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ABSTRACT 
) 

Mutants of.Neurospora crassa with the ~ pheno~ype were tested for 

mitomycin C ~nd L-h1stid1ne sensitivities.. It was' fOU~d that the sev~ral 

'mutants with wide spect.ra of sen~ti\lities to mutagens ( uvs-3, uvs-6, 
"" ~ ~ '" " 

nuh-4, and nms(04) ), one indication of a Rec phenotype as found for: 

rec mutants of ~. coli, were.sensitive to ~itomycin C and histidine, However, 
( f ~ • , 

excision-repair deficient mutants which have narrower spectra of sensit-. ~ 

ivities to mutagens ( uvs-2 and upr-l ) were not s'ensitive to these agents. 
~ 

The expressed and total single-strand deoxyribonuclease ( ss-DNase ) 

after act.ivation w1th tryps1n ) acttvities in extracts of wild-type and 

mutants log-phase mycelia were determined. The expressed ss-ONase activities 

of two of the Rec-l ike mutants were 33% ( in uv~'-3 ) to 60% ( in nuh-4 ) of 

that i'n wild-type. The"total ss-DNase activity of these mutants, however,. 
, 

were the same as wild-type. , The expressed double-strand activity was very 

low in both the wild-type and Reè-like mutants. No differences in total 

ds-ONase activities were observed. J 

Ov~r 90% of the expressed ss-DNase in extracts of the wild-type. was 

found to be assQciated with three nuc'leases which were isolated by chromato-' 

graphy in turn on DEAE-Sepharose and on Phosphocellulose. All three ,nucleases 
, , 

showed relat1vel,Y high activities with ds-ONA as well as with RNA . .Two r 

of these nucleases ( Dl and 03' ) had,properties very s~milar to Neurospora 

endo-exonuclease. an enzyme isolated previously from mycel,ia. Aged' Dl pre· " ,.' 
parations. however, had properties very sinillar to 02, an enzyme very, 

simflar to the Neurospora mitochondr1al nuclease. A conversion of Dl to 

D2 in vitro was shown to occur as Dl aged. The molecular we1ghtsof Dl, 

02. 03' as determ1ned fram surcose density gradient centrifugation were 
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180000, 75000, and'75000 daltons respectively. Two of the Rec~like mutant, 
\ 

uvs-3 and nuh-4. which have been examined, were found ta b'e d~f1cient 

mainly 1n the endo-exonuclease whl1e a nuclease deficient but n'ot'Rec-. 
l1ke mutant, nuh-3. was found to be deficient fn mftochondrfal nuclease . 

Evidente for the existence of ds-DNase inhibitor(s)'1s presented, wh1ch 

accounts, at least in part. for the maskfng of ds-DNa$e actfvftfes in 
, . 

crude extracts. When ex tracts we,re treated wi th trypsin. t~e ds-ONase 
; 

a'ct1 vit y was found ta be 4-fold higher than that of the ss-DNase activit.Yi 

and in an aged Dl plus DZ fraction ( 1so1ated from OEAE-dtl1ulose chromato-

graphie column yielded a prote1n fraction in the pass~through wh1ch 
r 

1 

1 

1 
s,pecifically inhibitc the ds-D~ase activity of ~~ucleases from the same 

column. 
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RESUME 

d
l 1 • 

L'action e la mttolllYcine C et de l'histidine a ete mesurer sur des 
1 1 

mutants de Neurospora crassa ayant 1 e phenotype Nuh. Nous avons trotJve 

que plusieurs mutant~ ( uvs-3, uvs-6. nuh-4 et nms(04) ) sensibles à un 

large spectre de mutagènes, le phénotype associé à la sensibi1it: à un 
.. '" l ' large spectre de mutagene~ peut etre du type Rec tel qui observe chez le 

-...... ~ 

~me mutant de E. coli t l'étaient également à la mitornycin C et à l'histidine., 
1 . 

Par contre, Jes mutants uvs-2 ~t upr-l def1cients au niveau de la reparatfon . 
dans excision et ayant un spectre de sensibilité aux mutagenes plus 

'1 • ,. 

restreint 'par ces deux agents. ne sont pas affectes. 

Nous avons déterminé les activités intrinsèques ,et totale ( apres .. , ~ 

activation a la trypsine) d'extraits de mycel1um en phase logarithmique 

C'hez des types soit mutants soit original. L'acU..Jité inJfrfnsèque de la 

nucléase de la 5s-DNase de deux mutants de type Rec est ditnfnuée de 33% 

( chez uvs-3 ) à 60% ( chez nuh-4 ) par rapport au type original. Par 

contre. l'activité totale de cette enzyme chez ces mutants est .comparable 
... .. . 
a celle du type orfQfna1. Chez ces mutants. l'activite 1ntr1nseque de 

la ds-ONase est faible quoiqu'à un niveau sen1blable au type oriq1nal. 
" .. 

La ds-DNase totale reste 1nchangee ':dans l es mutants. 

Plus de 90% de la ss-ONase intrinsèque d'extraits du type original 

est associbe à trois nucléases isolées par chromatographie sucçessive-
7 

ment sur DEAE-Sepharose et phosphocel1ulose. Toutes les trois nucleases 

sont relativement très actives,avec le ds-DNA ou le RNA. Deux' de cas 

nucleases ( Dl et 03' ,) ont des propriétés très !Semblables à l 'endo-
1 .. , 1 

exonuclease se' de Neurospora. enzyllle déJa Isolee de mycelia. D'autre 
~ ~ ~ , 

part. de v1et 11e$ préprat10ns de nucléases Dl' ressemlent a la 02 
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(nouv~l1ment preparté ) et so~t presque simflai res " la nucléase mitoch-" ' 
1 

ondriale. Nous croyons qu'-il y a transrormation de Dl en 02 avec le 

temps. A l'aide de la centri~ugation sur gradient de sucrose, en 
- \ 

~lfsant l'hémoglobine bovine comme marqueur, ~ous avons t~ouvé des , 

poid~ moléculaires de 180000, 75000 et 75000 daltons respectivement, 

pour Dl t 02 et 03'.' Deux des mutants de type Rec examfnes soien~ H~ r 
et nuh-4, sont déficients SUl"tout en endo-exonuclease alorsque le nuh-J. 

, , , ~ 

un mutant defferent du type ~, est a la fois de.ficient en nuclease et 

en l'enzyme oriqinant des mftochondrèes. 

l Nous avons demoutre l'existence d'un ou d'lnhibiteur{s)qde la ds­

ONase que serait ( ent ) responsables du masquage de la ds-DNase dans 

des ructraits non purifi ès. Nous trouvons 4 foi s P 1 u~ d~ ds-DNase que 

de ss-ONase par un ~~ra1tement à la trypsine. et dans une vieille 

',frilct~on de Dl et 02 ( isolée pars chromatographie sur OEAE-Sepharose. 
'1( " .. -

un repassage sur colonne de DEAE-cellulose revel,e dans le vo'lume dl 

exclusion une fraction qui inhibe spéc1:fi.quement 1 'activité ds-DNase 

J~es nucléases obtenues de la m~me séparation. 
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1.1 Introduction 

1.1.1 Oeoxyribonucleases in Genlral • 

Oeoxyribonucleases (DNases) are involved in JTJany important cellular 

processes. They participate in the repair of damaged DNA. initiation and 

"proof reading" in ONA synthesis, genetic recambination, packaging of 

viral genames. restriction of viral DNA, and many more functions. As a 

result of these various functions, mutations which affect these enzymes 
, ' 

yield cells highly susceptible to a variety of environmenta1 factors. 

These muta t i ons are' often l etha 1 to the ce 11 s despite the presence of other 

unaffected nuc1eases in the,same cel1s. 

DNases have been generally dividéd into 2 classes based on their 

modes of action: (i) exonuc1eases, which requi~es a 3" or 51 unphosphory.lated 

or phOS phory1ated terminus' and proceed unidirectionally ei'ther from 31 

t~ 51 -or 51 to 31 by consecutively releasing mononucleotides from the po1y-

, nucleotide chain. ( Most exonuc1eases, w;th the exceptions of exonuclease 

VII of Escherichia coli (14). Bacillus subtilis_ exonuclease ( 15 ), 

and recBC nuclease of LccoJi ~6, 1r), do not have the abili00 

excise ONA from both d;~~'Îions ); (ii) endonucleas.es., which /0 not 'require 

a terminus and split interna1 phosphodiester linkages of the polynucleotides 

releasing oligonuc1eotides and, in sorne cases. mononucleotides as well 

(The Staphylococal nutlease ( 18 ) and the Neurospora crassa endonuc1ease 

( 3 ) are two endonucleases which release bath oligo-and mononucleotides ). 

However, nucleases which possess both endonuclease and exonucleasi activities 

do exist. This type of nuclease is represented by.the RecBC nuclease of 1 __ __ 

E. coli ( 19, 20 ) and Neurospora cra~;sa endo-exonuc1ease ( 10, 7 ). 
, 

Nucleases ca~ a1so be classified acc~rding to their sugar specificity. 

They may be specifie ribon~cleases (RNases) which attack only RNA or 

, .' 

, 

... --

1 
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specifie deoxyribonucleases DNases) which attack only DNA or,they 

may be suqar non specifie, capable of attacking bot~~DNA and RNA. In 
,. 

the latter case, the term "nuclease" 1s applied. (.This classification ean 
-

be further subdivided aèeording to their preference for ordered or non-

ordered structur~s. Thus, they may be single-strand (ss) specifie or '~ 
double-strand ( ds ) specifie nucleases or they may lack strand speC;f~Y. 
For example, Neurospora endo-exoriuc1ease, one of the enzymes of major 

concern in this thesis, has been shown ( 10 ) to be a nuelease ( acting 
~ 

on both DNA and RNA) with two distinèt activities associated with a 

single polypeptide, a sugar non~speeific single-strand specifie endonuclease 

activity and an exonuclease aetivity with ONA on1y which is not strand 

specifie ( aeting on ss~DNA and ds-DNA but not on ss-RNA). The nomen­

clature for such enzymes is still a mattèr for discussion ( 91 ). 

1.1.2 Invo1vement of ~uelêases in DNA repair process 

Cellular repair of damage to macromolecules is known on1y for'ONA. 

In no other instance is the integrity of a single molecule 50 vital to 

the survival of the cel1. It is not surprising that the living cell has 

evolved processes for restoring the integrity of DNA and removing lesions 

introdu~ed into it by environmental physical and chemical agents, and 

nucleases are an integral part in this âevice. 

The excision-repair pathway for·removal of pyrimidine dimers from 
.. 

• DNA has been widely studied, especial1y. in E. coli. It 1s the principal 

dark-repair mechanism for removal of dimers fromone of the DNA strands and 

subsequent replacement w1th correc~y base-paired nucleotides. The first 

step iln excision-repair is incision, a single endonucleolytic break 

( or "nid" ) at or near the lesion, usuallyon the S' side of the dimer 
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( 22). In E. coli, this process is carried out'by correndonuc1ease II 
... 

( 23 )., This enzyrœ is specifie for UV-ïrradiated DNA in vitro, and 

produees a single-strand break with a 3'-OH terminus 5' ta the pyrimidine 
tJ , 

dimer,' An idenFcal enzyme has a1so found~in :1icroeoceus luteus ( 24 ,. 

In E. coli, mutants in the two genes, uvrA and uvrB, resu1t in the 10ss 

of correndonuclease II activity. These two genes have béen identified 

as the structural gene for correndonuclease II ( 23): T4-endonuclease 

, V, which is induced wh en T4 infects E. coli, is another UV-damage-specific 

endonuclease ( 25, 26. 29). Like correndonuclease II. it nieks at the 

5' side of the lesion producing 3'-hydroxyl and 5'-phosphoryl termini. 

Cel1s (group A) of patients wi~h the rare human ~netic disease, 

Xero~erma Pigmentosum, which is char~cterized by extreme sen$itivity to 

sun-l ight, have been shown to be deficient in the incl,sion step of excision 
• >11:"''' 

repair ( 27). The XP célls in culture, when treated with T4-endonutlease, 
" 

" 

follo~ng permeabilization by treatment with Sendai virus, show a marked 

increase i.n repair repli cati on ( 28 ). 

The 3'-OH, S'-P niek which is generated by correndonuclease II is 

used by DNA polymerase 1 to start nick translation and to excise the' 

pyrimidine aimer. The undamaged strand is used as template with the 3'­

OH end of the nicked strand as primer for the nick translation nucleotide 

polymerizing step. Th~ excision of the dimer in the 51 -terminated strand , .. 
( other side of the nick ) ls accomplished by action of the 5'+3 1 exonuclease 

of the DNA polymerase l, or, alternatively by the action of another enzyme, 

exonuclease VII ( 30). In vitro, exonuclease, VII produces oligonucleotides 

progressively from either the 3'- or the S'-termini ( 31 ) i.e. it.is an 

éndo-exonuclease. The n'tek re~in1ng after DNA polymerase)1 action 1s -

sea led by polynucleotide, ligue. 

-
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Exc1sion-repair mechan~~s a~~o function in repairing damage in DNA 

caused by alkylating agents. In 'this case, the excision is of a base 

rather th an of nucleotides (dimers ). The modified bases are removed 

by the action of various specifie DNA-glycosylases. with the consequent 

formation of apurinic or apyrimjdinic sites ( 32). These apurinic or 
\ 

apyrimidinic sites are recognized and cleaved either by endonucleaseJI-

exonuclease III ( 33, ~4 ), coded by the Xth gene, or byendonuclease . 

IV ( 83 ) which has no associated exonuclease activity. An enzyme like 

endonuclease VI-exonucJease III is a1so found in Hemophilus' influenzae , 

( 35). The gaps resulting from the action of this type of enzyme is 

fil1ed and sealed by the consecutive actions of DNA polymerase 1 and 

, polynucleotide li gase as desc.~i bed. above. 

DNA molecules that have been damaged in both strands even in the same 

region can be repai,red, after replication, 'through recombination with 

homologous mo1ecules. The two post-replication DNA helices have been 

found ta contain long gaps opposite pyrimidine dimers ( 1000-2000 

nucleotides long ) which are substrates from the recombination enzymes. 

DNA in which double-strand breaks have been induced by X-rays or DNA with 
! 

, chemically induced inter-strand cross-l inks al 50 appear to be substrates 

for the recombination process. The Rec-genes in E. coli control this 

type of repa i r. In general, Rec·.mutants are sensitive to a wide 
t' 

spectrum of mutagenic agents, unlike the narrow spectrum'of mutagens ta 

. which excision-repair mutants are sensitive ( 36). Exonuclease V of 

E. coli. the product of the RecB and RecC genes ( 37 ) is be1ieved to 

acêount for 95-99% of the recombination in that organism. It catalyzes 

three classes of reactions : ATP-dependent exonucleolytic degradation of 
-17' ,j ,. 

single- and double-str~hded DHA; ATP-stimulated endonucleolytic digestion 
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of single-stranded DNA ( including close~ circular ss-DNA ); and DNA~ 

depend~nt hydrolysis of ATP t6 form ADP + Pi ( 17 ,). The involvement of 

_ this enzyme in genetic recombination and DNA ,repair has been implied by, 
-

a 10ss of the enzyme activity in RecBC mutants with a concomitant decrease 
" -- , 

in recombinat1on frequency and fncreases in mut~enic agent sensitivity 

(38). The ATPase requires the presence of a po1ydeoxyribonucleotide, 

. but it need not be coupled to DNA hydrolysis. " The reaction proceeds 

with the nondegradable polymers such as RNA~DNA hybrid molecules and duplex 

DNA with inter-strand cross-links ( 19, 40). In the digestion of duplex 

""DNA" the action of exonuclease V 1s processive; the 'enzymé is able to 

act both 3' to 5' and 5' ta 3'. Dur; ng the degradat'; on, the enz'yme 

binds to the termin; of bath strands of a DNA "duplex end and begins ta 

unwind the DNA by tracking down one strand while remaining bound to the 

terminus of the other. After tracking'several hundred nucleotides the 
, . 

long piece of ss-DNA 1s cleaved and released, "leaving a duplex molecule , 
w'i th a long s5-tail. The enzyme can then sWith, strand.s and degrade 

the ss-tail. Thiis leaves a shortened duplex molecule. Ninder ( 41 ) 

suggested that ATP hydroTysis is required for DNA unwinding and perhaps 

for' the tracking mechanism. During repair, t~e enzyme might initiate its 

action at a preformed gap or large distortion. It could remove or 

unwind a larger sing1e-stranded piece of DNA, and the resulting large 

gap or Gnwound s1ngle-stranded DNA "tail" c'ould then initiate a recom­

bination event lstrand-switching between DNA duplexes). The single-stranded 
" 

DNA which generated by the action of exonuclease V 1s protected by the 

RecA gene product'protein X ( 43). In presence of ~otein X, a DN~­

binding protetn, s1ngle-stranded ONA 15 resistant to both endo- and 

exonucle~lytic acttvitives of exonuclease V ( 42)'. S1m1lar enzymes, 
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l1ke exonuclease v, have been found in Diplococcus pneumoniae ( 44 ), 

Haemophilus influenzae ( 45 ), and Bacillus subtilis ( 46 ), but 'have 
, 4"J 

not been detected in eukaryotes. 

