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

ABSTRACT /

Mutants of Neurospora crassa with the nuh phenotype were tested for

mitomycin C gnd‘L-histidine sensitivities. It was found thaf the several -

‘mutants with wide spectra of ;enéﬂt1v1t1e§ to mutagens ( uvs-3, uvs-6,

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

rec mutants of E. coli, Were,sens1t1ve'to mitomycin C and histidine. However,

jvities to mutagens ( uvs-2 and upr-1 ) were not sensitive to these agents.

Theaexpressed and total single-strand deoxyribonuclease ( ss-DNase )

( qftgr actjvat{on with trypsin ) acfivities in extracts of wild-type and
mytants log-phase mycelia were determined. The ekpressed ss-DNase activities
of two of the Rec-1ike mutants were 33% ( in uv$-3 ) to 60% ( in nuh-4 ) of
that {n wild-type. The total ss-DNase activi?y of these mutants, however,.
were the same as wild-type.  The expressed doub]e-stfand aq;ivity was very ‘
Tow in both\the wild-type and 32;;11ke mutants. No differences in total
ds;DNase activities were observed. ' /

Over 90% of the expressed ss-DNase in extracts of the wild-type was
found to be associated with three nu€1eases which were isolated by chromato--
graphy in turn on DEAE-Sepharose and on Phosphocellulose. ANl three nucleases
showed relatﬁve[y high activities with ds-DNA as well as with RNA. Two ~
of these nucleases ( D1 and D3' ) had-properties very similar to Neurospora
endo-exonuclease, an enzyme 1solaffd previously from Tyce11a: Aged D1 pre-
parations, however, had properties very similar to D2, an enzyme very
similar to the Neurospora mitochon&rial nuclease. A conversion of D1 to
D2 in vitro was shown to occur as D1 aged. The molecular weightsof D1,

D2, D3' as determined from surcose density gradient centrifugation were
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180000, 75000, and 75000 daltons respectively., Two of the B_Q_c_:_él11ke mutants ,

uvs-3 and nuh-4, which have been examfne&. were found to b‘g dgfilcient

mainly in the endo-exonuclease while a nuclease deficient but not Rec-

o

1ike mutant, nuh-3, was found to be deficient in mitochondr{all nuclease.

Evidence for the existence of ds-DNase inhibitor(s) is presented, which

accounts, at least fn\part. for‘ the masking of ds-DNase activities in

crude extracts. When extracts were treated with trypsin, the ds-DNase r
a"cti/vity was found to be 4-fold higher than that of the ss-DNase activity;

and in an aged D1 plus D2 fraction ( {solated from DEAE-cellulose chromato-

~ I
graphic column yielded a protein fraction in the pass-through which /
specifically inhibits the ds-DNase activity of uqucleases from the same =

column,
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RESUME .

L'action de la mitomycine C et de 1‘hist1d1r;e a 6té mesurer sur des

mutants de Neurospora crassa ayant le phénotype Nuh. Nous avons trotve

que plusieurs mutants ( uvs-3, uvs-6, nuh-4 et mms (04) ) sensibles a un

large spectre de mutagenes, le phénotype associé 3 la sensibthe’E un

large spectre de mutagéne_s peut gtre du type Rec tel qui observé chez le

méme mutant de E. coli , 1'étaient également 3 la mitomycin C et a 1'histidine.

Par contre, Tes mutants uvs-2 et upr-1 deficients au niveau de la réparation

c:ians excision et ayant un spectre de sensibi11té aux mutagenes plus
restreintxqpar ces deux agents'. ne sont pas affectés.

Nous avons dé;;ermine' les activites intrinseques.et totale ( apres
at;tivation 2 la trypsine ) d'extraits de myc€11um en phase logarithmique
chez des types soit mutants soit original. L‘actité intrinseque de la

nucléase de 1a ss-DNase de deux mutants de type Rec est diminuée de 33%

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

contre, 1'activite totale de cette enzyme chez ces mutants est comparable
a celle du type oriainal, Chez ces mutants, 1'activité intrinséque de

la ds-DNase est falble quoiqu' 2 un niveau seniblable au type original.
La ds-DNase totale reste inchangée :dans les mutants. .

