  gene. Filters were washed at 55" C in 0.1 x SSC, 0.1 % 

. SDS. Autodography was carried out overnight at room temperature. 

Protoplast preparations for pulsed fiefigel analysis and transformation 

For Aspergillusfwnigarus the sorbitol method for preparations of mycelial 

protoplasts was used, exactly following the protocol devised by Debets and Bos (1986) 

6s 
for Aspergillus niger (for detads, see Appendm section II). 



Pulsed field electrophoresis 

Fungal protoplasts and protoplast-agarose plugs for pulsed field gel 

electrophoresis were prepared as described by Ehninger et al. (1990). Pulsed field 

electrophoresis was performed using the Gene ~ a v i ~ a t o r ~ ~  System (Pharmacia). A 15 x 

15 cm 0.8 9% gel was prepared as described in the user's manual (Pharmacia). DNA- 
I 

agarose plligs were loaded on the gel following the direction described in the user's 

manual. The gel yas  run at 50 V with a pulse duration of 72 h, 48 h, 24 h, 24 hr and with 
- F 

a pulse switch of 55, 47.40, and 37 rnin resphvely,  in 0.5 x TBE at 4OC. Two 
-*, 

consecutive runs of the program were r w k d  to obtain a good separation of the 
i- 

chromosomes. The gel was stained in 5pg Iml ethldium bromide for 1 h, de-stained for 1 

h and photographed under UV illumination. For transfer of DNA, the gel was treated 

twice with 0.25 M HCl for 15 rnin and then was denatured in a?solution containing 0.5 M 
.. 
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NaOH and 1.5 M NaCl for 1 h. It was subsequently neutralized in a solution containing 

1.5 M NaCl, 0.5 M Tris-HC1 for 1 h. The DNA was transferred to  bond^ N' nylon 

membrane (Arnersham) by capillary action as described in Sambrook er al. (1989). The 

DNA was cross-linked to the nylon membrane by UV irradation using the Strata Linker 

apparatus (Stratagene). The Schizosacchuromyces pornbe chromosomal DNA was used 

as a size marker (BRL). To identify the DNA molecule carrying the nitrate assimilation 

gene cluster. a 2.8 kb EcoRWstI niiA genomic fragment was used as a hybridzation - 
?robe. 



Construction of pYAlO 

Plasrnid pYA22-3 contains a 2.8 kb E c o W s t I  genomic fragment correspondmg 

to part of the A. j iunigam intergenic niiA-niaD region plus the 5' half of the niiA gene. 

Thls plasmid was double dgested with Hmdm and SalI, and a 0.9 kb HindII/SalI 

fragment (correspondmg to the 5' end of the niiA locus) and'4.9 kb fragment were * 

released. The 4.9 kb HmdIII/SalI fragment therefore corresponds to the Bluescript@ 

vector with the rest of the genomie niiA DNA (i.e. a 5' internal fragment) was purified. 

A 2.4 kb HmdWSalI fragment containing the bacterial hygromycin gene was obtained 

by lgesting the plasmid pID21 of Tang et al. (1992) with H i n W  SalI. The purified 2.4 
I 

kb K n W S a l I  containing the hygromycin gene was ligated to the 4.9 kb HmdIII/SalI to 

produce pYA10. The plasrnid pYAlO, therefore, contains a 1.9 kb H i n W s t I  fragment 

corresponlng to some of the 5' codmg sequence of the A. fumigam ni&4 gene and the 

bacterial hygromycin gene whch flanked by 5' transcription initiation sequences gind 3' 

termination sequences of the A. nidu1an.s trpC gene for expression in Aspergillus (for an 

overview see Fig. 22, section m). 

Protoplasting and Transformation procedures for gene disruption 

Mycelial protoplasts of A. fumigatw wild type were obtained using the protocol of 

Debets and Bos (1986; see Appendix IQ. For genetic transformation the method of 
? 

Osrnani et al. (1989) was used (see Appencin II). 



Analysis of putative niiA- mutants 

Transforrfiants, resulting from disruption of the niiA gene, expected to be defective in 

nitrate assimilation and resistant to the antibiotic hygromycin B such types were 

identified by their poor growth on test media, i.e. minimal media = MM containing 10 

rnM sodium nitrate as the sole nitrogen source compared to MM with ammonium tartrate 

(10 rnM) and by resistance to the antibiotic hygrornycin B (250 pglml). Potential 

I transformants were tested for normal growth in minimal media containing ammonium. 

Plates were incubated at 28" C for 3 to 5 days, and corresponding tests using liquid 

cultures were incubated at the same temperature with shakmg at 200 rpm forml-3 days. 

Test for niiA mutant phenotypes and mitotic stabikity of disruption transformants 

To check the stability of transformants, protoplasts from one nitrate-defective and 

hygromycin B resistant transformant (T6) were prepared and were plated to obtain s~ngle 

colonies deriving from single protoplast on minimal meha containing ammonium tartrate 

without hygromycin B. Conidia &om such colonies were inoculated into the same non- 

selective medium and incubated for 3 to 5 days. After vegetative growth, conida were 

then transferred onto test minimal meha containing hypmycin B (250 pg Iml) and 

either ammonium or nitrate as the sole nitrogen source.' Such tests were scored for 

growth and conidiation after 3 to 5 days. 



Fungal DNA extraction 

DNA from wildtype and mutant cells was l&ated using the phenol chloroform 

method as described by May et al. (1985, updated in 1991, see Appendix section 11). 

Southern analysis of transformants; probes used 

To confum the gene dsruption postulated in transformant T6, based on its 

phenotype, the genotype was determined by Southern analysis. A 1.9 kb Hindm/ PstI 

genomic fragment corresponding to part of the 5' coding sequence of the A. fuwigam 

niiA gene was used as a probe to compare DNA from both wild-type and transformant T6 

cells. In addition, the plasmid Bluescript@ and the hygromycin B phosphotransferase 

(hph) gene were also used as probes to characterize the DNA insert into the niiA locus of 

the nii4- transformant ( ~ 6 ) .  
s" 

Chlorate toxicity assay 
-% 

To obtain a measure of chlorate sensitivity, conidia of wild-type A. 

4 
(ATCC 13073) were inoculated into minimal medmm containing ammonium tartrate, 

urea, or L-arginine as the sole nitqgen source, with and without potassium chlorate, at 

concentrations of 100 mM, 200 mM, and 400 rnM. After incubating b e  plates for 5 days 

at 28" C, the radial dmneters of colonies were recorded. 



Transformation of the A. fitmig,ahrs niiAdefective Hyg' transformant T6 with cloned 

niiA DNA from A. fumigatus @YA2-3) and A. nidulans @niiA) 

Protoplasts from A. fumigatus nitrite reductase-defective .Hygr transformant (T6) 

were transformed with the plasrnids pYA2-3 and pniiA (obtained from the Fungal 

Genetics Stock Center). The pYA2-3 contains the entire structural gene of the A. 

fumigatus niiA gene plus a part of the niiA-niaD intergenic region. The pniiA contains iin 

A. nidulans genomic fragment corresponcfing to the entire niiA gene structure including 

the niiA-niaD intergenic region and the niaD gene. Transformed protoplasts were plated 

on sucrose minimal medium containing nitpite (5 mM) as the sole nitrogen source. The 

plates were incubated at 30' C for 7 days. Colonies appearing on the selection plates 

were tested for their ability to grow on nitrate as the sole nitrogen source using minimal 

medium. In addition, untransformed protoplasts from the niiA- mutant were plated on 

sucrose minimal melum containing either ammonium or nitrate as the sole nitrogen 

source. 



RESULTS 

Section I 

Cloning and characterization of the nitrate assimilation gene cluster 

(cnui  -niiA -niaD) of A. fumigatus 

Originally 1.5 kb EcoRI cDNA.clone (pYA06) correspondmg to the A. jiunigams nitrite 

reductase ( n i i . )  gene was isolated (for detads see Appendix p. 152). 

a) Screening of an A. fumigcrtus a genomic library with a 0.8 kb niLi cDNA 

A 0.8 kb EcoRIEcoRV cDNA fragment (derived 6om pYA06) of the A. fwnrgarur niiA 

gene [see Appendm, Fig. 331 was used as a probe to screen an A. fumigazu.s ( A W  192- 

88) hEMBL3 genomic libmy, and one genomic clone hYA4-3 was isolated. When hYA4- 

" 
3 was completely digested with EcoRI, fragments of 6-7 kb, 1.6, and 0.7 kb were observed 

(Figure la). Southern blot analysis usipg the 0.8kb EcoRVEcoRV cDNA as a probe resulted 

in hybriduation with a genomic 6-7 kb fragment (Figure 1 b). Subcloning of the 6-7 kb 

(double) band into the pBluescript@ vector resulted in two clones (pYA1-2 and pYA2-3) 

with 6.5 kb arid 7 kb EmRI inserts, resptktively. Similarly, the two smaller fragments were 

subcloned (clones pYA60 and pYA61). Only one of these subclones, pYA2-3 with the 6.5 

insert, was subsequently found by Southern dot blot analysis to hybridize to the cDNA 

probe (Figure 2), while the other large fragment apparently is located elsewhere in the 

genome (see Discussion I) 

Q 
b) Identification of the entire nitrite reductase gene ( n u )  

Based on sequencing data and homology to A. n d d a m ,  the orientation of clone 

pYA2-3 with respect to the flanlung small EcoRI fragments @YA60 with the 0.7 kb insert 

34 



on the left and pYA61 with the 1.6 kb insert on the right) as well as the location of a PstI site 

in the middle of pYA2-3 were identified (Figure 3). Sequences of region 3 had no s d a r i t y  

to known data bank protein sequences. 

The presence of the PstI site in the middle of the 6.5 kb EcoRI insert of pYA2-3 allowed 

the subcloning of the two PstYEcoRI fragments with 3.7 kb and 2.8 kb insert in clones 

pYA2 1-3 

(= left half) and pYA22-3 (= right half), respectively. The sequence obtained from regons 

4 and 5 (see Figure 3) showed extensive homology kith the nitrite reductase gene from-A. 

nadulans (Johnston er al., 1990) malung it possible to conclude that whole gene was present. 
I 

Complete characterization of the A. fumigafus nitrite reductase gene is presented below 

(Section I1 of Results). 

C) Idenfification of partial cm.4 (nitrate transporter) gene coding sequence 

The sequence obtained from regon 6 showed extensive homology (60% identity over 85 

. amin6 acids) to the 5' end of the A. nidulans nitrate transporter gene ( c d )  (Unkles ,et al., 

199 1, 1995). Regons 7 and 8 of pYA60 were sequenced using the reverse and forward 

primers, respectively, and the genomic sequences obtained were used to search the protein 

database. The results showed extensive homology with a nitrate transporter gene ( c d )  

from A. nidulans (Unkles et al., 1991). The adjacent sequences obtained from region 7 of 

pYA60 and region 6 of pYA2:3 were combined (Figure 3) to gwe a total of 657 bp (Figure 

4a). The 657 bp sequence corresponds to a part of the N-terminus region of the A. fwnigam 

cnvl  and translated (148 putative amino acids) it ahgned toahe correspondmg part of A. 

nidulans c d .  The alignment of this polypeptide from A. fwnigarus showed extensive 
I 



show any amino acid ho'mology to known protein sequences in the databanks. More 

amino acid homology (80% identity, Figure 4b) (Upkles et al., 199 1, 1995). The genomic 

sequence was also found to contain two small putative introns, 50 and 69 bp in length 

(Figure 4a). In addtion, the genomic sequence of 35 1 bp obtained from region 8 of pYA60 

(Figures 3 and 5a) was translated (1 16 putative amino acids) and was ahgned with the A. 
d 

nrdulans CRNA protein sequence from amino acid 221 to 340 (Figure 5b). Figure 6 shows 

the position of the two p m s l a t e d  from the sequencing of regons 6-7 and 8, (Fighe 3) 

obtained from the A. fumigatus cnvi gene with respect to the A. nidulans CRNA amino acid 

sequence. 

d) Identification of the n i l l - n i d  intgrgenic region and partial n i d  (nitrate 

reduetase) gene sequence. 

htial  sequence data obtained from regon 2 of pYA61 (1.6 kb in Figure 3) did not 

nucleotide sequence was subsequently obtained using a primer designed from the sequenced 

part of region 2, resulmg in a total of 767 bp (Figure 7a) identified from left end of pYA61. 

Results identified part of the N-terminal c&g sequence of the A. fwnrgarus nitrate 

reductase gene (niaD) plus part of the niaD-niiA intergenic reDon (promoter and regulatory 

regon). The N-terminal colng sequence was found to contain three putative introns, 38, 

53, and 75  bp in length (Figure 7a). Figure 7b shows the ahgnment of the 91 N-terminal 

deduced amino acids from A. fumigarus with that of A. niger (Unkles et al.. 1 992), A. 

parasiticw (Chang et al., 1996), and A. nidulans (Johnstone et al., 1990). 

The genornic sequence obtained from region 1 of pYA61 using the reverse primer (Figure - 
3) showed extensive homology to (AA 129-3 10) of the nibdte reductase (NIAD) protein 
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sequence from Aspergillus niger (Unkles et al., 1992). More sequence was identified from 

h s  end of pYA61 using a primer designed from the region 1 sequence; resulting in a total ~ 

of 598 bp codmg sequence whlch was found to contain two small introns, 57 and 39 bp in 

length (Figure 8a). The sequence encodes a 179 putative amino acids which shares 79.9 95 

identity and 89.9%'s~milarity with the correspondmg protein sequence from NLAD proteins 

from A. parasiticus and A. niger (Fi,oure 8b). Figure 8c shows a multiple ahgnment of the 
IY 

? 

197 deduced amino kids  from A. jiunigatus nitrate reductase with protein sequences from 

A. niger, Usrilago rnaydis (Banks et al., 1993), N. crassa (Okarnoto et al., 199 I), Hordeurn 

vulgare (Schnorr et al., 1991), and Arabrdopsis thaliana (Crawford et al., 1988). 

e) Sequence analysis of the of the remaining 7 kb Ecok fmgmeat in pYAI-2 

The ends of the 7 kb EcoRI genomic insert of pYA1-2 (Figure 10) were sequenced. These 

(R and F) DNA sequences did not show any sipficant homologies with known gene 

sequences in the data banks (Figure 1 la and b). To fuither investigate this 7 kb EcoRI 

genomic fragment, two adjacent fragments were subcloned; a 2.2 EcoRUEcoRV and a 2.8 
> 

kb ClaUEcoRV fragments into the plasmid vector pBluescript@ producing plasmids 

pYA2 1 1-2 and pYA2 1 1-3 (Figure 10). The DNA sequence of the ends of these subclones 

were determined and used to search the data banks ;sing Blasa. The genornic sequences 
/ 

derived from the ends of pYA2 1 1-3 &d not show any sipficant homology with known 

protein sequences in the databanks (Figure 1 lc and d ) 



Figure 1 . Southern analysis of the A. fumrgatus hYA4-3 genomic clone with 0.8 kb 

EcoRI/EcoRV niiA cDNA: 
4 
I 

(a) Etiuhurn bromide stained gel showing b EcoRI mgest of hYA4-3. @) Southern ' 

analysis of the EcoRI &gest of hYA4-3 probed with the 0.8 kb EcoRYEcoRV niiA cDNA. 

The probe detected8 genomic fragment between 6 and 7 kb in size. M = 1 kb marker. 
. 





Figure 2. Dot blot analysis of pYA1-2 (7 kb insert) and pYA2-3 (6.5 kb) using the same 

cDNA probe as in Fig. 1 .  The niiA cDNA probe hybrihed to subclone pYA2-3. 





Figure 3. Sequencing of the ends of the 6.5 kb EcoRI genomc insert in pYA2-3 from A. 

fwnigatus and the two ends adjacent EcoM hgrnents reveals that h s  insert contam the 

entire gene sequence for the nitrite reductase gene and partial sequences of a nih-ate 
4 

transporter, while the nitrate reductase gene is located in the adjacent EcoRI fragment 

(on the right) and the nitrate transporter genes. 

The following homologes to A. nrdulans sequence were idenafied: regom 1 and 2 

of pYA6 1 on the right correspond to the niaD (nitrate reductase) gene codmg regon and 

part of the niaD-niiA intergenic sequences, respectively. Regon 3 (of pYA2-3) also 

corresponds to the niiA-n~aD intergenic region. The middle repons 4 (of pYA22-3) and 5 

(of pYA2 1-3) correspond to the niiA (nitrite reductase) gene codmg sequence. The three 

Regons 6 (of pYA2 1-3), 7 and 8 (of pYA60) were found to correspond to the c d  (nitrate 

transporter) gene codmg sequence. Bold arrows indicate the deduced W o n  of 
- 

transcription of n d ,  niiA, and cnrA of A. fiorugahcc. below. F = Forward primer, R = 
I- 

Reverse primer, E = EcoRI, and P = PstL 





(a) Nucleotide sequence and deduced amino acid sequence from regons 6 and 7 

(see Figure 3). 

(b) Ahgnrnent of the A fiunigam (An amino acid sequence with the correspondmg reDon 
i, 

of the A. nrdulans (An) nitrate transporter (CRNA) protein sequence indicating extensive * 

sequence homology (52% identity). The (*) denotes an identical amino acid, and the (') 
b 

denotes a conserved amino acid. The gaps were inserted to maximize the sequence 

ahgnments, using the program "Clustal W". 
, 



GGTCAATACCAGTCCTCAATCCCCTCGACCGATATGTCCGGGTATTCTTCTTCCTCGTGG 
G Q Y Q S S I P S T D M S G Y S , S S S W  
CTTGGCTTCATGGTTGCATACCTGTCATGGTATGCGTTTCCACCTCTGgtaaggcaatgg 
L G F M V A Y L S W Y A F P P L  
tctcctatacggcaagcacttwa~CptwcaCaattgactgagaat~ct~cta~T 

L  
AACGGTGACC.~TTCGCEI~IAGATCTTCATATGACACAGC~C~GTCGC~TCG~CAT 
T V T I R K D L H M T Q Q Q V A K S N I  

T G T % C T C T T C T G G C T A C ~ ~ ~ ~ ~ ~ ~ ~ ~ C Q O ~ ~ ~ ~ ~ C ~ ~ ~ C Q O ~ ~ ( L ~ C C ~ ~ Q C ~ ~ ~ C  
V A L L A T  

~ ~ ~ ~ ~ ~ ~ ~ A T T C C T ~ ; T T C G A T T C A T C G C ~ C C A C T A T G ~ A C C G C W C E A C C T C G A  
F . L V R F I A G P L C D R F G P R  

CTTGTCTTTATCGGCCTCTTGCTTTGTGGCTCTATTCCTACAGCTATGGCTGGTCTAGTG 
L V F I G L L L C G S I P T A M A G L V  
ACCACCCCTAATGGTTTAATCGCTTTGCGTTTCTTCGTn;GCATCCTTGGTGGCACATTT 
T T P N G L I A L R F F V G I L G G T F  

G T C C C T T G C C A A G T A T G G T G C A C C G G T T T C ~ G A T A A G A C  
V P C Q V W C T G F F D K N I V G T A N  
TCTCTGGCCGCAGGCTGGGGTAATGCGGGAGGTGGG 
S L A  

b 

An ' 1 
A f  

r2n 
A f  

An 
Af 

A G W G N A G G G  148 

b.* 

x, 

\ 

MDFAKLLVASPEVNPNNRKALTI P V L N P F N T Y G R V F F F S ~ ~ L S W Y A F P P L L T V T  
- - - - - - - - - - - - - - - -  GQYQSSIPSTDMSGYSS----SSWLGFMVAnSWYAFPPLLW ', 

. . * *  * *  t** *.************ 

I R D D L D M S Q T Q I A N S N I I A L L A T L L V R L I C G P L C D R F G G L V  
I R K D L H M T Q Q Q V A K S N I V A L L A T F L V R F I A G P L C D R F G P R G L V  
* *  * *  * * * * * * * * * *  * * * * *  ********t****t**** * * * * * * * * * * *  

T S P Q G L I A L R F F I G I L G G T F V P C Q V W C T G F F D K S I V G T A N  161 
T T P N G L I A L R F F V G I L G G T F V P C Q V W C T G F F D K N I V G T A N  

* * * * * * * * *  . . . . . . . . . . . . . . . . . . . .  * * * * * * * * * * *  * * * * * *  



Figure 5. Analysis of DNA sequence obtained from region 8 of figure 3: 

(a) Nucleotide sequence and,deduced amino acid sequence obtained from regon 8. 

(see Fig. 3). 

(b) The A. jhigarm sequence showed extensive sequence homology (60 9% identity) with 

the 3' half of the A n~dulans nitrate transporter (CRNA) protein sequence. The (*J denote . 

an identical amino acids, and the (') denotes a conserved amino acid. The gaps were inserted 

to maximize the sequence ahgnments using the program Clustal W 



GEJiTACCCCTACTGCCAAATGGTGGGAGCGCCACATCTGGAWGGAGAATA4TGAATC 6 0  
N T P T A K W W E R H I W M K E N N N E 2 0  

CCAAGCCAATATCGTCAACCTCATGKAGGCAGCCCCKTACCCGCCCATCTGGKCTCC 1 2 0  
Q A N I V N L M S G S P S T R P S G P P 4 0  

ATCTATCAATATATCCACTCCGCAAT~TGP~GAAGAAGGGTGCCCAGACAC~TCAGATGGT 1 8 o 
S I N I S T P Q ' S E K K G A Q T P Q M V 6 0  

CGATCCTGAAGCTCAAGCETTGGACAGGTTGACATCCTCAGAGCAGACACCGTGGTGGC 2 4 0  
D P E A Q A V G Q V D I L R A D T V V A 8 0  

C C C C A G C C G C M G G A G G T C A ' T G A A C G T C T C A T  3 0 0  
P S R K E V M V L L S L S T A A V A r 1 0 0  

C C C A T A C G C C T G T T C C T T T G G A T C C G A G C T G G C T A T C A A C  351 
P Y A C S F G S E L A I N S I L  11 6 

A ~ I  VASPSRKEAFNVIFSLAW4VAVPYACSFGSELAINSIL 380 
A f  WAPSRKEVMNVLLSLSTAAVAIPYACSFGSELAINSIL 

* * * * *  * * .  * t  * . . . . . . . . . . . . . . . . . . . .  



Figure 6. Position of the putative amino acid sequences (indicated by bold bars) obtained 

from the A.fwnrgatus niuate transporter gene,(cd) with respect to that of A. niduluns. 

Numbers 1-507 correspond to the amino acid sequence of the A. n i d u h  CRNA. 



507 380 22,l 172 39 1 

A. nidulans CRNA sequence 



Figure 7. Analysis of the A. fumrgarus nraD geneomic sequence obtained from region 1 of 

the plasrnid pYA6 1 : 

(a) Nucleotide sequence and its correspondmg putative amino acid sequence obtained from 

pYA61. The partial sequence of the nid-nii t i  intergenic regon and the nontranslated 5' 

end of the transcript [-270 to - 11 are shown, and the three introns in the niaD gene are 

inlcated by lowercase letters in bold. 