A minor'recomb1nation pathway indep~ndent of the pa~hway of recomb1n­

ation involving the RecB and RecC genes pathway has been purposed by Hor1i 
, , 

and Clark ( 80). This minor pathway is called the RecF pathway'after the 

RecF gene, and also 1nvolves the sbcB gene, its product of which ;s exonuclease 

1 ( 84). THis enzyme degrades single-stranded DNA from 31 -OH termini 

( 85). In RecB- RecC- strains 1t is the inactivation of exonuclease 1 

( Exo 1 ) by sbcB mutations which leads to recombination ability, while th 

presence of functional Exo I results in recombjpation deficiency. The 

independence of the RecBC pathway and the RecF pathway was shown from the 

fact that RecF mutations did not block recombination by the RecBC pathway, 

which occurred i~".Y:ecB+ recC+ sbcB+ ( or. sbcB-) 's!rains. bût they did block \ 

recombination by the RecF pathway in a recB- recC- sbcB- strain. --,' -- -- --
IIS0S" repair 1s another dark-repair process which has been shown to be 

responsible for mutagenesis in E. coli ,( 86 ). It requires functiohal recA 

and lexA genes. The recA ~ene product, protein X ( 43 ), 15 induced in SOS 

repair,' The lexA gene prod~~t 1s believed ta be a repressor of the recA 

gene. Sedgwick et al ( 87 ) pürposed that the lexA gene produet, together 
, --

with the recA gene product, forms a 9Dmplex. This complex of recA-lexA - , 
1 

protein is the funetional repressor for the recA gene. Gudas and Par-der 

( 47 ) suggested that a produet of DNA degradation by exonuelease V may be 
\1 

an'activator of protein X, which wh en Il aetivated ll
, it destroys the lexA 

produet thus de-repressing reeA. The destruction of lexA protein may oeçur 
,-- - r, 

l 

because of the proteolytic aet1v1ty of protein X ( 70 ) sinee 1t has been 

shown ta hydrolyze the )\ repressor prote1n. The absence of aetivator will 

.. 
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prevent prote;n X from exhibiting protease activ;ty and the lexA protein 

~ill remain intact. Thus, recA is self-regulated. The view that DNA degrad­

ation is involved in the prote;n X induction has been cha11enged by Hanawalt 
, . 

( ~8). He has shown that intrace11ular degradation of unmodified phage 

ONA by restriction is not sufficient ta induce'protein X. A simple DNA 

degradation is unable to induce protein X. Boyce et al ( 69 ) a1so showed 

that ultraviolet induction of prote;n X is. independent of the recS mutation. 

Thus, a more complex system rather than DNA degradation 1s invo1ved in 

protein X induction. But.in spite of the finding by Hanaw~lt ( 48 ), Boyce 

et al. ( 69 ) showed that a phage "gene controlling À-exonuclease can 
\ 

restore the missing function for the induction of protein X in.recS- mutants, 

which is evidence for that ONA degradation is required to derepress the 

recA gene. A model ( 49 ) has been proposed in which a11 of the SOS functions 

are derepressed by a common mechanism namely by proteolytic cleavage of 

the repressor(s) controlling the "SOS" operon(s). ONA degradation, an . 

initial consequence of DNA damage or of a stalled replication fork. may 
o 

provide a primary danger signal which is amplified through the action of 

the recA protein ( protein X ) resulting in the expression of the "SOS" fùnct­

ions, among these functions may be the inhibition of the 3~51 exonuclease 

of ONA polymerases 1 or 1 II, the so-called "proof-reading" functions. If 

this activity could be suppressed then the long gaps opposite pyrimidine 

dimers could be filled because now t~e DNA polymerase could replicate 

olier the dimers in template strands ( inserting Itrandom" nucleotides ). 

Thus, although mutagenic, this repair would enhance cell surviva1. 
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1.1.3 Neurospora nuc1eases 

\ 
\ 

\ 

\ 

.. ---~_._,,- --- -
( 

, . 
A single-strand specifie endonuc1ease acting on~ONA and RNA was ~ 

f~rst isolated and purified from N. crassa conidia, and then from '~", 
stat,ionary phase starved mycelia, by'Linn and Lehman ( 1, 3, 5). HIis " 

",enzyme has sorne preference for guanine-containing sequences and degrades 

the substrates to 5'-mononucleotides and sma1l oligonucleotides terminated' 
1 

in 5'-phosphoryl groups. The enzyme has a high activity against ss-ONA, 

but on1y s11ghtly activity with ( native) ds-ONA. Using T7 ONA as 

substrates, the activity toward ss-DNA was found to be approximately 

1000-fold of that toward ds-DNA. However, the contaminating ds-ONase 

activity can be selectively inactivated by reducing agents, such as 

2"mercaptoethanol and reduced glutathione. Optimum conditions for :S\ 
DNA hydrolysis occurred between pH 7.5 to pH 8.5, in presence of'lO 

mM MgC1 2 and at salt concentrations between '0.1, and 0.2M. The enz~e h d ". 

a lower activity at lower salt concentrations, and had a strong temperat~re 
dependence. It was active over the range 20°C to CO°C .. A concentrati~n 

l '\ 

oT 7 x 10-6M or nigher of ethylenediamine tetracetate ( EDTA ) inhibited 

95% of the ss-ONase activity. This inhibition was not rev~rsed by 

MgC1 2, but a stoichiometric amounts of cobal~ous 10n (Co++) overcome 

the inhibition. The ss-DNase activity was maximum when 5 x 10-5M Co++ 

in pr~senc~ -~r' 5 x 10-4M Co++ Jnabsence of Mg++ ~ 1). The endonoc1ease 

was founctto have a molecu1ar weight of 55,000 daltons by sedimen,tation 

ve10city centrifugation in sucrose density gradients ( 5 ). ~abin et al., 

( 12 ) found that 2 x 10-4M ATP inhibited the endonuc1ease activity by 
++ . 

50% in the presence of 10 mM Mg in a non-competitive fashion. OJher 
, \ 

nucleoside triphosphates were not effective at this concentration, but 

1nhib1ted slightly at higher concentrations. 
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linn and lehman isolated another endonuclease from N. trassa 

mi tochondr,i a ( 50 ). The enzyme had RNase act'i vi ty as wells 5S- and 

ds-DNase activities in a ratio of about 1:1 ( Sl ). The enz was 

not sensitive to mercaptoethanol, a~d optimum pH was between 6 to 7.5. 

It was strongly inhibited by EDTA, and had an absolute réquireme t for 

d . 1 t 1 . h M ++ M ++ ++ f b . h' b . d C ++ lVa ent me a ,10ns, suc as 9 , n , Co , ut was ln 1 1 te y a . 

Two fOnTIS of mitochondria endonuclease have been identified ( 51 ) ~\ 
J \ 

one membrane-bound, which is released by treatment with Triton X-100; 
\ 

the other was found in the soluble fraction. The two forms were \ 
\ 

recovered in approximately equal amounts. The molecular weight of both 

forms wa5 sorne 120,OOO~daltons as determined by sucrose density gradient 

centrifugation ~ 51 ). 

An exanuclease specifie for single-stranded nuc1eie acids ( DNA 

and RNA) has been purif~ed fram Neurospora crassa conidia ( 52 ). 

The enzyme had a molecular we;ght of 72,000 and consisted of a single 
\ 

( po~ypePtide chain. It degraded ss-DNA and RNA mainly to 5 1 -mono­

nucleotides but oligonucleotides were also detected in the digests. 

No detectable acid-soluble material was released from either double· 

strand DNA or native ( ds ) reovirus RNA. The direction of exonucleolytic 

attack as determined with a .hepta.deoxyrib nucleotides as substrate was . 
5'+3'. The purifiedj'exonucleas~ containe sorne 5s-specifie endonucleolytie 

., 1 

activity as indicated by its ability to d stroy rapidly the infectivity 

of single-stra'nded circular q,X174 DNA, bu only very slowly convert 
, 

superhe11cal S13 repl1cative form 1 DNA t the replicative form IlONA. 

The exonuclease was opti~lly active w1th enatured ( S5 ) DNA at pH 
2+ ++ 3.5 in the presence of 0.01 M Hg • Howev r, in absence of Mg 

-
the pattern of degradation of RNA was endon leolyt1ç in character ( 52 ). 

-
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The activity was unaffected by ~-8 mM mercaptoethanol and by 1 mM p­

hydroxymercuribenzoate. but increases in salt concentration above 

0.1 inhibited the activity. ATP concentrations of 0.2-0.4 mM had 

no affect on the activity. This ss~specific exonuc1ease has not been 

\ detected in myce11a despite attempts to do so ( 9 ). This enzyme ~y 
\ 
'. 

b~\periplasmic since large amounts of activity were released from 
\\ 

conÙl.~ a comp 1 y by freezing and thawing ( 8, 9 ). \ 

;'hree different single-strand specifie intracel1ular nuclease ' 

activities were isolated by chromatography on phosphocellulose and " 

hydroxyapatite fro~ Neurospora crassa conidia ( 9 ).\ Two of these 

had the same chromatographie and enzymoloqical properties as the ss­

specifie endonuclease ( r. 3, 5 ) anM ss-specific exonuclease ( 52) '\ 

r~spectively. The third activity appeared to be a mixture or possibly a \ 
\ 

complex of ss-specific endonuclease and exonuclease activities. The 

two components of the mixture were resolved by polyacrylamide gel 

electrophoresis. Although the exonuc1ease companent of the mixture 

was sensitive ta heat inactivation like the purified ss-exonuclease 
. , 

(complete inactivati'on occurred" after 10 ta 15 minutes treatment at 

5BoC ), its chromatographie properties were unchanged by the heat 

treatment. The activity which remained after heat treatment'was 

endonucleolytic in eharacter like that of ss-endanuclease. Sonicates . ,. 

of mYéelia subjected to the same purification procedures yielded two 

chromatographie fractiqns of ss-endonuclease. one corresponding ta the 

ss-endonuclease and the other to the mixture. Howeve!~>no exonucleolytic 
. ./' 

activity vas detected in the mixture. 1.1 was corrtlu ed that tw.o foms of 

ss-endonuclease existed in log phase ~celfa of Heu 5 Dra crassa 

( 9 ). 
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An endonuc1ease which was stable to heating up ta 74°C and on1y 

weakly bound to phosphocellulose, was partially purified from extrpcts 

of log phase mycelia of wild-ty~e Neurosporalcrassa ( 10 ) us~ng ss­

ONA as substrate. The endonuclease was associatèd with an equa11y 

heat-stable,doub1e-strand specifie exonuc1ease. The exonuc1eolytic 

~cti vi ty acted O'l, l inear but not ci rcu1 ar daub le.stranded" [)NA an~d not 
, ~ 

attack double strand RNA. Both endonuclease and exonuelease activitie5 

were inhibited by.O.l to 0.5 mM ATP. The ds-exonuclease activity of' 

this enzyme was inhibfte'd preferentially by a variety of agents and it 
<:>, -

was also preferentially ·,inactivated by proteilses present in partially . . 
purified enzyme preparations ( endogenous proteases ). This inactivation 

was partial1y prevented by the presence of a serine protease inhibitor, b 

p~ynnethane5ulfonyl fluoride (PMSF) an~ by the presence of bovine servm 

albumin at 2 mg/ml concentration. Although the endonucleolytic activity 

was not affected by similar treatment, the çhromatographic properties 
" , 

of the enzyme were altered. The residuai endonuclease activitiy after 
, . . 

these treatments was identical in properdes ~o the 5s-specifie endonucleas~, 
, '. 

which had been previously described ( 1, 3, 5 ): .. Thus, the ss-strand . . 
endonuclease whieh linn and Lehman ( 1, 3, 5 ) harl described appears 

to ~e an end-product of pro~eSSing by proteases, a ~lYtic a~tifact 
of extraction and purification which arose t:rom this new

o 
form of 

endonuc1ease with associated ds-exonuclease aetivity ( 10), i.e. 
a 0 

, " , 
endo-exonuclease. This endoexonuclease was also found 'ta be associatl~d 

w1t~ a ONA"unwinding acttvity wMch was sensitive to trypsin ( 10 ). It 

was suggested that the.~ombined endonuclease ,and ~onuclease activities 

of this enzyme mi~ht constftute a recombinatio,n nuc1ease ('10 ) because 

o 
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of the slmilarities of the activities of the two nue1ease aetivities to 

.É. coli e)onuc1~ase V ( 16, .17). Neither enzyme acts on cova1en_t1y 

cl?seq circular ds-DNAs a~ low ènzyme concentration and both have an 

AlP-binding site. 
.' 

The Neurospora endo-exonuc1ease deseribed above was found t~ be a 

single' polypeptide, probably 53,000 dalton in mo1eeu1ar weight a5 . . 
determined' from SDS-po1yaerylam~èle gel eleetrophoresi.s ( 7). In erude 

extracts of mid-log wl1d-type myeelia. on1y 25% of total endoexonuclease' 
. 

. 'exists in the active statè. The remainder. appr~ximate1y 75% of total, 
, . 

was found to exist in an inactive form which was activated in vitro 

either byendogenous PMSF-sensitivè protease(s) or byexo'genàus trypsin. 

The inactive form of endo-exonuc1ease has been purified up to S9.:.fold in 
, 

.15% yield free of the -active enzyme (-6, 7 ). This inactive endo-exo-

nuc1ease was less acidic and a 1arger protein than the active nuc1ease 
\ ~ 

( see be'low). The inactive form a1so strong1y bound to the hydrophobie 

matrJces, octy1- pnd phenyl-5epharose, which suggests that the prote;n 

may have a relatively large hydrophobie domain ( 7, -6). The mo1ecular 

weight which determined by SDS-.electrophoresis 15 approximately 90,000 

daltons. It was suggested ( 6, 7 ) that this large .po1ypeptide might 

be anl\;flaetive precursor form of the endo",exonuclease. This is consistent 
: 1 . B / 

with the enzyme being secreted into the culture medium ( see be10w ). 

Three major alkaline ~e~xyribonuclease (DNase) activities ~ave 

been identified, in sorbose-containing liquid culture medium in which 0 

wi 1 d- typ~ ·Neurospora cras sa were groWJl' ( 11 ) . One of the nue 1 ea se, 

DNase C,had propert~es very similar to those of the endo-exonucle~se 

( 7, 6,)' Of the other two S~d nucle~ses, ONase A was found to 

be a ca+~-dependent endonuclease which had no specificity for ss- or' 
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" ++ ds-DNA and no activ1'ty, with RNA, while DNase B was fpund. to be a Mg -

dependent ss-exonuclease active with both ss-DNA and RNA. The DNase 

B was thus very simi1ar to the ss-exonuclease purified earlier from 

Neurospara Crassa conidia ( 52 '). The native molecular weight of 77 ,000 

determined for DNase B is close to the polypeptid~ mo1e~ular weight Off' 

72,000 determined for the ss-exonuclease. -

An orthophosphate repres~ible extracellular'nuc1easeN3 which was 

able to degrade both RNA and DNA was described by Ishikawa,et al. ( 13 ). 

Two genes, nuc-l and nue-2, were found to regulate this nuelease and other 
~ --------
orthophosphate-repressible enzymes. N3 was found to, be a complex 

consisting of nuclease N3' and an inhibitor molecu1e. Nuclease N3, 

nuclease N3' and inhibitor were partia11y purified and estimated ta 

have theiapproximate molecular weight of 38,000, 12,500, and 25,000 

respectively ( 57 ). 

1..1.4 Repair-deficient Mutants of Neurospora crassa 

Seven' D'NA repalr deficient mutants have been iso1ated from Neurospora 

crassa and characteri zed uV\-l, uvs-2. uvs-3,,~, .1LïS.::..5. • .wLS::.6.. and 

upr-l ( 21). Two of the~e mutants, uvs-2 and upr-l, have. been shown 

to be deficient in the excision of pyrimidine dimers in vivo ( 53 ). 

Two other mutants. uvs-3 and uvs-6, resemble recombination mutants of 

E. coli in that they are sensitive to a wide spectrum of mutagens and 

have altered mitotic recombination. T~ese two mutants have been. shown 

to be sensitive to ultraviolet light ( UV), y-irradiation, nitrogen 

mustard, methylmethane sulfonate (MMS) ( 54 ), nitrosoguanidine ( NG ) 
-'" 

( 55 ), and l-H1st1d1ne ( 56 ) . 

\ 
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The two rec-like mutants. but not the, excision-deficient m~tants~ 

have the Nuh phenotype, i.e. they fail t~ ~ecrete normal 1e~els of D'FA~~,,/.""·' ,.. 

activity which is Mg++.dependent and active at pH 8.0 but not at pH .' 

6.0 ( 55). Two,other mutants with a wide spectrum of mutagen 'sensitivities 

which have the Nuh phenotype have been isolated: nuh-4 and mms ( 04 ) 
~ 

( 55). These have been mapped but otherwisè have not yet been fully 
, ( 

characterized. When grown in sorbose-containing liquid culture medium, 

the mutants were found,to be deficient, relative to the wild-type in 

the release of alkaline DNases into the medium ( 11). The uvs-3 

mutant released only small amounts of ONase A and ONase C; nuh-4 did not 
., 

release detectable DNase C and released only a very 10w level of DNase 

B; uvs-6 released on~y a low level of DNase A. A nuh mutant (nuh-3 ) 

( 55 ), which was not mutagen sensitive relative to the wild-type released 

low levels, of DNase B ( 11 ). Another mutant (nuc-2 ) ('57 ), which 

was ultraviolet light-sensitive but does not have the Nuh phenotype, 

was normal in release of these DNases ( 11 ).' 

1.1.5 Protease jnvo1vement in cellular erocesse's 

It has been known for a long time that proteases partiçipate in' the . 
intracel1ular degradation ( catabo1ism ) of proteins. Only recently, 

however, has it become clear that proteases are involved in the processing 
a 

of secretory proteins and in the regulation of other physiological 

functions. Thus. proteases hold much more interest than just ascatabolic 

enzym~s. {;~ 

Most secretory proteins are synthés;zed on ~mbrane-bound poly­

ribosomes. and pass through the membrane du~ing the translation\pro~ess~ 

Most of the secretory proteins have been fou~d to have an ~H2-tenminal 

• 
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extension of 15 to 30 amino acids that is rich in hydrophobie r~s;dues. 

Among the proteins which are processed ( 60 ) in this manner are pre-
" 

proalbumio ( 64), lysozyme precursor ( 59 ) and preproinsu1in ( 65 ). 
• , 1 

Blobe1 and Dobberstein ( 58 ) call this hydrophobie N-terminal sequence 

the "signal sequence" and postulate that its hydrophobie nature allows 

it t~ interact with a (hypothetica1 ) membrane receptor, thereby anchoring 

not on1~ itself but the polyribosomes and mRNA to the endoplasmic 

reticulum or plasma membrane. The "signai n is normal1y removed before 

---the polypeptide chain is complete1y assemb1ed, but its existence' has 

been demonstrated using cell-free protein-sy~thesizing systems lacking 
.~ . 

membranes and associated proteases. Translation of fish is1et mRNA in 

a wheat germ cell-free system in 'the presence of dog pancreas microsomal 

membranes led to the correct cleavage of the nascent prep~sulin and 

resulted in the synth~sis of authentic f;sh proinsulin ( 65 ). 