Plus de 90% de 1a ss-DNase intrinseque d'extraits du type original
est associée EVtrois nucléases isolées par chromatographie successive-
ment sur DEAE-éepharose et phosphocellulose. Toutes les trois nucleases
sont relativement tres actives avec le ds-DNA ou le RNA. Deux’ de ces
nucleases { D1 et D3' ') ont des proprietes trées semblables 2 1'endo-
exonuclease se de Neu}qsgora. enzyme déji {solée de myce'Ha. ' ‘D'autre
part, de vieilles préprations de nucléases DI ressemblent a 1a D2
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(nouvenment preparté ) et sont presque similaires a la nuc1ease mitoch~

ondriale. Nous croyons qu'il y a transformation de D1 en D2 avec e

temps. A 1'aide de la centrifugation sur gradient de sucrose, en F
L\LJHsant 1'hémoglobine bovine comme marqueur, nous avons trouvé des
poids moléculaires de 180000, 75000 et 75000 daltons respectivement, !

pour D1, D2 et D3'. Deux des mugahts de type Rec examines sofent uvs-3

et nuh-4, sont déficients surtout en endo-exonuclease alorsque Te nuh-3,

un mutant defférent du type Rec, est a la fols déficient en nuclease et

en 1'enzyme origqinant des mitochondrees.

ﬁ Nous avons demoutre 1'existence d'un ou d'inhibiteur(s)a de la ds-
DNase que serait ( ent ) responsables du masquageu de la ds-DNase dans
des extraits non puri fies. MNous trouvons 4 fois plus dé ds-DNase que
de ss-DNase par un traitement % 1a trypsine; et dans une vieille
fractfon de D1 et 02 ( isolee pars chromatographte sur DEAE-Sepharose.
un repas{age sur colonne de DEAE-cellulose reve{e dans le volume d'
exclusion une fraction qui inhibe spécifiquement 1'activite ds-DNase

- / .
des nucleases obtenues de 1a meme separation.
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photographs of agar plates. .
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1.1.1 Deoxyribonucleases in Gengral

ﬂ = Deoxyribonucleases (DNases) are involved in many important cellular

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

ﬁ,/“ “proof reading" in DNA synthesis, genetic recombination, packaging of
- viral ;;enomes, restriction of viral DNA, and many more functions. As a
;‘_ reéu]t of these various functions, mutations which affect these enzymes
: yield cells highly susceptible to a variety of environmental factors.
T These mutations are often lethal to the cé]ls despite the presence of other

unaffected nucleases in the .same cells.

T X LT e w . wam e w

DNases have been generally divided into 2 classes based on their . v

—

e

[' N modes of action: (i) exonucleases, which requi}es 23" or 5' unphosphorylated
l or phosphorylated terminus and proceed unidirectionally either from 3'

to 5' or 5' to 3' by consecutively releasing mononucleotides from the poly-

" nucleotide chain. ( Most exonucleases, with the exceptions of exonuclease

VII of Escherichia coli ( 14 ), Bacillus subtilis exonuclease ( 15 ),

l . and recBC nuclease of E. coli ( 16, 17*), do not have the ab;h'/t/to -
7

excise DNA from both diréctions ); (if) endonucleases, which do not require .