(b) Multiple ahgnrnent of the partial N-terminal putative amino acid sequence of A. 
, 

jiunigatus (An niaD with that of A. niger (Anig) (Unkles er al., 1992) A. parasiticus (Ap) 

(Chang et al., 1996 and A. nidulans (An) (Johnstone et al., 1990. The (*) and (') denote 

identical and sirmlar amino acids, respectively. The gaps were inserted to maximize the 

sequence alignment using the program "Clustal W". 



TACTAGCTGCTTTTCAACACAATACTACTACCTTGAGATCCCCGCGGGAGATCGTCATTCATGA -270 
AGATATCCCTGGCCTGCTTCTAGCCTTTCTCCGAGGCCATTTGTTTATACAGACAAATAT -210 
GGCAATATCTGAGTCAAGACAATGTGTCTGACTAC~CTTCCTCACmTAAACAGAAT -150 
GCGTCATTTTCCTGATTCATTCCATCCTGACTATGGTTGCCTTCTTCTGTCTGGCCTATC -90 
CTTGAGGGATTTCTAGTCTAGAAAAGCTGGCTCGCTTCTCCGTGTTTCC~CATTCTATA -3C 
CCGACATTATCAGCTGTAGTACTCTGAGCAATGGCCACCATAACCCAAGTTCAGACACG 30 

M A T I T Q V Q T Q  10 
GGAGACACACACGGTCTTGCCGAAGAGCCTTACGota~gccaggccagatcacc~caa 90 
G D T H G L A E E P Y  2  1 
g g g a g a t c t c g a a t c t c g a c c t g c c a g A T A T C C C C C T T C C C C C A T  150 

D I P L P P P S T N P  3  2 
C T G A G A T C C T C G C T C A A G A C A A G G G C A C A C C A G A C A A T C A T ~ ~ C C ~ C C ~ ~ ~ ~ C C C ~ C ~  210 
S E I L A Q D K G T P D N H  4 7 
ctcatccagattaacgggcgtccaccacccattcaatotcgaacctccactwaca~TT~T 270 

L  C  4 9 
TCAATGAAAGTATGCACTGCCTCCTTGAAGCTCACTTTGTGCTCG 3  3  o 
S M K V C T A S L K L T L L Q L A R R S  6 9 

GCTCACAACCCCACgt ta~gg+t tcct tcc t tg~atcac~gga~ctc t tc tacacrC,AACCATG 390 
A H N P T  N  H 7  6 
GGCCTGTCCCTCTGGTCCGCGAAGAAGAATATTCCCAACTGGGAAAT - 43 7 
G P V P L V R E E E Y S Q L G N  9 1  

Af 1 -MATITQVQTQGDTHG---LA--------EEPY------DIPLPPPSTNPSEIUQDKGTP 
Anig 1 -MATVTEVLTEPFTAQGVTLKSGPIKVHQEELPAVELSDIPLPPPSKEPTEVLSIDKPTP . 
Ap 1  -MATITEVRTDALVPTDLVLKTGQIKIQSEEISTKDLSDIPLPPPSKRPTEVLSVDKGTP 
An 1  MSTTVTQVRTGSIPKT---LKTSQIRVEEQEITELDTADIPLPPPSKEPTEVLSLDKTTP 

* * * *  . . .  * * * * * * * *  * . * - * *  * *  * *  

Af DNHLCS------- MKVCTASLKLTLLQLARRSAHNP------ TNHGPVPLVREEEYSQLG 90, 
Ani g DYHVPRDPRLIRLTGVHPFNVEPPLTALYDEGFLTSPELF~GPVPL~EDI  PNWE- 12 3  
AP D S H V P R D P R L I R L T G V H P F N V E P P L T D L Y K E G F L T S P E L F  121 
An DSHVPRDPRLIRLTGVHPFNVEPPLTALFQQGFLTPPELFGPVPEDIP 181 

* * 'i , 



Figure 8. Analysis of genomic sequence obtained from region 1 of pYA61: 

(a) Nucleotide sequence and its correspondmg amino acid sequence obtained from pYA61 

using both the reverse primer and one specific designed primer. The sequence obtained 

contains two small introns (shown by lowercase letters in bold). 
8. 

(b) Multiple alignment of the A. fumigafus (An translated amino acid sequence with the 

nitrate reductase (NIAD) b t e i n  sequence from A. porusiticus (Ap), and A. niger (Anig). 

j 

The cysteine residue identified as essential in bindmg the molybdenum atom in A. n i d u h  , 

, NLAD is underhed. 
5 1 

(c) Shows multiple alignment of the A. fwnigarus amino acid sequence obtained from 
D. 

regon 1 of pYA6 1 with the nitrate reductase protein sequences from Ap (Chang et al., 
', 

1996), Anig (Unkleser al., 1992), Ustilago ntaydis (Urn; Banks et al., 1993), N. crassa (Nc; 

a Okarnoto et al., 199 1 ), Hordeurn vulgare (Hv; Schnorr et al., 199 1 ), and Arabidopsis 

thaliana (Ar, Crawford et al., 1988). The numbers correspond to the positions of the Anig. 

Urn, Nc, Hv, and At  nitrate reductase protein sequen The (*) denotes identical amino 

acids and the (') denotes conserved amino kids. Dashes were inserted to-maximize the , 

homology using the program "Clustal W'. 



CCCGTCGTCTTGAACTTTCGTCAGATTTTGCAGAAATTTAATCAGATCACAGCCCCCATT 6  0  
P V V L N F ' R Q I L Q K F N Q I T A P I  2 0  

ACACTCGTATGCGCCGGAAACAGACGTAAG<;AGCAAAACACAGTGCGGAAATCAAAAGGT 120 
T L V C A G N R R K E Q N ? v R K S R G  4 0 

TTTTCTTGGGGACCAGCTC;GTCTTTCAACTGCCCTTTTTACCCCCTTGAGGAT 180 
F S W G P A G L S T A L F T G P L M A D  6  0  

GTTC%CGGTATGCGAAGCCACTGCGTCAAGCCAAGTACGTCTGCATGGAGGGAGCAGAT 240 
C 

V L R Y A K P L R Q A K Y V C M E G A D  8  0  
MGCTGgtcagtattcctcctggaattgcccatgccattctctggtccrctgacttrgct 300 

/ K  
8  2 ,. afagCCTAATGGCTACTATGGCACATCAGTCAAGCTCAATTGGGCCATGGATCCAAACAA 360 ' 

P N G Y Y G T S V K L N W A M D P N K  101 
ATTGATCATGCTTGCGCATAAGATG~TGGCGAGCCACGTCGCCCC 420 

L I M L A H K M N G E P L R P D H V A P  131 
TAGAGCCGTTGTACCTGCCCAAATCGGCGGCCGAAGCGTGAAGTGGAKAAGAAACTGAT 480 

R A V V P A Q I G G R S V K W I K K L I  151 
C T T G A C T G A T G C A C C C A G T G A C A A C T G G T A C C A C A T C T A ~  540 ts 

L T D A P S D N W Y H I Y D N R V L P  170 
agtgaaccggggtacgtcagataaccrcttgcttgct~gCCGTTFCACCAGAACGACCGTCTC 600 

R C T R T T V S  178 
TCCCGAMTGGCAGCTTCAGATCCGATGTGGTGGCGTGACGAGCGCTATGCAATTTAT 658 

P E M A A S D P M W W R D E R Y A I Y  197 

Af 1  - - - - - - - - PVVLNFRQILQKFNQITAPITLVCAGNRRKEQNTVRKSKGFSWGPAGLSTAL 
A p  121 TIEGLVEKPLVLNFRQVLQQYDQITAPITLVCAGNRRKEQNIVRKTKGFSWGSAGLSTAL 

120 SIEGLVEKPLVLNFRDILQQYDQI~APITLVCAGNRRXEQ~TKGFSWGSAGLSTAL 
* . * * * * * ,  . * * . .  . . . . . . . . . . . . . . . . . . . .  * * * . * * * * * *  * * * * * * *  

Af FTGPLMADVLRYAKPLRQAKWCMEGADKLPNGWGTSVKLNWAMDPNKLIMLAHKMNGE 
AP F T G P L ~ I L R S G K P L R Q A K Y V C M E G A D K L P N G H Y G T L I ~ A I , D P N R G I ~ G E  
Anig WTGPMMADILpSAKPLRKAKWCMEGADKLPNGWGTSIKLNWAMDPNRGIMLAHKMNGE 

* * * .  * * . * *  * * * * ~ * * * * * * * * * * * * * * *  * * *  . * * * * * - * * * -  * * * * * * * * * *  

Af P L R P D H V A P - R A W P A Q I G G R S V K W I K K L I L T D A P S D N W  
AP SLRPDHGRPLRAWPGQIGGRSVKWLKRLILTDAPSDNWYHINDNRVLP----TMVSPDM 
Anig . D L R P D H G R P L R A W P G Q I G G R S V K W L K K L I L T D A P S D N W Y H  * * * * *  * * * * * *  . . . . . . . . . . . . . . . . . . . . . . . . . .  * * * * * *  * * * . *  

Af AASDPMWWRDERYAIY-197 
AP ASNNRNWWHDERDAIY 3 11 
Anig SSSDPNWWRDDRYAIY 310 . 

* * *  . . 



A f  
Ap 149 
Anig 148 
LZn 115 
Nc 238 
A t  182 
Hv 1 8 8  



C--i 
Figure 9. The position of the A. fwniga+ putative amino acids sequence from the ends of 

the subloned EcoRI fragment (on the right = pYA61) with respect to the A. niger nitrate 

reductase (NIAD) protein sequence of 883 amino acids. 



1 91 129-310 883 AA 
I 

A. niger NIADsequence 



Figure 10. A restriction map of the 7 kb EcoRl genomic insert of pYA1-2 derived from the 

o r i p a l  A. fwnigatur genomic clone, kYA4-3. Two subciones with of 2.8 kb 

(ClaVEcoRV) and the 2.2 kb'(EcoRVIEcoRI) in plasmids pYA2 1 1-3 and pYA2 1 1-2, 
. !  , 

respectively, were partly sequenced (as indxated by arrows) 





'b 

Figure 1 1 .  Nucleotide sequences obtained from two genomic insen (see Fig. 10) using the , 

forward primers (a and c) or reverse primers (b and d). (a) 300 bp and (b) 3 12 bp obtained 

from PYA 1-2. (c) 300 bp and (d) 3 17 bp obtained from pYA2 1 1-3. These sequences qere 

used to search the protein data banks but no significant matches were found. 



P;ATTCGCAGCGTTCAAGAAGGCCAAGGTCGATACCCACCAAGTTACCGGCGCAGACC~T 60 
ACGGCAGCCGCGACCACCTGCAAAACAACTACCTGTACCGCTACGCCGGn;CCGAGCTGG 1 2 0  
GAATGTTCGGCAACTCCAGTGATGAAGCTGCGCACTTGAGCTACGTCATCGAGC 1 8 0  
G C A A G C C G G C C A A T G G T G C G C G C C A C A G C T A C A C C G T G C C  240 
C G T C G G C C G A T G C G G T C T G G T C G G T ? Y ; A C G G T T G T A C G T C T C T C G  300  

AATTCGAAGCCGACTTGGGTATAGCGCTn;TGGGTGTCGTCGAGGCTGCGGTTG~AGG 69 
CGTAGCGCGCCACCGTCGGCCTGGA'i'CAGGCGCAATGCGCCGTAAGTGGCGGCGCTGAAG 1 2 0  
TCATACGAGGCGAAGGCC~TAA~;~GATACAGCGGCGCTTGCTTGAGTTCGC~CCG~G 1 8 0  
TAATCGTCATTGCGGCCATAGAGCTGGGCTTCCAGGTTGGTTTCCAGTACCCATTTGTCG 240 
CCGATGCCGTGGGTGTAGTTGTAGACAAAGGTGGCGCCCCAGCGATTGGCACCGGGGGAC 300  
ACGTCCGGCTTWGGCTGTGGTACTCACCCACCGGCACGGTGATCAGGTTCAACAGGCCG 360 
CTGTAGGTACGC 3 12  

ACTGCCTCGCCGGGCGAGGCATGCACCCGWGACGGTCACGTCCAGATGGCGGATCGAC 60 
TGCCAGTCCGCCAGATAGTCGGGGGGCAACTGGTAGAGG~GcTGTTGTGcTcGTGcGGc 1 2 0  
ACCCCGTTGATGACCGCCGAGCGCCCCCACCAGGCGCTGTCGAAGGCCAGCAATTGGTTG 1 8 0  
AGGCGCGCCAGGGCATGGTGTn;AAAGTGTTCGATGTCCTGGTGTTGGGTCAGGCGTTGC 240 
AGGTCCAGGGTCAGGGTGC%AAAGCCTGTAACAGGCTCGCGGGATCGAGACGGTTCATC 300 

CCATCATCGGTGTACTTGAATATTGATTGTCTTGGCCATGGGTTTTATTMGCGATGGT 60 
CTGAGCGGGTTTCCAGAAFAGGACTCCTTACCGTGTAAGCCAGCGTA?r"r?Y1CGCATACT 120  
TATTTTCCGGTGTTGCGGACGTC~GTCAGGAAGCCCCAATTTMGGCCGCAGCTTTTG 180  
CAATGACGTGACGGCCAAFATTATTGGGTTTTTCCAGCCCATCATGTCTCA 240 
GCGTTACCTGCATCCTGCCGGGCTCGTCATCGGACACCGGTGCATACCAAGGGGCTTGGC 300 
ACTTAAAGCTGCTATCA 3 17  



A total of 993 bp were obtained from pYA2 1 1-2 as shown in figure 10. Approximately, d 
625 bp of ths genomic sequence was found to contain an open mdmg frame of 218 amino 

acids (starting with an ATG codon) (Figure 12a). The genomic sequence was used to search 

the protein data banks using Blastx and the results showed 64% identities and 76% 

similarity, and 61% identities and 72% smdarity over the first 120 putative amino acids 

with protein sequences of secreted proteinase b, c, and a from Erwinia chrysamhemi (amino 
-. 

acids 256-376) and a k a h e  protease from Pseudomonas aeruginosa (amino acids 250-370), 

respectively (Delepelaire and Wandersman, 1989, Dahler et al., 1990, Kawasalu et al., 

1990). Figure 12b show mulriple ahgnment of the A.fumigatus putative amino acid 

sequence with protease b from E. chrysanthemi and alkaline protease from P. aeruginosa. 

More genomic sequence (3 17 bp) up stream of the EcoRV fragment was obtained from 

pYA2 1 1-3 using the forward primer (Figure 1 id). The complement of this sequence was 

found to contain potential promoter consensus sequences such as a TAATA box located at - 

62 to -58 and two CAAT boxes located at 'positions -219 to -216 and -43 to -35 (Figure 

f) Southern analysis of genomic DNA from two A.fitmigafus isolates and two E. coli 

strains using probes derived from pYA1-2 

To determine the source of the 7 kb EcoRI genomic fragment in pYA1-2, genomic DNA 

from A. fwnrgatus strains (ATTCC 13073 and 42202) and two E. coli strains @H5X and 

KW25 1) were dgested EcoRI for Southern analysis (Figure 13a). The 2.2 kb 

EcoRVEcoRV and 4.8 EcoRVEcoRV genomic fragments derived from PYA 1-2 were as 

probes. No signals were detected by either probe from the genomes tested (Figure 13b). In 

# 50 



order to determine if a specific band can be amphfied from the genomes being tested, PCR 

analysis was carried out using primers, MO bp a part , designed from the 993 bp sequence 

(derived from pYA2 1 1-2) with genomic DNA h m  A. fumigarus (ATCC 13073 and 

42202), DH5a and KW25 1. ThebPCR primers ampMied multiple products from all the 

templates used includmg a band (500 bp) of the expected size (Figure 14). 

Thls results section dealt with a brief general charactexization of the A. fumrgarus , 

15.8 kb EcoRI genornic insert in hYA4-3. An 8.8 kb EcoRI genomic fragment was found to 

contained most of the nitrate assda t ion  gene cluster, wMe the rest of the 15.8 kb EcoRI , 

genomic insert (7 kb EcoRI fragment in PYA 1-2) contained unrelated sequences to the 

nitrate assidation gene cluster. Thls 7 kb EcoRI fragment in pYA1-2 may contain a novel 
. < 

fungal protease gene. 



Figure 12. (a) Nucleotide sequence obtained from pYA2 1 1-2 agd pYA2 1 1-3 as o u h e d  in 

figure 10. The initiation codon ATG marks the start of the open reading frame identdied in 

the sequence obtained from pYA211-2. The longest open reading frame is shown below the 

nucleotide sequence. The sequence upstream of the ATG codon (obtained from pYA2 1 1-3) 

contains a potential TAATA box at position -62 to -58, two potential CAAT boxes at 

positions -2 19 to -2 16 and -43 to -35. 

(b) Multiple alignment of the A. fumigatus putative amino acid sequence with that of 

secreted proteinase b precursor and a h h e  metalloproteinase h m  E. chrysanthemi (Ec) P. 

aeruginosa (Pa), respectively. The A. fwrugazza amino acid sequences sh?a-es 64% 

identities and 76% sdar i ty ,  and 61 % identities and 72% s~rmlarities over the first 120 . 

putative amino acids sequence. Three mohfs correspondmg to the calcium binlng domain 

GGXGDXUX (X = any amino acid, U = bulky hydrophobic amino acid) are boxed 



TATTCGGGGAGACCTGAATAATTTCAGGGGATGCTGCAAATATCGGGTTCAAAGAGTTGC -363 
C A A T G C A C A A T C C C A T C A T A T G C A G T T T A A G G T T G A T A G C A G C G A A C C C  -303 
TTGGTATGCACCGGTGTCCGATGACGAGCCCGGCAGGGTGCAGGTAACGCTGACCCAGAG -243 
CCATGCCGATGGGCTGGAAAAACCCMTAATTI"I\GGCCGTCACGTCA~AAAAGCTG~ -183 - 
GGCCTTTAAATTGGGGCTTCCTGACCCGACGTCCGCAACACCGGAAAATAAGTATGCGGA -123 

i 

AAATACGCTGG~TTACACGGTAAGGAGTCCTTTTCTGGAAACCCGCTCAGACCATCG~TT - 6  3  
TMTlLAAACCCATGGCCAAGACAATClUTATTCAAGTACACCGATGAn;GATGATATCGC -4 
CATCATGCAAGATAAATTCG_GGGcGAACCTCCAAACGCGTACGGGAGATACGACGTATGG 56 

M Q D K F - G A N L Q T # T G D T T Y G ~ ~  
ATTCAACTCAAATGCCGACCGTGAAGTATTCAAATTGGAATCAGTCGA%ATTTACCGGT 116 

F N S N A D R E V F K L E S V D D L P -  
ATTTTGCGTGTGGGACGCCGGTGGTAGAGACACATTCGATTTCTCCGCATTCAAGCAAGA 176 

F C V W D A G G R r T F D F S A F K Q D 6 0  
T C A G G T T A T C A A T T T G A G A T C G G G C A G C T T C T C T A A T G T A A T A A A C G T  236 

Q V I N L R S G t S F S N V G G G I G N V 8 0  
C T C G A T C G C C A A C G G C G T C A C C A T C G A A C G G G C T A T T G G C C T  296 

S I A N G V T I E R A I G G A G N D I L 1 0 0  
T A T T G G G A A T G A C T C G G A T A A C G A A C T G G A G G G C G G C G A G T  356 

I G N D S D N E L E G G E G D D I L Y V 1 2 0  
CAAGGCGAACTCTGGCTTTAACCGGCTGTCAGGCGGGCCTGGTWTACCTCCGTTAT 416 

K A N S G F N R L ' S G G P G K N T S V I I ~ O  
CGGCGCAAACGACTCATCCGCCAGCTTTGMCACAGCTATAACGGACTTTGTCAGCGG 476 

G A N D S S A S F E N T A I T D F V S G 1 6 0  
CAAGGATAAATTGGATATTTCA~CCTGCGCG~GGCCACCCTCAACTCACCGTCACCCA 5  3  6  

K D K L D I S A L R A G H P Q L T V T Q 1 8 0  
GAAATATTATCCCAGTCATAACCTCACCTTGCTGCGTTTCGATTTCGATGGCGACAAAAA 596 

K Y Y P S H N L T L L R F D F D G D K ' K 2 0 0  
AGACGACTTCATGATGAGTATAAGTGGGCGAATCGTGCGTTCCGArrrCCATCCTTGACC 625 

D D F M M S I S G R I V R S D F H P  218 
TGAATGTGTTGACGCAWTATTGGCGTGCXCGAGCGAAATTAGGTGTACTGCCCAAGTA 716 
TTGGCTATACCTATAACTCATTCTTACAATGATGGTCGCCAGGGAGTTCACTAATGAAGT 776 
TAAGGCTAATGATCGGCACACTGTGCGTTGCCTCGCTCGGTTTGGCCGG CGCGAGCA 836 
AGGTGGTGCAACCGAATGAATACTCAGGGTTCCTCTCCAACTACAGGCAGC % GGAAG 596 
ACAAGTCACCGTCGGGGGCAGAGGTGATGCGCTGGGTTGGATCCCACAACn;GACTTGGA 950 
GCCGCTACAACGGGGGGGTTCAATCGAG 978 



VINLRSGSFSNVGGGIGNVSIANGVTIERA 
RINLNEGSFSDVGGLKGNVSIAH~VTIENA 
KINLNEKALSDVGGLKGNVSIAAGVTVFNA 

* * *  ;* * * *  * * * * * *  * * * . *  * + * * . *  * . * * * *  * * *  f - * *  

* *  * 

QKWPSHN-LTLLRFDFDGDKKD 
QDQFTGKGQEVMLQWDIULNSTTN 
VDAFAGKAGQAILSYDAASKAGS 

. . . *  t . 



Figure 13. Southern analysis of two A. fiunigam strauis and two bacterial strains' genomes. 

(a) Ethidium bromide stained gel of an EcoRI genornic'DNA digest of two wild-type A. 

jbmigarur isolates and two E. coli strains. M = 1 kb ladder, lane 1 = A. fumigam ATCC 

13073, lane 2 = A. fwnigarus ATCC 41202, lane 3 = DH5c~.lane 4 = KW25 1 ,  and lane 5 = 

2.2 kb EcoRV/EcoRI fragment (section I of the gel) or the pbmid pYA1-2 (section II of the 

gel) as positive controls. 

(b) Southern analysis of genomic DNA of A. /wnigam ( A T C ~  13073). DWa, and KW25 1 ' 

(blot I and II) usi& the 2.2 kb ECO&ORV and a 4.8 kb EcoRVEcoRV genomic - 
fragrnen~ derived from pY A 1-2 as a probes. M = 1 kb marker. 