Many secretory proteases exist in inactive "precursor" states in the 

zymogen granules. These inactive precursors have higher molecular weights 

th an their corresponding active forms. Thus, secretory proteases such 

as pepsin, tryps;n, chymotrypsin and elastase are'synthesized and stored 

as inactive precursors and undergo proteolytic cleavage when' converted 

to their active forms. Although the pancreatic hormone, insulin, is 

synthesized in the preproinsulin. form, the form which stored in the 

zymogen granules ;5 proinsu1in. During secretion, proi~su~in is 

converted into insulin. Similar processing is found for serum albumin 

( 60 ), and hen' 5 egg white lysozyme '. 59 ). 

Other examp1es of proteolytic modification of enzymes are known. 

Post synthetic proteolytic transformation of human erythrocyte pyruvate 

kinase ( 61 ) and conversion of one active forro of StaphylococCàl 

- J 

\ 
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nuclease ( 62 ) ( Nuclease B ) into another active form { Nuclease A 

have been demonstrated. The conversion of Staphylococcal nuclease B 

to nuclease A was found to occur extrace~lularly and can be carried out 

in vitro with purified Straphylococeal protease ( 62). This cleavage 

also removes amine acids from the' N-terminal end of the" polypeptide as 
, n 

in the case of pl"oeessing preproinsul in ta proinsul in.'j Some enzyme 

modifications have also demonstrated in Neurospora crassa. The pyrimidine 

3 {'~ } gene product, which contain~ both pyrimidine-specifie car­

bamoyl~phosphate synthase and aspartate carbamoyltransferase, dissociated 

in vitro due to the action of endogenous PMSF-sensitive protease to an .enzyme of 
" lower molecular weight with only aspartate carbamoyltransferase activity 

, 1 • 

( 63. 66). Exopeptidases in vitro w~re unable to bring about this 

conversion. The "aromatic complex ll of Neurospora Crassa have also been 

shown by Gaertner and Cole to be modified in vitro by endogenous PMSF­

sensitive protease(s) ( 67 ). The aromatic complex is a multienzyme 

system which catalyzes five consecutive reactions in the central pathway 

leading to the biosynthesis of the aromatic amine acids. All five 

enzyme acti vities are associated with a si,ngle polypeptide chain'. During 

extraction and purification, the aromatic complexwas found to be very 

sensitive to the,action of endogenous protease(s). Although the activities 

of the mu1tienzyme system appear to remain intact, ,the polypeptide was . - ~ -. 
eventually fragmented by protease action into small polypeptides which 

could be dissociated and shown to contain different activities. It is . 
not known whether the se effects on the Neurospora enzymes are mimicked 

in vivo or have any regulatory ~ole. However, the discovery of an 

inactive precursor form endo-exonuclease of N. Crassa ( 67 ) and ,the 

fact that the active form of this enzyme 1s secreted into the culture 
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medium ( 11 ) may indiéate a role for protease(s} in, at least, the 

. secretion of this enzyme. The conversion of .precursor to active enzyme 

can be carried out in vitro either with endogenous or with exoqenous 

endopeptidases such as trypsine The action of the endo~ehous protease(s} 
,. 

is abolished by the serine protea~ inhibitor, PMSF. 

Recently, a role for protease(s) has been suggested for the 
" l 

regulati.on of "SOS" functions in DNA-rep'air in E. col i ( 68 ). The recA 

gene product, protein X, in fact, ha~ been found to possess proteo1~tic 

activity. It is able to cleave the À repressor specifica11y in vitro. 

The induction of À in À-lysogens is one of the functions activated in 

the "SOS" response, Roberts and Roberts ( 70 ) have shown that À prophage 

induction is due to a rec-A dependent proteolytic cleavage of the À 

repressor in vivo. Another function which is activated in the "SOS" 

response in associated with septum formation in cell division of E: coli 
• 

under control of the lon gene ( 89 ). It has been shown recently that , 
this gene is allelic with the deg gene which controls the proteolytic 

1 0 

degradation of missense and nonsense proteins in E. coli ( 90 ). 

1.1.6 Purpose of this Thesis 

An endoexonuc1ease with sorne properties in common with the E. coli 

recBC nuc1ease has been isolated from Neursopora crassa ( 10). Its 

discovery suggests a possible role DN~-repair and/or recombination in 

N. Crassa. An inactive precursor of this N. Crassa endohuclease has 

been identified by Kwong and Fraser ( 6, 7- 7) 
1 

This precursor can be 
'" 

converted to active endonuclease with either exogenoùs or endogenous 

protease(s) ( 6, 7). In this thesis, the major intracellu]ar calkal.fne 

nuc1eases expressed in wild-type and Rec-like mutants o~ N. Crassa 

.. 

" 
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are characterized and compared, of which endo-exonuclease is one. In 

addition, the levels of inactive precursor in wild-type and mutants 

are compared. 

The results are consistent with a role for protease(s) in the 

regul ation of -{ntracel1 ular l eve]s of these e"zymes in the wi 1 d-type 

------ ' 

~r.d repa i r-defi ci ent mutants. Evidence i 5 al 50 presented for the presence 

in ~rude fractions derived from mycelia of protease-sensitive ds-DNase 

inhibitor(s} which may expla~n the virtually completely masking of 

ds-DNase activity in mycelia. 
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2.1 Materials 

2.1.1 Chemicals 

The cul ture agar for growing Neurospora ëonidia on agar slants 

was a product of BBl Ohision of BioQuest. Neurospora minimal medium s (/ 

no. 0817-01 s used for liquid shake cultures of mycelia and bacto-agar 

were obtained from Difeo laboratories. 

Fish roe type VI DNA, trizma base, bovine serum' albumin, bovine panereatic 

chymotrypsin,L-histidfne'/salt free bovine pancreatic trypsin, L-sorbose, 

d-biotin, soybean trypsin inhibitor were obtained from Sigma Chemical 

Co. Disodium ethy1enediamine-tetraacetate. ( EDTA ), polyethylene glycol 

20,000 ( Carbowax PEG 20,000 ), dextrose, O-fructose, potassium phosphate 

monobasic, potas;;ium phosphate dibasic anhydrous, sodium chloride, 
.... . 

sodium citrate, amnonium nitrate. magnesium sulfate, calcium chloride 

dehydrate, cUrie acid monohydrate, trichloroacetic acid, uranium 

acetate, ferrous al1l11onium sulfate, manganous sulfate monohydrate, borie 

aeid, and sodium molybdate were from Fisher Seientific Company. 2incsulfate 

was from Merck and Co. Limited, cupric sulphate from The British 

Orug Houses ltd. Perehloric acid 70% from Anachemia Çhemicals Ltd. 
r 

OEAE-cell ul ose. and phosphocellulose from Whatman. DEAE-sepharose from 

Pha"'!.acia Fine Chemicals. Mitomycin C from Boehringer Mannheim. 

2.1.2 Equipment 

The control1ed environment incubator shaker for the growth of liquid 

rœdiunl cultures was from New Brunswick Scicntific Co. (ne. f)r',y t:VIH' 

bacterio1ogi_cal_~ubator ( gravit y c.onvection ) for incubation of 

agar plates was made by Blue M Electrfc Company. 152 M1crofu~e for 

\., 

---- . 
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\ 

Ce~ifUgation in nuclease assays and DU Sepectrophotometer model 

2400 f~r absorbance readings were from Beckman Instruments Inc. 
\ 

\ 

\ 
2.1.3 Neù,ospora-strains 

\ 
WT A (74-0R23-1A ), uvs-6 (AlS 35, FGSC #2244 ), uvs,:3 ( FGSC 
\' -

#1627 -) were o~~ined fram Fu~netics Stock Center ( FGSC ) and 

had been backcros\~d to wi1d~ for six to ~ight generations ~; 
Dr. Kafer. \ 

uvs-2 ( BC II Of\ Serres stain,ALS 629.3 ), uvs-4 ( ~C of De 

Serres strains ), and up~ ( BC of De Serres strains,ALS 627.9 ) 

were obtained fram Dr. Schroeder. 

nuh-l ( 19.M.2 ), nuh-3 ( FK-003, 35a.7 MF ), nuh-4 ( FK-

004, 45b.3 MF ), me;-3 ( DNP-469-14 ), and I1111s(04) ( FK 104, 931. IV. 

C.4 ) were abtained from Dr. Kafer. 

. l 
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2.2 Methods 

2.2.1 Growth of Myce1ia 

Conidia were harvested after growing on Neurospora culture agar 

slants for 5 to 7 days at room temperature. A small loop.of conidia 

was transferred into a sterile Klett tube containing 5 ml of sterile 

water. The conidial suspension was adjusted to measure 35 K1ett units 
J 

in a Klett-Summerson Photocolorimeter equipped with a blue fil ter ( # 

42, transmission range: 400-450 nm') by addition of either mpre sterile 
- . 

or 

water or more conidia as necessary. ~ A 0.5 ml al iquot of the suspension 

was innoculated into each 250 ml Erlenmeyer flask containing 100 ml 

of autoclaved Neurospora minimal medium from Oifco Laboratories ( 27.7 

gm per litre of disti11ed water). Mycelia were grown for 2.5 days 

in a Controlled Environment Incubator Shaker ( New Brunswick Scientific 

Co. In~. ) at 30°C., a shaking rate of 150 r.p.m., under constant il1-, 
~ 

umination from 15 watt fluorescent lamp placed 60 cm. above the window 

of the incubator chamber. An average yield of 2.5 gm ( wet weight ) 

per flask was obtained. Mycelia were collected on a Buchner funnel, 

~ashed several times. with distilled water, dried by-suction, eut into 
, J"') 

'small narrow'strips, and stored inmediately in a -90-°C Reveo Ultra-

low freezer until use. 

2.2.2 EnzYme Assays 

Single strand deoxyribonuclease ( ss-DNase ) and double ~trand 
deoxyribonuclease ( ds-DNase ) activ+ttes were measured by following 

t f ' , . 
the rates of release of ac1d-soluble material ( A260 ) from heat-

denatured an.d native DNA respectfvely as described by Fraser et al. 
\. 

-
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10 ). .Heat-denature DNA was prepared by heating native DNA in 

boiling water for 15 t6 20 minutes and then coo1in9 rapidly on ice. 

An appropriate amount of nuc1ease was ineubated at 37°C in 0.1 M 

Tris-Hel buffer pH 8'1' containing lO,mM MgC1 2 and 0.67 mg/ml heat­

denatured or native DjA. Aliquots of 100 ~l.were transferred ta cold 

mierofuge tubes conta1ning 100 ~1 of a Icarrier l solution ( 2 mg/ml 

native ONA solution if 0.05 M Tris-Hel buffer pH 7.5 to ensure comp­

lete precipitation oflDN~at regular time intervals. Ta each of the 

microfuge tubes, 150 t1 of co'ld l N perchloric acid ( PCA ( in the 

routine assay )) or lr% trichloroacetie acid ( TCA ) or 0.5% uranyl­

acetate ( UTCA ) in 10% TCA ( for the qualitative determination of the 

endo- or exonucleoly ie character of the nuclease ) was added immedia­

tely to precipitate he undegraded DNA. The suspensions were mixed 

thoroughly by vortexing, held on ice for appro~imately 15 minuites, 
'1 1 

and then centrifu~Zdifor 1.5 minutes in a Beckman Microfuge. Aliquots 

( 200 ~l ) of the sUlernatant were,then transferred into tubes contain­

ing 800 ~1 of distil ed water. The'absorption at 260 nm was detenmined 

with a Beckman DU Sepectrophotometer. ~he" 0 minute Il A2'60 reading 

was used as the blan~. The linear portian of the rate ~u~ve was used 

to calculate the act~vity. One unit of nuclease activity was defined 
, 1 

as the amount of enz1me which released 1.0 A260 unit of acid-soluble 

materlal ln ~o mlnu1bs under the condltlons of the assay. For single 

time " point Il assaYis, incubations were carried out ( under the same 

conditions as abovel) in microfuge tubes containing 100 ~1 ea~h of 

reactlon mixture. ~n each case, the reaction was stopped after the 

appropriate ti!J1i! by the rapid succes-sive additions of 100)Jl of DNA 

.. 
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\ -
"ca ...... ier ll solution and 150 lJ1 of 1 N PC~. After standing on ice and 

centrifuging as described above, 200 ul of the supernatant was diluted 

into 800 ~l of water and the A260 of the solution determined. 

Ribonuclease activity was assayed by the same procedure using 

Brewer' s yeast tRNA as substrate in plice of DNA except that no MgC1 2 
was added to reaction mixture. 

For measurements of total ONa~e activities.-trypsin activation 
( 

of the nuclease was carried out by incubating ~he samples with either 

100 lliJ/ml trypsin ( crude extracts ) or 10-20, )..Ig/ml trypsin ( parti a 11y 

purified fractions ) at room temperature for 30 minùtes. The r~action 
, . 

was stopped .by addition of three times the concentration of soybean 

trypsin inhibitor. After standing at room temperature for 30 minutes, 
" 

the sample were assayed for nuclease activity as above. J 

The activity before trypsin activation was taken as a measure of 
~ 

"expressed" nuclease activity, while activity after trypsin activation 

was take~ as a measure of the "total" nuclease activity ( active plus 

inactive 'nuc1ease ). The difference between these two activities was 

used as a measure of the i nacti ve endo-exonuc 1 ease precursor present 

( see Results and Discussion). The leve1 of activation by trypsin , 

was calculaJ;ed by dividing the total nuclease activity by the expressed 

nuclease activity. 

Treatment of nuclease preparations with EDTA was carried out by 

preincubating enzyme with EDTA ( 15 mM in the preincubating medium ) 

for 5 minutes at room temperature, and then di 1uting into a metal ion , 

free reaction mixture for assay of activity. The final EoTA concent­

ration in the reaction mixture 'was 5 rH. Restoration of nuclease 

activity of EDTA-treated enz:YJlM! by diva1ent metal ions was d.etermined 

by diluting into, a reaction mixture which contained either 10 nt1 MgC1 2 

Il .. 
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, 
or 1O,1TfI C,aC1

2 
( final concentration). Nuclease activity of untreated 

enzyme assayed in a meta1 ion free reaction mixture was used as the 
~ 

----

control for the above inhibi tion arfd restoration assays. This was 

compared with routine assay,to give the dependency of the nuclease 

t '"t M ++ ac lVl y on 9 

Inhibition of nuclease' aGtivity by p-hydroxymercuribenzoate ( PHMB ) 

was determined by preincubating equal volumes of saturated PHMB solutions 

-( about 1 mM ) and enzyme for 30 minutes at room temp.erature. Inhio 

bition of nuclease activity by ATP was determined by adding .ATP ( 0.5 

nt>1 final concentration) to the routine assay mixture containing an 

excess of Mg++ ( 10 mM, final Mg++ concentration ). 

2:2.3 Protein Deter~inations 
\ 1 

i' 

Protein concentra}ions were determine~ by the method of Lowry et 
" ,/ 

a-1. ( 2). Bovine serum albumin was used as a standard. For cr.ude , , i . 
extracts on1y, one vo}ume of sample was first precipitated by one volume 

,1 ~ i' 

of cold Hl% trich1ord~cetic acid ( TCA ), the precipitate was wash~d 

twice with ether and redissolved in 5 'vohmes of O~ l N KOH. as recom­

_ ~ded by Linn and Lehman ( -3). This procedure re""ved ;CA-soluble 

material' which interferred with the Lowry determination. 

~ \ ~ 

2.2.4 Estimat~on,?f Molecular Weight by Sucrose Density Gradient 
" 

. Sedimentation Coefficients were' determined according to the met.hod 

.. of Martin and AtÎ1ei~ ç-!J by c~ntri,fugation in 5 to 20% li near sucrose 
ft IPY)I 0 • 

gradientsi Sucro)e Yllutions were made up in Buffer A ( 0.02 potassium\ 

.phosphate buffer, PH' 6.5 ) and stor~d fradn until used. Gradients 
. 

( 4.8 ml ) were preforme~ with a gradient ,JÙa~er in polyal1omer tubes 
t -

, t 

-
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and used immediately. Samples containing at least 4 units of nuclease 

activity in 200 ].11 were 1ayered on top of the gradients. A Beckman 
~, 

SW-50, l rotor was used for centrifugations at 37,000 r. p.m. in a Beckman' 

L2-65B centri.fu~~ for 24 hours. Fractions of 200 jjl each were éollected 

,from the bottoms of the tubes. Bovine haernQglobin'( 520 ,W: 4.35) 

was used as a molecular weight marker ( 0.5 mg/tube). The haernoglobin 

çoncentration was determined in the gradient fractions by fol1owing 

the absorbance at 440 n'm (\40 ) of samples diluted lO-fold in dis-
Cl:;» 

ti11ed water. Nuclease activity in each fraction was determined by 
('1 

"point\! assay as described above. 

. '2.2.5 Extraction of Mycelia 

Frozenmycel ia were grouod to a 'fille powder in a mortar and pestle 

at dry-ice tempèrature. A 20% w/v suspension in ice·cold 0. 02 M po,tassium. 
, . , 

phospha te buffer t pH 6.5 ( bufffe rA) wa s son i ca ted over i ce wi th a 

, . Blackstone ( Model 552 ') sonicator ( 1 cm probe) for 6 minutes at 
o ". 

full power. The temperature of the suspe.nsion was kept below 200 e 
, 

during sonication. Sonicates~ were centrifuged for 10 minutes at 4100Xg ". . 
, . in a refrigerated RC2-B Sorvall centrifuge. The supernatant ( "crude 

extràct'~). was decanted and held in an ice-bath fo~r assays or chromato-
. 

graphy . 

2.2.6 Fractionation of Extracts 

2. 2. 6. l Chroma tography on DEAE - Sepha rose Col umn 

Extracts of 5 gm ( wet weight ) myceliél in Buffer A were chroma­

tograp~ed on 100 ml ( packed volume ), OEAEwSepharose co~umns ( which 
.'-. 

had Ileen previously equ111brated with Buffer A-) ai a flow r.ate of 
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i 

approxirnately 30.m1/hr. The folum was washed with Buffer A until the 

1\280 was below 0.05 and then 300 ml of a H!1ear 0 to Q.5 M NaCl gradient 

in bufferAwasused to elute the colupn. Fractions of 2.5 înl were 
. ... 

collected. The salt gradient was morhored with a conductivity rneter.' 