. a terminus and split internal phosphodiester linkages of the polynucleotides

3 1 s LA TR

(The Staphylococal nuclease { 18 ) and the Neurospora crassa endonuclease

! releasing oligonucleotides and, in some cases, mononucleotides as well

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

- -

However, nucleases which possess both endonuclease and exonucleasB activities

¥
st e 4

do exist. This type of nuclease is rep{resented by .the RecBC nuclease of

E. coli ( 19, 20 ) and Neurospora cras"'sa endo-exonuclease ( 10, 7 ).

e

Nucleases can also be classified according to their sugar specificity.

pv—y
v}

They may be specific ribonucleases (RNases) which attack only RNA or

-

/
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specific deoxyribonﬁc]eases ( DNases ) which attack only DNA or they .
may be sugar non specific, capable of attacking both”DNA and RNA. n )
the latter case, the term "nuclease” is applied. gfﬁis classification can g

be further subdivided adcording“}o their‘preference for ordered or non-

ordered structures. Thus, they may be single-strand ( ss) specific or vf;///
double-strand ( ds ) specific nuclgases or they may lack strand specififity. j
For example, Neurospora endo-exonuclease, one 6f the enzymes of major
concern in this thesis, has been shown (10) to bé a nuclease ( acting

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

single polypeptide, a sugar nonﬁspecific single-strand specific gndonuc]ease

activity and an exonuclease act{vity with DNA only which is not strand

specific ( acting on ss-DNA and ds-DNA but not on ss-RNA ). The nomen-

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

1.1.2 Involvement of pucléases in DNA repair process

"Cellular repair of damage to maéfomo]ecules is known only for DNA.
In no other instance is the integrity of a single molecule so vital to
the survival of the cell. It is not surprising that the living cell has
evolved processes for restoring“tﬁe integrity of DNA and removing lesions

introduged into it by environmental physical and chemical aéents, and

" nucleases are an integral part in this device.

The excision-repair pathway fororemovaliof pyrimidine dimers from
DNA has been widely'sfudie&, especially in E. coli. It is the principal
dark-repair mechanism for removal of dimers fromone of the DNA strands and
subsequent replacemédf with correct]y base-paired nucleotides. The first
step in excis{on-repair is incision, a single endonucleolytic break

( or "nick"” ) at or near the lesion, usually on the 5' side of the dimer




R mona

(?_ ] J s i - .
L§ ( }2 ). Insgi_gglj, this process is carried out by correndonuclease II o
l}" _ ( 23 ). . This enzyme is specific for UV-irradiated DNA in vitro, and u
_ produces a siggle-strand break with a 3'-0OH terminus 5' to the pyrimidine
, ‘E dimer. An identical enzyme has also found*in Micrococcus luteus ( 24 ).
- In E. coli, mutants in thé two genes, uvrA and uvrB, result in the loss
) tg of correndonuclease 1I activity. These two genes have been identified
{f* as the structural gene for correndonuc]eqse I1 (23 ){; T4-endonuclease |
.V, which is induced when T4 infects E. coli, is another UV-damage-specific
?f- ‘ endonuclease ( 25, 26, 29 ). Like correndonuclease II, it nicks at the
- 5' side of the lesion producing 3'-hydroxyl and 5'-phosphoryl termini. .
Ii Cells (group A ) of patients with the rare human gﬁnetic disease,
. g,' Xeroderma Pigmentosum, whiéh is characterized by extreme sensitivity to
} sun-light, have been shown to be deficient in the incision step of excision
; [§~‘ repair { 27k). The XP célls in culture, when treated with Ti—endpndﬁfeése, ,
- followkng permeabilization by treatment with Sendai virus, show a marked
li | increase iﬁ repair replication ( 28 ). 1
. !?'h The 3'-0H, 5'-P nick which is generated by correndonuclease II is v
used by DNA polymerase I to start nick translation and to excise the’ J
l}< pyrimidine dimer. The undamaged strand is uged as template with thé 3'-

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

-~
1

polymerizing step. The excision of the dimer in the 5‘-termigated stranq
| {- ( other side of the nick ) is accomplished by action of the 5'+3' exonuclease
[ of the DNA polymerase I, or, alternatively by the action of another enzyme,
Y(‘ , exonuclease VII {( 30 ). In vitro, exonuclease, VII produces oligonucleotides
progressively from either the 3'- or the 5'-termini ( 31 ) i.e. it .is an
j endo-exonuclease. The nick rehaining after DNA polymerase)\l action is