Figure 14. PCR products obtained using primers designed from the 993 bp sequence 

(primer 1 : S'GGGACGCCGTGGTAGAGA3', primer 2: 

5'G@TGCCTGTAG'TTGGAGA3') obtained from the 2.2 kb EcoRIEcoRV genomic 

fragment and using A. fumigarus,(ATCC 13073 and 42202; lanes 1 and 2 respectively), 
9 

DH5a (lane 3), and KW25 1 (lane 4) DNA as templates. The PCR primers ate 500 bp a 

part. M = 1 kb marker. 
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Section I1 

Molecular characterization of the A. fumigcrtus nitrite reductase gene (niiA). 

a) Cenomic sequence of the A. fumigu&s niiA gene 

The genomic sequence corraspondmg to the A. j iunigau niiA gene was .obtained 

from the 6.5 kb EcoRI fragment (pYA2-3) subcloned in two parts (pYA21-3 and pYA22- 

3) using a combination of sequencing primers and nested deletions (Figure 15). Some of 
f 

the niiA-niaD intergenic sequence was obtained from an adjacent 1.6 kb EcoRI fragment 

subcloned in pYA61 (Figure 15). Some of the entire niiA-niaD intergenic region, 

promoter and regulatory, sequence was obtained from the adjacent 1.6 kb EcoRI 

(subclone pYA61). A total of 5293 nucleotides were determined whch included, the 

\ 

niiA colng regdn, and about 200 nucleotides of the 3' untranslated regon (Figure 16). 

b) The niiA-niaD intergenic region (promoter and regulatory regions) 

The 1229 bp niiA-nmD intergenic regon of A. f u m i g a ~  which includes tdpromoters 
\ 

of both genes contains consensus sequences typical of fungal gene regulatory regons. In 

length the niiA-niaD intergenic regon of A.fwnigaru.s (1.2 kb) is similar that of A. 

nrdulans (Johnstone er al., 1990, Punt er a!. , 1995). The A. jiunigatw niiA promoter 
\ 

,se@ence contains two putative TATA boxes (located at nucleotide positions -90 to -87 

and - 162 to -158 from niiA translation start point; Figure 16). 



1 p9 

Figure 15. Sequence strategy used to obtain the entire genomic sequence of the A. 

j k m i g a ~  niiA gene (note: orientation is inverted compared to Fig. 3 ,6  ahd 9 in Section- 

I). The bold bar indicates the total regon sequenced: (regon A in pYA61, region B in 

pYA22-3 and region C in pYA21-3 (pYA22-3 and 21-3, the latter two were derived from 

the 6.5 kb EcoRI in pYA2-3. Numbered arrows represent primers, numbered bars 

represent nested deletions used for sequencing. The h t i o n  of transcription of the 

niaD, niiA, and c m 4  genes is indcated by arrows shown at the top of the figure. 





Figure 16. Complete nucleotide sequence of the A. jiunigatus niiA gene. The initiation 

codons (ATG) of the niiA gene and (CAT) for the ninD gene which is transcribed from 

the opposite strand, are boxed. Promoter consensus sequences TATA and CAAT boxes 

as well as the putative GATA motifs for binding of the areA gene product, and the 

TCCGCGGA repon for the nirA gene product, are noted in bold. Introns are shown in 
%. F s, 

lower case. The deduced protein NIIA sequence is shown below the nucleotide 

sequence. The putative bindmg domains for FAD (AA residue 44 to 79) and NAD(P)H 
i 

(AA residue 146 to 176) are underlined. The hs la t ion  (TAG) stop codon (*) as well as 

a stop codon [taa] found in intron 8, are indicated. 



M P L I D N S R S  
ACGATGCTGTCCAGAGCAGTATCTGCAACGGTATATCCCATACGACAA~CATCGAGTC~; 
N D A V Q S S I C N G , I S H T T ~ I E S  
TCAGAGACCCAGATTATCGTCACAATGACCCGAACCGACGGCAGAAGATTGTAATCGTCG 

/') V R D P D Y R H N D P N R R Q K I V I V  
Putative FAD binding 

GGTTGGGCAn;GTTGCGATCTCATTCATgtatgttgccagttggtggataaggaccgat 

Domain (residue 44 to 79) 
ctcgagaggggttgtctactaaccaccggtactatcaaata~A~TCGTC~CA 

EKIVKO 
AGATGCAGAGAGACGCAAGTACGACATTGTTGTGATTGGGGAGGAGCCTCACATTGGCTA 

D A E R R K Y D I V V I G E E P H I G y  
TAATCGCGTCGGTCTCTCCTCG~AACATCGCAAGATCGAGGATTTGTACCTCAA 
N R V G L S S F F E H R K I E D L Y L N  

TCCCEIA~AATGGgtaagtacttgacgatcaaggatttaggctttccatctagctgatac 
P K E W  

taagcttctactcgtctacata~ACGGGTCATTCAAGGACCGGTCATTCGATTATCACC 
Y G S F K D ' R S F D Y H  

TCAACACCAAGGTCACTGACATTTTCCCTGAACGCAAGACCGTCAGGACG~C~G 
L N T K V T D I F P E R K T V R T S T G  
ACGTTATCCCCTATGATATTCTAGTCCTCGCTACAGGCTCAGATGCAGTACTCCCCACAC 
D V I P Y D I L V J , A T G S D A V T I ~  

NAD (PI H  binding domain (residue 146 to 176) 
ACACTCCTGGCTATAAn;CCAAGGGTATCTTCG15"rACAGAACAATTCAAGACCTGGAAC 
H T P G Y N A K G I F V Y R T I Q D L E  
GTCTCATCGAGTTCGCTTCWCACAAGGGCGAGACCGCGGTCACT?Y;TAGGAGGGAGG 
R L I E F A S K H K G E T A V T C R R E  
CTTGGTTCGGCTTGGAAGCAGCCAAAGCAATGAAAGATCTTCGAGGGT?"IY:GGAAGAGTC 
A W F G L E A A K A H K D L R G F R K S  
A A A C T C A T T G C C C C C A C C A A A G T G G G m T G G C A C C G A C  
Q T H C P H Q S G F W H R Q A P T G D A  
GC~WCTCGTAACTTCGGGAAGATCAAGAGAGCTAGGCC 
G T T R N F G K I K R A R P G P Y Y T E  
AGCGGGTCCCCAAAAGAIY:CAAACGGGATGACCGACAACAAACGTCACCAGGCATCACCT 

' K R V P K R S K R D D R Q Q T S P G I T  
T n ; A A G A T G G G G A A G A G A ~ C T G C I Y ; C T G C A T C T G ~ T g t a a g t c g c t c t t g a a  
F E S D G E E I D C C C I C F A  
g a g c g c c a t c a g t a c g c t g c t a a a c t t g c c c t t t a g A T T G A G  

I G V R P R D E  



CTGGGGCCTCCTGCCGGCATTCAAn;CGCTGGACGGGGAGGGTTTGTTATTAATGAAAGg 
L G P P A G I Q C A G R G . G F V I N E S  

tcagtagatattggctttttttttcggatatctatcgtgaactgactcgatactcgatgt 

% ~~~TTTGCAAACTTCCATTCCCGATA~TATGCCATTGGCGAATGTGCTAG'M'GGGAGAA 
L Q T S I P D I Y . A I G E C A S W E N  

TCAGACGTTCGGAATA+TAGCAC~TGGGATTGA~TGGCCGACG~TTTCC~AA~~T 
Q T F G I I ' A P G I E M A D V L S F N L  

G A C A A A T C C C G A T A A G G A G C C A A A G A C C C  
T N P D K E P K S F K R P D L S T K L K  

GCTCC~~U;GTGT%ACGTTGCCAGCTTTGG~~;ACTTCTT~CCGACAGA~TGGGCCTAA 
L L G v D V A S F G ~ D F F A D R D G P ' K  

ATTCCTTCCG~ICACGGCCATCGA~TGG~TCTG~Y;GGGAACGCTGATGG~;A 
F L P G Q , R P S I V D G S V G N A D G D  

t CAAAGAGCCAAGTGTCA?GGCATTGACATACAAGGACCCCTTCGCCGGAATCTA#QLGAA 
' K E P $ V K A L , T Y K D P F A G I Y K K  

G T A C T T G ' I " T T A C T A T G G A T G G G A A G T A C T T G C T T G G A G G T A n ; A T  
Y L ' F T M D G K Y L L G G M M I G D T K  

GGACTACGTGAAGTTGAACCAGATGGTCICAGAGCCAAAAGCCTCTCGAAGTACCTCCCAG 
D Y V K L N Q M V . K S Q K P L E V P P S  

TCAGTTTATTCTn;GAGCGCAGAAGAAGGAAGG,CGAAGAGICATGCCGATGACTTgtaagtttt 
Q F I L G A Q K E G E E N Q D D L  

gggctggcatgctggacaggactaggcaatgacacaaacattaacagAGAC~CGACGCT 
D  D  D  A  

CAGATCTGCTCGTGCCACAATGTCAC~GGGGGACATCGTTGAGAACGTCAAGAG~T 
Q I C S C H N V T K G D I V E N V K , S G  

ACATGCAAGACTATTGGCGAGPrWAAATCGTGCACGAAAGCCGGGAGn;GTn;TGGGGGC 
T C K T I G E ' I K S C T K A G G G C G G  

TGTATGCCCTTGGTGCAGTCGATCTTCAACAAGGCCATGCGGGACATGGGCCAAGAAgta 
C M P L V Q S I F N K A M R D M G Q E  

t c caaccs t cg taag tg t c tga tacag tg t c t c t c t t cg ta tgc t c taacca~WATA~  
v I 

TCTGCATGCACATCCCATATTCACGGGCCGATCTTTATACTGTAA'M'GCTGTC~GAGGC 
V C M H I P Y S R A - D L Y T V I A V K R  
TGAGAACATTTGTCGATGTCATGCAGGCCGTGGGAAGGAAGCCGGACTCTCTTGGCTGCG 
L R T F V D V M Q ' A V G R ' K 9 D S L G C  
AAA~AAACCCGCCA?TGCACCCAWCTTTCGAGTCTGTTTAACCAGCACATCATGG 
E I C K P A I A P I L S S L F N Q H I M  

_~CICAGGAGC?"~CATGACCTTCAAGAAACAAATGA~CGATTCCTTGCCAACATCCAGA~ 
D K E L H D L Q E T N D R F L A N I Q R  
ACGGCACATTCTCTGTGG?TCCWGAGKCGTCGTGGTGAGATCACTGCAGATAAACTGA 
N G T F S V V P R V P G G E I T A D K L  
TCACCATTGGTCICAG~TACAACCTTTACTGCAAGA' iTACAGGAGGTCAGC 
1 T I G Q V A K K Y N L . Y C K I T G G . Q  
GTATTGACTn;TTTGGTGCCAAGAAGCAAGATCTIY:KGACATCTGGACGGAGCTCGTGG 
R I D L F G A K K Q D L L D I W T E L V  
ACGCCGGAATGGAGAGTGGTtATGCTTAn;CCAAGKGCTCCGAACAATCAAGgtactgc 
D A G M E S G H A Y A K S L R T I K  
cgcccgtttaagattgagttttcttagctgacgtattctatcagA~~G~GGAACTA . S G V G T  
CATGGTGCCGCTTTGGTAKGGCGACAGr(3TTGGAATGGCGATCCGACTGGAGGAGCGCT 
T W C R F - G I G D S V G M A I R L E E R  
ACAAGAGTATTCGGTCACCCCATAAGC~GGGTGCGGTATCTGGTTGTG~GAGAGT 
Y K S I R S P H  L K G A V S r G c V R E  
GCGCCGAAGCTCAGUCKA cacaaaattcattcttagactatgaatgaacaa' 
c A  E  A  Q ' N  K  
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C C ~ ~ ~ C ~ ~ ? * ~ ~ C G G A T S U ; A ~ C C G A G A A G G G A T A T A A C A T T T T C G  

F G L I A - T E K G Y N I P  
T~;G?Y;GCAA~GGTGCCAAAC~CCGGCATTCGGAATTGCTTGCGAAAGATGTGC~TC 
V G G N G G A K P R H S E L L A K D V P  
C T G A G A A A G T C A ~ C T A T C A ? T G A T C G A T A T C T C A T A ~ T A T A W A G A A C ~ A ~ ~  
P E K V I P 1 , I D R Y L I F Y I R T A D  

6 1 



AACTTCAGCGGACTG~C~GGTGGATCGAGAACCTCCCCGGCGGTATCAACTATC~;CGAG 
K L Q R T A R W I E N L P G G I N Y L R  
A G G T G A T C A T C G A C G A C A A G T T G G G G A T T G G C G C T G A G A ~ C  
E V I I D D K L G 1 G A E M E Q Q M E . E  
TGGTGAACA~CTACTTTTGTGAGTGGACCGAGACAGWCGCAATCCTAAGCGACGCAAGT 
L V N S ' Y F C E W T E V R N P K R - R K  
A C T T T C A G C A G T T C G C C A A C A G C G A C G A G A C C C  
Y F Q Q F A N S D E T V D T V E V I K E  

GCGAACAGCAGCGACCCACATACTGGCCCAAGGACTCGGCAGGCGAGGACTTCAAGGGX 
R E Q Q R P T Y W P K D S A G E D F K , , G "  
A C ~ C A G T G G T C G T C T C T A T C A T ~ ; G C A G C C T G T C A T C G ~  
H Q W S S L S W Q P V I E A N Y F ' S D E .  
ACCCGCAAATCTCCTCGGCCAACAT$AAGCGCGGGGATA~T~AG~~A~TT~~GG 
H P Q I S S A N I K R G D T Q L A I F K  
TCAAGGGCAAGTACTACGCCACACAACAGATGTGCCCGCACAAACGCGCCTTCGTGCTAT 
V K G K Y Y A T Q Q - M C P H K R A F V L  
C T G A T G G C T T G A T T G G C G A T G A C G A T G C G G G T A A A T A T T G  
S D G L I G D D D A G K Y W V S C P Y H  
AACGCAACTTCGACAACTITGAGCTCAACGGTGAGCAGGCAGGGCGTTOCACGAATGACG 
K R N F D N F E L N G E Q A G R C T N D  
AGAGCATGAACATTGCGACCTTCCCGGmAGGAACGCGAcGAcGGcTGGG~TATATGA 
E S M N I A T F P V E E R D D G W V Y M  
AGCTGCCTCCCGTTGAGGAACTAGATTCCGTTTTGGGAACGGAGAAATGGAAGGTGAGGA 
K L P P V E E L D S V L G T E K W K V R  
AAGGGGAAGCACCAGATCCGTTCCAGAAaTCGACAAGAaTACMmATGAmCA 
K G E A P D - P F Q K V D K R Y K G M R G  
AGAAGGCGTGTGATATCAGTACGAPAGCCCCGACCACACAGGCGGCAAACATCATCGATT 
K K A C D I S T K A P T T Q A A N I I D  
GGTAOCACGACTTTGGCATACAGATGAGGCGTACTGGTTATCTTTTAACATGGG?"IY:CTT 
W *  
AlTTACTTGCTGATGTTTACATGTATTACGAGTTGCACAGATATCCTTGTCCTTAGTATA 
CTATATAGTTGATCATGATTGGGAATATTGTGCATGCCACCCTTGGAAAGTCGCATATTC 
TGCTTCGTAGAGAGCTAAATCCTACAATAACAATACGATATTAGAAATGCTCAWCTAAA 
TGGTGATTGCTGT 



Figure 17. Pairwise alignment of the niiA-niaD intergenic promoter ahd regulatory 

regon of A. fumigatus and A. nidulans. Special features de,Wed j in legend of Fig. 16 are 

highlighted in bold. The promoter sequences share 42% sequence identity. 



TCTGGTATCCGCCATGGTATGACGGTGAGCrrTCGCCTC---TCATAGG--AGCTCTCAG - 776  
ACTATATACAGTAATTATACAGCAAGAATACTGCAGCCCGGGTCAAC GCCAGACG - 7 9 5  

* *  * *  * * * *  =** * 



A A T T C A A C G G A T A G G A G G C G A A A G C A A T C C T G C T T A T C T T T C  - 4 2 5  
TCTCTGGTGGGAAGAA&CGGTAG--ATCATGGCACCATTATGCCCAATCAGAACGCTGC -443 

* *  * *  * * * * *  * *  * * *  * *  * * * 

A X G T G T T A A G T T G T - - A = - T T G A C T C T T C G C G A A T A G G C G A A G  -194 
C T A A A C C C C C G T T T C T C G T G G C G T T C A A T A T C G A C G G T C G C T  - 2 0 3  

* **t * * * *  * *  * *  * * *  * * *  . 

TGGGCGGATGCM%GTAGCAGGGTTCGCCGA%ACMmTTAmAGCAGAAAT---- -140 
G A T T C G C G T G T T A C C A C A T A G T C A T T G G C C C A T T T A A T T A A C T C C C A C G  -143 

* *  * *  * * * *  * * *  * *  * * *  * *  * *  

GTATATGAGCAGAGAGGTCCTCAGCCGTCCCCTAAAAGAGTTAATGAGCTG -22 - 
TGAAGCTGGCAGCGTCGCCCGCGGCCGGCTCTTGTGGGACTTGTGTTTTCTCAGACCCCC -23 

* * * * *  * * , t  * * * *  * * *  * *  t * c 



Two putative CAAT'boxes are located at nucleotide positions - 194 to - 19 1 and at - 170 to 

- 1 76 (Figure 1 6). Figure 1 7 shows pairwise alignment of the A. fumigatur and A. 

nidulans intergenic promoter and regulatory sequences which share 42% sequence 

identity. The same NIRA binding nucleotide sequences (TCCGCGGA, a perfect 

palindrome and CCCGCGGGG, incomplete palindrome), and AREA DNA binding 

sequences (GATA motifs) were found in the 5' regulatory 

c) The niiA gene sequence contains 8 small introns 

regions. 

The c d n g  region is interrupted with eight smaU.introns 42 to 74 bp long. The 

codmg sequence of the A. fumigatus nitrite reductase translates to a putative protein 

sequence of 11 10 amino acids when all of the eight introns are taken out (Figure 16). 
& 

Observation in A. nrdualns niiA gene suggested that intion 8 may at times retained as part 

of the c d n g  sequence (Johnstone et al., 1990). Lf this occurs in A. jiunigatur, the open 

reading frame translates to a putative protein sequence of 776 amino acids because of 

infrarne stop codon at thg b e v g  of intron 8. The long open reading fmhe.terrninates 
*?- 

with the stop codon TAG while the shorter one terminates with the stop codon TAA. The 

3' untranslated region obtained (Figure 15) did not contain any consensus sequence 

corresponding to the polyadenylation signal found in most eukaryotes (AATAAA). 

d) Putative protein sequence of the niiA gene 

The A. fumigahc~ niiA amino acid sequence exhibits a hlgh degree of homology 

(80% identity) (Figure 18a) to that of A. nidulans. Alignment of the A. fumigazus with A. 

nidulans NIIA protein sequence revealed several conserved motifs. The alignment - 
65 



showed that a putative FAD dowain of $43 dinucleotide' bin&ng fold type was conserved 

in the same position (amino acid 44 to 79) and a NADPH domain (amino acids 146 to 

176; Johnstone et al., 1990) in both proteins (Figure 18b). Four cysteine residues 

identified in A. nidulanr NIL4 protein'sequence, at positions 720,726,760, and 764, as *- 

w @ ,- 

metal-binding sites for iron-sulfur and siroheme (Johnstone et al., 1990) were also found 

conserved in the A: jiunigarus NIIA sequence at positions 725, 73 1,765,759. Multiple 

alignment of the NIIA protein sequences from A. fwnigatus, A. nidulans (Johnstone et al., 
d 

1 WO), Neurospora crassa (Exley er al., 1993), and E. coli (Peakman er al., 1990) showed 

significant sequence homology (Figure 19). 

e) Codon usage of the niiA gene 

The codon usage of the A. fumigatus niiA gene and those of A. nidulans, N. 

crassa, and E coli was determined. Table 2 summarizes the codon counts and percentages 

observed in the gene sequences examined. Determination of codon usage from these 

organisms provides information about codon preference and tRNA abundence. 

f) Evidence for induction of the nitrate assimilation gene cluster (cntA, niiA and 
f 

niaD) by nitrate. 

Total RNA from A. fwnigatus wildtype cells grown in mmhal medla containing 
4 

= 
either nitrate or ammonium as a sole nitrogen source was analyzed to check the 

/ /'- 
inducibility of the nitrate assimilation genes in A. fwnigahcs, as found in A. n&lans. The 'I 

mRNA levels of the three genes were visualmd in Northern blots using prbbes 

comspoddmg to the A. fwnigazus niiA gene (2.8 EcoRVPstI kb cDNA EcoRUEcoRV), . ' . s 



the niaD gene (1.6 kb EcoRI genomic fragment) and cm4 gene (0.7 kb EcoRI genornic 

fragment; Figure 3). The niiA, niaD, and the c d  probes detected transcripts of 3.3 kb, 
, 2' 

2.9 kb, and 1.8 kb respectively in total RNA from A. jiunigatza grown on nitrate but not $ 

* -s, 

on ammonium (Figure 20). The Northern analysis indicates that ttme expression of the , z 

niul, niaD, and rmA genes is induced by nitrate and almost complcttly repress& by 

ammonium, as found in A. nrdulans (Cove, 1979). 

h) mapping of nitrate assimilation gene cluster to the largest chromosome of A. 

fumigatus. 

Southern analysis of A. fwnigarus intact chromosomes, separated by pulsed field gel 

electrophoresis, were probed with a 2.8 kb EcoRVPstI %gene fragment. The A. 

fumigatus chromosomes migrated as four>ands, and the niiA probe used detected the - 

uppermost band. These results suggest that the nitrate gene cluster is located on one of 
a. 

the largest (approximately 5.3 Mb) chromosomes (Figuk 2 1 ). 
R 



Figure 18. Nitrite reductase nucleohe squekces and proteins pairwise alignments: 

(a) niiA genes, starting from -36 (Figure 17a). The (*) denotes identical nucleotides. 