Expressed and total ss-DNase activities were assayed in each fraction 

'" for the wild-type strain but only the former activity for mutant strains. 

Fractions with nuclease activity were pooled as indicated in results 

;Jnd di a 1ysed overntght in buffer B (4 mM KPB pH 6.5 ) to remove salt. 

Fresh DEAE-Sepharose was used for the chrornatography of crude extracts 0 

each'tirne. The regenera'tion of these colurnns after such u~1e proved 

ta be inefficient. 

2.2.6.~ Chrornatography on Phospho-Cellulose Column 

Pooled and dialysed active fractions ( conductivity checked ) 

from DEAE-Sepharose were applied to 15 ml ( packed volume ) phospho­

cellulose columns, which ~ad been pre-equilibrated with Buffer B. 

The equilibrations was checked by conductivity and pH measurements, 

both of which proved necessary because of the spontaneous hydrolysis 

of phosph~te from the absorbent. The phosphocellulose columns were 

washed with Buffer B until an A280 reached base line. The columns were 

\then e1uted with 140 ml linear 4 mM to 0.3 M gradients of potassium . 
phosphate buffer, pH 6.5. Expressed ss-DNase activity was assayed in 

al1 cases and RNase activity was measured 'in sorne cases in each fraction , 

derived from the colulTI1. Fracti'ons with nuclease activity were pooled 
t - -- ,- • 

às indicated in Results and dialysed overnight against Buffer A. In 
s...,. ~ ~~ 

• ,cases where insufffcient activity was recovered in the dialyslate, i"t 

was necessary to concentrate the pooled fractions by applying pol y-
.. 

1 J 
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ethyleneglycol ( Carbowax 2000 ) to the outside of the dialysis 'bag. 

After concentration, the-fJ'action was then dialyzed against buffer A to 

remove polyethyleneglycol ( PEG ). 

2.2.6.3'Chromatography on DEAE-Cêl1ulose Columns 

Pooled fractions equilibrated with buffer B which had bee~ obtained 

from either DEAE-Sepharose or from phosphocellulose were applied to 20 ml 

o 

\ 

" ,,,", 

( packed volume) DEAE-cellu1ose co1umn, which had previously equilibrated 

wi th buffer B. After washing with buffer B unti l the A280 reached base 

line, the columns were stripped ilTll1E!diatel~ with 5 volumes of 0.13 M 

potassium buffer, pH 6.5. Fractions with nuclease ,activity were poo1ed, and 

dialyzed against buffer A overnight as in the case of phosphocellulose fractions 

above. 

2.2.i Solid Media for Growth of Neurospora crassa 

The preparation of solid media was accordinq to methodSdescribed by ----- . 
Davis and De Serres ( 92 ). Sugars were added to the medi a as the carbon, 

source. However. sorbose was found to have a metabo 1 i c effect on the 

cel1 wall in Neurospora such that the cells would grow ioto colonii;\l form. 

The addi tion .of 1 gm% sorbose thus restricted each conidia to grow Jocally 
r 

i nto a co l ony and prevented' the growth from speadi ng out o~er the plates, 

which would obscure the scoring of results. 

Other additimrf ~/ere also found to be essential to'the'growth of 
Neurospora. These were bitttin and 'il trace element solution ( for preparation 

see below ). 

Conidia, fram strains .grown for 5 to 7 days on agar slants were used' 

for innoculation of plates. $mall amounts of conidia were transferr:ed 

wi th a sterl1e steel needle from 'slants to the plates. 

2.2.7.1 Biot1n 
"-.A 

10 mg% bfotin SOlutiO\WaS prepared by dissolving 5 mg of biotin 

1 
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in 50 ml of disti11ed water. The solution was divided into 5 ml al iquots 

and stored frozen until use. 

2.-2.7.2 Trace Element Solution Î 
. - 5.00 gm of Citric ,acid ',l H20, 5.00 gm ZnS04' 7. HzO, 1.00 gm Fe(NH4)2 

'j 

5°4,6 H20 {iron in ferrous state ),0.25 gm of CuS04'5 H20, 0.05 gm 

MnS04 ·1 H20, 0.05 gm H3B03 ( anyhydrous Borie acid ), and 0.05 gm Na2 
Mo04 ·2 H20 were added in the order indicated into 90 mls of distilled 

water. After all the material was completely dissolved. the solotion 

was adjusted to 100 ml by further addition of distilled wa'ter. Chloro­

form ( Lm1 ) was then added to prevent growth of bacteria' and the 

sol ution was stored at 0-4 C. 
\ 

2.2.7.3 Vogel's Medium N 

The Vogel ' s N medium was prepared as a stock 50 times the conc­

entration require.d. The following materials were added ta 750 ml dis­

tilled water ill\ the following ~rder. 127 911) of Na3Citrate'2 H20,-250 

~m KH2P04', 100 gm 'NH4N03 , 10 gm MgS04<7 H2'Û, 5 gm CaCl(2 H20 ( pre­

dissolved in 20 ml of distilled water ), 5 mls of)lO mg% liio~in (pre­

pared as above ), and 5 ml trace ,e1ement solution ( prepared as above ). 

After a'l1 material was dissolved, the solution was adjusted to 1 L 

with dfstilled water and the solution was stored at room temperature. 
f,' -" ______ ï 

2.2.7.4 Tests for U.V. Sensitivity 
, , 

The U.V.·sensitivityof each strain was tested. It served as a 

preliminary method to check for mutants, and to separate the repair 

deficient mutants from non repa1r deficient mutants. The solid media 

.\ 

____ r_ ............ ...,.. 1 111''1.1 
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was prepared with Vogel.s'-N ( 20 mls of 50X concentrated solutiOn 

'and 20 gm of Difco a~ar were added to 780 mls of distilled water in a 
~ 

29,. Elenmeyer flask. and stoppered with sterile cotton; to another 

500 ml Erlen~eyer flask, which contained 10 gm of sorbose, 0.5 gm glucose 

and 0.5 gm fructose in 200 ml ,of distilled water. The two flasks were 

autoe l aved and cool ed to about 45 C, and th~n mi xed ( tota l volume: l!/, ) , 

poured 'into the autoclaved plates invnediately ( app'roximately 25 ml 

per plate). The plates were stored for overnight before innoeulation. 

The innoculated plates then exposed to U.V. irradiation ( U.Y. intensity 

of 2l1N/cm2 x 100 at a distance of'about 30 cm ) for time interval chosen 
j 

( O,1.2,~ minutes). The U.V.-irradiated plates were incubated at 

34:C in dark, so that photoreactivation was held minimum. Sensitivity 
,-

of stains WDS orecorded as inhibition of gro~h relative to wild-type 

after 2 and 3 days growth at 34·C in dark~ 

2.2.7.5 .. Tests for Mitomycin C Sensitivity 

The Rec mutants in Eschericia coli were found to be "sensitive to 

a wide spectra of mutagens ( 36 ). One of these mutàgens which rec· 

mutants,.were. sensitive to was mitollfYcin cC 36). Thus, p'ositive resLlts 
{ \ 

for mitomycin C sensitivity wou1d enhance the possibi1ity but not prove 

that the mutants were ~ -like. Mutants which were sensitive to m;to~ 

myci~ C but not rec-like ha~been found in Micrococcus, radiodurans ( 93 ). 

SQ1id mitomycin C contained medi;\ was prepared saille as the solid media 
(-

used
o 
for U.V. sens itiv it y, except that after autodaving and cooli'ng ta 

about 45'C, appropriate amounts of a 1 mg/ml stock solution of mito­

myc1n C was added ta the' sugar solOtion before mixing. The plates were 

stared in dark 4 ta 5 hr. before innoculation. Test plates contained 

0, 5, 10 and 20 jJg/m1 of mitomyc1n C. Mitomycin C was sensitive to 
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L-.) 
light, thus it was essential to preform al1 steps involving handling 

of mitomycin C in dim l ight. 

2.2.7.6 Tests for Histidine Sensitivity 

The preparation of histidine containing plates was essentially 

the same as that for U.V.-sensitivity plates. Appropriate amounts of 

l-histidine ('0, 250, and 500 ~g/ml final concentration) were added ta 
/ 

and autoclaved with thè sugar solution. Since histidine was not light 

sensitive, workfng in dim light was not necessary. 

1 

• 
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3.1 Results 

3.1.1 L-Histidine and MitomYcin C Sensitivitiés 

It has been found that the rec- mutants in E. coli were sensitive 

to a wide spectra of mutagens ( 36). The excision repair mutants of 

E. coli, on the other hand, were sensitive to a narrow spectra of 

mutagens. One of the mutagens which rec- mutants of E. coli was 

sensitive ta is mitomYcin C.- Thus, DNA repair mutants in Neurospora 

which show sensitivity towards mitomycin C would strengthen the 
\ 

possibility that they are rec-like mutants. 
u-

Wild-type and several mutagen sensitive mutants ( uvs-3. uvs-6. , 

Il1lls(04), mei-3, nuh-4, nuh-3, upr-l, uvs-2 and uvs-4 ) were tested 

for sensftivity to histidine and'mitomycin C. The growth of each 

strain was determined by the size of its colonies at the end of'2 

and 3 days at 34°C when plated on solid media containing either 

histidine or mitomYcin G. 

At 0 ~g/ml of either reagent ( contrbls ). a1l mutants g~w as 

well as the wild-type ( Fig 1, 2 and Table 1, 2). The presence of 

L-histidine ( 250 ~g/m1 or 500 ~g/ml ) or mitomycin C ( 10 ~g/ml 

or 20 ~9/ml ) had remarkable effects on the growth of the some of the 

mutants: uvs-3, uvs-6, mms-(04). and mei-3 showed a strong inhibition 

of growth ( Fi 9 1.2 ). No effect on growth was seen with the wil d-type, 

nuh-3~ and the two excision repair mutants: upr-l and uvs-2 ( Table 1.2 ). 

and only partial inhibition of growth was observed for nuh-4 and uvs-4 

on histidine medium. When tested on m1tomycln C medium, nuh-4 exhibited 

strong inhibition of growth. Table 3 summarizes the sensitivity of 

each strain towards L-hist~d1ne and mito~cin C. The mutants are 

1 

l 
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Fi 9 1: L-histidine inhibition of 

the growth,of wild-type and mutants. 

lhe concentrations of L-histidine are: 

( a) 0 pg/ml.. ( b ) 250 pg/ml t and 

( c ) 500 jAg/ml • The photos were taken 

after the strains had grown for 2 days 

at 34°C after the innoculation. < 
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Fig 2: Mitomycin C inhibition of the, D 
growth of wild-type and mutants. The D 

~ concentrations of mitomycin C are: ( a ) - o }Ag/ml, ( b ) 10 ).(g/ml. and ( c ) 2{1 U 
,ug/ml. The photos were taken after the 

U strains had grown for 3 days at 34°C 

after the innoculat;on~ U 
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rable 1: The growth of wild-type A in the absence of 
, ' .... 

L-Histidine is used as the control. The growth of a strain 

1s determined by its colony size at the end of the growth 

period ( 2 days at 34°C). A Score of +·H is given ta the 

control. Colonies with slzes comparable to the,contra1 ire 

scored't-tt. 'Other scores.++ .+. and - ,represent diminishing 

colony sizes. A - score represents no growth. 
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trTabl e l ~ 

Growth of wt-A and mutants in .. presence of L-histidine 

Strains Concentration of L-histlâine ( mg/ml ) 

--L 0.25 
1 a 

0.50 

wt-A +++ +++ +++ 

...... 

uvs-3 +++ + + 

". uvs-6 "'" +++ 
~ 

-GO 

IIIns(04) +++ + + 

mei-3 '" +++ -+ + 

c 
nuh-4 +++ ++ ++ 

nuh-3 +++0 +++ Ht 

Jupr-l 
, +++ +++ +t+ 

~ 

uvs-2 . +++ 0 +++ +++ 

uvs-4 +++ '++ 
~ 

++ 
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~The growth of wild-type A in .the ab,sence of , Table 2: 

~';' mitomYcin C is used as the control. The grpwth of à strain 
4. . 

is determined by its colony size at the end of the growth 
= .. 

period ( 3 days at 34oC"). A score ofttt 'i; given ta the 

control. Colonies with sizes comparable to the cont~ol are 

scored++t. Other sco~s oftt t aRd + represent diminishil)g 

colony sizes. A + score' represents the smal1est size. 
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Strains 

wt-A i' 
( 

uvs-3 

uvs-6 

1IInS(04 ) 

me1-3 

nuh-4 
" 
nuh-3 

" u'Pr-l 
f' 

uvs-2 

,uvs-4 
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Table 2 

Growth of wt-A and mutants in presence of Mitomycin C 

Concentration of Mitomycin C (~g/ml/)' 

0.0 .J.Q.... 
+++ +++ 
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+++ ++ 
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Table 3: Summary of the sensitivity of each strain towards 

L-Histidine and miton~cin C. The concentrations of L-Histidine 

and mitomycin C are '500 and 20j{g/ml respectively. Sensitivities 

are scored according to the inhibition of growth by the two agents. 

S : sensitive, R: resitance ( resistanèe is only meant ta imply 

a resis~ance to the killing effects of the agent that is 

comparable to, and not greater than, th~ wild-type ). 
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Table 3 

S~nsit1vity ,of wt-A and mutants to L-histidine and 

mitomycin.C ( Summary 

!.. Strains Agents 

L-histidine mi tomyc;n C 

wt-A R R 

uvs-3 S \ S W 
0'1 
r:r 

uvs-6 S S 

IIIRs(04) S S .' 

mei-3 S 
1-

S 

nuh-4 S S 
-\ 

uvs-4 S R 

'upr-l R R 

uvs-2 R R 

nuh-3 R R 

a rI IIPP'J" •• nw'** •• 'som; • 
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divided into thre classes: those sensitive ( S ) ta bath agents, t~ose 

sensitive ta onl one of two agents and those not sensitive ( R ). ta 

either agent relative ta the wild-type. The symbol R - resistance is 

only meant to imply a resistance ta the killing effects of the agent 

that is comparable to ( and not grepter than ) the wild-type. 

3.1.2 Nuclease Activity in Crude Extracts 
, 

The intracellular levels of expressed and total ss-DNase activities 

of the wild-type and several mutants in mid-log and end-log growth in 

sucrose medium are compared in Table 4. Each specifie activity value 

reported is the average of at 1east three and in some eases up to eight 

separate determinations ( on different cultures of mYcelia ) and none of ., 
these differed from the average by more than 10 - 15%. On1y one mutant 

( nuh-l.) had 'total, ss-DNase activity ~onsistently lower than the wild-type, 

but severa1 mutants had expressed levels of ss-DNase activity which 

were significant1y 10wer than the wi1d-type in bath mid-log and end-log 

phase growth viz. uvs-3, nuh-4, nuh-3 and'nuh-1. The ss-DNase levels 

in these mutants were respectively 37%, 61%, 39% and 28-65% of wi1d-type. 

The expressed ds-DNase activities in all cases were very low 1ike that 

of the wil d-type, and in every case the ds-DNase was activated on 

treatment with trypsin ( Table 5 ). 

3.1.3 Fractionation of the ss-DNase Activity of Extracts 

When ca,re was taken ta avoid overloading of col UIl1lS , a11 the 

55-DHase activity of crude extracts of 2.5-day log phase mYcelia was 

found to absorb at pH 6.5 bath on DEAE-cel1ulose and on OEAE-sepbarose. 

The ss-DNase act1v1ty eluted from DEAE-cellulose with 0.13 M potassium 
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Table 4: Total ss-D~ase activities were obtained by pre-

treatment with lOOJt9/m1 of trypsin for 3~min at room 

SB! ( 3 times the amounts of trypsin ) was 

added ta stop further actio~sin. Contro1 experiments 

have shown that the trypsin treatment used fully activated 
. " 

the nuclease activity. ~ 

'" "~ 
Each specifie activity value reported is the 

~ 

average o~ 

at least three and in so~e cases up to eight separate 

determinations; none of these differed fram the average 

by more than 10-15%. 
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Table 4 

Specifie ss-DNase aetivities of extracts of wild-type and mutant mycelia grown 

----- --

Stra1ns 

wt-A 

uvs-3 

nuh-4 

uvs-6 

nuh-3 

nuh-l 

-T 

18 

6 

11 

12 

7 

5 . 

* Trypsin activation= +T/-T 

in sucrose medium 

'Mid-log ./ 

+T Tr~Qsin activation * 

58 3.2 

52 8.7 

~2 5.6 ' 

50 4.2 

47 6.7 

35 7.0 

End-log 
J 

-T +T Trypsin activatioA* 
< 

20 83 4.2 

8 71 8.9 

12 67 5.6 

16 73 -4.6 

-s ---Ji3 10.4 

13 57 4.4, 
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Table 5: Total ds-ONase activities are obtained by pre-

treatment with 100.J(g/ml of trypsin for 30 min at room 

temperature. SBr <) 3 times the amount of trypsin ) is , 

added to stop fyrther action of tryps;n. Control exper;ments 

have shown that the trypsin treatment used fully activated 

the nuclease activity. ' 
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Table 5 

.-J c:.,. --­'_-Y 

Specifie ds-DNase activities of extracts of wild-type 

and mutants mycelia grown in sucrase medium 

Stra1ns 

wt-A 

uvs-6 

nuh-l 

nuh-4 

nuh-3 

uvs-3 

-=L 
0.6 

0.4 

0.6 

0.6 

0.3 

0.3 

* Trypsin activation= +T/-T 

-0" 

Mid-log 

+T Trypsin activatian* 

9 15 

6 15 

16 27 

9 15 

8 26 

9 30 

-T 
d09 

0.6 11 

0.8 12 
'" 

1.0 18 

0.9 29 

0.5 6 

1.5 10 

C --#~ 

t--J; ,-..JI :=;.. i:= 

Trypsin activation* 

18 

15 w 
\0 
CT 

18 

32 

12 

6.7 

lÎ1\ . 