f‘a sealed by polynucieotide 1igase.
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Excfsion-repair mechanizms a@so function in repairing damage in DNA
caused by alkylating agents. In this case, the excision is of a base
rather than of nucleotides (dimers ). The modified bases are removed
by the action of various specific DNA-glycosylases, with the consequent
formation of apurinic or apyrimidinic sites ( 32 ). These apurinic ar
apyrimidinic sites are recognized and cleaved either by endonuclease_ﬁl-
exonuclease III ( 33, 34 ), coded by the Xth gene, or by Endonuclease
IV { 83 ) which has no associated exonuclease activity. An enzyme Tike

endonuclease VI-exonuc)ease III is also found in Hemophilus- influenzae

( 35 ). The gaps resulting from the action of this type of enzyme is
f{l]ed and sealed by the consecutive actions of DNA polymerase I and
> polynucleotide ligase as described above.
DNA molecules that have been damaggd in both strands even in the same

region can be repaired, after replication, ‘through recombination with

* homologous molecules. The two post-replication DNA helices have been

found to contain long gaps opposite pyrimidine dimers ( 1000-2000
nucleotides Tong ) which are substrates from the recombination enzymes.
DNA in which double-strand 9reaks have been induced by X-rays or DNA with

" chemically induced inter-strand cross-links also appear to be substrates
for the recombination process. The Rec-genes in E. coli contrel this
type of repair. In‘genera1, Rec= .mutants are seygitive to a wide

spectrum of mutagenic agents, unlike the narrow sbecfrum'of mutagens to

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

E. coli, the product of the RecB and RecC genes { 37 ) is believed to
account for 95-99% of the recombination in that organism. [t catalyzes
three c1assei of reactions : ATP-dependent exonucleolytic degradation of

single- and double-stranded DNA; ATP-stimulated enddnucleolytic digestion'
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of'single-stranded DNA ( including closed circular ss-DNA ); and DNA-
dependent hydrolysis of ATP t6 form ADP + Pi ( }7 ). The involvement of

_this enzyme in genetic recombination and DNA repair has been implied by -

; a 10s$ of the enzyme activity in RecBC mutants with a concomitant decrease
in recombination frequency and increases in mutégenic agent sensitivity

"( 38). The ATPase requires the presence of 2 polydeoxyribonucleotide,

. but it need not be coupled to DNA hydrolysis. _The reaction proceeds ‘
wi;ﬁ the nondegradable polymers such as RNA-DNA hgbrid molecules and duplex
DNA with inter-strand cross-links ( 19, 40 ). In the digestion oflduplex

“"DNA,, the action of exonuclease V is processive; the 'enzyme is able to
act both 3' to 5' and 5' to 3'. During the degradation, the enzyme
binds to the termini of both strands of a DNA:puplex end and begins to
unwind the DNA by tracking down one strand while remqining bound to the
terminus of the qther. After tracking several hundred nucleotides the
Tong piece of ss-DNA is cleaved and released,:ieaving a duplex molecule
with a Tong ss-tail. The enzyme can then swigéh strands and degrade
the ss~ta11i This leaves a shortened duplex molecule. Winder ( 41 )
suggested that ATé'hydkoTysis is required for DNA unwinding and perhaps
for' the tracking mechanism. During repair, the enzyme miéht initiate its
action at a preformed gap or large distortion. It could remove or

. unwind a larger single-stranded pieée of DNA, and the resulting large
gap or finwound single-stranded DNA "taﬂ;l could tﬁen jnitiate a recom-
bination event (strand-switching between DNA duplexes). The single-stranded
DNA whiéh generated by the action of exonuclease V {; protected by the
RecA gene product:protein X ( 43 ). In presence of gsotein X, a DNA-
binding protein, single-stranded DNA is resistant to both endo- and

exonuclegﬂytic activitives of exonuclease V ( 42 J. Similar enzymes,
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Tike exonuclease V, have been found in Diplococcus pneumoniae ( 44 ),

ﬂgég?philus influenzae ( 45 ), and Bacillus subtilis { 46 ), but ‘have

not been detected in eukaryotes.