Dashes were inserted to maximize the sequence homology. 
4 

i 
(b) Nitrite reductase $rotein sequences. The (*) Be'notes identical amino acids and the (') 

denotes conserved amino acids. Dashes were inserted to maximize the sequence 
r 

homology. 
I 



AGCTGTGGTCAATA~TTGAGACTTtGTCACGAT<W3CGTTGATTGATAACTCAAGA 2 4  
CCCCCTGCTCAATCACCGCGCC-------- CGCCATCATQCCGTTGCTGGACGGTCCCCGG 

* * *  * * * * *  * * *  - * *  * *  * * * * * * * * *  * *  

A G C A A C G A T G C T G T C C A G A G C A G T A T C T G C A A C G G T A T A T A T C G A G  8 4  
AACGGTGAGACTGTCACTGCCAGTGCTCATAATGGCATCCCTATTATTGACGGAGTCGAC 
* * *  * * * * *  * * * *  * *  * *  * *  * *  * * * *  

TCTGTCAGAGACCCAGATTATCGTCACAATGACCCGAACCGACGGCAGAAGATTGTAATC 1 4 4  
CCTTCCACACTTCGAGGCGACATn;ACCAAGACCCCAACAGGCGGCAGAAGATCGTCGTC d 

* *  * *  * t i  * *  * * * * *  * * *  * * * * * * * * * * * *  * * -  * *  

GTCGGGTTGGGC A*TTGCGATCTCATTCATGTATGC 2 o 4 
GTGGGGl'TGGGCATGGTTGCCGTTGCATTCATGTATGT--------- GGAGTGCAGGATG 
* *  * * * * * * * * * * * * * * * * *  t************. * *  

CGATCTCGAGAGGGGTTGTCTACTACTAACCACCGGTACTATCMTAG%AGWTCGTCA 2 6 4  
TGATATTGTAA- - - - - TATCTGTTGAGACTGACTGGATTGGCTTAGTGAGAAACTCGTCA 

* * *  * * * *  t * * * * * * * * * * *  * * * * * *  

GCTATAATCGCGTCGGTCTCTCCTCGrrmru3AACATCGCAAGATCGAGGATTTGTACC 3 8 4  
CCTACAACCGETAGGTCTGTCGTCGTACTTCGAGCACCGCAAGATCGAAGATCTATATC 

* * *  * *  * *  * *  * * * * *  * *  * * * *  * *  * *  * *  * I * * * * * * * * *  * * *  * *  

TCAATCCCAAGGAATGGGTAAGTACTT------------- 'GACGATCAAGG---- ATTTA 427  
T G A A C C C ~ G A A T G G G T A A G T G G T C C A G G G G T A G T C C G C G  

* *  * *  * *  * * * * * * * * * * * *  * * *  * *  * * 



C G A C A A G C T C C G A C G G G C G A T G C C G G C A C A A C T C G T A A C T G C T  903 
AGACAG---CTGGATGGCGATGCCGGTTCC-CTTGTGACT--AAGAAGATCA-GAGAccT 

CAACAAACGTCACCAGGCA~ACCTTTGA~GATGGGG~GAGATTGACTGCTGCTGCATC 
CAACAA-XTGACT-GGTATTCTCTTCGAGGACGGCCAGGAGCTTGATTGTTGCTGTATC 
* * * * * *  * *  * *  * *  * *  * * *  * *  * *  * *  * * * *  * * * *  * *  * * * * *  * * *  



GGAGGTATGATGATTGGCGACACCAAGGACTACGTGAAGTTGAACCAGATGGTCAAGAGC 1682  gk 
GGCGGTATGATGA ATACCAAGGATTATGTCAAGCTGAACCAGATGGTGAAGTCA -, , 

t *  t**e*t**t * * * * * * * t i  * *  * *  * c *  * * * * * * * * * * i t *  c * *  

CAAAAGCCTCTCGAAGTACCTCCCAGTCAGTCAGTTTATTCTTGGAGCGCAGAAGGAAGGCGAA 1742  
CAGAAGCCTCTGGAAGTA ACCCAGTGAATTCATCTTGGGTGCCCAGAGCGGTGGAGAA 
* *  * * * * * * * *  * * * * * * ,  * * * * * *  * *  * *  * *  * *  * * * *  * *  * * *  

A C A T C G T T G A G A A C G T C A A G A G T G G T A C A T G C A A G A C T A T  1922  
ACGTGGTAGAGAGCGTCAAGAGCGGCACTTGCAAGACGATAGCAGACGTTAAGTCATGCA 

Q 

* *  * * *  * * * *  * * * * * * * * *  * *  * *  * * * * * * * *  * *  * *  * * * *  * *  * * * *  

Af 
An" 

CGAAAGCCGGGAGTGGTTGTGGGGGCTGTATGCCCTTGGWCAGTCGATCTTCAACAAGG 1982  
C C A A G G C A G G A A C G G G T T G T G G T G G C T G T A G T  
* * *  * *  * *  * * * * * * * * *  * * * * * * * * * * *  * * * * * * * *  * * * * * * * * * * *  

CCATGCGGGACATGGGCCAAGAAGTATCCAA TCGTAAGTG~T-GATACAGTGTCTC 2 0 4 1  
CCATGCTGGACATGGGTCAAGAAGTCTCMA CCGTATGTGCTTCGGCCCAGTTTCTG 
* * * * * *  * * * * * * * * *  * * * * * * * *  * *  * * *  * * * *  * * *  * * * *  * * *  

GAAGGAAGCCGGACTCTCTTGGCTGCGqAATTTGCAAACCCGCCATTGCACCCATTCTTT 2 2 2 1  
GAAAGTGCCCAGACTCGCTAGGATGTGA TGTAAGCCGGCAATTGCGTCTATCCTCT 
* * *  * *  *t*** * *  * *  * *  * *  * *  * *  * *  * *  * * * * *  * *  * *  

G 

CGAGTCTGTTT~CCAGCACATCATGGACAAGG CTTCAAGAAACAAATG 2 2 8 1  
CCAGTCTCTTCAACCCCCACCTTATGGACAAAG CTTCAAGAGACCAACG 
* * * * * *  * *  * * * *  * * *  * * * * * * * *  * * * * * * * *  * *  * *  

ACCGATTCCTTGCCAACATCCAGAGAAACGGCACATTCTCTG GAGTCCCTG 2 3 4 1  
ATAGATTCCTCGCCAACATTCAF;AGAAATGGGACTTTCTCGGTTGTCCCTCGAGTTCCTG 
*- * * * * * * *  * * * * * * * *  * * * \ * * * * *  * *  t *  * * * * *  * *  * *  * *  * * * * *  * * * *  



TTTACTGCAAGATTACAGGAGGTCAGCGTATTGACTTGTTTGGTGCCAAGAAGCAAGATC 2461- 
T T T A C T G C A A G A T C A C A G G T G G T C A G C G T A n ;  
* * * * * * * * * * * * *  * * * * *  * * * * * * * * * * *  * *  * * * * * * * * * * * *  * * * * * *  * * * *  

TTCTCGACATCTGGACGGAGCTCGTGGACGCCGGAATGGAGAGTGGTCATGCTTATGCCA 2521 
TACTCGATATTTGGACTGAGCTCGTCGATGCCGGTATGGAGAGTGGCCATCGGTACGCCA 

* * * * *  * *  * * * * *  * * * * * * * *  * *  * * * * *  * * * * * * * * * * *  * * *  * *  ***-* 

Af GTGCGGTATCTGGTTGTGTCAGAGAGTGCGCCGAAGCTCAGAACAAGGAGTAAGCACAAA 2761 
Af GTGCTGTCTCTGGCTGTGTCCGAGAGTGTGCCGAAGCTCAAAACAAGGAGTGAGTAACGT 

* * * *  * *  * * * * *  * * * * * *  * * * * * * *  * * * * * * * * * * *  * * * * * * * * * *  * *  

Af CAACCGAGAAGGGATATAACATTTTCGTTGGTGGCAATGGAGGTGCCAAACCCCGGCATT 2881 
An 'CTACCGAGAAGGGATTCAATATCTTCGTTGGTGGCAACGGAGGTGCCAAACCCCGTCATT 

* * * * * * * * * * * * *  * *  * *  * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * *  * * * *  , 

~f CTGAGATGGAACAGCAGATGGAAGAACTGGTGAACAGCTACTGAGACCGAGA 3 12 1 
An C A G A G A T G G A G C G T C A A A T G C A G G A G C T A A  

* * * * * * * *  * *  * * *  * *  * * * * *  * * * * * * * * * *  * *  * *  * * * * * * * * * *  



i 
1 
\ 

CAGTCCGCAATCCTAAGC AC~TTCAGCAGTTC&CAACAGCGACGAGACTG 
CAGTCAGMTCCCAAAC ACTTCCAACAATTCGCCAACACTGACGAGACGG 
* * * * *  * * * * * *  * *  * *  * * *  * *  * *  * * * * * * * * * *  * * * * * * * *  

TCGACACAGTTGAGGTCATCAAAGAAC AGCGACCCACATACTGGCCCAAGG 
TCGA~AACGTGGAAATTGTTAAGGAGCGCGAG GCCCGACTTAC~CCAAGG 
* * * *  * *  * *  * *  * *  * * * * *  * *  * *  * * * * * * * * * * * * *  

ACTCGGCAGGCGAGGACTT~AAGGGT~ACC GTCTCTATCATGGCAGCCTGTCA 
ACGGAGCCAACGAAGACTTCAAGGGTCACCAATGGTCCAGCCTCTCG~AWCAGTTA 
* *  * *  * * *  * * * * * * * * * * * * * * * * *  * * * * *  * *  * *  * * * * * * * *  * *  * 

TCGAAGCCAACTACTTTTCAGATGAGCACCCGCAAATCTCCTCGGCCAACATCAAGCGcG 
TCAAGGCTGACTACTTCTCCGACGOCCCACCCGCAATCTCGTCCGCCAATATCAAGCGCG 
* *  * *  * * * * * * *  * *  * *  * * *  * * * * * *  + *  * * * * *  * * * * * * * * * *  

****-***** L *  * * * *  * *  * * *  * *  * *  * * * * * * * * * *  * * * * *  * *  t' 

% -P 

AAT~TTGGGTC&~~CCCTTACCACAAACGCAACTTCGACAACTTCGAG~T~~~GGTG 
AATACTGGGTATCGTGTCCGTACCACAAGCGG--------- AACTTCGAACTCAACGGCG 

AGCAGGCAGGGCGTTGCACGAATGACGAGAGCATGAACATTGCGACCTTCCCGGTTGAGG 
AGCAGGCTGGCCGTTGCCAAAA~GATGAGGCGATGAATATTGCCACATTCCCAGTTGAGG 
**t**** * *  * * * * * *  * *  * *  * * *  * * * * *  * * * * *  * *  * * * * *  * * * * * * *  

AACGCGACGACGGCTGGGTGTATATGAAGCTGCCTCCCGTTGAGGAACTAGATTCCGTTT 
A G C G G G A A G A T G G C T G G A T T T A C A T G A A A C T T C C A C C A G T C  

t* * *  * *  * * * * * *  * *  * * * * *  * *  * *  * *  * * * * * * * *  * *  * * * * * * * * *  

ACAAGAGGTACAAGGGCATGAGGGGCAAGAAGGCGTGTGATATCAGTAC-GAAAGCCCCG 
ACAAGAAGTACAGCGGGATGAAAGGGAAGAGAGCCGGCGCCAAGGGAATTGAGGGCAGCA 
* * * * * * * * * * *  * *  * * * *  * *  * * * *  * *  * *  * *  

GGCGTACTGGTTATCTTTTAACATGGGTTCCTtrATTTACTTGCTGATGTTTACATGTATT 
GATGTGATATTAGTATGGTGGACATGCTTATTGGTTTGCATGGCG-TTTTTCTATTCAGG 

* *  * * *  * *  * * *  * *  t * * *  * *  

ACGAGTTGCACAGATATCCTTGTCCTTAGTATACTAT---- ATAGTTGATCATGATTGGG 
C G G T T C T A T G C A T T A T A C C T A G T G T T A A A C A A T C T A T G A T T  

t * *  * * *  * *  * * * *  * * *  * * *  * *  

- 4  72 





A f  1 M P L I D N S R S N D A V Q S S I C N G I S H T T I I E S V R D P D Y R H N D P N R F Q ~ S F I ~  
An 1 M P L L D G P R N G E T V T A S A H N G I P I I D G V D P S T L R G D I D Q D P  

A • ’  HLNTKVTDIFPERKTVRTSTGDVIPYDILVLATGSMVLPTIITPQYLPlUaIFWRTIQDL 
An YLNTRVTDVFPQHKTVKTSTGD~SYDIL~TGSMVtPTSTPagIULCaIFWRTI SDL 

. . . . . . . . . . . . . . . . . . . . . . .  * * * * * * * * * * * * * * * *  * * *  * * * * * * + * * *  * *  

A f  AGTTRNFGKIKRARPGPWTEKRVPKRSKRDDRQQTSPGITFEDGEEIDCCCICFAIGVR 
An AGS--bVTKKIRDLGLEVtHEKRVAKIHTDDDNN--VTGILFEDGQELDCCCICFAIGIR 

* * * * * *  * *  . * *  * * * * ~ * , ~ * * * * * * * * * * ~ *  

A f  PRDELGPPAGIQCAGRGGFVINESLQTSIPDIYAIGECASWENQTFGIIAPGIEMADVLS 
An PRDELGGSTGIQCAKRGGFVIDESLRTSVNDIYAIGECASWENQTFGIIAPGIEMADVLS 

* * * * * *  * * * * *  * * * * * *  * * * - * * -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A f  FNLTNPDKEPKSFKRPDLSTKLKLLGVDVASFGDFFADRDGPKFLPGQRPSIVDGSVGNA 
An FNLTNPDKEPKRFNRPDLSTKLKLLGVDVASFGDFFADRDGPKFLPGQRP--SAESIGAA 

* * * * * * * * * * *  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * . *  

A f  ! W P g S Q F I L G A Q K E G E E N A D D L D D D A Q I C S C H N V T K G D I V  . 
en EVPPSEFILGAQSGGEENADDLDDSTQICSCHNVTKGDWESVKSGTCKTIADVKSCT~ 

,>b'F 
, * * * * * . * * * * * *  * * * * * * * * * *  ~ * * * * * * * * * * * * ~ * *  * * * * * * * * *  . . * * * * * *  

&*'- 
.aig 

A f  .GSGCGGCMPLV I F N K A M R D M G Q E V I - - V C M H I P Y S R A D L Y T V I A V K R L R T ~  
=* An GTGCGG~M~L% ITTMLDMGQEVSNNLCVHI PYSRADLYNVIAIRQLRTP 

* + * + % * r * . + * + * c + + *  . +  +++* r *  - t . i * * * * t t t t * . * + * . - . * * * *  t t * . .  

A f  GGEITADKLITIGQVAKKYNLYCKITGGQRIDLFGAKKQDLLDIW~VDAG~SGWYA 
An GGEITADKLIAIGQVAKKYNLYCKITGGQRIDMFGARKQDLLDIWTELVDAGMESGHRYA 

* * * * * * * * * *  .............................................. * *  

FGIGDSVGMAIRLEERYKSIRSPHKLKGAVS 
FGVGDSVGMAIRLEQR~~KSIRAPHKFKGAVS 

* * * * *  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * * * * * * * * * * * * * * * * * *  



FQKVDKRYKGMRGK--KACDISTlyiPTTQAANIIDW 1110 
FEAYDKKYSGMKGKRAGAKGIEGSKPTRSPSNTIDW 1104 
* .  * *  * * . * *  * * * *  



Figure 19. Multiple alignment of the A. fumi&us (AB. A. niduluns (An). N. crussa (Nc), 
+# . 

- F 
and E. coli (Ec) nitrite reductase protein sequendes. (*) denotes identical amino 

acids and the (') denotes conserved amino acids. D 

sequence homology. The four cysteine residues implicated as metal-binding sites are 
-3 

;2 
boxed. 



A f  KIVKQDAERRKYDIWIGEEPHIGYNRVGLSSFFEHRKIEDLYWPKEWYGSFKDRS-FD 
An KLVKLDSERRKYDIWIGEEPHIAYNRVGLSSYFEHRKIEDLYLNPKEWYGSFKDRS-FD 
NC KLIKLDTQR-QYEIWIGEEPHVAYNRVGLTSFFSHREVEQLYLNPLEWYKQHLQTSSLT 
EC DLLDK-SDAANFDITVFCEEPRIAYDRVHLSSYFSHHTAEELSLVREGFYEKHGIKV--- 

. . . . * * * * . .  * * *  * . * . *  * .  * 

A f  YHLNTKVTDIFPERKTVRTSX------ DVIPYDILVLATGSDAVLPTHTPGYNAKGIFV 
An WLNTRVTDVFPQHKTVKTSTG------ DIVSYDILVLATGSDAVLPTSTFGHDAKGIFV 
Nc HHLSTAALSLSPATKSLTISPPPSTPSLTTLPYDHLILATGSSALLPTSTFGHDASGVFV 
EC -LVGERAITINRQEWIH%SAG------ RTVFYDKLIMA~=SYPWIPPIK-GSDTQDCFV 

* .  * * *  * . * * * * *  . *  * .  

A f  WHRQAPTGDAGTTRNFGICIKRARPGPWTEKRVPmSKRDDRQQ------ TSPGITFEDG 
An -WVLARQLDGDAGSLVTKKIRDLGLEVLHEKRVAKIHTDDDNN-------- VTGILFEDG 
NC - WVLSRQVDGEAGALVLEGVRGLGVEVLTRKRVKEVECDESKDEGEKEKKRVKGIRFEDG 
Ec ---MAEQLDQMGGEQLRRKIESMGVRVHTSKNTLEIVQEGVEAR-------- KTMRFADG 

* *  

A f  QTFGIIAPGIEMADVLSFNLTNPDKE-PKSFICRPDLSTKLKLLGVDVASFGDFFADRDGP 
An QTFGIIAPGIEMADVLSFNLTNPDKE-PKRFNRPDLSTKLKLLGVDVASFGDFFADRDGP 
Nc QTFGLIGPGVEMADVLAFNFSQAHLHTPRVFKRPDLSTKLKLLGVEVASFGDFFADRDGP 
EC RVFGLVAPGYKMAQVAVDHILGSE----NAFEGADLSAKLKLLGVDVGGIGDAHGRTPG- 

* * .  * * *  * *  * * * .  * * * * * * * .  * I 

A f  
A n '  
Nc 
Ec 

K F L P G Q R P S I V D G S V G N A D G D K E P S V K A L T Y K D P F A G I Y K  
KFLPGQRPSAESIGAADPNREEEPQVKALTYRDPFGGVYKKYLFTMDGKnLGGMMIGDT 
KELPPKLRRELKKSGG------KAEVKALTYKDPFLSVYKKYIFTSDGKYLLGGMMIGDT ......................... ARSYVYLDESKEIYKRLIVSEDNKTLLGAVLVGDT 

. . * * . * * .  . . * . *  * * *  . - .  * * *  
B 

KDYVKLNQMVKSQKPLEVPPSQFILGAQKEGEEN-----mDLDDDAQICSCmKGDIV 
KDYVKLNQM~KSQKPLNPPSEFILGAQSGGEEN----AD 
TDYVRLVPLVKTHKELDVPPSQLILGAKKSGDDN---GDDDLPDDTQICSCmWLV 
S D Y G N L L Q L V L N A I E L P E N P D S L I L P A H S G S G K P S I G - V K G D L I  

* *  . *  * * * .  * . * * * * *  * * *  * . .  



*f DLYTVIAVKRLRTFVDVMQAVGRKPDSLGCEICKPAIAPILSSLFNQHIMDKELHDLQET 
An DLYNVIAIRQLRTFDDVMKSAGKCPDSLGCEICKPAIASILSSLFNPHL~KEYHELQET f 

Nc DLYNIISVKRLRTLPDVMREAGADADSLGCEACKPAIASIFASLWNDHVMSPfWHGLQDT 
EC ELFHLIRVEGIKTFEELLAKHGKG---YGCEVCI~PTVGSLLASCWNEYILKPEHTPLQDS 

. * .  . *  . . . *  . . . * * * *  * * * .  . . . * * .  . . * * .  . 

A f  NDRFLANIQRNGTFSWPRVPGGEITADKLITIGQVAKKYNLYCKITGGQRIDLFGAKKQ 
A n  N D R F L A N I Q R N G T F S W P R V P G G E I T A D K L I A I G Q V A K K Y N K Q  
NC NDRFMGNIQ-RNGTFSWPRVAAGEITPEKLIVIGEVAKEYQRIDMFGAKKQ 
Ec NDNFLANIQKDGTYSVIPRSPGGEITPEGLMAVGRIAREFNLYTKITGSQRLAMFGAQKD 

* *  * .  * * * .  * *  * * . * *  f * * *  . * .  * *  . * .  . * * *  * * * *  * q :  * * *  

FGIGDSVGMAIRLEERYKSIRSP 
FGVGDSVGMAIRLEQRYKSIRAP 
YGVGDSVGMAVRLEERYKGLRGP 
YGVGDSVGLGVELENRYKGIRTP 

. . * *  * *  * * *  * * *  * * *  * *  * . * * *  * * * *  * * * * * *  . . . . * *  * * *  

A f HKLKGAVS EAQNKDFGLIATEKGYNIFVGGNGGAKPRHSELLAKDVPPEKVIP 
EAQNKDFGLIATEKGFNIFVGGNGGAKPRHSELLAKDVPPEEVIP 

NC HKIKGGVS E~@~DFGLIATEKGFNILICGNGGTTPKHSVLLAKDVPPTNVIP 
EC HKMKFGVS EAQGKDVGIIATEKGWNLWCGNGGMKPRHADLLAADIDRETLIK 

* *  t * * * *  * * *  * *  * *  * * * * * *  * . . * * * *  * * * * *  * . . 

A • ’  IIDRYLIFYIRTADKLQRTARWIENLPGGINYLREVIIDDKLGIGAEMEQQMEEL~SYF 
A .  ILDRYVIFYIRTADKLQRTARWLESLPGGIEYLKDWLNDKLGIAAmERQMQELVDsYF 
N. IIDRFLMFYI'RTADKLQRTARWLG~LPGGI~YLKEVILEDRLGICASLEAQMQELVDSYF 
EC YLDRFMMFYIRTADKLTFTAPWLENLEGGIDYLKAVI~DDKLGLNAHLEE~RLREAVL 

* . . .  . * * * * * * * * * *  * * *  * * * * *  * * .  * . -  * . * *  * * *. . . 

A f  CEWTETVRNPKRRKYFQQFANSDETVDTVEVIKEREQQRPTWPKD----SAGEDFKG-- 
An CEWTETVRNPKRRKYFQQFANTDETVENVEIVKEREQVRPEDFKG-- 
Nc DEWAEALNNPAMQERFKQFANTDEGQPPMEVEIDRGQERPWPREDEGGSAUDFKGLR 
EC CEWTETVNTPSAQTRFKHFINSDKRDP~QMVPE~EQHRPATPYER-------------- 

* *  * * . . .  . * * * *  . . . . .  . * *  

A f  HQWSSLSWQPVIEANYFS--DEHPQISSANIKRGDTQLAIFKVKGKYYATQQMCPHKMF 
An HQWSSLSWQPVIKADYFS--DGPPAISSANIKRGDTQLAIFKVKGKYYATQQMCPHKRTF 
Nc DKWSSTCWQPVLEASYFQGADDLPNGISASIKRGDTQLAVIKGKYYASQQMCPHKRTF 
Ec - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - & - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

A f  GKWSCPYHKRNFDNFELNGEQAGRCTNDESMNIATFPVEERDDGWVYMKLPPVE 
An - - - -  GKWSCPYHKR---NFELNGEQAGRCQNDEAMNIATFPVEEREDGwIYMKLPPvE 

Y NC PSGPASPWISCPFHKRN----FSLTS--GSCKNDNELSIATFDVEERD~~IKLPPVD 
Ec ---'------------------------------------- IPVTLVEDNA--------- 

* . * .  



C 

Table 1.. Codon usage in the nitrite reductase gene sequence from A.fumigatus (1 1 1 1 9 

' .  

amino acids), A. nidulans (1 105 amino acids), and N. crassa (1  177 amino acids), and E. 

coli (840 amino acids). The count and percentage for each codon used is shown. 







Figure 20. Evidence for coordinate induction of the nitrate assimilation gene cluster in 

nitrate Vs. ammonium grown cultures of A. fwnigatus. Total RNA was blotted onto a 

nylon membrane from wild-type A. fumigatus cells grown on minimal m h a  either 

containing nitrate (inducer) or ammonium (repressor) as the sole nitrogen source. In a l l  

figures (20a-c), represents total RNA (20pg of RNMane) 'from nitrate-induced cells, and 

ammonium-repressed cells. - .  