1,1 .. 
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phosphate buffer, pH 6.5 ( 6 ), however, differed from that eluted 

from DEAE-Sepharose in having a re1atively 10w ratio of ss-DNase/ds-DNêl"se 

activity ( ss/ds of approximately 6 to 8 (cf refs 6,7) ) as compared to 

the high ratio ( ss/ds "'" 20 to 50 ) found for most of the fractions 

el uted from DEAE-Sepharose and for extracts. 

The DNase activity of the DEAE-cellulose II s trip fraction ll was 
,. 

quite stable. the ss/ds ratiotc,emaining at about 7 for nearly 2 weeks 

at 0-40C. This fraction also c~~tained a11 of the trypsin-activatable 

DNase activi ty ( mainly tif not ent; rely, endo-exonuclease precursor 

(refs 6, 7 & 8»). The activations of ss-DNase and ds-DNase activities 

after treatment with trypsin were identical and in range ,3.5 - 4.0 

fold for different preparations derived from 2.5 to 3.0 day cultures 
, . 

of II\Ycelia. This 1s in contrast ta the di fferential activatipns of 

ss-pNase and ds-DNase activities (4-fold versus 20-fold ) se~n in fresh 

extracts treated with trypsin ( Table 4 & 5 ). 

3.1. 3.1 Fractionation on DEAE-Sepharose Columns 
J 

Fractions eluted from DEAE-cellulose with buffer gradients proved 

much 1ess stable and gave poorly reproducible elution profiles. As a 

result, chromatography,of extracts on DEAE-Sepharose was adopted as a 

first step in the' fractionation of the major intracellular"DNases of 

Il\Ycelia. This has resulted in reproducible protein and ss-DNase 
t 

profiles ( Fig 3 & 4). The chromatographie profile for a cru de 

extract of a 2.5 day éulture of wild-type II\Yce1ia 1s shown in Fig. 3 • 

It can be seen that two proteln ··peaks" were resolved in fractions 

1 - 120 containing, unads~rbed pl'Ôtein. However. 'in some' preparations 

of wild-type, a small third protein peak existed in fractions 80 - 90 • 
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Fi g. 3: Chromatography on DEAE-Sepharose of a 

crude extract of wil d - type myce 1 i a grown for 2.5 days 

in liquid culture. The extract of 5 9 ( wet weight ) 

of mycelia is made in buffer A and applied to a 100 ml 

cplumn ( packed volume) of DEAE-Sepharose equili-
ij v' 

brated with buffer A. After washing with more buffer A, 

a linear gradient of-D.D-D.S M NaC1 in buffer A i~ 

applied. Fractions of 2.5 ml are collected at a flow 

rate of about 1.0 ml/min. Protein in each fractions is 

estimated by deter~;ninglthe A280 ( open ~rcles ). 

-. 

~e ss-ONase activity ( expre5sed ) i5 e5timated by 

A
260 

( closed circles ). Total ss-DNase activ;ty ( dashed 

line shawn for gradien-t fractions on1y } is estimated 

by A
260

. Conductivity 1S determined by measurements 

with a cOijductivity meter ( open triangles ). 
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Fig 4: Chromatography on DEAE-Sepharose of ~ 
\ 

crude extract of 5 9 ( wet weight ) uvs-3 myce'lia 

grown for 2.5 days in liquid culture. For det~ils 

~ee legend of fig. 3. Open circles represents 

protein ( A
280 

). clo,sed circles represents expressed 

ss-DNase activity ( AZ60 ), and open triangles 

represents co~duct1vity ( as measured with the 

conduct1v1ty meter ). 
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Qualitatively, the same profiles were obtained for the mutants, but 

the thi rd peak \'aS much larger than wi 1 d-type. The separati on of 

protein "peaks" in the pass-through fractions occurs presumably because 

of sieving of proteins in the gel. The second of these "peaks ll 

( fractions 38 - 60 ) apparent1y contained ss-DNa~ activity ( as 

detennined by single time point assays on the fractions ). These 
. \ 

fractions, however, were very oticeably yet10w in color, and on 
~ 

assay for ss-DNase activity over 50'or 90 min incubation period, 

high optica1 blanks were ,observed acid-soluble inaterial absorbing 
~_l~ " 

" at 260 nm ), but no increase in the A2 0 occured 'with t~me. Thus t 

this lI activity". which was also found in all extracts of mutants, was 
\-

an artifact and will not be further discus d. 
\ 

When a salt gradient was applied to the EAE-Sepharose, protein 

was eluted near1y actoss the entire gradient, b t an especially large 

O. 0'280absor~ing lI~ea~" was el uted wi th 0.04 to O. 1 M NaCl ( fraction~ 
138 -170. conductivity 3 - 5 m mIlos ). The e1ution f ss-ONase activifY 

in the gradient occured .in two distinct "peaks ll
, whi~h ere" assiQned t1e 

notations Dl ~1 us 02 ( because it was subsequently resolve into two 1 

fractions Dl and-D2 ) and D3, d1d not coincide with the majo protein 

"peak". Dl plus D2 was elutèd with 0.07 - 0.16' M-NaCl ( fractions 
~ 

145 - 175, conductivity 4 ·,8 m mhos ) a~d 03 was eluted with 0.16 

0.25 M NaCl (fracti~ns 182'- - 220, 'conJuctivity ,8 - 12 m mhos). The i 
'.. ", 

'. 
elution of total wild-type ss-DNase activity. which 1s determined after 

~ 

trypsin activation of the fractions in 'gradient, was eluted out between 

Dl plus 02 and 03. This can be seen by subtracting the di fferences 

,between sS,-DNase act1v1ties in each fraction before and after trypsin 

\ 

1 

1 

1 
l ' 
l 

/ 
( 



,~ , . 

/ 

( 

- c:Q 

a Illnn 

1,;;.") " • _____ r""<.: 
hW El waPil44iliMi ~_ ~_~_~_~~ 

" 

(-" 

== - -

~-- .. -

~ 

c.. 

Table 6: ~overies of ss-DNasa. activ5ties are estimated 
, ./,./ .6 

by traetng the activity profiles from DEAE-Sepharose 

,~ Fi 9 3 & 4 -) J" card board. The appropri ate areas 

are eut out of ~e cardboard and weighed. Corrections a~e . 

made for the baselines ( AZ60 of fractions with no ss-DNase 1 , 
aetivities). ~n no case does the degradat;~n of substrate 

( ss-DNA ) by enzyme in fractions making up the profile 
I~-l 

exceed 50% ( Az60 of 0.65 above the baseline ). 
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Table 6 

Distribution of ss-DNase activities of extracts recovered 

in 01 plus 02 and 03 after chromatography on DEAE-Sepharose 

Extr:act on DEAE-Sepharos,~ 

% Recovery in % Recovery in 

01 plus 02 ....QL 

,41,54,62 46,38.59 . 

70,77 23.30 

62 38 

46,64 36.54 
i 

49,53 47,51 

59 41 
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Fig. 5 { A and B }: Chromatography of wild-type 

DEAE-Sepharose fractions Dl plus 02 ( panel A ) and 

03 ( Panel B ) on phosphocellulose. Dl plus 02 and 

03 are dialysed against buffer Band applied to 15 ml 

( packed volume) tolumns of phosphocellulose equili­

brated with buffer B. After washing with more buffer 

B~ the colu,!!ns are eluted with 1 inear gradients of 

4 mM-O.3 M potassium phosphate buffer, pH 6.5. 

Proteins ( open circles ), express ss-DNase ( close 

circles ) and conductivity ( open triangles ) are 

determined as in Methods. 
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Table 7: Reeoveries of ss-DNase activities are estimated ~
--

" 

, , '-----

----- .. 

1 

by tracing the activity profiles from phosphocellulose 

( cf. Fig SA ) on cardboard. The appropriate areas are eut out . \ 

of the cardboard and weighed. Corrections are made for the 

baselines ( ~60 of fractions with no ss-DNase activities ). 

In no case does the degr~dation of substrate ( ss-DNA ) by enzyrre 

in fractions making up the profile exceed 50% ( Az60 of 0.65 

above the baseline ). 
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Table 7 

5s-DNase activities recovered in Dl and 02 after chromatography 

of Dl plus D2 on phosphocellulose 

Dl plus D2 on Phosphocellulose 

/~ % Recovery in Dl ,% Recovery in 02 

32 68 

17 t:> 83 

21,28 72,79 

34 66 
~ 

63 37 

28 72 
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treatment. The results shows that endo-exonucle~se precursor \'Jas 

~el uted from DEAE-Sepharose with 0.09 - O. ra M NaCl in fractions 

165 - 190 ( conductivity 5 - 9 m mhos ). 

The elution profiles for uvs-3 and a11 other mutants were very 

si~ilar \0 that of the w;ld-type except for the presence of a fai rly 
. J 

prominent thir.d "peak'1of unadsorbed prootein ('fractions 72 - 92, see , 
Fig. 4 ). 

The proportion~. of the ss-DNase activity in Dl plus 02 and 03 

were estimated by determining the areas under the "peaks" of ss-QNase 

activity and are recorded in Table 6. It can be seen that the 

proportions of ss-DNase in Dl plus 02 and 03 were approximately 

50% each for the wild-type and al1 other mutants except uvs-3. For 

uvs-3 the proportions of ss-DNase in Dl plus D2 and D3 averaged 74% 

and 26% respectively. 

3.1.3.2 Fractionation on Phospho-cellulose Column _ 

The ss-ONasè activities in Dl plus 02 and 03 were further 

fractionated by chromatography on phosphocellulose. The chromatog~aphic 
J 

profiles for the wiTd-type Dl plus 02 and 03 are shown in Fig. 5 

.. 

( panels A and B respectively). The ss-DNase activity in 01 plus. 02 l, 

was reso1ved ( Fig. SA ) into an unadsorbed ss-DNase ( Dl ) and an 

adsorbed fraction ( 02 ) which e1uted from the column in middle of the 

gradient. The proportions of~s-DNase activity recovered from 

phosphocellulose in Dl and 02 are shown in Table 7. The amoun,t of 

s~~Mase in D2 was mu ch lower ( 37% ) for nuh-3 mutant relative to 

wild-type ( 68%). In several cases of fractionation on'Dl plus 02 

of mutants on phosphocellulose, a second minor "peak" was eluted on 
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the leading edge of 02 in the gradient ( Fig. SA). The amounts of 
, , 

othis minor fraction were highest for the nuh-4, uvs-6, and uvs-3 

mutants, respectively 13%, 14% and 17% of the total ss-DNase recovered 

from phosphocel1ulose. However, this minor activity had the same 

distinctive properties as 02 ( see below and Table 8). The recoveries 

of the minor ss-DNase have th us been included in the estimates of 

ss-DNase activities of 02 in all cases ( Table 7 ). 

Qver 90% of th~ ss-DNase activity of 03 failed to adsorb on 

phosphocellulose and since the general properties of this fraction·, 

did not change appreciably at this step ( Table 8 ), the designatl0n 

D3' was assigned to this fraction. The small amount of ss-DNase 

activity which adsorbed on phosphocel1ulose from 03 was not further 
\ 

investi gated. 

RNase activity profiles for the Dl. 02. 03 1 from phosphocellulose 

coincided with those for the ss-DNase profiles shown in Fig. 5. The 

ratio of the ss-DNase/RNase activity was very close to 1:1 for DI 

and 03', but wa~ 2.9 across the profile of 02 ( gradient in Fig. SA ). 

When aged Dl plus 02 fraction ( 1 week old ) from DEAE-sepharose 

was appl ied to pho'sphocellulose. the 02 fraction was great1y reduced. 

Almost a 11 the ss-DNase acti'vi ty recovered ( 86% of ss-DNase app1 ied ) . 

from phosphocellulose appeared as Dl (Fig. 6). When this Dl fraction 

was rechromatographed on DEAE-sepharose. two ss-DNase peaks were eluted 
\ 

in the gradient. These were assigned the names Dl (A) and Dl (8). 01(8) 

eluted at the' same salt concentratlôn as Dl plus 02 ( 0.07 - 0.16 M ) , 

but Dl(A) eluted very.ear1y in the gradient ( Fig. 7 ) with 0.01 - 0.06 M 

NaCl. The proportions of 5s-OHase activity recoyered in Dl(A) and 

, f 
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Fig. 6: Chromatography of l week old wild-type Dl plus 02 fraction from DEAE-Sepharose anta 

phosphocel1ulose. Dl plus 02 ( in buffer B ) waç applied to 20ml ( packed volume) calumns of 

phosphocellulose eqilibrated with buffer B. After washing wîth buffer S, the corumns wcz,re· 

eluted with linear gradients of 4 mM-O.3 M KPB, pH 6.5. Protein ("open circles ). expressed 

ss-ONase ( close circles ) and conductivity ( dashed line ) are determined as in Methods. 

Fig': 7: Chromatography of Dl from Fig. 6onto'DEAE-Sepharose. This Dl fraction w~applied 

ta 25 ml ( packed volume ) ~olumn of DEAE- Sepharose equi1ibrated with buffer A.' After 

washîng with more buffer A, the column wdçeluted with 0.0-0.5 M NaCl gradients in buffer A, ' 

pH 6.5. Protein ( open circles ). expressed ss-DNase ( close circles ) and conductivity 

( dashed line ) are determined as in Mèthods. ----
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01(8) as in this step were 29% and 63% of the total respectively. 

3.1.4 Properties of the ONases E1uted from OEAE-Sepharose and 

Phosphocel1ulose 

Both the DEAE-sepharose gradient fractions ( Dl plus 02 and 03 ) 

and the phosphocellulose fractions ( Dl, 02 and 03' ) of the wild-type 

and mutants were examined qualitatively for endonuclease and exonuclease 

activities using trichloroacetic acid ( TCA ) and urany1 acetate­

trichloroacetic acid as precipitants of undigested DNA as described 

by Mills -and Fraser ( 9). In addition, they were êxamined quantitatively 
'.:~ . 

( .using perch10ric acid (PCA) as a precipitant (8) ) with respect to 
. 

the following parameter~: ratio of ss-DNase/ds-DNase activities ( ss/ds ), 

the inhibition of the ss-DNase activity by 0.5 mM ATP in the presence 

of l~ mM Mg++, the ss-DNase 'activity in absence of 10 mM Mg+! in reaction 
. 

Medium, the inhibition of ss-DNase activity by EOTA ( in absence of 10 mM 

M ++ . ti d . ) d' " h M ++ d C ++ 9 ln reac on me lum an lts restoratlon Wlt 9 an a . The 

quantitative results for Dl plus 02 and 03 ( from DEAE-sepharose ) are 

presented in Table 8, and the results for Dl, 02 and 03' ( from phospho­

cellulose) are present~d in Table 9. 

3.1.5 Pro érties of the DEAE-$e harose fractions: Dl lus 02 and D3 

It can be seen fram the data in Table 8 that even though ... /ide 

variations in the properties of Dl plus 02 and 03 of the wild-type and 

mutants occurred, in general, the properties of Dl plus D2 and D3 w re 

different. Ther~ was 1ittle or no ATP inhibition of Dl plus 02 ss- Nase 

activity, but substantial inhibition was obtained for 03 ss-ONase 

aëtivity. The values far ATP inhibition of D3 ranged fram 17% to 87 

i 

i 
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Table 8: The controls for dependence on Mg"'" ( no Mg++ in 

assay mi~ture ) and for ATP inhibition weneperformed with 

regular routine assays ( i.e. in presence of 10 mM Mgtt ;n assay 

mixture). The controls for EOTA-inhibition, restoration of, 

activity with Mg++ and Ca+t wa~ ss-DNase assay in absence of 

met al ions. 
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Tabl 
,,' 

Properties of Dl plus 02 flnd D3 from DEAE-Sepharose chromatoqraphy 

Strains % ss-D~ase Ac ivity in presence of: 

ss/ds* -t1g++ OTA EDTA+M9++ EDTA+Ca++ 'ATP 

Dl plus 02 

wt-A ,j 7.7 > 68 14 93 14 ' 100 

uvs-6 35,5.4 65,37 4 ,26 47,200 0,44 80,81 
" 

uvs':3 16,4.2 34,49 2 , f2 185 ,13~ 35,6 100,78 

nuc-:2 3.6 43 19 13J 46 100 

nuh-4 5.6 40 12 140 0 79 

nuh-3 12.5 34 28 . 174 22 77 1 

03 
,', 

wt-A 11.4 81 31 51 1"';W , 
6 66 

uvs-6 28,31 104,81 2 ,29 8,66 4,42 83,69 

uvs-3 144+,21 110,60 45,47 
1 

54,52 28,4 70,57 
1 

nuc-2 n' 60 :36 46 32 64 

nuh-4 21 102 37 34 0 76 

nuh-J 25 58 34 52 9 13 

-'. 

* ss/ds= single-strand DHase activity to double-strand DNase activity ratio, 
,. " 

it is not in percent ac~ivity as the ca,se of other values. 
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~ith.màjority of them between 24% to 43%, thus gives an average of 33% 

inhibition or 67% activity remained. Both Dl plus 02 and 03 were partly 

11nhiblted by EDTA: but 03 was less' sensitive th.n DI plus 02. The , " 

~estoration of ss-ONpse activity by Mg++ after EoTA treatment for 

Dl p1us D2 js complete, 'and in most of the ~ases, the restoration was 

reater than 100%. Incomplete restoration of 03 ss-ONase activity ~as 

btaine~with Mg++. C~++ was ineffective in reversing the EOTA inhibition 
..1. ,~ ++ 

f· ss-DN~se actlvity of both Dl plus)J2 and 03, and the presence of Ca 

urther lowered the activity in most casfls • 

The ss~DNase activity of untreated Dl plus 02 was a1so partia11y 

di~endent on divalent metal ions. ,In absence of d,ivalent meta1 ions, 

t~e activity of 01 plus 02 was about 45% of ~he activity observed with 
, ++ ) , 

10 mM Mg • The ss-DNase activity of untreated 03, however, was only 
. ' ' 

slightlY de,pendent on added Mg~ions. The average ss-ONa~e activity 

"" in abser'lc'e of Mg++ was about 82%. 