(a) Total RNA from nitrate-grown (1) or ammonium-grown (2) cells, as loaded onto 

formaldehyde denaturing agarose gels in triplicates for Northern bIot analysis with three 

probes (A-C). 

(b) Northern blots probed either with (A) niiA gene DNA (2.8 EcoRIPstI fragment; Fig. 

3), or (B) with A. fumigarus niaD DNA (1.6 kb EcoRI fragment; Fig. 3). 
P 

(c) Northern blot probed with (C) c d  gene DNA (0.7 kb EcoRI fragment; Fig. 3). 









Figure 2 1 .  Pulsed field gel analyis of A. fumigutus chromosomes: 

(a )  Ethidium bromide stained pulsed field gel of the intact chromosomes from A. 

fumigrltus and the S.  p ~ m h r  chromosomes as a marker 

( b )  Southern blot analysis of wild-type A. fumigutus chromosomes with niiA 2.8 kb 

EcoRWstI genomic fragment. The probe detected one of the top bands estimated to be 

approximately 5.3 Mb. 







Section III , 

Gene disruption of the niiA gene and complementation by niiA clbnes of A. 

fumigatw and A. nidulans. 

a) Disruption of the niLt gene 

To obtain A. jiunigafus strains lacking the nitrite reductase by gene dsruption (niiA'), a 

plakjrnid containing an internal fragment of the cloned niiA gene and the prokaryotic 

phosphorransferase gene (hph; hyg&mycin resistance gene) was constructed (pYAlO), 

Fig. 22 for details, see Methods Section). 

Using the transformation procedures outlined in the material and methods, this 

plasmid was transformed into wild-type A. fumigatus protoplasts, by selection for 

hygromycin resistance. After incubation of the transformed protoplasts for 7 days at 30' 

C, A. fwnigatus hygr transformant colonies were clearly visible on the selection plates. 

Eighteen colonies were randomly picked (from a total of about 500). and transferred onto 

test plates containing either nitrate, nitrite, or ammonium plus 250 pg/ml hygromycin B, 

and grown for 5 days. Two of the eighteen A. fumigatus hygr transformants tested (T3 

and T6) tested" showed poor growth compared to wildtype on minimal medium with 

nitrate as the sole nitrogen source suggesting that the niiA gene had been disrupted. %The 
b., 

transformants T3 and T6 were further tested on liquid minimal m&a (2% glucose, salt ,, 

solution and trace elements with 250 pg 1x111 hygromycin B). Both transformants T3 and 

T6 showed no growth in nitrate minimal liquid culture medium after 3 days of incubation 

(28" C with shaking at 200 rpm) and presumably were niiA-, in contrast to wild type 

85 



(however, weak growth was found after 72 hrs of incubation at 28'C). The above . 

transformation experiment (with pYAlO) resulted in about 10 hyg-resistant transformants 

Ipg of DNA. 

b) Molecular analysis of the n u '  thformant (3'6) 

The transformant T6 was chosen for further DNA analysis. A Southern blot 

contaihing DNA of the wild-type A. fumigatus s h i n  (ATCC 13073) and of T6 digested 

with EcoRI and several other enzymes [EcoRIhhndIII, SalI, EcoRI/SalI, and EcoWstI]  

(Figure 23a) was probed with the 1.9 kb HindIII/PstI genomic fragment comspondmg to 

the N- terminus of the A. fumigatus niiA gene (Figure 22). As expected, from the 

sequence and restriction map of the niL4, the probe detected a single band in all hgests of 

wild-type DNA: namely bands of 6.5 kb for EcoRI, 5 kb for EcoFUA-hndIlI, >8 kb for 

SalI, 3.6 kb for ~ a l ~ ~ c o R 1 , ~ a n d  2.7 kb for EcoWstI  (in lanes 1, 3,5,7, and 9, 

respectively; Figure 23b). In contrast, the niiA gene probe detected two bands in lanes 

containing DNA of the transforrnant T6 whlch contained the disrupted plasrnid arid 

therefore the 5' fragment of niiA (7.4 and 6.4 kb for EcoRI fragments, 7.3 and 5 kb for 

EcoRVHindIII fragments. 8 kb and 2.7 kb for SalI fragments. d.2 kb and 2.9 kb for 

SalI/EcoRI fragments, and 2.7 kb and 2 kb for EcoRVPstI in lane 2.4.6, 8, and 10 

(Figure 23b). These hybridization results clearly indicated that the plasrnid pYAlO was 

integrated within the A. fumigatus niiA gene and hence the niiA gene was disrupted and 

non-functional (see below. Figure 25). 

In addition, DNA from niiA-disruption transformant (T6) was digested as above 



and also BamHI (Figure 24a) and ed using two probes; the Bluescript0 

plasmid (Figure 24b) and DNA of the hygroAhin B resistance gene (Figure 24c). The 

Bluescript@ probe detected a single band in e h DNA lane: a 7.4 kb EcoRI fragment, a T 
6.6 kb E c o W n d m  fragment, a =stJ fragment, a 8 kb Salf egrnent,  and a 'C- 
3.7 kb BarnHI fragment in lanes 1-5, respectively, suggesting that a single copy of the 

plasmid was integrated in the genome (Figure 24b). The hygromycin B resistance gene 

probe detected the following bands:' 7.4 kb and 6.3 kb EcoRI fragments, 6.5 kb and 0.7 

kb EcoRIA-hndIII fragments, 4.7 kb and 0.5 kb EcoRI/PstI, a 2.4 kb SalI fragment, and 8 

kb BamHI fragmknt in lanes 1-5 respectively (Figure 24c). All in all the signals detected " 

from the transformant T6 DNA by the three probes suggest that the transformation 
/ * 

plasmid pYA10 was specifically integrated w i t h  the niiA gene (Figure 25). 
pV 
i 

c) Mitotic stability of the disrupting insert @YA10) in the transformant T6 

In order to determine the mitotic stability of the niiA- transformant (T6), cells derived 

from a single T6 protoplast were inoculated into non-selective medium (not containing 

hygromycin B) and incubated at 28" C for 3 to 5 days. After full vegetative growth, 

conidia were mass inoculated into selective media (containing 250 pg Iml hygromycin B) 

and incubated at 28" C for 3 to 5 days. The A. fumigafus niiA mutant (transformant T6) 

grew well on the selective media suggesting that the T6 transformant was mitotically . 

stable. The original transformant T6 (dsrupted for niiA) was also re-tested on minimal 

plates containing nitrate or ammonium as a N-source. In contrast to the wildtype, it 

showed poor growth on nitrate. 



" Figure 22. Schematic diagram showing the construction of the niiA-disruption plasmid: 

pYAlO. The plasmid pYA22-3 contains a 2.8 kb EcoRI genomic fragment (open line) of 
B 

the A. jiunigatus niiA gene, whlch includes part of the promoter and the first thud of the 

codmg sequence, and the thin line represents the Bluescript@ vector. The solid black line 

in plasmid pD21 (Tang et al., 1992) represents a 2.4 kb SalIlHindIII fragment consisting 

of the bacterial hygromycin B resistance gene (hph) flankedaby the A. nidulans trpC 

promoter and terminator sequences, and the thin line represents pUC 18 vector (see 

materials and methods). Restriction sites: E= EcoRI, P= PstI, S= SalI, and B= BamHI. 
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Figure 23. Analysis of the restriction panern at the niiA locus in putative niiAdisruption 

transformants and wildtype, using niiA DNA as a probe. 
I 

(a) Ethidium bromide stained gel containing genomic DNA from A. M i g a n c r  wildtype ' 

and transformant T6, hgested w i t h  number of enzymes. Lanes 1, 3.5,7, and 9 contam 
- -& 

wildtype DNA and lanes 2 , 4 , 6 , 8 ,  and 10 T6 DNA. Both types of DNA were hgtsted 

with EcoRI (lanes 1. 2). EcoRYkndm (lanes 3.4). SalI (lanes 5.6). l%oRVSalI (lanes 7. 
r 

8), and EcoRYPstI (lanes 9 and 10). 

(b) Southern analysis of A. jiunigazus wildtype and T6 DNA, using the 1.9 kb 
- 

H i n W s t I  niiA genornic fragment as a prok.  M = 1 kb marker. 







d) Complementation of the n u '  phenotype by niiA+ cloned DNA 

Protoplasts from the A. fumigatus niiA* mutant (disruptant T6) were transformed 

with linearized niiA DNA (in pYA2-3; Fig. 3) and were plated on niiA' selecting media. 

Some of the many colonies appesaring on plates containing media selective for the niiA' 

transfokants were randomly picked, purified, y d  inoculated into non-selective media. 

Afier 3 to 5 days of incubation at 2g•‹C, coni la  from four colonies were transferred onto 

selective media [minimal liquid and solid m e l a  containing purified (OXOID) agar with 

nitrate as the sole nitrogen source] and were incubated at 28' C for 3 to 5 days. The four 

isolates grew as well as the wildtype on such agar media. Correspondmg results were 

obdned  in even shorter time for tests in liquid m d a .  Table 1 shows the growth scores 

in liquid minimal nitrate me lum recorded for four rescued colonies (A-D), T6 (niiA-), 

and wildtype (niiA'). Similar results were obtained when protoplasts of T6 were 

transformed with the plasmid pniiA containing the niiA gene 

from A. nidulans (5 pg of circular plasmid DNA; Table 2, colonies E-H). These results 

demonstrate that transformation with both the A. fumigatus niiA gene sequence (pYA2-3) 

and the A. nidulans niiA DNA (pniiA plasmid) rescued the A. fwnigarus niiA mutant. 

To test the untransformed (niiA-) T6 control (0 DNA) for rare revertants and 

additive growth, protoplasts were plated on selective medmm containing either 5 mM 
I 

nitrate or onto non-selective medium with 10 mM ammoni;m. On the latter medium T6 

protoplasts formed a lawn of cells and conida from five different spots on the plate were 

again transferred to non-selective medium. After 5 days of secondary growth, the five 

niiA' T6 colonies were tested for reversion and therefore growth in selective liquid me&a 



containing 10 mM nitrate as the nitrogen source. No growth was observed during the . 

first 48 hours (but slight growth was seen by 72 hrs as is typical for the T6 strain; Table 

2, colonies A-E). Similarly, small and large colonies were picked from the original 

(hygr-selective) transformation plates containing NH4' (as the sole nitrogen source) and 

were transferred to non-selective MM medium with five small and five large colonies, 

these secondary colonies were tested for growth on nitrate minimal liquid m d a .  The 

five large colonies showed growth identical to that of wild-type as shown on the original a 

selective plates(Tab1e 2, colonies F-J). However, the five small colonies showed reduced 

growth (Table 2, colonies K-0). 

e )  Chlorate toxicity assay 

In order to k ~ e s s  the chlorate toxicity A. fiunigatus, wild-type A. jiunigatus - L . 
conida were inoculated onto three sets of minimal media plates containing one of three 

nitrogen sources: ammonium, urea, or L-arginine. In addition, conidia were inoculated 

into agar plates containing these Animal media but supplemented with potassium 

chlorate of dfferent concentrations (Table 3). Plates were incubated at 28' C for 5 days, 

and were scored for growth by measuring the radial diameter (Table 5). In presence of 

chlorate concentration at 0.0, 100,200, and 400mM, the radial diameter decreasing with 

increasing chlorate, especially if the N-source was arginine while growth was less 

reduced in MM plus ammonium or urea as nitrogen source (see Discussion). 



Table 2. Test scores of growth for 1-3 days in liquid minimal medun containing 10 mM 

nitrate as the sole nitrogen source for the A. furmgatus T6 niiA- dwuptant transformed with 

n i i ~ '  DNA, and controls. Control strains were wildtype (Wt; niiA') and 4 isolates were 

tested each from T6 transformed with either A. fumigarus niiA' (pYA2-3; isolates A-D) or 

with A. nidulans niiA' (pniiA; isolates E-H),and T6 (original disruption; niiAe). The 

numerical scores inQcate relative growth, scored visually, (3 strongest, 0.5 weakest, 0 no 

growth). d = T6 niiA' dmuptant. 

Incubation time in hours 

(nitrate MM) 

Colony Id 24 48 72 

W t (niiA') 1 2 3 

T6 (d niiA') 0 0 0.5 

A-D (d 4 ~ f  n i i ~ '  ) 1 2 3 

E-H (d + An niiA') 1 2 3 



Table 3. Growth test scores in liquid nitrate minimal me&a of T6 control cells (0 DNA) 

from colonies grown on minimal media plates, either containing 5 rnM nitrate or 10 mM 
B 0 

ammonium as the sole nitrogen source. Colonies A-E were picked from plates containing 

10 rnM ammonium. Colonies F-J large and K-0 small colonies selected from plates 

containing 5 mM nitrate. Wt = wild-type, T6 = A. fumigatus niiA lsruption mutant. The 

numerical scores indicate relative growth, scored visually, (3 strongest, 0.5 weakest, 0 no 

growth). 

Incubation time in hrs 

(nitrate MM) 

Colonies 24 48 7 2 

T6 0 0 0.5 

A-E 0 0 0.5 

F-J (large) 1 2 3 

K - 0  (small) 0.4 0.8 1.2 



Table 4. Shows the effect of three different chlorate concentrations on growth of wild- 

type A. furnigarus cells using three dfferent nitrogen sources. The effect of#growth was 

assessed by measuring the radial growth diameter. 

Chlorate Conc. (mM) 0 100 200 400 
Nitrogen Source 

10 mM ammonium tartrate 4.0 2.0 1.2 0.6 

10 m M  urea 4.0 1.4 0.8 0.3 



Figure 24 Southern analysis of the putative niiA lsrupted transformant (T6; similar to 

Fig. 23 but with lfferent digests and probes). 

(a) Ethdum bromide stained gel containing T6 DNA drgested with a number of 

restriction enzymes. Lane 1 = EcoRII lane2 = EcoRIlHindIII, lane3 = EcoRUPstI, lane 4 

= SalI, and like 5 = BarnHI. Section I and LI are the same DNA hgest. 

(b) Southern analysis of T6 DNA using the Bluescript@ as a probe 

(section I); this probe detected a single band in lanes 1-5 indcating a single copy 

integration of PYA 10. 









Figure 25. Restriction map of the A. fumigatus ni1A gene region before and after 

insertion of the disruption construct (pYA10) whlch contains part of niiA gene (open 

region), the Bluescript@ (thin line), the hygromycin gene (solid black bar representing 

the 2.4 kb SalWndIIl  fragment of the hph gene, flanked with the A. nidulans promoter 

and terminator). Doted lines represent A. fwnigatus chromosomal DNA flanlung the niiA 

gene. Numbers indcate fragment sizes in kb. B = BarnHI, E = EcoRI, H = HmdIII, P = 

PstI, and S = SalI. 
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DISCUSSION 

section1 

Cloning and characterization of the nitrate assirnilstion gene duster 

A genomic clone (lYA4-3) contains most of the Aspergiausfwnrga~us nitrate . 
assimilation gene duster 

Sequence data determined in h s  study indcates that the A. fwnigafus 15.5 EcoRI 

genornic insert of hYA4-3 contains most of the nitrate assmulation gene cluster ( c d - n i i A -  

niaD) over an 8.8 kb EcoRI fragment. The A. furnigutus nitrate assirmlation gene cluster is 

highly conserved with respect to that of A. nidulans (Johnstone et al.. 1990). 

The plasmid pYA2=&c~@dhs the entire sequence of the niiA gene 
- 3 

The genomic sequences derived from the ends as well as internal repons the 6.5 kb 

EcoRI genomic fragment suggested that h s  fragment contains sequences correspondmg to 
L 

the A. furmgancs niiA gene. As in A. nidulmts and A. niger, . furmgahcs nitrite 
r 

reductase gene and a nitrate transporter gene are physically hked, and are transcribed in the 

same dmction. The nitrate reductase (niaD) gene is also Wed to h s  unit and in all cases 

(A. n~dulans, A. niger, A. parasiticus) the two are transcribed in the opposite h t i o n  

(Johnstone er al., 1990, Unkles et al., 1992, Chang et aL , 1%). Considering the high 

homology found not only for the A. fwnrgarus niiA gene but also for most of the intergenic 

promoter and regulatory regon as well as the coding regon of'the n S  gene. It seems well 

I justAied to conclude that the A. ~ g a m s  niiA and nlaD genes transcribed in opposite 

b t i o n  (see Section II Dwxssion). 



The genomic library clone contains part of the A. fumrgatus cmA gene 

It is clear from the high degrke of sequence homology observed that the genomic 

sequences obtained from regions 6,7,  and 8 must correspond to the A. fumigutus cnvi 

The combined genomic sequence obtained from regions 6 and 7 contains two small introns. 

The A. fwnigatus coding sequence obtained in th~s study corresponds to transmembrane 

domains II, III, N, V, VI, VII, and VIII of A. nzdulans CRNA whch has 12 transmembrane 

domains (I-XE) ( Unkles et al., 1991, 1995). It also shares significant homology (40% 

identity) with the hlgh-affity nitrate transporters nar-3 from Chlamydomonas rehhardtii 

and BCHI from Hordeurn vulgare (Quesada et al., 1994, Trueman et al., 19%). 

The partial putative A. fwnigafus CRNA sequence contained the motifs: 

D M G R R X  and IXXRXXGXXXC found conserved in a group of transporters known as 

the major fachtator superfarmly (MFS). The MFS encompasses a diverse collection of 

transporters from prokaryotes and eukaryotes which include the mammahan passive glucose 

transporters, antibiotic efflux pumps, and a number of bacterial proton-dependent sugu 

transporters (Marger and Saier, 1993). 

The plasmid pYA61 contains part of the A.fumgatus niaD gene. 

Based on homology to the A. niger n d  gene sequence (Unkles, 19929, the genomic 

sequences obtained from pYA6 1 were found to correspond to the A. m i g a t u s  niaD gene. 

The structural gene for the nitrate reductase has been cloned and charactenzed from a 

number of organisms representing prpkaryotes, eukaryotes, plants, and algae (Kmghom and 

Campbell, 1989). Gene sequences and their putative amino acid sequences from different 

organisms were aligned so that sequence similarities could be inferred. When ahgned, the 



deduced amino acid sequence from regon 1 (far N-terminus) showed extensive homology 

with the correspondmg regions for the nitrate reductase protein sequences from A. 

parasiticus (Chang et al., 1996), A. niger (Unkles, 1991). Ustilago m y &  (Banks er al., 

1 993), Neurospora crassa (Exley er al., 1993), Hordeurn vulgare (Schnorr et al., 199 1 ), 

Arabrdopsis thaliana (Crawford et al., 1988). One stretch of 1 to 13 amino acid consecutive 
- 

matches among all the sequences was seen. The regon A p e d  falls within the MoCo- 

bindmg domain, whlch contains a cysteine residue identified in A. n~dulans NIAD (cysteine 

residue 150) &a critical residue for binding the molybdenum atom. Replacement of h s  

cysteine residue with an alanine leads to a non-functional NLAD (Grade et al., 1995). The 

sipficdnt sequence homology among plant and fungal nitrate reductase sequences suggests 

that these genes may have origmated from a common ancestral gene (Campbell and 

Kmghom, 1990). In addition, genornic sequence correspondmg to the N-terminus was also 

obtained. l%s genomic sequence is found to contain two introns. Alignment of the A. 

fiunigatus far N-terminus with that of A. parasiticus and A. niger NLAD showed some 

homology but not as extensive as that shared among the same regon from A. parasiticus, A. 

niger , and A. nrdulans. llus could be due to the fact that the A. h i g a t u s  niaD N-terminus 

was sequenced only once. 

The sequence upstream of the A. fumigarus niaD was found to be 40% identical to 

. correspondmg regons from other A. parasiticus nrdulans sequences (Chang et al., 

1996, Johnstone er al., 1990). In addition, the four sm 1 introns identified in the partial \ 
niaD gene sequence obtained in h s  study were found to occur at the same position as 

introns 1.2, 3 and 4 of both A. ndulans and A. niger; w m h  means that the niaD gene 

sequences are high1 y' conseived. 

ltii 



Genetic and molecular stuches have shown that the enzyme nitrate reductase may 

regulate its own synthesis as well as the synthesis of the enzyme nitrite reductase (rtiiA) 

and nitrate transporter (cnui) genes (Hawker et al., 1992, Cove, 1979, Tomsett and 

Garret, 1980). However, the exact mechanism of such regulation has not yet been 

resolved. Some studies suggested that the nitrate reductase enzyme may interact directly 

with NIRA protein to exert its regulatory effect by preventing these regulatory proteins 

from entering the nucleud and as a result prevent the expression of the nitrate assirmlation 

gene cluster. In presence of nitrate, the NIRA proteins dissociate from the nitrate 

reductase and are free to enter the nucleus and to turn on the transcription of the nitrate 

assimilation genes (Maloy and Stewart, 1993). Other stules suggested that the nitrate 

reductase may not cluectly interact with NIRA protein but that it may have indirect 

metabolic involvement (Maloy, 1993). 

To gain further insights into the A. fumigatus NIAD structure, function, 

evolution, and its regulation, the rest of the niaD gene should be cloned and sequenced. 

It also important to identify transcription initation 1 termination sites. 

Part of the genomic library clone may contain a novel fungal protease gene. 

The remaining 7 kb EcoRI genomic fragment from the 15.8 genomic clone was 

found to be unrelated to the nitrate assumlation gene cluster, and it may contain a novel 

fungal protease gene. Partial sequence analysis of the ends of a 7 kb EcoRI genomic 

fragment indcated that this fragment can not be placed on a restriction map adjacent to any 

of the other three genomic fragments. l3.s finding means that the adjacent fragment 

contains neither the remaining genomic sequences corresponding to the nMD gene nor the 
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remamder of the c d  gene sequence. The 7 kb EcoRI genomic DNA ihgment is therefore 

unrelated to the nitrate assimilation gene cluster and not physically linked w i t h  the 

genome. It appears that during the preparation of the library. this 7 kb EcoRI genomic 

fragment may have become joined to the genomic fragment (8.8 kb) containing the nitrate 

assimilation gene cluster. 

Some of the genomic sequence obtained from pYA2 1 1-2 showed extensive 

homology with alkaline protease protein sequences from Erwinia chrysanthemi and 

Pseudomoms aeruginosa. ~hgsequence matches observed are very interesting because the 

proteases of E. chrysanthemi and P. aeruginosa are thought to play a key role in infection of 

host cells (Delepelaire and Wandersrnan, 1989, Dahler et al., 1990, Kawasaki et al.; 1990, 

Miyatake et al., 1995). The A. fumcgarus putative amino acid sequence contains three 

motifs similar to the calcium b i n b g  domain GGXGDXUX (where X is amino acid and 

U is a bulky hydrophobic amino acid) common to alkahe proteases (Baumann et al.," 1993). 

Thus it was important to determine if this 7 kb EcoRI w e n t  is actually a fragment native , 

to the A. fwnigatus genome, rather than one of the two E. coli strains (DHSa and KW25 1) 

used for propagation of the genorizic clones. 

Southern analysis of genomic DNA from two A. fwnigam strains and from two E. 

coli strains was canied out using two probes derived from the genomic insert of pYA1-2 . 

I The probes did not detect any signal from the DNA of any of the organisms tested. The 

fmdrng might suggest that the genomic fragment is strain-specific as the genomic library, 

from which the 2.2 kb EcoRVEcoRV was originally derived, was made from the A. 

jiunigatus isolate CHUV 192-88 (Jaton-Ogay et al., 1992). 

' PCR analysis of the genomic DNA of the two A. jiunigatus strains and the two E. 
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coli strains was also carried out and the primers used amplified multiple products including 

a band around the size expected, from all DNA templates used; whlch might be indcative of 

non-specific amplification. One would expect a single band if the amplification had been 

especific. Since the primers used were designed from a potential protease gene sequence and 

it is known that there are gene familtes of related proteases (Monod et al., 1993), then using 

- 
a given set of protease primers may give the expected specific product as well as products of 

other closely related genes. It is unhkely in b s  case that a specific product was amplified 

due to the fact that no signals were detected on a Southern blot using the same DNA. 

Therefore, both Southern and PCR analysis, confirm that the 7 kb EcoRI fragment is neither 

part of the genome of the two A. fumigam strains nor of the two E. coli strains tested in this 

study. Hence, it is log~cal to conclude that the 7 kb EcoRI genornic fragment derived from 

the genomic clone hYA4-3 is either unique to the A. fumigarus isolate CHUV 192-88 from 

whlch the Library was made, or it is a contaminant. 

DNA typing methods have detected genomic polymorphism among different A. 

fumigatus isolates (Aufauvre-Brown et al., 1992, Loudon et al., 1993, Glrardin et al., 1994% 

and Girardn et al., 1994b). A 0.95 kb DNA fragment (a potential molecular marker 

randomly amplified) has been correlated with the virulence of some A. jiunigatus isolates 

(Mondon et al., 1995). Mondon and his group carried out PCR analysis 9n seven strains of 

A. jiunigarus which were isolated from Merent patients with non-invasive (3 strains) and 

invasive (4 strains) aspergdlosis and four environmental strains, using primers designed 

from the 0.95 kb molecular marker. The PCR results showed that five strains (2 strains 

isolated from patients with invasive, one strain isolated'hm a patient with non-bvasive 

L--' 
kpergdlosis, and 2 enviromental strains) were positive isolates for the 0.95 kb molecular 



marker, and the other six strains were negative wondon et al., 1996). When the eleven 

strains were tested for vlrulence in an experimental murine model of invasive pulmonary 

aspergdlosis, it was found that the 0.95 kb-positive strains caused sigmficantly higher 

mortality rates in mice than the 0.95 kb-negative stram. The authors think that their 

findmgs support the hypothesis that certain isolates of A. fwtugam are more virulent than 

others and that their virulence may be associated with the 0.95 kb molecular marker. It 

should be noted that thls 0.95 kb molecular marker does not show anyhomology with any 

sequence in the databanks. In light of the literature mentioned above, it would be very 
b 

interesting to probe the genomic DNA of the A. fwnigaha isolate CHUV 192-88 and other 

A. fumigarus isolates with DNA fragments derived from the 7 kb EcoFU genomic fragment. 

If future work proves that the 7 kb EcoFU genomic fragment in fact belongs to the A. 

fwnigatus isolate C W  192-88 and/or other A. fiunigatus isolates, it would suggest that the 

14 16 bp genornic sequence derived from the 7 kb EcoRI in this study might represent a 

novel fungal protease gene fragment. It would also present an even more interesting 

candidate as a putative virulence marker than the 0.95 kb genomic fragment proposed by 

Mondon er al., (1 995 and 19%). This is because the 14 16 bp genomic fragment contains 

open readmg frame with high homology to secreted proteinase b from E. chrysanthemi and 

alkaline metalloproteinase from P. aeruginosa. Both proteases from E. chrysanthemi and P. 

aeruginosa have been suggested to contribute to the vlrulence of their respective organisms. 
Y -  

The pathologml aspects of the P. aeruginosa alkahne protease have been extensively 

studied and it has been found that this protease exhibits the potential anticoagulant activity; 

hydrolysis of natural substrates such as fibrin and fibrinogen, and in addition it may 

inactivate various physiologml activators such as imrnunoglob~s  A and G and protease 



inhibitors (Miyatake et al., 1995). P. aeruginosa alkaline protease has also'been . s+ 

investigated in, r'J the medical field as a target for anti-&don agents against the bacterium 

(Miyatake et al. 1995, Hornrna and Tanimoto, 1987). Therefore, it is worthwhde to 

determine if the 7 kb EcoRI genomic fi-agrnent belongs to the A. fiunigarus isolate 

CHUV 192-88, and to investigate whether it contains an active novel fungal protease gene. 



DISCUSSION 

Section I1 C 

Characterhtion of the A. fumigatus nitrite reductase gene (niiA). 

Analysis of the complete genornic sequence of the niiA gene obtained 

The structural gene for A. fumigatus nitrite reductase (niiA) was cloned and 

sequenced and checked for homology with the correspondmg A. nidulans niiA gene 

sequence (Johnstone et al., 1990). The regions corresponding to the niiA-niaD intergenic 

region (promoter and regulatory regions), c d n g  region, and the 3' untranslated region of 

the A. fumigatus niiA gene showed hgh homology in short functional regions mainly of 

the 5' end. The c d n g  region is interrupted by eight small introns 42 to 74 bp long. All 

of the introns identified start with GT and end with CAG or TAG consensus sequences, 

respectively. In addition, the A. fumigatus introns also contain conserved internal 

sequences, such as TAAG, CTGAC, TAAC, and CAAT whlch are signature sequences 

characteristic of fungal introns (Ballance, 1986; Gurr et al., 1987). 

Introns number and position 

The hlgh amino acid sequence homology between A. fumigatus and A. nufulans 

NLlR sequences was useful in determining the position of seven correspondmg introns 

among the eight introns identified w i h n  the nucleotide sequence of the A.fumigahcs niiA 

gene. In addition A. fwnigatus apparently has one extra intron (intron 4). Intron 4 of the 

A. jkmigatus niiA gene was detected because it contains stop codons uyhich dlsrupt the 
/' 

/' 

open reading frame. Since both strands of the A. fumigatus niiA genk were sequenced, it 

is likely that this sequence represents a true intron as also suggested by the homology of 



the adjacent AA sequences. The ultimate proof that intron 4 exists will require obtaining 

and sequencing of the correspondmg region from the niiA cDNA clone. Chang et al. 

(1996) recently reported the sequencing of some of the A. parasiticus n i d  gene and 

found that the sequence obtained also contains an extra intron (intron 4) compared to its 

homologue from A. nidulans (Chang et al., 1996). The presence of an extra intron in 

both A. fumigarus and A. parasiticus is an interesting finding because both species are 

classified as pathogenic fungi. Do all niiA genes from pathogenic Aspergillus species 

'contain an additional intron, and if they do, what kind of evolutionary implications might 

it have? The answer to these questions has to await the cloning and sequencing of more 

niiA genes from other pathogenic Aspergillus species. 

Conservation of intron position has also been observed in other fungal genes. 

Sirmlarly, the A. n~dulans and N. crassa glutamate dehydrogenase genes show a stnking 

conservation ofthe positions of their two introns, although there is no conservation of intron 

sequence (Gum et al., 1987, f inaird and Fincharn, 1983). In addtion, both intron position 

and sequence conservation have been found in the glaA gene from A. awamori and A. niger 

(Numberg et al., 1984; Boel et al., 1984). However, lack of intron conservation has also 

been found, e.g. for the orotidme decarboxylase gene, N. crassa and yeast lack the only 

intron identified in the orotidme decarboxylase gene from A. nrdulans (Campbell and 

Kinghorn, 1990). The occurrence and positions of introns w i h  homologous genes from 

different organisms have been used to Infer evolutionary gene relationships. The existence 

of introns in filamentous fungal genes but not in their budding yeast homologs, raises the 

question whether genes of multicellular eukaryotes gained introns, or whether yeast and 

prokaryotic genes have lost theirs at some point during evolution. The answer to h s  
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question is not yet clear. However, current thmking favors the idea that intron loss occurred 

in unicellular o r p s m s  rather thgn intron gain in higher organisms. The hypothesis is based 

on the argument that growth and population tum-over of unicellular organisms are faster 

than that of multicellular organisms and therefore loss of noncodmg, unused DNA, would 

be more extreme in unicellular organisms; hence, introns in filamentous fungal genes may 

be retained by thls group of organisms which grow more slowly than yeast, and are of a 

multicellular nature (Gun et al., 1987). However. some increase of intron number and size, 

during evolution of large genomes of vertebrates appears obvious. 

The open reading frame of the niiA gene 

The A. fumigatus niiA gene encodes a putative protein sequence of 1 1 10 amino 

acids when all of the eight introns are taken out. It also could encode a putative protein 

sequence of 776 amino acids if the last intron is retained as part of the coding sequence 

(intron 8 contains a stop codon). The longer open readmg frame is terminated by the 

TAG stop codon while the shorter open readmg frame terminates with the T&@ stop 

codon. It has been reported by Johnstone et. a1 that intron 7 of the A. nrdulans niiA gene 

contains a stop codon whlch may give a short transcript that could be translated into a 

polypeptide of 77 1 amino acids (if intron 7 is not spliced oyt). A longer transcript which 

translates to 1104 amino acids is obtained when intron 7 is spliced out (Johnstone et al., 

1990). Reverse transcriptase PCR experiments carried out by Johnstone et al. showed 

that two transcripts of the A. nidulans niiA gene were made. Their results indrcated that 

the shorter transcripts accounts for 90% of the total niiA mRNA made in the cell under 

the conditions used for this analysis. However, no evidence has been reported for two 



simultaneous transcripts, or for at least the shorter one on a Northern blot to confirm that 

the A. nidulans niiA gene is actually alternatively spliced. 

The A. fwnigatus niiA gene has the same gene structural organization found in the 

A. nidulans niiA gene. Evidence from partial skquence of the A. fwnigatus niiA cDNA 

clone obtained in h s  study suggests that in this case the long open realng frame was 

translated. The cDNA fragment included the coding sequence upstream and downstream 

of intron 8 whlch meant that intron 8 was spliced out. In addition, Northern analysis of 

total RNA using the niiA gene frgment as the probe detected a single 3.3 kb band. The 

3.3 kb band 1s likely to correspond to the longer transcript but it could correspond to a 

pre-mRNA transcript. Northern analysis of A. fiunigafu or A. nufulans polyA' 

cytoplasmic rnRNA will be required to decisively determine whether or not the nirA gene 

is alternatively spliced. 

- 
Protein sequence analysis 

Pairwise comparison of the putative protein sequence from the A. fLunigatus nitil 

to that of A. nidulans showed a 80% aniino acid identity over 1 104 amino acids (Figure 

5b). The A. fumigatus NIIA sequence also shows a 7 1 % amino acid identity with the 

partial A. parasiticus protein sequence (368 amino acids) reported by Chang er al., 1996. 

The A. fumigarus protein sequence also shows a high level of amino acid identity with 

N .  crassa (59%) and E. coli (44.9% ). Comparison of the A. fwnigatus and A. nidulans 

niiA protein sequence has also confmed important functional domains. Amino acid 

sequences identified as FAD and NAD(P)H domains in A. nidulans were also found in 

the same position at residues 44 to 79 and 146 to 176 in A. fwnigarus, respectively. A 



comparison analysis of the A. n* NIIA sequence to other flavoproteins such as 

Pseudomonasflw>rescenr phydroxybenzoate (Weijer et al., 1982), pig D-amino oxidase 

(Ronchi et al., 1982). E. coli respiratory lactate dehydrogenase (Campbell et aL ,1984). 

showed no similarities among these enzymes. The A. nidulans NIIA sequence also showed 

no homology with FADcontaining humanor bovine NAD cytochrome b5 reductase 

(Kmghorn and Campbell, 1989). Based on these comparis the FAD-containing domm 
-s; 

could not be identified with certainty in the A. ni- N I I A Q & ~ ~  (Ktnghorn and 
4.e 

Campbell, 1989). The assignment of the FAD- and NADPH- binlng domains to the N- 

terminus in fungal NIIA is based on the fact that the N-terminus regions assigned contain 

the Pap dinucleotide bindmg fold GXGXXG, a common feature withln FAD- and 

NADH binlng domains (Weirenga et al., 1985). 

The four cysteine residues identified in the A. nrdulans niiA protein at positions 

720, 726, 760, and 764, as metal-binding sites for iron-sulfur and siroheme were found 

to be conserved in the A. fumigatus niL4 putative protein sequence at positions 725,73 1. 

765,769. Sequence alignment also showed that the four cysteine residues identified as 

metal-bindmg sites were conserved in the nitrite reductase protein sequences from N. 

crassa and E. coli (Figure 6) .  , m e  number and identity of residues between these 
I 

conserved cysteine residues are siipilar, i.e. N-terminal, cysxxxxxcys Xn cys xxx cys, C -  

t 
terminal, among fungal arid E. coli nitrite reductase protein sequences. The five amino acids 

(CVGl'TWC) separating the very N-terminus cysteines are identical in A. fwnigatus, A. 

nidulans, N. crassa, and E. coli. The three residues (CV/TREC) separating the last two 

cysteine residues are also conserved. In A. fumigarus and A. nidulans the residues are VRE 

and in N. crassa and E. coli the residues were TRE. Fungal and E. coli NIR show an 
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extensive number of s h d  motifs whch imply similarity of structure and function. The 

sequence homology observed from the multiple alignment analysis further confirms the 
* 

notion the genes encoding these proteins once evolged from one ancestral gene 

(Gnghorn and Campbell, 1989). 

In contrast to the high sequence homology observed for fun@ and bacteria, fungal 

and plant nitrite reductase proteins show no or very little sequence homology between plant 

and fungal nitrate reductase proteins (Kinghorn and Campbell, 1989). For example, plant 
.. 

nitrite reductase enzymes have been found to be much shorter than the fungad enzymes. 

Such hfferences in size are attributed to the fact that fungal nitrite reductase enzymes 

contain a FAD domain, wMe plant enzymes lack h s  domain. These fmdmgs suggest that 

the nitrite reductase genes of filamentous fun@ and plants may have evolved from hfferent 

ancestral genes (Kinghorn and Campbell, 1989). 

Codon usage 

The codon usage for the nitrite reductase gene in A. fumigafzu, A. nidulans 

(Johnstone et al., 1990). N. crassa (Exley et al., 1993), and E. coli (Peakman et al., 1990) 

was analyzed. Codon counts are useful in showing varying patterns of codon preference. 

For example, the codon AAG-Lys is used twice as much as the codon AAA4ys in A. 

4 fumigatus, A. nidulans, and N. crassa, whereas the codon AAA-Lys is used 4.3 times as 

much as the codon AAG-Lys in bacteria. It is clear that in the E. coli nitrite reductase 

gene the codon AAA-Lys was preferred over the codon AAG-Lys whch suggests that 

the tRNA for the codon AAA-Lys is more abundant than the tRNA for the AAG-Lys. 

Another example of sigmficant difference in codon usage is that the codon ACG-Thr is 
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used 2 1 times ip A. fumigatus, 12 times in A. nidulans, 12 in N. crussa, and 1 time in E. 

coli. The fungal tRNA for the codon ACG-Thr is more frequently used than its 

counterpart in E. coli. 

Analysis of the 5' upstream region and the 3' untrqnslated region 

The 5' upstream sequence of the A. fumigarus niiA contains consensus 
1 

' sequences which are typical of regulatory regions. Two putative TATA and two putative 

CAAT boxes were identified. Four GATA motifs were also identified in all niaD-niiA 

intergenic regions investigated so far from Aspergillus spedies. Gel shift and DNA 

footprint experiments in A. nldulans , A. parasiticus, and N. crassa have shown that 

GATA motifs bind the positively-acting regulatory product of the areA gene ( Punt et al., 

1995, Chang et al. 1996, Chang and Marzluf, 1994). Comparison of the niiA-niaD 

intergenic replatory region of A. fwnigatzu to that of A. nldulans (Johnstone et al., 1990) 

revealed that they share 42% sequence identity, which is s d a r  to those obtained among 

other Aspergillus species. The A. fiurrigatus promoter region is 43% and 37% identical to 

the regulatory regons from A. parasiticus and N. crassa (Chang et al., 1996, Exley et al., 

1993). It should be noted that the A. oqzae and A. parasitic& niiA-niaD intergenic 

regions show 95% identity whch is unusually hgh identity for a regulatory regon. 

Sequences of the A. fumigatzu niiA-niaD intergenic regmn whrch are found to 

share sipficant homology with A. nldulans promoter sequences besides the GATA 

motifs included the corisensus sequences TCCGCGGA, a complete palindrome, and 

CCCGCGGGG, an incomplete palindrome. These consensus sequences have been 

experimentally confumed as bindmg sites for the regulatory proteins NIM. in A. 



nidulans, A. parasiticus, and in N. crassa using mobility shft assays (Punt et al., 1995, 

Fu and Maduf, 1990, Chang et al., 1996). The distance between the GATA motif and 

the palindrome CTCCGCGGA is found to be 40-80 nucleotides which may suggest 

possible protein-protein3nteractions between the products of the areA and nirA genes in 

the activation of niiA gene expression (Chang et al., 1996). The presence of the GATA 

motifs and the CTCCGCGGA palindrome in the niiA-niaD intergenic regions suggest - 

that different species share similar regulatory mechanisms of nitrate assimilation. No 

work has been done to identify transcriptionltermination starts within the niM-nial) 

intergenic region of any of the Aspergillus species, and hence they need to be determined. 

The niiA 3' untranslated regon obtained in th~s  study dld not contain a 

polyadenylation signal. Hence, more sequence is required in order to determine whether 

or not the niiA gene contains a polyA addition site. However, absence of the 

polyadenylation signal is not unusual in fungal genes (Gun et al., 1987). The results 

discussed above strongly demonstrate that the genomic sequence obtained in thls study 

corresponds to the functional A. jiunigam nitrite reductase (niiA) gene. 

Northern and chromosomal mapping analysis 

Northern analysis of total RNA from cells grown in minimal media containing 

either nitrate or ammonium indicate that in wild-type strains of A. jiunigatus the a 

expression of the nitrate assimdation gene cluster is induced by nitrate and repressed by 

ammonium as is the case reported in A. nrdulans (Cove, 1979). The A. jiunigarus 

chromosomes migrated as four bands on pulsed field electrophoresis, similar to those 

.eight chromosomes. found in A. niger (Verdoes et al., 1994:1989, Debets et al., 1990a). 



A. nrdulans also has eight chromosomes (Kafer, 1958) which when migrate as six bands 

on pulsed field electrophoresis (Brody and Carbon, 1989; Ehninger et al., 1990). The 

nitrate assidation gene cluster was mapped to the largest chromosomal band and the 

size was estimated to be aboua 5.3 Mb using S. pombe as a size marker. Since in A. 

nzdulans the nitrate assimilation gehe cluster was mapped to chromosome VIII (the 

largest chromosome; Cove, 1979), the chromosome detected by the probe in thls study 
\ 

-? 

may correspond to chromosome VIII of A. j i u n i g a ~  (if in fact the A. fwnigatus genome 

is made up of eight chromosomes lrke its close relatives A. niger and A. nidulans). 
* =- 

Therefore, some of four bands of A. fumigatus genome'may represent a double or triple 

, chromosomes migrating together as one, as found in A. nzduians and A. niger. The 

smallest band of the A. fwnigarz& genome may repres'mt two chrorno~omes;the second 

smallest band may represent a single chromosomes, the second largest band may 

represent two chromosomes, and the largest band may represent three chromosomes. 



DISCUSSION 

Section III 

Gene disruption of the niiA gene and complementhtion by niiA clones of A. 
. * 

J -  .. 

fumigatus and A. nidulans. 

Recovery of two niL1- disruptants by transformation with part of the cloned nii4 

gene 

The A. fumigatus niiA endogenous gene was dsrupted by an integrative 

hygromycin-plasrnid containing part of the niiA gene . Two A. fwnigatus transformants 

(T3 and T6) unable to utilize nitrate as the sole nitrogen source were obtained (about 10% 

of the tested hygr-transformants). Southern analysis of the DNA from the niiAm mutant 

T6 and the wild-type inlcated that the dsrupting plasrnid (pYA10) was specifically 
. ?  

integrated withm the A. j iunigam niiA gene. Growth tests in liquid minimal meda were 

very useful in identifying transformants defective in nitrate or nitrite utilization, being 

rapid and clear-cut: 24 hrs of growth in liquid media was enough to lstinguish between a 

mutant (no growth at all) and wild-type strains (healthy growth). Transformants T3 and 

T6 showed some growth in liquid medla after 72 hrs suggesting that a reversal of the 

integration process may have occurred in some cells or some of the dying cells are able to 

feed back ground growth. Rare cells which have the .plasmid excised will have a 

selective advantage, but tests using transfer to nonselective medum indicated that such 

dsruptants are mitotically stable. The niiA- mutant T 6  was found to be rnitotically stable 
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in the absence of the selectable marker used, the antibiotic hygromycin B. 
* - 

.*,Southern analysis of T6 DNA 

The molecular analysis results obtained in tlus study wek consistent with the 

growth tests mentioned above, and showed that the niiA gene of the A. fumigatus (ATCC 

13073) was lsrupted and that the hygromycin plasmid containing a niiA gene fragment 
. - 

was inserted into the niiA sequence at a single site. The transformation work reported in 

tlus study provides all the elements for j e  development of an efficient homologous 

transformation system for A. fwnigam. In addition, heterologous transformation system 

should be possible using dominant resistance genes, such benomyl resistance (Orbach er 

al., 1986), or hygromycin resistance (Tang et al., 1992, Punt er al., 1987) have also been 

acheved. Other filamentous fungal transformation systems using the acetamidase gene 

( a d ;  Debets er al., 1990b) or the nitrate reductase gene (niaD; Malardier et al., 1989) 

have also been successfully applied to several species of filamentous fungi of agricultural 

and industrial, importance (Daboussi et al., 1989), and are no doubts possible in A. 

fumigatus. 

Since the A. fiunigarus has seen little genetic characterization to date, developing 

a homologous as well as heterologous transformation systems for this organism will be 

very useful in future studies of other genes of interest. In fact, the &srupting plasmid 

pYA10 can be used in co-transformation providing a double selection system; namely 

selection for hygromycin B resistance and for nitrate utilization by niiA' complemented 

transformants. 



Alternatively, the A. fwnigarus niaD gene fragment cloned in this study (pYA61) 

could be used to disrupt the niaD gene. Development of a homologous transformation 

system for A. jiunigarus based on the nitrate reductase gene (niaD) will offer certain , 

advantages over the use of a dominant selectable marker such as hygromycin resistance 

or the use of niiA described here. For example nitrate reductase gene (niaD) mutants are 

easily generated provided good conditions for selection of chlorate resistant mutants can 

be found as reported for several filamentous fungal species (Unkles et al., 1989, Daboussi 

et al., 1989, Debets et al., 1990~). 

, . 