0' 

? • 

., , 

T~e ss/ds ratios of 01 plus 02 and 03 were'also differeQt. The 

ss/d~ ratios of Dl plus D2 were lower th an 03 ~ithin, the strain 
" ' 

~easured ( Table 8 r. 'The ss/~s ratios of 01' plus 02 betwe~n strains 
. 

w:re var-iable. n..J range~ from 3.6 in nuc-2 ta 35 in one case of uvs-ii. 
, , 

(sè~ discussion p.79) •. Jhe~ss/ds ratio of 03 between str4ins,however, were 
, " '. \, .... 

more l*fnited,. in the,range of'21 to 28 (table 8). The 03 ss/ds .of,mutants ,in 
, ' 

average ~as ~5. which 1s higher than an aver,ge of 11 for the wild-type. 
, , . 

The qualitative examination of Dl plus 02 and'D3 ( TCA and UTCA as 
'.:.1 .. -----... .' ~ r-::, 

precipitant) from wild-type ·fnd1cated that both enzyme behaved l1ke 
• • , r' 

_-~ .. n;"'I~.S~( 7. 1 D. Il ) ~, ' 

/ .. 
, ' 

\. . 
-' , 

.. 

• Ji, 
'f 
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,1 

'3.1.6 Phosnhoceliulose fractions Dl, D2 and D3' 

During chromatography on phosphocellulose, fresh 01 pl s 

02 was resolved into Dl and 02, while most of the ss~DNase activity f 
\ 
\ 

D3 was recovered as· D3' in the unadsorbed fraction. Although wide . \ 

variations 'in the properties of Dl and 03 of the wild-type and mutants 

occ~red ( even within the same strain in different preparations ), 

in general, the properties of Dl and D3' had sorne common properties 

( Tabl~ 9). All 01 and 03' fra~è'ons showed inhibition by ATP, but 

the variations in the inhibitions we wider for Dl than fJr'D3'. ~n 
the.. lat.ter case" the ss-DNase activity the presence of ATP ranged 

frollV 35 - 68% ( Table 9 ) wit'h most values fa11ing close to the average, 

of 54% activity or 46% in~ibition. This average is very close to that 

observed previous1y for the inhibition by ATP of purified ss-endonuclease 

J( 12 ) and of purifièd endo-exonuclease, ( 10). Bath 01 and 03' were • 
only partially inhibited by EDlA and restorations of s~-DNase a~tivity 

" ++ ++ . were incomplet~ with Mg and even ~ow,r with Ca • 

The ss/ds ratios for the Wild-tYP~Ol and D3' were bath 
1 

re1atively 

low, aVeragi~g 2.9 and 5.9 ~ective1Y and bath enzymes b~haved • 

qualitative1y like endO-exonuc1ease ( 7, 10, 11 ). ,In càntrast, the 
\ 

ss/qs ratios for all.of the mutant Dl and 03 1 preparatio~s fell witnin 

considerably higher ranges", respectively 11 - ·50 for mutant Dl and 19 '\.) . . -

\
~50 for mutant 03' preparations ( Table 9). These high' ratios proved to 

l , be due to th. 'presence of d,-DNase inhibitor. in .th~ .prepa~at~ons (.~ee 
~ection"5). . . ,. i' 

o The proper~ies ~f ONase in 02 of the wild-type and mutants were. 
1 ~ f' ' 

very s1mih~ and distinctly d1fferent from ~e p'roperties of th'e DNases 

, . • 1 .. 
)2 ;;te""~.t ..r j .... ' 

/ 

1 
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~ Table 9: The control for dependence of Mg++ ( n~ metal ions 

~ 

in assay mixture) and ATP inhibition wenethe routine assays 

( i.e. in presence of 10 mM Mgtt in assay mixture). The 

control for EDTA inhibition, restoration of activity with . . 
Mg .... and Ca++we~ss-DN~se assay in absence of metal ions. 
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Jable 9 ( continuea) 

Properties of 03 1 fram phosphocellulose chromatograp~ 

Strains 
% ss-DNase Activity in presence of 

M++ EDTA+Mg++ 
++ AW 

ss/ds* ~ EDTA ED1A+Ca ' 

wt-A S.l,t.i 100 9,16 S.6~, ; ,1 6': ,:' i 

uvs-6 19,40 85 26,33 46,45 r 15,50 56,54 

uvs-3 47 50,87 21 21 3 52 

nuc-2 30 47 45 33' 0 53 

nuh-4 23,27 116 48,27 53,27 30,36 67,35 

\ 

nuh-3 ) 50 34 36 33 0 68 
/ 

* ss/ds= single-strand DNase activity to double-atrand DNase activity:ratfos; 

these are not expressed as percentages of the wild-type values as is the 

case for all other values. 
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in Dl and 03' ( Table 9). Qua1itative1y the ONase activity of 02 
0' f 

, 
'1 

, 1 

behav'ed as an endonuc1ease with very 1 ittle' strand specificity for ONA. 

The ss/ds ratios were all very low ( Table 9 ) and averaged 2.5. The 

ss-ONase activity of 02 was not appreciably affected by 0.5 mM ATP, 

unlike that in Dl and D3'. The ss-DNase activity of 02 was ~ound ta be 

very sensitive ta EDTA and its activity was restored with Mg++ to 

higher than control ( no EP1A, no divalent metal ions) levels, but no 

a~tivity was restored with Ca++ ( Table 9 ). 
++ The depe'ndence of ss-DNase activity of Dl, 02 and 03' on Mg was 

quite variable from strain to strain, but in spite of the variations, 

a general trend of difference can be seen between 01,02 and 03'. 

Of the three nuclease, 03' has the lowest dependence on Mg++, whi1e 

02 has the highest requirement for M'9 ++. Dl has a dependency which is 

intermediate between 02 and 03' ( Table 9 ). 

-None of the fractions deri ved from DEAE-Sepharose or phospho­

cellulose contai,ned getectable nuclease N3 activi"by ( 13 ), presumably 

because the mycelia were all grown on high phosphate medium. 

3.1.7 Characterization of Dl(A) and 01(B) from Wild-type . 

As the results 'in Table 10 indicated,both Ol{A) and Dl(B) were 

,similar in character with respect to EDTA inhibition, restoratiQn of 

~s-DNase activity with Mg++ ~nd Ca++, and ATP inhibition. The ss-ONase 

activity was quite dependent on Mg++. The ss-ONase activity i~ the 

absence of Mg++ were 19% and 30% of the activities in the presence of 

Mg ++ for Dl (A) and ~l(B) respectively ( Tabl~ 10 ). Qua1 i'tatively, 

• bath Dl(A) and Dl(B} exhibited endonucleolytic' towards ss- nNA, and 

. mixed endollucleolytic and exonucleolytic activity with 'ds-DNA. The ss/ds 
,~ , 

.1 "il -
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Table 10: The control for dependence of Mg+t ( no metal ions 

in assay mixture) and ATP inhibition weœ the routine assays 
;/ 

( i.e. in presence of 10 mM M~++ in assay mixture). The 

control for EDTA inhibition. res,toration of activity with 

Mg++ and Ca-tt ~re ss-gNas)tassay in absence of metal ions. ' 
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Table 10 

Prôperties-of 01(A) and 01(8) from DEAE-Sepharose 

chroma togra phy -~, 

% ss-DNase Activity in presence of 
.... 

ss/ds { ratio -Mg++ EDTA EDTA+Mg++ EOTA+Ca++ 

5.0 19 o 333 48 

2.0 30 13 363 25 

" 

" 

,......; 
-i ~--l 

," 

ATP 

102 

102 
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Table 11: Equal volumes of PHMB ( 1 mM ) and enzym~ are 

preincubated for 30 minutes at room temperature before assaying 

fo~ ss-DNase activity. 
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Dl plus D2( wt-A ) 

Dl ( wt-~ f 
, . 
03 ( ~t~A ) 

01 (nuh-3 aged ) 

p3 ( nuh-3 } 

03 ' ( nuh-3 ) 

Dl (A) ( wt-A ) 

Dl (B) (wt-A ) 
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Table 11 ~ 
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PHMB inhibition on the Nucleases 

Units of activity { ss-DNase 

. -PHMB +PHMB 

11.6, 7.9 

25.6 16.8 

61.4 38.9 

,50.4 9.2 

109.2 1- 8.4 

112.9 93.5 

15.4 1.4 

98.7 ' 20.2· 
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ratios were low, 5.0 for Ol(A) and 2.0 for 01(B). 

3.1.8 PHMB inhibition of ss-DNase Activities 

When treated with equal volumes of saturated PHMB solutions ( 1 mM ), 

the isolated intrace11ular nucleases exbibited different degrees of 

inhibition ( Table 11). 03' was the least sensitive to PHMB, while 

02 exhibited the greatest sensitivity. In addition, a change in PHMB 

inhibjtion apparent1y occurred for 01 as it aged. In a fresh preparation 
" 

01 ( from the wild-type ) showed an inhibition of 34%, but an ag~d 

preparation ( from nuh-3 ) showed an inhibition of 82%. The ss-DNase 

activities of 01(A) and 01(B) were very sensitive to PHMB. D1(A) 

was inhibited by 91% and 01(B) was inhibited by 80%. 

3.1.9 'Evidence for 4s-DNase Inhibitor 

The presence of ds-DNase inhibitor(S) in Dl plus 02, Dl, and 

03 preparations with high ss/ds ratios was shown by three types of \. '" 

~xperiments: (~) relief of the ds-ONase inhibition on passing the 

preparations through OEAÈ-cellulose, (H} differential activations of the 

s5-DNase abd ds-ONase activities of the preparations with trypsin and 

(li1) isolation of an 1nhibitory protein from an "aged" preparation of 

pl plus 02. The data in Table 12 indicate that passage through 

DEAE-cellulose and trypsin treatment had essential1y the same effect 
, '" 
on preparations with high ss/ds ratios: the 5s/ds ratios were dramatical1y 

- lowered. 'In the case of tryps~n treatments, -the effects of lowering 

the ss/ds .ratios were paral1eled bi pre~rential activations of ds-
~ 

, .. 
ONase activit1es versu~ ss-DNase.activltles in different preparation~ 

. . 
All of these resu1ts are consistent with .thè removal of ds-DNase' 

. , 

.inhibitor(s) fram preparations with h1gh ss/dS ratios. Thè pr~sence of' 
, - " .... , 

. '. Jd~..oNas..e inhibltor, h~s been ~onf1nned, more directly b; ohromatographing : . . 
, , 

\ 

" 

: . 
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Table 12: DNase ~ activated by pre-treatment with trypsin 

( 30 min. 23-24oC ) at a concentration of lO~g of trypsin per 

ml of activation lJJixture. 1he activationtAQ.S stopped with SBI 

( 3 t1mes the amount of trypsin added (30~/ml} ) before 

assaying for DNase activity. 
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( T Table 113: The amount of trypsin used to activate the crude 
i, \..... 

~'~-----fractions IUrlS lOO,.){g/m1 and for the;Ol pl us D2 ·W~ lO.Jl9/ml. 
t' 

Conditions for activ,ation we,re30 minutes at 23-24oC. Activation 
-~-

_ "-li.<i stopped _with SBI, in 3 times the àmount of trypsin added. 
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Tab'e 13 

Differentia' trypsin activation of crude extract, Dl plus 02, and OEAE-

str;p fraction of wt-A ( mid-log) .. 
~ 

Preparations Crude Extract 01 pl Ù~ .02 DEAE-cellulose "-

ss-DNase ds-DNase +T/-T ss-ONase ds-DN~ +T/-T ss'-DNase ds-DNase +T/-T 
1 1 <II 

activity activity ss ds a!=tivity activity li ds activitx activitx . !! ds 

-T +T -T +T -T +T -T +T -T +T :l. +T 
~ 

1 68 201 . 2 ""16 3.0 7.9 ~ 7.7 23 .93 1.2 3.0 1.3 ~ 
..... 

II 72 189 3 18 2.6 6.0 8.1 24 .93 2:2 3.0 2.4 
~ , 

0 

III 144 467 6.4 44 3.2 6.8 8.6 17.3 .90 2.4 2.0 2.7 \ 

IV 
_ .. - 54.4 330 . 1.1 49 6 45 11 34-.4 .50 1.8 3.' 3.6' 

1-.. ! 
r " -

>" ~-
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a 14-day old preparation of wi1d-type Dl plus 02' ( stored at 0 - ,4°C' ) 

with a ss/ds ratio of 50!hr~ugh OEAE-cel1ulcise. Unexpectedly, a 

substantial amount of protein ( with no DNase activity ) fai1ed to 

~bsorb on DEAE-cellulose. When this protein was added to the DNase . 
eluted in the gradient from the same co1umn ( a' mixture of l)l and 02 

with a ss/ds dt" 3.4 ), no inhibition of ss-DNase activity was observed. 

but a 33% inhibition of ds-DNase activity occurred', It ~not known 

whether this inhibition cou1d have been pushed to completion by adding 

more protein or whether the inhibition was preferential for the ds­

DNase activity ,of Dl or of 02. In this experiment., no ~ifferentia1 

trypsin activation o,f ss-DNase and ds-DNase was detected ( Table 13 ), 

indicating that no ds-DNase inhibitor was present in the fraction 

derived from OEAE-cellu1ose, although tn~ 3-f~ld activations of S5-

and ds-ONase activities indicate that endo-exonuclease precursor was 

present, This result is in contrast ta the huge differences in 

activation of ss- and ds-DNase activities { 6 .. fold and 45-fo-1d } 

before DEAE-cel1ulose chromatography and for t~e crude extracts 
1 

( Table 13 ). Attempts to recover dS1ase inhibitor from fres,h 

( l-dày old ) preparations of Dl plus 02 have so far failed, in spite 

of the fact that the ss/ds ratios were lowered in the expected manner 
~ ~ . 

by passage through the DEAE-cellulose ( Table 12 ). These'results . . 
, 

may indicate that limHed proteolysis is required ta release the ,.~ . 
inhibitor(s) from the enzyme-inhibitor co~plexes, 

1 

~ 

1 

/' 
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Fig. 8: Sedimentation velocity centrifugation of 

nucl~ase fractions in linear 5-20% sucrose gradients. 

Hemoglobin WS used a~a marker. It has a sedimentation 

coefficient of 4.35. Hemoglobin concentration ~ 

dete~ined by A440 ( open circles ), and ss-DNase 

activity { close circles )w~ deterÎnined by "point" 
IJ 

assay. 
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Fig. 8 

-;- 0.3 DI+02 

1 8.6 5 

!.. 0.2 , 4.35 
Cl> - t\~ , 
en l, \ 
o ";/' •• 
~ 0,1 _" '.e ..... 
1 ~ ..... .. 

CI) PCl 
CI) 00 (, 

. 0 O'---rP ~­
U) 
N 

<l 

,DI, 

,4.75 

... 0.4 . D3 -o 

03' ! 
4.85 • l' ~~ 

,J\ ' i\ • · . · • · o 0.3 -
.. ~ .. 1['·\ 
w 0 0.2 8.6S! \ 

u..J ~!. J' ~ g , .. \./ 4.35\ 41~t \ 
al ~ 0.1 ,. ,'\ • 0\ a: • 00 _.. : • • 

O J: 1'0 ' Po 
11'\ 0 ôO '. ô .. 

, ' 

_ • 0 ô ~ 

~ J °O'---I~ '°20 0 70 20 

, ,1 

\ 

0.8 D2 ,4.75 

• 
0.7 Ji 

• 
0.6 

1 
• • 

0.4 

• 
0.3 

• 

'

-.4.35 \ , . ~ 

i lq \ .... : '\ '-..... .. . 0 P • 

0.2 

0.1 

i. ~, 
00'----. , OL - -

10 20 " 

FRACTJON NUMBER 

o 

, . 
1 

t 

,\ 

. 1 

1 

1 

,1 



• 
u rr ' , , 

l : ~ 
; ~ 

\F 
, , rr Jt' "'?'r(1 

j-

:- 1. , 

! 

L 

Ir-
~ ~ \ , 

l~ _~i) 1 F-
o! 

[: . 

1',~ , 
( , ... 
l ' 

1 

1 
l' 1 t~ 

t" . • 
~ (1 .. 

1 1 '~~ ~f~~~ 
~"--

1 1 i-
f \ ' 

lr 

lJ~ 

[1' ' 

ê' 

r -) 

- 63 -

, ) /' 
//'" 

3.1.10 Molecular Weight Determination by Sedimentation velpé1t~ 
, Centrifugation on Sucrose Density Gradie'nts / 

The method of Martin and Ames ( 4 ) was' employed tojdetermine 

the app~rent molecular ~eights of all nuclease fràctio~ iso~ated here. 
1 

A l inear re1a~;onsh;p was found to occur betweeh dist.?,"ce sedimented 
'. " .. ~ , ' 

from the meniscus and the sedimentation coefficient of tl1e protein .. ln 

these experiments, the nucleases were all sedimented with bovine 

hèmoglobin as a marker ( molecular'weight 63.000 dalton~). The Dl 

. ,plu~ 02: Dl~ 02, D3.and.03 1 fr'actions were sedimented individually 

and also in various different combinations with each other ( Fig. B ). 