To assess the possibilities for isolation of chlorate resistant mutants 

(including niaD -) the sensitivity of A. fumigarus wildtype to chlorate toxicity was 

investigated using three different chlorate concentrations and three different nitrogen 

sources. The results obtained showed that sensitivity A. fumigatur increased with 

increasing chlorate concentration (as judged by growth inhibition) when ammonium or 

urea were used as nitrogen sources, but the growth of A. jiunigatus was even more 

inhibited by chlorate when L-arginine was used as a nitrogen source. Similar findings 

have been reported for chlorate toxicity in wild-type A. nidulans by Cove (1976). It was 

concluded that chlorate toxicity effects (100 rnM chlorate) on wild-type A. fwnigatus are 
. I+. 

seen best if (50 mM) Larginine is used as the nitrogen source, so that arginine is ihe 

recommended nitrogen source-for selection of niaD mutants and other chlorate resistant 

mutants. In fact, a number of A. jiunigatur chlorate resistant colonies have been 

generated during the chlorate toxicity assays but these have not yet been characterized. 

Such colonies are likely to include mutants of several genes but can be classified based 

on their ability to grow on various N-sources as described for A. niger chlorate resistant 
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mutants by Debets et al.(1990c). 

W a 
Complementation of %he niLl- mutant (T6) 

Complementation experiments using transformation by the niiA' gene from A. 

fumigutus and A. nidulans confirmed that the transformant T6 is niiA- as a result of gene 

ei 

disruption in the niiA locus. The results from the control experiments suggest that some 

niiA- mutant T6 protoplasts may spontaneously revert during mitosis at low frequency, 

presumably by mitotic recombination wluch leads to excision of the integrated plasmid 

when plated on niiA' selective melum containing nitrate as the sole nitrogen source. 

However, the sample tested in ths  study is too small to assess the frequency of 

spontaneous plasmid loss with any certainty. Because spontaneous plasrnid loss of the 

disruption plasmid can occur, niiA' transformants postulated to be rescued by niiA' of A. 

fumigatus and A. nidulans (pYA2-3 or p i g )  need to be checked by Southern blot 

analysis to lstinguish between those rescued by cloned niiA' DNA and spontaneous 

wildtype revertants. 



CONCLUSIONS 

Findings of thls study include: 

1). Isolation of a clone of the niaD-niiA-cmA gene cluster qf A. fumigatus: 
- 1  . <?  

J 

a) a genomic cfone containing - %large (15.8 kb) EcoRI insert isd6ied from an A. 
; &"" .- 5 

P 

fwtigatus genomic l i b r q ,  using a cDNA probe corresponding to the A. fwnignnrr 

nitrite reductase gene (niiA); b) the l a r s f  part of thls insert (an 8.8 kb EcoRI fragment) 
I 9" J 

contained most of the nitrate assimilation gene cluster. The cluster was shown to contain 

the complete gene sequence of nitrite reductase (niiA), and partial sequences of nitrate 

reductase gene (niaD) , and nitrate transporter gene (cmA), and c) The remainder of the 

genomic clone (7 kb EcoRI insert) was found to be the A. fumigatus nitrate assimilation 

gene cluster, but sequencing results suggest that it may contain a novel fungal protease. 

2). Sequence Characterization: Comparison of the deduced NIAD amino acid 

sequence of the far N-terminus region (of the clone) shared some homology with its 

homologs from fungal species whle deduced amino acids of the middle regon showed 

extensive sequence homology (79% identity over 197 amino acids) to both fungal and 

plant nitrate reductase protein sequences. 

The partial DNA sequence determined from the crnA gene fragment exhibit a 

high degree of sequence homology with the corresponding region of the A. nidulans 

cmA gene sequence. The CRNA contained motifs motifs D M G l U U K  and 

S IXXRXXGXXXC found conserved in a group of transporters known as the major 

facilitator superfamily (MFS) which include antibiotic efflux pumps and mammalian 

passive glucose transporters. 

The complete genomic sequence of the niiA gene sequence contained an extra 
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intron with respect to that of A. nrdrrlans, whch is also, present in A. parasiticus. The 

NIIA putative protein sequence of 11 10 amino acids shares 80% identity with the A. 

nldulans NIIA protein sequence. 

3). Gene Disruption: a mitotically stable niiA- mutant was obtained by 

disruption of the niiA locus and homologous integration of a gene fiagment as well as the 

selective hygromycin resistance gene. 

4). Chromosome Mapping: the A. fumigatus nitrate assimilation gene cluster 

was mapped to the largest migrating chromosomal band and the size was estimated to be 

5.3 Mb (using S. pombe chromosomal DNA as a siik marker). The expression of the A. 

fumigatus gene cluster nitrate assimilation gene cluster was shown to be induced by 

nitrate and repressed by ammonium (as had been found for several other species of 

filamentous fungi). Results indcate that the genes for nitrate assimilation in A. fiunigatus 

are physically linked and are transcribed in the same duection as in A. nidulans, A. niger, 

and A. parasitcus. 

5). Chlorate Toxicity: sensitivity of A. fumigarus to chlorate toxicity was 

investigated and was found to vary dipendng on the nitrogen source used. Growth of 

wild-type A. fiunigatus was idubited when 50 mM nitrogen source was used in presence 

of 100 rnM potassium chlorate, and some putative mutants were obtained (which may 

include several types, includmg niaD). 

ConQ$butions of this study 

Contributions to our knowledge of the molecular characterization of A. fiunigatus 

in general, and to the nitrate assimilation gene cluster in particular, have been achieved in 



this study. Lack of genetic markers in A. fwnigarus makes use of transformation as a start 

of molecular analysis difficult. However, thls study has made available all the important 

elements needed to develop an effective, homologous transformation system for thls 

medically important fungal pathogen. Such a transformation system can make use of 

niaD mutants, whlch can be easily created by hsrupting the A. jiunigatus niaD gene 

(using an integrative recombination plasmid containing a segment of the niaD gene 

fragment cloned in this study). Insights about homologous transformation in A. 

fumigatus have been obtained with the demonstration that stable and specific single site 

integration can be achieved at reasonable frequencies using the niiA gene. Development 

of h s  and other homologous transformation systems will expedite the study of other A. 

fumigarus genes of interest, especially those encochng potential virulence factors. 



RECOMMEFiDATIONS FOR FUTURE W O W  

1. Cloning of the remainder of both the niaD and cmA genes. 

2. Use of available niaD fragment to dlsrupt the niaD gene, i.e. to generate niaD 

mutants, which can be selected and stably maintained on chlorate. 

3. Perform gel mobility shift experiments on the niiA-niaD intergenic regulatory 

region using reporter gene constructs to determine if any adltional regulatory elements 

can be identified. 

4. Conduct polyA' rnRNA analysis to determine splicing pattern of the niiA gene 

and its regulation. 

5. Determine if the DNA unrelated to the niaD cluster found in the same library 

clone (PYA 1-2) contains a novel functional protease gene. 



APPENDIX 



Section I 

Preliminary work completed in attempting the isolation of the cytochrome P450 

lanosterol 14-a demethylase gene from AspetgiUus firmigatus. 

INTRODUCTION 

The cytochrome P-450s are a group of ubiquitous, heme-containing enzymes whlch 

catalyze the oxidation of many diverse endogenous as well as xenobiotic substrates. The 

classification of these enzymes as cytochrome P450 is based on-their absorbance spectrum. 

When they are complexed with carbon monoxide (Fe(m-CO complex) (Guengerich, 199 I),  

these enzymes show a characteristic absorption maximum near 450nm. The mono- 

oxygenases require both molecular oxygen and reducing equivalents from NADPH 

cyiochrome P450 reductase to carry out their catalytic functions(Guengerich, 199 1). Most 

eukaryotic cytochrome P450 enzymes are localized in endoplasmic reticulum (ER) 

membrane although mitochondria1 cytochrome P450 enzymes have also been i d e n ~ e d  and 

are primarily involved in steroid biotransformation in the adrenal gland (Porter and Coon, 

1991). 

Cytochrome P-450 enzymes constitute a gene superfamily which is widely 

distributed among hgher and lower eukaryotes and to a limited extent to prokaryotes 

(Porter and Coon, 1991). In the mammalian P-450 system, multiple P-450s are encoded 

with a gene family whlch may contain pore than 100 genes (Nebert and Gonzolez, 

1987). Some of these enzymes exhibit wide substrate specificities while other P-450s 

exhlbit strict selectivity for their intrinsic substrates (Guengerich, 199 1). The marnrnahan 
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P-450 system has been the most extensively studied and has been shown to be involved 

in the biosynthesis of such compounds as cholesterol, steroid hormones, and 

prostaglandins as well as in the biotransformation of lipophilic xenobiotics such as drugs, 

pesticides, and other chemical carcinogens (Kalb et al., 1986). In contrast to the higher 

eukaryotic P450 system, cytochrome P450 enzymes in lower eukaryotes such as fungi are 

not well understood but biochemical evidence suggests that a wide range of P450 

enzymes exists (Yoshda and Aoyama, 1991). 

Only a few cytochrome P450 proteins have been isolated from fun@ . The most 

extensively studied and characterized fungal enzyme is the lanosterol 14-01 demethylase 

( 14DM) from the yeast Saccharomyces cerevisiae (Kalb et al., 1987, Aoyarna and 

Youshlda, 1978, Turi and Loper, 1992). This cytochrome P-450 catalyzes the 

demethylation of lanosterol whlch is the first step in the biosynthesis of cholesterol or 

ergosterol in mammalian and fungal cells, respectively (Guengerich, 199 1, Porter and 

Coon, 199 1, Yoshlda and Aoyama, 199 1, Aoyama et al., 1984). The oxidative removal a 

of the methyl group has been verified by reconstitution stuaes with purified 14DM in 

both systems (Yoshida and Aoyama, 199 1, Trzaskos et al., 1986). The structural gene for 
- 

the 14DM has been cloned and sequenced from S. cerevisiae (Kalb et al., 1987), Candzda 

tropicalis (Chen et al., 1988), and Candida albicans (Kirsch et a1.,'1988). Sequences 

from these three yeast species share a significant homology (> 60% identity) at the amino 

acid level (Ersch 2t al., 1988) 

The 14DM protein is of particular interest to both pharmaceuticd and agmchemical 

industries because 14DM has been shown to be the specific target of azole antifungal 



. 

agents such as irnidazole (Van .den Bossche ei al., 1980, Van-den Boskhe er al.; 1988). A 
I 1 I 

number of azole antifungal agents are now being used bcith in clinical medicinelto trea 4 

mycosis and in agriculture for crop protection from phytopathogenic funp (Porter h d  

Coon, 1991). The hnpstatic action of azole is thought to be the result' of a complex ., 
- " 

a 7 

multi-mechanistic process arising from changes in meinbrane sterol cor&osition brought 
8 - 

f * 

about by the inhbition of P45O 14DM (Guengerich, 1991: Pbrtef ;ind C*mo, 1991). 
* 

Studies investigating the interaction of 14DM from S. cprevishe with azoles (1midaz6le , 

and itraconozole) have indicated that azoles inhibit the h u t i o n  of 1 4 ~ ~  by bindmg to 
e 

P-450 14DM (Yoshida .and Aoyama, 1977, Yoshida and Aoyama, 1984, Van den 

Bossche et al., 1980, Van den Bossche, 1988, Aoyama et al., 1983). The leitreated 

fungi accumulate 14a sterols whch then drsrupt membrane strucnrre and function in 

adltion to membrane integrity (Porter and Coon, 199 1). Azoles may also affect the level 
\ 

of sparking ergosterol which is thought to have a regulatory fyction in mitotic division 
3 

(Guengerich, 199 1). F,or example, fluconazole-treated Canduzh albicons has been shown 
L 

to develop large multinucleated cells. 

The potency of azoles against P450 14DM has been evaluated by measuring the 

incorporation of '4~-acetic or "c-mevalonic acids into the 14a-methyl* sterols of 
L 

azole treated c;lls and lysates (Guengerich. 1991, Porter and Coon. 199 1). Both structure 

and lipophilicity are important in determining the potency of azoles against P-450 14DM. 

The P a 5 0  14DM has a dscrete active site whch is capable of bindmg ligands that mimic 

the lanosterol substrates (Guengerich, 199 1, Porter and ~ & n ,  199 1). Experiments by 

Yosiuda and Aoyama (1987) have shoum that ketoconazole is able to induce marked 

spectral changes (Type II) of the P-45,0 14DM purified from S. cerevisiae micrcrsomes. 
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Ketoconazole has also been shown to inhibit the 14a demethylation of lanosterol in a 

reconstituted system consisting of 14DM and NADPH-cytachrorne P-450 reductase 
' 

(Yoshda and Aoyama, 1978). t 

Stuhes on the 14DM of fungi other than S. cerevisiae have shown that the Bzoles 

have a similar bindmg and inlubitory effects. Using microsomal fractions of C. hlbicans, 

a"50% decrease in  the absorption spectrum at 448 'nm (absorbance maximum , .  for yeast 

cytochrorne P-450-carbon monoxide complex) was reported at 3.1 x loe8 M-ketofonazole 
6 ,  a 

(Van den Bossche et al. ,  1980). In exponentially growing C. albicanr; a 50% inhibition 

of ergosterol synthesis was achieved at 4 x 10"~-ketoconazole after 1 h of contact (Van 

den Bossche et a / . ,  1980). Similarly, mhibition of ergosterol synthesis in exponentially 

growing ~ s ~ e r ~ i l l u s ~ ~ ~ a t u s  was observed at 5.8 x M-ketoconazole (Van den 

Bossche et al., 1988). A ketoconazole coicenuation of 6 x 10'~ M, added to microsomal 

fractions of A. fumigam, resulted in a 50% decrease in absorbance at 45 1 nm 

(absorbance maximum of fungal cytochrome P450-carbon monoxide complex; Marichal, 
/- 

1989). These concentrations are approximately 10 times lowerkgn those required to 

inlubit mammalian cyiochrome P-450 enzymes (Van den Bossche et al., 1990) 

The increased occurrence of life-threatening, invasive fungal mfections especially 

among individuals undergoing chemotherapy or with AIDS (Marichal, 1989) has 

stimulated research on the development of new antifungal agents. The filarhentous 

fungus, A. jiurzigatur is one of the major causes of life threatening invasive fungal 

infections in irnmunocomprgmised patients (Holden et al., 1994). To date, no work has 

been reported on the molecular cloning and characterization of the structural gene 



corresponding to the cytochrome P-450 lanosterol 14a demethylast from this medmlly- 

important filamentous fungus. The initial purpose of this work was to clone and 

characterize the lanosterol 14a demethylase from A. fimigatus. The cloning of the 14Dh.1 

gene would have provided the fust cytochrome P-450 gene sequence from A. fumigatus 

to be characterized at the molecular level. The characterization of the A. fumigatus 14DM 

gene and its product would have been useful in examining structure-function 

relationshps among 14DM genes in lugher and lower eukaryotes. It might have 

contributed to our understanding of control of fungal lsease by providing structural 

information to aid in the design of more effective mole an-gal agents. 

The work presented in this section drd not result in the isolation of the 14DM 

gene. But, 1 i led to the recovery of a 1.5 kb EcoRI cDNA fragment correspondirig to the 

A. fumigarus nitrite reductase gene (niiA). 250-300 nucleotides from each end of the 

cDNA cloqe were used to search DNA and protein data banks. The CDNA sequence 

showed extensive homology with A. nidulans and Neurospora crassa nitrite reductase 

DNA sequence, 73% identity in 237 bp overlap and 61.7% identity in 248 bp overlap 

respectively. The deduced amino acid sequence showed 80% identity with a 75 amino 

acid overlap with the A. nidulans nitrite reductase protein sequence. 



MATERIALS AND METHODS 

Fungal strain 

The ~ s ~ e r ~ i l l u s f u m i ~ a t u s  ( 13073) and Saccharomyces cerevisiae 

(D273 10B) were obtained from ATCC. For isolation of DNA, the strains were grown 

on MYPD medium (as described above; p. 23). * 

Genornic DNA isolation 

a =  

Isolation of DNA from A. jiunigatur mycelia was carried out using standard 

phenol-chloroform methods (Sambrook er al., 1989). For m d u m  scale DNA extraction, 

mycelia were collected by filtration and were immersed in liquid nitrogen. The frozen 
, > 

mycelia were ground to a powder using a mortar and pestle. DNA extraction buffer (1 

d l 0 0  mg) (50 pH 7 .5 ,50  mM EDTA, 3% SDS, 1% 2-mercaptoethanol) 

was added to the fro er and the mixture gently shaken as it thawed. The mixture 

was then incubated at 65" C for 1 hr. An equal volume of phenolchloroform was then 

added, and the mixture shaken and centrifuged at 14000 rpm for 20 min. Thegaqueous 

phase was extracted three more times with phenolchloroform and twice with 

chloroform-isoamyl alcohol. The DNA was precipitated in an equal volume of 

isopropanol by centrifugation at 14000 rpm at 4" C. The pellet was resuspended in 500 

ml sterile ddH20, and 10 pl of RNAase (10mg/rnl) was added to the DNA whlch was 

then incubated at 37" C for 1 hr. DNA was subsequently precipitated by addmg 2.5 



volume of 95% ethanol and 0.1 volumes of 3 M sodium acetate pH 5.2, and centrifuged 

at 4" C for 20 min. The pellet w& washed with 70% ethanol and air dried. The dned 

pellet was rehuspendedrin 10 mM Tris-HCL pH 7.5. 1 rnM EDTA (TE). DNA from 

Saccharomyces cerevisiae was isolated using the same procedures. 

Oligonucleotides 

Two 18-mer oligonucleotides separated by 550 bp of sequence were designed 

from S. cerevisiae lanosterol 14a demethylase (14DM) gene sequence (Kalb er al., 

1987). The position of the two Oligos with ~ ; ~ e c t  to 14DM gene coding sequence was 

959-9 17 for oligo 1 and 1487- 1509 for oligo 2. The primers were synthesized on an 

oligonucleotide synthesizer (Applied Biosysterns) in the Institute of Molecular Biology 

and Biochemistry, Simon Fraser Univeisity. Primers 1 and 2 were used to amplify a 0.5 

kb PCR fragment whch contained the conserved heme-binlng region (HR-2) of the S. 

cerevisiae 14DM gene. 

PCR 

PCR reactions were carried out as described in p. 28. 

Preparation of DNA fragments for oligolabeling 

See page 25 



Southern blotting 

(see p. 25/26) 

Hybridization. 

The S. cerevisiae '*P-labeled probe was hybrichzed at low stringency to A. 

fumigarus genomic DNA overnight at 42' C in a solution containing SxSSC, 5% 

Denhardt' s, and 0.5% SDS (Sarnbrook, 1989). The filter was washed with successive 

solutions of 3xSSC, 2xSSC, IxSSC, and OSxSSC containing 0.1% SDS at 42' C. 

Hybridization of homologous probes to DNA was carried out at hlgh stringency as 

described by Sarnbrook et al. 1989 (see p. 26). 

Subcloning 

Screening an AspergiUus fwnigatus (CHUV 192-88) hEMBL3 genomic Library. 

The A. fwnigatus (CHUV 192-88) E M B L 3  genomic library was screened with 

the 0.5 kb PCR fragment containing the conserved heme-binding region (HR-2) of the S. 

cerevisiae 14DM gene under low stringency conditions (as described above). 

Approximately twenty thousand phagewere screened using standard methods as 

described in Sambrook er al. (1 989). Three rounds of screening were carried out. 



Screening an A. fumigahcs hZAP cDNA Library. 

An A. fumigatus hZAP library hndly provided by Dr. M. Monod was screened 

with the 0.7kb EcoRVSalI A. fwnigatus genornic fragment derived from the genomic 

library clone hYA4. Three rounds of screening were carried out under hlgh stringency 

conditions (as described in p. 26). The plasmid from one apparently hybrilzing hZAP 

phage isolate was excised accordmg to the standard protocol (Stratagene), producing a 

plasrnid (pBluescriptG9) which contained a 1.5 kb EcoRI cDNA insert. 



RESULTS 

a) Southern analysis of A. fumigatus genomic DNA using a PCR fragment from the 

S. cerevisiae 14DM gene 

I t  was important to establish that the A. fumigurus genome contains the gene of 

interest and that it  can be detected by using a heterologous probe. A 0.5 kb PCR 

fragment containing the conserved heme-binding region (HR-2) (Figure 26A) of. S. 

c,ereili.sicru 14DM gene (Kalb et al., 1987) was used as a probe in the analysis of genomic 

DNA isolated from A. fumigcrtus at low stringency conditions (see Materials and . 

Methods). The "P-labeled PCR fragment (probe) hybridized to a 1.8-2 kb 

fragment (Figure 27); suggested that the putative A. funlig~~rus lanosterol 

demethylase gene was present as a single copy. 

MboI genomic 

l4a - 

A 

b) Screening an A. fumigatus EMBL3 genomic library with the yeast 14DM probe 

The 0.5 kb yeast 14DM probe was subsequently used to screen an A. fumigutus 

( C H U V  192-88) kEMBL 3 genomic library to determine if a genomic fragment 

containing the A. firnligntus 14DM gene could be recovered. Only 1120,000 phage 

screened resulted in the recovery of a genomic clone containing a 15-20 kb EcoRI 

genomic fragment (kYA4). 



Figure 26. Schematic diagram showing the regon of S. cerevisiae lanosterol 14-01 

demethylase (14DM) gene used as a probe. Arrows indicate the position of the two 

oligonucleotides used to amplib a PCR product of approximately 550 bp. The HR2 is the 

conserved heme-binding regon in 14DM genes. The 0.5 kb PCR product was labeled 

with "P and used for both Southern analysis of genornic DNA and screening of the 

6 genomic library of A. jiunig her. 





Figure 27. Southern analysis of A. fumigarus wildtype genornic DNA with the yeast 

14DM probe: 

(a) Ethidmm bromide stained gel containing both partial and complete MboI digests of 

A. fmigotuc genornic DNA (lanes 2 and 3 respectively). Lane 1 cont&s a positive 

control (the plasrnid pVKl containing the entire yeast 14DM gene sequence) M =  1 kb 

marker. 

(b) A Southern analysis of A. fumigahcs genomic DNA with the 14DM probe. The 

" probe detected a 1.8 to 2 kb (lane 3) MboI genornic fragment @om A. fiunigatzu (ATCC 

13073) but no signal was detected in lane 2. % 







C) PTobing a genomic clone fr&m the phage DNA library with the yeast probe 

An EcoRI digest of hYA4 DNA was hybridized to the 14DM probe. A 7 kb 

EcoRI geaomic fragment was detected (Figure 28). Thls A. jiunigatus 7 kb EcoRI 

fragment was then subcloned into the vector pBluescript@ to produce pYAO1. 

d) Restriction and Southern analysis of the A. fumigatzu 7 kb EeoRI ghomie 

fragment (pYAO1) 

Ln order to narrow down the size of the genornic fragment of interest, the 7 kb 

EcoRl genornic fragment was subjected to Southern analysis after further digestion with 

restriction enzymes. A blot containing the 7 kb EcoRI DNA fragment chgested with 

Sau3A, PstI, SdI, and XhoVHindIII was hybridzed to the 0.5 kb yeast probe. As shown 

in Figure 29, the probe detected two Sau3A genomic fragments of 0.3 and 0;4 kb (lane 1). 

one 1.7 kb PstI fragment (lane 2), one 0.7 kb PstUSalI (lane 3), and a 5-6 kb XhoI/HindIII 9 

genomic fragment (lane 4), and uncut 7 kb EcoRI genornic fragment is shown in lane 5. 