01 plus 02, Dl, 02~ D3 and 03 1 had sedimentation constants of 8.6 S 

8.2 S, 4.7 S, 4.8 S, and 4.7 S respectively. These'values corresponded 

,----- ' ) 

". , 

' . 
.. , 

to ,apparent molecular weights res'pectively of 184,000; 170,000; 75,000; t" 
77,boo; an1 75,000 ( Table 14). A second minor component in Dl had 

, 

'.a .sedimentat~on constant of 4.7 S· ( appa~ent mo1ecular weight of 

75,000 ) ( Fig. 8). A mixture of 01 and D2 sedimented as a single 

~-GOmponent of 5.2 S ( 85,000 daltons) rather than two components as 

expected. A mixtûre ,of 02 and 03' sedimented as a single çomponent 
, " 

-of 4.7 S as expected J molecular weight 75,000 ) • 
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4. 1 "Discussion 

, 
1 

.1 

j 

4.1.1 Histidine and Mitomycin C sensiti.~ities of wild:t,Ype ~nd niut~nts 

Based on the results of tests for sensitivity to histidine and 
, 

mitomyc1n C ( Table 3 ), the mutants can be divided into thre'e groups: 

( 1 ) those which sensitive'to both agents, ( 2 ) those which sensitive 

to either one or the other agent. a'nd ( 3 ) thosp wh1ch are not sensitive 
. 

to either of the two' agents. Mutants whi~h have been found to be 

sensitive to a \>lÎde spectra of mutagens, uvs-3 and ulis-ii ( 78 ), ms(04) 
. 

and nuh-4 ( E. Kafer, unpubl1shed results ), and me;-3 ( 56 h were 

found to he sensit1ve . ta bath histid1ne and mitomyc1 nc· rfe me1at1c 

uv-sensitive mei-3 mutant, which causes deletions of ~uPl iC1tions and 

uvs-3 had been found previou.sly to be histidine sensitive / 79 r. All 

histidine and mitomycin C sensitive mutants above were aJ/so found ta 
r , 

havé Nuh phenotype i. e. they fai 1 to secrete norma l amounts of deoxy-

ribonuclease ( 55). Analogies can be dr.f.'tween these histidfne 

and mitomycin C sens; tive mutants With~ ~c A and lex A mutants of 

E. col1. The rec A and lex A mutants in E. col i show a set of start-l ing 

pleiotropic effec~s, which include high sensitivity to a wide spectra 

of mutagens ( 80). The sensitivity of these N. crassa _mutants toward 

,histidine and mitomycinc as well as ta other mutagens lUe UV, and . . 
ionized irradiation s,trengthel}s the possibility that the Neurospora 

, 

mutants are rec mutants: ln addition" two of these mutants; uvs-3 and· 

JVS-6 have been found to show high mitotié recombinat1on and/or (deletions 

( 56). They are thus phénotyically closer ta E. coli lex A mutants 

than ta rec A mutants whfch are defic1ent- in recombination. The effects 

of the !!.!!!t:i and nIDS (O~) mutation~on recomb1nation have not yet been. 

o 
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I~ 

assessed. t \ 
The resul ts for strains which do not have the Nuh phenotype but 

which have narrow spectra of mutag~n sensftivities. uvs~4 and the two 
. 

pyrimidinel dirner excfsfon"'deficient strafns. uv$-2 and upr-l. confi rm . --.-

-".-~--~ 

t.hose of Newneyer. Schroeder and Galeazzf ( 56 ) for histidine sensitivity. 

Athough uvs-4 was sensitive to histidine. it was not sensitive ta mita--- , 

myein C On the ?ther hand. uvs-'2 and upr-l were not sensitive to 

either agent. The\uvs· .. 4omutilnt was found previously ta be sensitive 

ta UV but nat to 10n1zing radiation. unlike uvs-3 and uvs-6 which are-
" sensitive ta both agents (21 ). The insensitivity of the'se three 

q 

mutantso toward .!11itamycin C. and ta histidine in the cases of uvs-2 and 

and upr-l. correlates with t~e lack oft any effects on reeombination. 
, 

Nuh-3 was found previausly not ta be sensitive ta UV or ta the chemical 

. mutagens, nitrosoguanidine ( NG ) and methylmethanesulfanate ( MMS ). 

( L, Kafer, unpublished resu1ts ) and here it is shown not ta be sensitive 

to histidine and mitomycin C. Is these respects. ft is representative 

of other nuh mutants which do nct show sensitivity ta either UV or chemical 

mutagens e.g. nuh-l. nuh-8. nuh-5, and nuh-6. In conclusion, nuh mutants 

which faU ta secrete normal amounts of DNase fall i nto two c1œsses, 

mutagen .. sensitive and mutagen-insehsitive. The former class appears ta 

be Rec-l ike, based on the wide spectra of sensitivities to mutagens and 

in two cases ( uvs-3 and uvs-6 ) are known to have a ltered recombination. -- --, , 

It thus becomes of interest to determine whether 'or not, a given pattern 

\ of intracellular DNases correlates with the Rec-like phenotype. Of 
.\~ 

special 1nterest 15 the Neurospora ~ndo-exonuclease wh1ch has a number 

of enzymological properties in CORmon with the major recombination 

. 
_A ~ __ ~_ • ..,_.~~, 
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nuclease of bacteria e.g. exonuclease V of E. coli ( 37 ). 

, 
"_.~" 

4.1.2 Identityof the Major lntracellular Alkaline of Log-phase Mycelia, 

The expressed ds-ONase aetivity of extracts of wild-type log phase 

N. crassa mycelfa is low ( Table 5). The ds-DNase specifie aetivity 

1s 0.6 units/mg protein while expressed ss-ONase specifie activity is 

18 units/mg protein. These values give a single ta double strand ratio 

( ss/ds ) Ot activities of 30. The expressed ss-ONase activity was 

followed during fractionation, and expressed ds-DNase was determine 

on ly on i 50 l ated fractions. 

The expressed ss-ONase activity of extracts of mid-log wild-.type 

myceli~ resolved into three fractions bychromatography in turn on 

OEAE-Sepharose and on phosphocellu1ose. 'Jhe proportions of these three 

fractions. ~1. 02. and 03', can be calculated from table 6 to comprise 

respectively 16%, 34%, an'd 50% of the total ss-DNase activity recovered. 
o 

i: 

The isolated fractions also expressed substantii\l ds-ONase activity in 

spi te of the fact that the expressed ds-DNase activity in crude extracts 

was extremely low ( see above). Two qf the three isolated fractions 

have properties very simi lar to two nucleases which have been pre\lious.ly 

described. 03'15 very simi1iar in properties to endo-exonuclease ( 10, 
'. 

7, 11 ) and 02 is very simi1ar in properties ta mitochondrial nuclease 

( 50. 51 ). The propertie5 of the minor component, Dl, JiPp~jlr to ~e 
, , ' 

ti me dependent ( see be 1 ow ). 

03'exhibited 'qua1itatively endonuclea,se activity with ss-DNA and 

exonuc1ease activity wft.h ds-DNA. when assayed with TCA and UTCA as pre-
t 

cipitants of undigested DNA ( 10). 03' a1so had a high RNase activity. 

ln ~dd1tfon, the ss-DN~se act1vfty of D3" in the presence of 0.5 nf.t . , 
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, 
;"Ï'i" l,as 5~'; of the control, and 1t I~as .'~elat1Vely resistant to inhIbition by 

EoTA. Mg++ onl'y restored the s~-DNase-activitY of the: EDTA-inhibited . 
enzyme to ~ smal1 8x~~nt and Ca++ was even less effective i~ restoring the 

~ 

activity ( Table 9). The apparent molecu1ar weighe'of native 03 1 . ~ . 
was 75000 ( Fig. 8 and Table 8 ), which is only slightly higher tnan 

that of 61000 found for the molecular weight ~ the trypsin-activated 

'endo-exonuclease precursor.( 6 ). but lower than that of 88000 found 

, ,for the i nae t i ve preeu rsor ( 7. 81 ). The end~-e xonkl";,,e and its 

inactive precursor were both found previously to be sini1e p~lypeptides 

( 7). The, highest molecular weight determined for the active endo­

exonuclease by electrop~oresis on denaturing gels, however, was 53000. , 

This discrepancy was expla;ned ( 7 ) by the observation that the enzyme 

was very susceptible to proteolysfs by enpogenous proteinases during 
1 

purification "( 7 t 10 ). The proteolysîs reduced the exonuclease 
1 

l ,'. 

activity while eXhibitÎ"j Vttle effect_ on the en do nue le jase activity.· 

Thus, the appare'nt \1lO1ecu1'~r weight of 7500Ô for D3 may indicate that 1ittle 

• 
. 

~ 
t 
" 1 , 
~ . 

proteolysis had océ'urred duting the isolation process, or, alternatively , 1 

it could indicate that the ~nzyme may be associated with other protein(s). \ 
\ ~ 

The first possibi1ity was supported by the fact that ,the inactive ~ 

endo-exonuclease precursor had a large hydrophobie portion ( 6, 7 ) and 

the secreted endo-exonuclease had an apparent molecular weight of 65000 

( 11). The properties of the secreted endo-exonuclease was similar to 

those of 03 ' . However, some evidence for the ,latter possibility was 

----a1so found. This is the possib'ilityA;{ asso iation of the enzyme with 
;' 

a ds-DNase inh1bitor which will be d1scusse~'bel 

\ 

\ 

t 
\. 
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• 

The properties of 02 we.re very siniilar to those of the previous1y 

described mitochondrial nuclease ( 50,51 ). It exhibited qua1itatively endo­

nuclease activity with bath ss-DNA and ds-DNA. It also had·RNase act-
'" ivity. Its activity was very sensitive ta EDTA and was restored to 

greater than 100% of the control on addition of ~~++. ca++. however, 
, ~ 

w~s not effective in reversa1 of the fOTA inhibition. Although D2 was 

derived from'a fraction ( Dl plus D2 ) which adsorbed on DEAE 
, ':.., 

'Sepharose, the isolated D2 fail to adsorb when rechromato~raphed on 

DEAE-Sepharose with 20mM potassium phosphate buffer, pH 6.5. This 

chroma ographic,behavior is 'very similar to th~t of the major fraction 
~ , 

of mi ochondrial nuclease on DEAE-cellulose { 50'. The apparent 

mo1ec lar weight,found here'''fOr)'D2 was 75000, which is substantially 

lo~er t an that of '120000 reported for mitoc~ondrial nuclease ( 51 ). 

However, seems likely, from the apparent conversion of Dl to D2 

see be10w ), that a higher mo1eeu1ar weight 02 does esists in the 

form of Dl ( apparent molecular weight of 180000 )'1 but the discrepancy 
, 

in mo1ecular weights would still remain unexplained. 02 i·s elearly a 
1 

different nuclease from the extracel1ular non-strand specifie ~ndonuclease , " 

(iDNas~ A ) which h~d"been qescribed by Fraser ( 11). Five differences 

in ,properties exist between these two nuc1eases: ( ; ) DNase Ais 1 
Ca++ depend~nt enzyme, whereas 02 is Mg++ dependent and has no aetivity' 

w;th
Y 

Ca +4:; ( i i ) Altho~9h both enzymes were âassed as a "non-speci fic" 
" . 

.J ' 

endonucleases, DNase A degrades ds-QNA faster than ss-DNA ( ss/ds of 1., ," , 

0.6 ), while 02. hydrdlvzes ss-DNA faster ( ssjds of ?5 ) under optimal 
~ ~ ~ 1 

c'ondftions for both enzymes; ( 111 ) The native molecular we1ght of 
, . 

ONase A 15 65000 as compared 75900 for D2; ( iv ) ONase A is a much 

.11' 
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more stable enzyme than 02 ( 11 ); ( v ) DNase A exhibits no -activity , 

with RNA whereas 02 hydrolyzes RNA. 

The. properties of freshly i solated 01 preparati ons were quite 

~ varia~le (4 Table 5 ) from prepara~ion to preparation. and in lime of 

storage at low temperature. When characteri zation of fresh pr:fparations 

was carried out, their properties resembled those of 03 1 in ~ome 
(t> • ( 

instances. These properties include the in~ibition of ss-DNase activity 
" 0 _ 

with ATP, relative resistance to inhibition· by EDTA, "and partial restor-

ation of activity with either Mg++ or Ca~. The p-hydroxymercuribenzoate 

( PHMB ) inhibition of 01 and 03 were also similar ( a relatively low 

level of inhibition. ), and were clearly,different from that of D2 ( Table 

11 ). However, after Dl was "aged" one week at 0-40 C, the properties 

of Dl had converted to those of D2 with concomitant 1055 of inhibition 

by AlP, and increase of EDTA sensitivity, a Mg++ reversa] of EDTA inhi­

bition ability which restored over 100% that of control, and no restoration 

of activity with Ca++. There was also' an increase ;n sensitivity to 

PHMB. When Dl was sedimented in a linear sucrose density gradient, 

a more slowly 'sedirrenting compof)6!nt of apparent molecular weight of 75000 

appeared in additi0!l te the original one of 180000. Final ~y, the chroma- ( 

·-tegraphic properties of Dl changed on ageirig into those of 02. Similar 

to the ; solated 02, aged Dl préparations did not ~dsorb or only weakly 

adsorbed on DEAE-Sepharose. The' cause of this conversion of 01 to 02 

with time is not known, but it i$.. strongly suspected that endogenous 

proteinase(s) are involved. It seems quite likely that al1 of the 02 

èxists initially in the hlgh mo1ecular weight form, since al1 of the 
\ 

5s-DHase activity in fresh preparations of Dl plUs 02 ( from DEAE-

Sepharose ) sedimented with an apparent molecular weight of 180000. 
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When the ss-DNase activity in the Dl plus 02 fraction was characterized 

(Table 8 ), it behaved in-the expected manner, like a mixture of Dl 

and 02. The reason for thè rapid sedimentation of 02 in 'the Dl plus 

02 preparations is not yet clear. What is clear is that the passage of 

Dl plus D2 through phosphocellulose resolved the two components, and on 

standing more 02 is produced from Dl. 

The Dl plus 02 fraction can be considered tl) consist of'two forms 

of mitochondrial nuclease which are separable by chromatography on 

phosphocellulose. Two forms of mitochondrial nuclease were also reported 

by l inn and Lehman ( 50 ) and by Martin and Wagner ( 51 ), but in each 

case, the two forms were distinguished on a different basis, the former 

by different affinities for DEAE-cellulose'and the '_atter by different 

solubilizationOs in the presence of Triton X-100 .. However, the possibi­

lit Y that the conversion of Dl ta 02 with time may result-from artifacts 

of extraction can> not be dismissed. Th;~ conversion occurred in vit~o, 

where the environment for th~ enzyme is quite different from that in 

vivo~ e.g. passage through{ OEAE-Sepharose may result in activation of, 

Ivari ous proteases ( 94 ). The propert i es of fresh Dl may be cl oser ta 
D 

the properties in-vivo and in such a case, Dl would_ behave more like 

another form of endo-exonuclease than i't would behave like D2 tr ( see 
@' \ 

\ 

above). Thus, in spite of the results obtained in vitro 1 ind.icating 
/ 

that Dl con verts to 02, ït can not be"absolutely ruled out that Dl is 

another form of endo·e~onuclease ( 03 ). One possi~il ity that may 

reconcile these two app,arently very different interpretations of the 

relatlonship bet~en Dl and the other two major intracellular nucleases 
- , l;J 't \ 

1s that both endo-exonuclease and the mitochondrial nuclease arîse from 

the same inactive 'precursor via different routes of proteolysis. ' This 
• b , 

might explain the ple1otropic effects of various mutations on both 

• 

", 
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intracellul{lr enzymes ( see below ). 0 One way to ~xamine the interrel-

at'ionships 'between these 'enzymes and the endo-exonuclease pl"ecursor 
, '<a 

would be to test thetr antigenic cross-reactivity. This will require 

the isolation in quantity of at least one of these entities in highly 

1 puri.fied form. 
, "1 

4.1.3 DNase Deficiencies in Mutants 

Three of the mutants, uvs-3, nuh-4., and nuh'-3, show clear deficiencies 

in' the' l:~~els pf expressed ss-ONase act;~itY\.thrOUghout log phase growth 

( Tabl;"4). The levels of total ss-DNase ( measured after tr},s1in 

activation "), how~ver, were not significantly different from the wild-' 

type. 'The low expressed levels of DNase of these mutants are èonsistent 

wi;th their Nuh phe_n9type, i;e. the production of smaller nuclease haloes 
'- . . 

as compared to wild-type when grown on DNA contained miminal agar plates 

( 55). They are also consistent with the observations·that these 

mutants are deficient in the release of extracel1ular DNases into the 

liquid çulture medium, including endo-exonuclease ( 11 ). The normal 

levels of total 'ONase activity in these mutants, togethErr with the. 

isolation of an inaet;ve end,oexonue1ease preeursor ( ( 7·), suggests 

that the low levels of expressed DNase may be due to a deficiency in 

proteases in which participated in the processing'of endo-exonucleasé 
v \ 

precursor. 
1 

) There were no significant differencès expres~ed and total ds-DNase 

observed b~tween the mutants ( uvs-3, nuh-4, nuh-3 ) and the ·wild-type. 
, -

/ 
/ 

f 

However, the expressed ds-DNase activity 1s al1 but completely supressed 

in all strains by a ds-DNase i~hibitor (see.4.1.4 of Discussion ). 

This eliminates any differences 1n ds-DHase activity which may exist 

between mutants and the" wild-type. The acti vation to ds-.fJNase 

• 
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activity with trypsin was consistently gre~ter than the activation of 
) \ 

ss-DNase due both to the destruction of this inhibitor and the conversion 

of 'endo-exonuclease precursor to active enzyme. 

The data in Table 6 indicate that the~~eficiency in expressed 
, ' 

ss-DNase activity -i s shared in each case between the mi tochondria l 

nuclease ( assumed for the purposes of Discussion to be Dl plus 02 

and endo-exonuclease ( 03 ). It. can be calculated from the proportions 

of mitochondrial nuclease and endo-exonuclease in the mutants, that the 

levels of mitochon,drial nuc1ease in uvs-3, nuh-4. and nuh-3 are re­

spectively 56%, 76%, and 40% of the wild-type, and that the levels of 

endo-exonuclease are respectively 18%, 46%., and 38% 'of the wi ld-type. 

Although both nucleases are present at lower levels in the mutants than 

in the wi1d-type, neither of the two nucleases is complete1y absent 

in the mutants. These three mutants, therefore, appear to ~xert pleio­

U tropic effects on the levels in the intracellular DNases as they do 0t:l 

l 'the secretion of DNase!- ( '11). The secretion of endo-éxonuclease is, 

however, reduced onlytin the Rec-like mutants, uvs-~ and nuh-4 , and 

is nonnal in the mutagen insensitive mutant, nuh-3. Another Rec-like 

mutant, uvs-6, did not show any deficiency of expressed i ntracellul ar 
-- • 1 

'endo-exonucliase,.but did had deficiency of DNase C which was the secreted 

form 'of Émdo-exonucl"ase ( 11 ). 

Since the 1evels of total ss-ONase activity ( after trypsintfllctiv-' 
''1 7 . 

ation ) in the uvs-3 and nuh-4 mutantsr:'(!are thé' same as in the w; ld-type, --- ~ 

it is possible te;> ca1culate that the ratios of the inactive precursor 
~ 

to the active endo-exonuc1ease. The ratio; calcu1ated for uvs.,-3 and 
• 

nuh-4' are 30:1 and 12:1 as compared to 5:1 for wild-type. These h;gh 

)]'" 

, 
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\ 

ratiaCsuggest that t~ese mutants, especially uvs-3 , may /je defective in 
.. 

protease(s) involved in the processing and perhaps the secretion of endo-
• 

exonuelease. There are no elear correlations between mutagen sensit­

ivities ( DNA-repair defieiencies 0) and deficiencies o~xpressed endo­

exonuelease activity or other stri.k;ng differenees between the, mutagen 

sensitive mutants and ~he wild-type. Thus. the implication of endo­

e'Xonuclease in DNA-repair and/or recombination ( 10, 81 ) awaits the 

isolation of a condi~~al mutants which alter directly the strucfure 

and functions of the enzyme. 

• 

" , 

The mutant nuh-3 shows a definite deficiency of expressed ss-DNase 

activity (, Table 4 ) whic'h is shared equally between the mitdchondrial nucleasE' 

and endo-exonuclease,and it also exhibits a Nuh phenotype.' In spite'of th;s, , -
it is not sensitive ta mutagens relative to the wild-type. A les;on in the 

nuh-3 mutant may possibly involve defects in the process ing of the mi to-

chondri a l nue 1 ease, and the secreti on of ss-exonuc l E'ase. The process 

by which Dl is converted te 02 appears to be impai,red in this mutant. 
• 

Nuh-3 is the only mutant examined in which the ratio of Dl to 02 was 
• 
higher than that for the wild-type ( Table 7). The appearance of a 

75000 dalton moleeular weight "peak Il in aged Dl preparat{ons examined by 

Sucrose density gradient centrifugation suggests that endogenous pro,,: 

tease(s) may be invo1ved in this process. The nuh-3 mutant a.ppears to 

secrete normal ,amounts of ONase A and endoexonuc 1 ease, but secretes 
o 

oTlly ·1ow levels of ss-exonuclease ( 11). This enzyme was not found 

intracellularly in mycelia ( 9 ), IInd may be largely periplasmic in , 

conidia since la~ge amounts of activity were released from conidia only " 

by freezing anl:! thawing. The ss-exonuclease has a number of properties.-

• 

" 
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in common with the 02 ( mitochondrial nuclease ) described here: size 

( about 70-75000 daltons ), RNase activity, Mg++-dependence. inhibition 

by Ca+~ and laek of inhibition by ATP. It differs in specificity for 

ONA however. Whereas D2 hydrolyzes S5- and ds-DNA at almost equal 

rates in an endonuc1eolytic manner. the ss-exonuclease was found to 
, . 

degrade ss-DNA exonucleolytically in a quite specifie manner (' 52 ).' 
\ 

~ However. a small amount of endonuclease activity ( which destroyed the 

infectivity of ~X-174 viral DNA ) was found in association with highly 

purified enzyme. This was originally believed·{ 52 ) to be ,contamination 

from the ss-endonuclease ( now known ta be endo-exonuclease ), but could 

be an intrinsic activity. ~àth ss-exonuclease and the mitachondrial 

, nuclease hydrolyze DNA to produce 3'-OH and 5 1 -phosphoryf'termini ( 50. 

52 "). 

4.1.4 The Expression of dS-,DNase Activity 

The appearance of ds-DNase activity in the isolated fractions of 

mitoehondri.l nyele.se .nd endo-.XOn"~le.~eated th.t <this ds-ON.se 

activi ty was masked in less purified fractions. In crude extracts, the 

ds-DNase activity was extreMely low. less than 5% of that seen after 

tryps;n activàtion. However, when the crude extraets were treated with 

, trypsin, ~he ds-DNase activi ti-es increases 7 ~imes while the ss-DNa5e~1 
. , 

activities only increased about 3 times ( Table 13). The ~ctiyation 

~byendogenous protease(s)'. however. increased the ds-DNase activity 

by 20 times but only, increasell the ss-D~ase activity by 3 times, same as 
. 

that for th~ trypsin activat;on. The differential activation of ds-DNase 

activ1ty with trypsin indicates that the increase of activities was 

not merely due to conversion of inactive endé-exonuclease to active 
" . . 

/ 
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t enzyme both the ss- and ds-DNase activities of pœrtially purif~d 
1 

precursor' are activated to the same 1 extent ), but invol ves al so the 
, --

proteo-lytic destruction of a ds-DNase inhibitor. The ,spontaneolAS diffèr-

ential activation of ss- and ds-DNase activities'in crude extracts 

( 78 ) was shown to be strongly inhibited by PMSF and th~refore 1ikely 

due to the action of endogenous protease(s). Activation of ds-DNase~ 

activity also occurred when the various fractions were passed through 

DEAE- cellulose ( Table 12 ), a step which turns on protease activities 

in çrud~ extracts ( 94 ) and/or remove a ds-DNase inhibitor. 

Direct evidence for protein inhibitor(s) of ds-DNase' activities 

was obtained by iso1ating an inhibitory activity from the Dl plus 02 

fraction. This p'rotein fraction inhibitèd the ds-DNa~e activity, but 

not the ss-DNase activity, of DEAE-cellulose activated Dl plus 02 (. mito­

chondria1 nuc1ease). Trypsin activation of this DEAE-cellulose ~ctivated 

Dl ~'us 02 fraction increased both ss-DNase and ds-DNase activities 

( in the absence of inhibitor ) 3-fold, indicatinq that inactive endo-
, 

exonuclease precursor was still present and not activated by passage 

through DEAE-ce1lulose. This conftrms previous observations ( 6 y. 

The sam~ Dl plus 02 fraction, before fractionated on the DEAE-ce1lu1ose 
"" 

column, 'however, showed an activation of ds-DNase activity with trypsin 

,of 45-fold and an activation of ss-DNase activity with trypsin of 6-

fold ( Table 13). Recent attempt to repeat the isolation of ds-DNase 

inhibitor with a fresh preparation of Dl plus "D2 on DEAE-cellulose havé 

failed. However, since the pr~vious isolation was from an Ifaged" 'Dl 

plus 02 fraction ( 2 weeks at oOe ), partial proteolysis may be necessary 

for th~ release of the ds-DNase inhibitor fram the enzyme. Possibly 
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f , 

it is.very tightly bound or even covalently linked to the enzyme and 

1 \ released as part of the processing mechani sm. 
\ 

The presence of proteinaceous ONase inhibitors has been reported 
, 

for man~ organism. These inhibitors include the ONase inhibitors of 
~ -

malTlTlal;an tissue ( 71, 72 ) and Actinomyces levor;s ( ?3). However, 

for nucleases, which degrade both DNA and RNA. only two such DNase in­

hibitors have been reported, the nuclease 0 inhibitor- of Aspergillu~ 
o j 

oryzae ( 77 ), and the nuclease N3 inhibitor of Neurospora crassa {~57 ). 

Nuclease 0 is an enzyme with sorne properties in common with Neurospora 
'" " mitochondrial nuclease. The two enzymes behaved like a basic protein in 

chromatographie propertie~. Mitochondrial nucl.rse did not adsorb 

on OEAE-cellulose ahd nuclease 0 adsorbed on CM-cellulose. Both enzyme 

also activated by Mg++ and inactive-in presence of EDTA ( 95). The . 

nuclease 0 inhibitor is an acidic protein, it adsorbed to DEAE-Sephadex 

( 77 ). The inhibitor has a molecular weight of 22000 dalton and is 

highly specifie for nuclease O. The inactive enzyme-inhibitor complex 

i 5 reacti vated by treatment with thymotrypsin. . Another protease sen-, 

sitive DNase inhibitor found in eukaryotes is actin ( 74. 75). Actin / 

forms a very tight inactive complex with pancrp~tic DNase 1 which can 

be activated by treating with trypsin ( 96). Recently Neurospora. 

has been shown to contain actin ( 76 )., but it is not known whether it 

~an inhibit Neurospora DNases and there are no reports of differential 

inhibitions by actin of ds-ONase versus ss-ONase activity. Although 

the nature of the inhibition of the Neurospora nuclease and identity 

of the ds-DNase inhibitor(s) have nat yet been elucidated, all of the 

evidence accumulated here points ta their existence. 
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4.1.5 Unànsweretl Prob1ems and Prospects 

Severa1 questions have been raised during the course of this research. 

Two questioRs concern the apparent relationship between fresh Dl and 
~ 

, ,/ 

endo-exonuclease ( D3 

as i t ages in vitro ( 

) and the conversion of Dl to mitochondrial nuclease 
\ 

~ee Fig. 9 ). There is no dir~ct evidence for conversion 01 

Dl ta 03, but the inhibition by AlP. resH;tance to EDlA and lack of stimulation 

~y Mg++ as wel1 the ds-exonudease activit,v associated with sorne q~ 

the Dl preparations i.ndicated that the two enzymeSmay. be related. Dl 
1 f 

vs D3 ) The changes in physical and chemical properties of Dl th.at· 

occurred on ageing, c1ear1y indicated a conversion to D2 ( see Results ). 
.,,{ l 

. 1;' 

The mechanism for the conversion is not known, but it ;s suspected tha~ 

proteolysis may be invalved. However, whether th;s conversion of Dl 

to D2 occurred only in .vitro, i.e. whether it i s an artifact of extraction, 

or whether the conversion reflects the true situation in vivo is unknown. 

If the in vitro data do reflect the true state in vivo. then the question 

arises as to which protease{s) are responsible for this conversion. 

There is no evidence at present that Dl originates from an inactive 

precursor. A secreted DNase ( 11 ), ss-exonuclease ( DNase B ). which 

was not found in extracts of mycel ia ( 9 ) differs from the mitochondria1 
) 

nuclease ( D2 ) only in the mode of degradation and the strand specificity. 

D2, the mitochondrial nuclease has an endonucleolytic activity toward 

ss-DNA and ds-DNA with ss/ds ratio of about 3, while ss-exonuclease 

has an exonucleolytic activity toward Ss-DNA and ~ hiqh single-strand 

specificity ( 52). A 10w leve1 of endo-nucleolytic activity was a1so 

detected. c Other properties of the se two nucleases such as a high Mg++ 

dependenc~l' high sensitivity ta EDTA, lack of ;,nhibition by ATP. RNase 

\ 

i 
\ . 
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Fig. 9: Schematic representation of 

the possible relationships between five 

Neurospora nucleases ( ss-endonuclease, 

mi tochondri a 1 nucl ease ,( ,02 ), ss-exonuc l ease, 

endo-exonuclease ( 03 ) and Dl ) and ,hoW . ~ 

they may derive from a single inactive 

precursor. 
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Fig. 9: 

POSSIBLE MODEL FOR THE PROCESSING AND 

SECRETION OF NEUROSPORA NUCLEASES 

EXTRACELLULAR 1 DNase A 1 
/': 

LEndo-exonuclease1: 

'" > '" INTRACELLULAR '" ..,,/ .. ,... __ _ 1JIfIIC_ . -

(i) 
,-D_N!!.s~~J 

UIACTlVE ,--- <Y __ ---
PRECURSOR 

(107' , 
1 Endo-exonuclease \® 011. ,lU;;) 

ss-el1donuclease \ 

(linn & Lehman ~J·rltL enzyme) ... Dl 
-s'rte 

Mi tochondria 1 
" Nuclease , 

(02) 

__ ..... STRONG. EVIDENCE FOR 

---------. SPECULATION 

Plasma membrane protease 1 (PMSF-sensitive)1 

Plasma membrane protease Il ! 

Microsomal membrane protease? 
~ 

~ Mitochondrial ~embrane protease? 
-{ 

~,aD Lyso$omal (vesicular) protease? 

.. 
, 

l ~ 

, . 
'-~ 

~ 
< • 

~ 
. 

". ss-exonuc1easel 

'-, 

r 

1 



'-

f 1 

0 

IL 
III 

( 

fi 
[ l 

li 
f 

fi 

{ ~ 

1 ~ , . 

1 r i j " 

1 . 

i .,!; 
1 

lU 

l.f 

U 

f1 
(l 

" 

r t 

r! 

" .. 

- II) :. 

activity were very similar. Thus. it is possible tholt J t'e1Jtio,,~hit, '11~'~ 
exis.t between these two DNases. One possibility is that the two nucleases 

are derived from the same precursàr ( see Fig. 9). DNase C. the secreted 
~ 

farrn' of end~-e~~nuclease ( 11 ), was identical in properties to the 

in'trac~l1u1ar endo-exonucl.eas~( 03 ) except that it was smaller in size., 
J 
) 

65000 13ltons as compared to 75000 daltons for 03. This differenc'e lin. 

'mole~~r weights may not be real. Since both endogenous protea?e(s) in 

extracts and exogenous prote~~es such as trypsin convert endo-exonuclease 
'f) , 

precursor to active enzyme ( 6,7 ), it may postulated that plasma membrane' 

protease converts the precursor to active enzyme during secretion' ( see Fig. 
:/ 

9)~ Possibly the same protease asso~;ated with m;crosome membranes may 

catalyze the intr4cellular conversion of precursor to active enzyme, via 

a pathway involving Dl ( see Fig. 9 ). 

The above discussion raises the possibi1ity that 01 may be an active 

precursor of both 02 and 03 and that 02 ( the mitochondrial nuclease ) 
.(~I 

might be re1atedite the extracellular ss-exonuclease. This wou1d accounted 
. 

for the variations in \able 8. The characteristics of 01+02 would depend on 

pleiotropic effects the fraction "o,f Dl which converted to 02 or 03. Thus, 

it is possible that the inactive precursor is a precursor of no less that 5 . D 

nucleases in Neurospora: endo-exonuclease ( 03 ), ss-endonuclease, Dl, the 

mitochondrial nuclease ( 02 ), and ss-exonuc1ease. The possibility that 

these nucleases arise from the same precursor may thus explain the pleio­

tropic effects of various mutations on the nucleases. 

The postulated endogenous protease(s) involved in the 01 to 02 

conversion may be identified by incubating Dl with either mitochondr.ial 

or microsome membrane fractions in the presence of various protease 

inhibitors. Protease(s) which are involved in other postulated conversions 

could be ident1fied 1n a s1milar manner'. Five intracel1ular proteases 
1 

. , 

, , 

" 



l 

1
:,-

.l 

! n-
Il-
1 . lî--
, ~. 

, ' 

I­
l {~­
f [';-
, 1 

\ 

u­
n~ 

11-

n-
" 

" {~. 
; i 

, "\ 

- 80 - . 

of Neurospora had been Üo l ated by Si epen et al ( 82 ). 
/~/ ( 

They i ndudeJ 1 

an acid endopeptidase. an alkaline endopeptidase, a carboxypeptidase. 

and twé aminopeptidases: ,Any of these five prote~ses rnay be invo1ved 

in the above conversions, or sorne highly specifie minor proteases could 

be inva1ved in these conversions. Once protease(s) were identified, / 

then the mutants e. g. uvs-3; -nuh-3 ) would be examined for deficiehcies 

in thern. 

Proaf of the relationships between the in~tracel1ular 'Cleases, , 
01 3 02 and endo-exonuclease ( 03 ), may require the isolation of pure 

inattive endo-exonuclease precursor. This could be used to generate 

specifie antibodies by {~unological technques. Similarities between 
• 

Dl, D2 and endo-exonuclease ( 03 Vith the precursorwould show up 

as cross-reactivity of the nucleafes with the antibody ta the pure pre­

cursor. A hypothetical model to summarize the possible~interelation­

ships between the major intracellular nucleases, extracellular DNases 

and the proteasefs) involved is proposed in Fig. 9. 
? -

The existence of ds-DNase inhibitor(s) also raises sorne questions. 
• 

\ 

\ 

The inhibitor(s) appear ta mask completely the ds-DNase activities in 

~rude extracts and these activities are completely suppressed throughout 

growth. The functions that these inhibitors have are not understood, 

and why the ds-DNase activity, as opposed to the ss-DNase, is specifically 

suppressed 1s also not understood. The isolation of the inhibitor from 

/ 
1 , 

the Dl plus 02 fraction seerns to require limited proteolysis. Endogenous 

trypsin-like protease(s) may be invalved in unrna~king the;ds-D~ase activity 

in vitro, and exogenous proteases such as trypsin, chymotrypsin, elastase, 

and thermo1ysin have a1so been found ta activate the ds-DNase activities , . , 
of extracts as well ( data not shown). One question is: Are there 

/' 

. ' 
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~ , , 
any physiological conditions under whiGh protease{s) "turn on ll the ds­

DN~5e activity in vivo? If 50. then which intracellular protease(s) 

are involved? The proteolytic 'activation of ds-DNase activity ;n vitro 

S'J~~'2sts .\ther tœ.t the ,n"',bHo1" ma'j be covale~'y UnbJ to +he. 
) , 

enzyme, ot\mgy be v~ry tightly 'fiourid t~ the enzyme. ln either case 

limited proteolytic action woulp be necessary,to unmask the ds-DNase 

activity .. 

Covalently linked versus tightly bound inhibitor could be different-, 
J 

iated by using extreme denaturing conditions. A covalently linked 

inhibitor would not be released in the absence of protease activity 
1 

whereas a tightly bounded inhibitor should be recoverable. If !uch an 

inhibitor is also heat-stable, as in the case of nuclease 0 inhibitor 
, 

of Aspergi 11 us oryza€) ( 77 ), heat denaturation could be rised to rel ease 

the ds-DNase inhib1tor. The effects of puri{ied actin. on the intracellular 

Neurospora nuc1eases stiould also be tested, even though there is appar­

ently /no introacellular DNase in Neurospora analogous to pancreatic 

ONase L 

Although the lower levels of endo-exonuclease in the Rec-l ike 

mutants may indicate sorne role for this enzyme in DNA-repair jd/or 

recombination, there is no direct correlation between mutagen sen-
t 

sitivityand levels of this enzyme. The uvs-3, nuh-4 and uvs-6 mutants -- -- ..--, 

are all approximately three times as sensitive to U.V.-r;ght as the 

wild-type ( 28, 55 ) t but levef of" endo-exonuclease in these mutants 

varies from 18%-66% of the wild-type and the level of this enzyme in 

a mutant which has wild-type sensitivity to U.V.-light ( nuh-3 ) is 

38% of that in the wild-type. Therefore, the i olation of a temperature-

sensitive mutants wh1ch directly affect this nuc1ea s necessary to 

permit conclusions about any involvement in DNA-repair and/or recombination. 
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