Figure 30 shows a restriction map of the 7 kb EcoRI genomic fragment in pYAO1. Based 

on the results obtained from the Southern analysis of the 7 kb EcoRI genomic fragment, it 

was apparent that the region detected by the yeast probe is contained w t h n  the 1.7 kb 

PstI genomic fragment (Figure 30). 



e) Subcloning of the A. fwnigufus 1.7 kb PstVEcoRI genomic fragment derived from 

The A:fumigatus 1.7 kb PstI/EcoRI genomic fragment detected by the yeast probe 
.. 9 

(Figure 30) was subcloned into the vector p luescript@ to produce' pYA04 (Figure 3 1 a ). B - .  
The pYAM was dges&d with EcoRI/SalI and a 0.7 kb EcoRYSalI genomic fragment 

was isolated and subclboed into pBluescripto to produce pYAO5 (Figure 31b). T ~ H  0.7 

kb EcoRVSalI genomic fragment is the same fragment that was detected by the yeast 

probe in lane 3 of figure 29b. 

f) Partial sequence analysis of the A. j2rnigdu.v 1.7 kb PstUEcoRI fragment 

Both ends of the 1.7 kb PstI/EcoRI genomic fragment (in pYA04) were 
'\ 

sequenced using the reverse and forward primers (Figure 3 1 a), and the genomic 

sequences" obtained from both ends (Figure 32a and b) were used to search the databanks. 

In addition, the forward primer was used to sequence one end of pYAO5, whch 

corresponds to the middle of pYA04. These genomic sequences from the ends and the 

rniddle of the A. fumigatw 1.7 kb PstI/EcoRI genomic fragment did ~ o t  match sequences 

of known lanosterol 14a-demethy1,ase gene sequences (or p y  other known proteins of 
, 'C 

the data banks) (Figure 32a, b, and c). Hence, it is unhkely that the 1.7 kb PstYEcoRI 

genomic fragment cloned in this study contained any sequence correspondrng to the A. 

jiunigatus lanosterol 14a demethylase gene. 

i 



g) Screening &A. fumigcrtrrs h W c D N A  library witb the 0.7 kb EcoRVSall A. 

funugatus genomic fragment 

The 0.7 kb EcoWSalI genomic insert in pYAO5 was used as a probe to screen an 
i 

A. fumigatus (CHUV 192-88) Z A P  cDNA library (gift from Dr. M. Monod) to . 

determine if a cDNA (s) could be isolated. Twenty thousand phage were screened 

under high stringency condrtions, resulting in the recovery of one cDNA clone (pYA06) 

which contained a 1.5 kb EcoRI insert. Various restriction chgests of this 1.5 kb EcoRI 

cDNA fragment identified a single EcoRV site (Figure 34). Sequencing from both ends 

produced sequences ( of Figures 33a and c) which were used to search the protein 

database using the BLAST Network Service. The sequences from the 1.5 kb cDNA 

clone show@ extensive homology to the nitrite reductase gene (niiA) from A. nrdulans 

al., 1990; Figures 34b and d). The deduced amino acid sequence of b e  A. 

fwnigatus c d NA sequence matches amino acids of the COOK half of the NIIA protein 

sequence of A. n i d u h  (Johnstone et al., 1990). The extensive sequence homology 

observed indicated that the 1.5 kb cDNA clone recovered contains sequences . 
corresponding to the A. fumzgatus nitrite reductase gene (nia).  Figure 34 shows the 

position of the putative translated sequence obtained from the A. fwnigatus cDNA clone 

with respect to the amino acid sequence of the A. nidulans nitrite reductase (NIIA) 

. 
protein sequence. 



Figure 28. Southern analysis of A. fwnigatus genomic clone(kYA4) using the yeast probe: 
.i 

(a) Photograph of an agarose gel showing an EcoRI dgest of A. jiunigatus (ATCC 13073) 

genomic clone (hYA4) containing a 15-20 kb EcoRI genomic insert (lane 2). Lane 1 contains a 
I 

negative control and M = 1 kb marker. .- 

. 
, - 

(b) Southern analysis of an EcoRl digest of 1YA4. ~hejeasr  14DM probe detected a 7 kb 

EcoRI genomic fragment (lane 3) as inlcated by the arrow. 







Figure 29. Southern analysis of A. jiunigatus 7 kb EcoRI genomic fragment using the 

yeast probe: 

(a) Ehdium bromide stained gel of the 7 kb EcoRI A. fumigam genomic fragment 

(derived from kYA4) dgested with a number of restriction enzymes. Lane 1 = Sau3Al ' 

hgest, lane 2 = PstI hgest, lane 3 = PsWSalI digest, lane 4 = XhoVHmdm dgest, and 

lane 5 = uncut 8 kb Ec0R.I fragment, M = 1 kb marker. 

(b) Southern analysis of the A. fwnigatus 7 kb EcoRI genomic fragment (in pYAO1). The 

yeast 14 DM probe detected the following signals: 0.6 and 0.7 kb Sau3Al fragments 

(lane l) ,  a 1.7 kb PstJ/EcoRI fragment (lane 2), a 0.7- 0.8 kb SalI fragment (lane 3). a 6-7 

kb XhoUHmdIII fragment (lane 4), and uncut 7 kb EcoRI genomic fragment (lane 5). 







4 Figure 30. A restriction map of the A. fwnigarus 7 kb EcoFU genomic fragment in 

pYAOI . The black bar shown below the map represents the 1.7 kb PstI/EcoRI fragment 

detected by the 14DM probe in figure 29b. E = EcoRI, P = P$l, and S = SalI. Numbers 

indicate fragment sizes in kb. 





Figure 3 1 .  (a) Plasmid pYA04 produced by subcloning the 1.7 kb PstIEcoRI genomic 

fragment derived from the 7 kb EcoRI fragment in pYAO1. Arrows indcate the ends 

sequenced using the forward (F) and reverse (R) primers. (b) Plasmid pYAO5 produced 

by subcloning of a 0.7 kb SalYEcoRI genomic fragment derived from pYA04. F = 

forward and R = reverse. 





Figure 32. Nucleotide sequences obtained from the 1.7 kb PslYEcoRI genomic fragment 

of A. fumigatus: 

(a) Sequence of 399 bp obtained from pYA04 using the reverse primer. 

(b) Nucleotide sequence of 420 bp obtained f r o ~ p Y A M  using the forward primer. (c) 
., . *Y - -.- -- 

Nucleotide sequence of 479 bp obtained from pYAM using the reverse primer. 

Nucleotide sequences a c  were used to search the protein database using Blastx (BLAST 

Network Service) but no sipficant matches were found. 



AGAATAACGA ACGC'M'TTTACTATACAAGTCTTCGTTAATCAAACTGA 60 
G C T T C A T C A G A T G A C C G A G G G G C T T C A G A A G T A T T G A C  120 
G C G A A A C C A C C G T A C T G G T G T G C T G G G G G C A T G C C C A T A N  1 8 0 
GGANGGGCANGGCGGTAAGGGCTGCCANCGGGGCCGGAGTTGTTCTGAGAWGACCCCAG 240 
C T G A G A C G C A C A C G G G A A T ' M ' N C C G A T G G G G T A T C C C C T G C  300 
TCCCCCCGCGTTGGCGCCTGAACGAACTn;AAACGAAAACCGCCACCCTTTCCCAGAAGG 360 
ATTCTTTGAACTTTAGTTTATCTCCCCCNAATCCCCTTG 3 9 9 

A A T T C C C G G G T G A A C G A G C C G T ? " r " r C G G G A T A A A A A G A T C G X C C A G  60 
XGAGGTAXTAATGCCGACGCGACTTTTCTGCCACTTCTGCGCCATCGCACTGATAGAA 120 
ATCATTTTCGTGTTTTTCGCTAATACTAATTACTATGTTCCCAGATAGCATTAACGCGAT 180 
XCCATCTTTACGACTGTCGGAGTTTAGTCAACAWTCI"MY:CAAAACTTTGACTCTTTC 240 
CA?U4ACCAGCACCCGTCAGCCGACGCECTGCTGCTGCTGCCCCAGGCGCTCCGGCAACT 300 
GCGGATACCACCATGACCGGGCAGACTGACCCTACCACTGGCTCTTTCCAAGGTCC%CC 360 
CCCCGGCGAGCCCTCAACTGCTCCCTGTTTGCTCCAGCAAGGCAATGAAAGCWCA 420 



Figure 33. cDNA sequence analysis obtained from the A. fumigatus 1.5 kb EcoRI cDNA 

clone: 

(a) cDNA sequence 1 (252 bp) obtained from the A. jiunigam (Af) 1.5 kb EcoRI cDNA 

clone using the forward primer, was used to search the protein database using the Blastx. 

", 

(b) Sequence I shares very extensive homology (80% identity and 90% similarity over 

7 5 amino acids) with the A. n~dulans (An) nitrite rductase NIIA protein sequence. 

(c) cDNA sequence I1 (373 bp) obtained from the A. fwnigam 1.5 kb EcoRi cDNA 

clone using the reverse primer was also used to search the protein database. 

(d) Sequence II shares very extensive homology (82% identity and 90% similarity over 

52 amino acids) with the A. niciulans nitrite reductase NIlA protein sequence. 



Af 188 QRNGTFSWPRVPGG 232 
QRNGTFSWPRVPGG 

An 639 QRNGTFSVVPRVPGG 653 

AACGGATCTGGTGCTTCCCCTTTCCTCACCTTCCATTTCTCCGTTCCCAAAACGGAATCT 60 
AG'M'CCTCAACGGGAGGCAGCTTCATATACACCCAGCCGTCGTCGCGTTCCTCAACCGGG J20 
AAGGTCGCAATGTTCATGCTCTCGTCATTCGTGCAACGCCCTGCCTGCTCACCGTTGAGC 180 
TCGAAGTTGTCGAAGTTGCGTTTGTGGTAAGGGCAGGAGACCCAATATTTACCCGCATCG 240 
TCATCGCCAATCAAGCCATCAGATAGCACGAAGGCGCGTTTGTGCGGGCACAXTGTTGT 300 
GTGGCGTAGTACTTGCCCTTGACCTTGAAGA~CAATTGAGTATCCCCGCGCTTGATG 360 
TTGGCCGAGGAGA 373 

A f 1 57 CTNDESMNIATFPVEERDDGWVYMKLPPVEELDSVLGTEKPDPF 2 
C NDE+MNIATFPVEER+DGW+YMKLPPVEELDSVLGTEKWKV+KGEA DPF 

An 10 18 C Q N D E A M N I A T 9 F P V E E R E D G W I Y M K L P P V E E L D S V L G T E K P F  10 6 9 

A f 312 RKGKYATQQMCPHKRAFVLSDGLIGDDDAGKWSCPYHKRNFELNGEQAG 160 
+KGKYATQQMCPHKR FVLSDGLIGDDD GKYWVSCPYHKRNFELNGEQAG 

An 966 KGKYYATQQMCPHKRTFVLSDGLIGDDDNGKYWVSCPYHKRNFELNGEQAG 1016 

Af 373" HPQISANIKRGDTQLAIFKVKGK 305 
SANIKRGDTQLAIFKVKGK 

An 946 PAISSANIKRGDTQLAIFKVKGK 968 



Figure 34. Partial restriction analysis of the A. fwnigatza 1.5 kb EcoRI niiA cDNA clone: 

(a) Restriction map of A. fwnigatus niiA cDNA clone; the ends sequenced are also 

shown. 

(b) Position of the A. fumigutus deduced amino acid sequences (I and II) with respect to 

the A. nidulans nitrite reductase ( N U )  protein sequence of 1 104 amino acids. Numbers 

correspond to amino acid positions of the A. nidulans NIIA sequence. 



578 652 968 1065 

< 1- -104 
A. nduhns NIR sequence 



DISCUSSION 

Detection of a signal on a Southern blot - 

Southern analysis of A. fumiga2u.v genomic DNA using the yeast 14DM gene 

fragment led to the detection of a 1.8 kb Mbol genomic frag&ent which was expected to 

correspond to the A. fwnigatus lanosterol 14a -demethylase gene. Accordmg to thls result 

the A. fimigatus lanosterol l4a-demethylase gene is probably present in a single copy in - 

the genome as is the case found in S. cerevisiae (Kalb et al., 19871, Candida tropicalis 

. (Chen et al., 1987). and Candrdo albicansp(Kirsch et al., ,1988). Therefore, the 

hybridization (at 42' C in a solution containing SxSSC, 5% Denhardt's, and 0.5% SDS) 

and washlng (at 42' C with salt concentrations of 3xSSC. 2xSSC, IxSSC, and 0 . 5 ~  SSC 

in a solution containing 0.1 % SDS ) conditions developed in this study were stringent 

enough to give a very clear signal on a &outhem These hybridization con&tions can 

now be used as a starting point in future studies i ing analysis of genomic DNA of 

filamentous fungi using yeast S. cerevisiae DNA as a probe or vice versa. 

kYA04 does not contain any sequences corresponding to the A. fumigutus 14DM 

5 I 
The genomic sequences obtained from the ends of the 1.7 kb PstUEcoRI of the 

genomic fragment in pYA04, and from one end of the 0.7 kb EcoWSalI in pYAO5 

(derived from pYA04) did not match any of the known 14DM gene sequences in the 

databanks and I d  not show any sigmficant homologies with any other known protein 

- - - 4 
sequences. The results therefore demonstrate that the 1.7 kb PstYEcoRI genomic 

151 



fragment djd not contain any sequences corresponding to the A. frcanigatus 14DM gene. 

To understand 'why this genomic clone was selected, the sequence results were 

further analyzed by comparing the genomic sequence obtained from the 0.7 kb PstYSalI 

to the yeast probe sequence, and a region of 13 bp identity was observed over a stretch of 

15 bp; the sequence stretch w i t h  the probe sequence Was TT'GATGGAGCAAAAG and 

the sequence stretch w i t h  the A. fwiganrr genomic sequence was 

TI'GCTGGAGCAAACAG. The question is, could this 15 bp sequence have been 

sufficient to account for the hybridization of the yeast 14DM probe to the 0.7 kb 
D 

EcoRYSalI in pYAO5. The use of end labeled oligonucleotides as probes is not an 

uncommon practice, and hence it is possible that a 32~-labeled fragment containing the 15 

bp sequence (TT'GATGGAGCAAAAG) could have been produced during the random- 

oligolabeling of the 0.5 kb template corresponding to the yeast 14DM gene. The "P- 

labeled 15 bp in turn could have formed a stable base-paired complex with a target 
d 

genome. In addition, the low stringency conditions used to screen the genomic library 

with the yeast 14DM probe probably contributed to the stability of binding of the probe 
a# 

to genomic DNA. 

Alternatively, the hybridization of the yeast 14DM probe to the A.fumigatus 

genomic clone could have been due to non-specific hybridnation. Screening a genomic 

_ library can be troublesome especially if a heterologous probe is being used and the 

screening is carried out under non-stringent hybridization and washing conditions. One 

reason that non-specific binding can occur is that genomic filters often contain large 

amounts of phage DNA as well as some debris contributed by phage coat components 

and top agar. Therefore, the probe can non-specifically bind to phage DNA and remain 
152 



after washmg the filter. This would eventually lead to a false signal ~ h o * ~  on the 
*, 

autoradiograph which in turn, leads to the selection of a false positive cloie. 

Recently, the P4H)I,$D~ gene Was cloned i d  characterized from the fdarnentous 
. 

fungal plant pathogen Penicillwn italicurn using the yeast Cadi& tropicalis 14DM gene 

as a probe (Van Nistelrooy et al., 1996). It should be noted that using the S. cerevisiae 

14DM gene as a heterologous probe did not detect any signals under low stringency 

conditions on a Southern blot containing P. italicum genomic DNA (Van Nistelrooy et 

al., 1996). 

The P. italicum P45014DM (CYPSI) gene is the first 14DM gene to be cloned from 

filamentous fun@. Filamentous fungi P45014DM uses eburicol as a substrate instead of 

lanosterol whch is the substrate for the yeast 14DM genes (Van den Bossche et aL.1988, 

Koller, 1992). Ahgnrnent of the P. italicurn CYPSl amino acid sequence with the 14DM 

amino acid sequences from S. cerevisiae, C. tropicals, and C. albicans showed 45.896, 

47% and 47.2 % amino acid sequence identity (Van Nistelrooy et al., 1996). Since the P. 

italicwn P45014DM gene sequence is avaliable, it would be worthwhile to use it as a 

probe for Southern analysis and genomic library screening of A. fwnigatus DNA. The C. 

rropicals may also be used as a heterologous probe for analysis of genomic DNA from A. 

jiunigatus to determine if similar results can be obtained as found in the studies involving 
1 

P. italicum DNA (Van Nistelrooy et al., 1996). 



Recovery of 1.5 kb EcoRI cDNA fragment corresponding to the'A. firmigatus 

nitrite reductase gene 

The A. fumigatus 0.7 kb EcoRYSalI genomic fragment in pYAO5 was used as a 

probe to screen an A. fwnigatus kZAP cDNA library under high stringency hybridization 

and washng conltions. The screen resulted in the recovery of a 1.5 kb EcoRI cDNA 
I I 

fragment. The ends of the 1.5 kb cDNA clone were sequenced, and the sequences 

obtained were found to show extensive homology to the nitrite reductase (niiA) gene 

sequence from A. nidulans (Johnstone et al., 1990). Thus, this cDNA clone corresponded 

to the A. fimigatus nitrite reductase gene (niiA). The cDNA clone obtained in this study 

did not contain the entire 3' translated @d of the niiA gene. 

It should be noted that there was a problem with the cDNA library; and the 

plaques used in the first round of screening did not look very healthy. The simplest 
- 

explanation is that the hybridization of the 0. 7 kb A. fumigatus probe to the phage clone 

was non-specific and that the cDNA clone selected was a false positive clone. 

Nonetheless, the recovery of the cDNA clone comspondmg to the A. jiunigatus nitrite 

reductase presented an excellent opportunity to investigate the A. fwnigam nitrate 

assimilation gene cluster at the molecular level. 



Section I1 ' 

Summary of some methods used in this study 

Frotop& preparations for pulsed field gel analysis and transformation 

The method of Debets and Bos (1986) was used to isolate protoplasts from A. 
C 

fwnigatus. A. fumigatus (ATTC 13073) coniha were collected and 5 x lo8 conima were 

inoculated in 50 ml medium in a silanized 125 @ Erlenmeyer flask. The cultures were 

maintained overnight on a shaker at 37' C and agitated at 150 rpm. The next day the 

mycelia were collected on Miracloth@ filters on a sterile Buchner funnel and were 

washed with 10 ml of NCC buffer (0.8 M NaCl and 50 mM CaC12). o grams of 3. 
slightly wet mycelia were transferred to a sterile 125 ml flask and 20 ml of Novo-buffer 

(5 mg/rnl of Novozyme in NCC buffer[0.8 M NaCl and 50 mM CaC12) were added. The 

'---' 
flask containing the mycelia and Novo-buffer was incubated at 30' C with gentle shaking 

at 100 rpm for approximately 2.5 hrs. To release the protoplasts, clumps of mycelia were 

broken by vigorous pipetting using a 10 ml sterile pipette after 1 and 2 hrs of incubation. 

Protoplast development was monitored microscopically. When the production of 

protoplasts was complete as evident by collapsed and broken hyphal fragments the 

suspension was filtered over a funnel containing a very thin layer of sterile glass wool. 

Subsequently, the protoplasts were pelleted at 2000 rpm for 10 minutes and resuspended 

in 5 ml of STC buffer (1.2 M Sorbitol, 10 rnM Tris, 50 rnM CaC12). ). After two washes 

with thls buffer, the protoplasts were spun down and were resuspended in 1 ml of STC 

buffer . 



Protoplasting and Transformation procedures for gene disruption 

Mycelial protoplasts of A. fwnigafzu wild type were obtained using the protocol of 

Debets and Bos (1986; see Appendix II). For genetic transformation the method of 
B 

Osmani et al. (1989) was used. Protoplasts (200 pl) were mixed with 5 pg of plasmid 

DNA and 50 pl of 30% PEG (8000) in a microcentrifuge tube and were kept on ice for 

20 minutes. Then 1 ml of 30% PEG solution was added to the microcentrifuge 
@ 

containing the protoplasts. The suspension was mixed by tipping and tapping, and was 

held at room temperature for approximately 20 minutes. Specified amounts (50, 100, and 

500 pl) of the protoplast transformation mixture were added to 4-5 rnl of selective 

overlays and were poured onto selective plates contained 250 pg Iml hygromycin B (in 1 

M sucrose: minimal medium with NH4' as nitrogen source). The plates were incubated 

at 30 O C for 7- 14 days to permit hyg-resistant transformants to form conidiating colonies. 

As a negative control untransformed protoplasts were plated onto the same selective 

1 

meda. Serial dilutions of untransformed protoplasts were also plated onto the same 

medium without hygromycin to estimate numbers of viable protoplasts and 
J 

transformation frequency 

Fungal DNA extraction 

DNA extraction was done using the method of May et al. (1985; updated 1992). Two loops 

of A. fumigarus conidia (from complete or supplemented minimal m d a  plates) were 

inoculated in 100 ml of liquid minimal h a  (Cove, 1967) containing either nitrate (test 

MM) or ammonium (control) as the sole N-source. Cells were grown for 3 days with 



shalung (200 rpm) at 28OC. Cells wqre gown overnight in 50 ml YAG inoculated with 

lo6 coniddml and incubated at 37" C overnight with agitation at 200 rpm. The next day 

the mycelia were filtered on sterile MiraclothO using Buchner funnel, and 0.2 g of wet 

I 
mycelia were frozen using liquid nitrogen and were ground to a fine powder using a 

mortar and pestle. One ml of a solution containing 10 rnM Tris-HC1, 100 rnM EDTA, 2% 

Sarkosyl, pH 8.0 was added to the ground mycelia in a microcentrifuge tubes. The tubes 

were mixed weil and were incubated at 65' C for 30 minutes. Then the solution was split 

into 2 portions (2 fresh tubes) and was extracted with one volume of phenol (TE saturated 

phenol, pH 8.0). The aqueous layer was collected into fresh microcentrifuge tubes, and 5 

pl of a solution containing RNAase A (10 mglrnl) and 50 rnM Sodium acetate, pH 4.5 

were added and the tubes were incubated at 37OC for 30 minutes. Then the aqueous layer 

was further extracted once with phenol, twice with phenol: chloroform (1: 1), and twice , 
t 

with chloroform: isoamyl alcohol (1: 24). The aqueous layer was transferred to fresh 

tubes, and 0.5 ml of a solution containing 20 % PEG 8000 and 2.5 M NaCl was added 

and the tubes were incubated on ice for 2-3 hrs. The tubes were centrifuged at 14000 rpm 

for 10 minutes, and let obtained was resuspended in 200 pl TE and 20 pl of 3 M 

Sodium acetate were) added. Contents of tubes were combined and two volumes of ice 

cold 95% ethanol were added, and the tubes were centrifuged for 5 minutes at 14OOb 

I - 
a 

The pellet recovered was washed once with 70% ethanol and the pellet was air dned. The 

dried pellet was resuspended in100 pl sterile TE or H20. The DNA was stored at -20 O C 

until required. Tfre amount of DNA obtained was about 100 pgl0.2 g wet mycelia. 
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