A miﬁor’recombination pathway independent of the pathway of recombin-
a;ion involving the 5gg§ and RecC genes pathway has been purposed by Horii
and Clark ( 80‘). This minor pathway is called the RecF pathway after the
RecF gene, and also involves the sbcB gene, its product of which is exonuclease
I (84 ). THis enzyme degrades single-stranded DNA from 3'-0OH termini
(85 ). 1InRecB™ RecC~ Strains it is the inactivation of exonuclease I

'( Exo 1 ) by sbcB mutations which leads to recombination ability, while th\
presence of functional Exo [ results in recombipation 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 iqﬁpec8+ recc’ sch+ ( or sbcB™) strains, byt they did block |

recombination by the RecF pathway in a recB™ recC” shcB™ strain.

"S0S" repair is another dark-repair process which has been shown to be
responsible for mutagenesis in E. coli :( 86 ). It requires functional recA
and lexA genes. The recA gene product, protein X ( 43 ), is induced in SOS
repair. The lexA gene product is be]%eved to be a répressor of the recA
gene. Sedgwick et al ( 87 ) pdrposed that the lexA gene product, together
with the gggﬂ_géne product, forms a gomplex. This complex of recA-lexA
protein is the functional repressor for the recA geée. Gudas and Parder
( 47 ) suggested that a product of DNA degradation by exonuclease V may be
an activator of protein X, which when " activated", it desf}oys the lTexA
product thus de-repressing recA. The destruction of lexA protein may occur

" because of the proteolytic activity of protein X { 70 ) s;nce it has been

shown to hydrolyze the A\ repressor protein. The absence of activator will
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prevent protein X from exhibiting protease activity and the lexA protein

q?ll remain intact. Thus, recA is self-regulated. The view that DNA degrad-
ation is involved in the protein X induction has been challenged by Hanawalt

( ABQ). He has shown that intracellular degradation ;f unmodified phage

DNA by restriction is not sufficient to induce protein X. A simple DNA
degradation is unable to induce protein X. Boyce et al ( 69 ) also showed
that ultraviolet induction of protein X is.independent of the recB mutation. 5
Thus, a more complex system rather than DNA degradation is involved in
protein X induction. But in spite of the finding by Hanawalt ( 48 ), Boyce
et al, ( 69 ) showed that a phage A gene controlling A-exonuclease can

restore the missing function fo; the induction of protein X in.recB” mutants,
which is evidence for that DNA degradation is required to derepress the

recA gene. A model ( 49 ) has been proposed in which all of the SOS functions
are derepressed by a common mechanism namely by proteolytic cleavage of

the repressor(s) controlling the "SOS" operon(s). DNA degradation, an
initial consequence of DNA damage or of a stalled replication fork, may
provide a prima;y danger signal which is amplified through the action of

the recA protein ( protein X ) resulting in the expression of the "S0S" fqnct-
jons, among these functions may be the inhibition of the 35’ exonucIeasé

of DNA polymerases I or III, the so-called "proof-reading” functions. If

this activity could be suppressed then the long gaps opposite pyrfmiding
dimers could be filled because now the DNA polymerase could replicate

over the dimers in template strands ( inserting "random" nucleotides ).

Thus, although mutagenic, this repair would enhance cell survival,
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1.1.3 Neurospora nucleases
B AN -
A single-strand specific endonuclease acting on  DNA and RNA was \\\ ’
i first isolated and purified from N. crassa conidia, and then from \\\\
. \\
o stationary phase starved mycelia, by Linn and Lehman ( 1, 3, 5 ). This N

fénzyme has some preference for guanine-containing sequences and degrades
the substrates to 5'-mononucleotides and small oligonucleotides terminated:
~';j 1

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

but only slightly activity with ( native ) ds-DNA. Using T7 DNA as

g*lﬁ ' substrates, the activity toward sg-DNA was found to be apprbximately \

E {f 1000-fold of that toward ds-DNA. However, the contaminating ds-DNase

L activity can be selectively inactivated by reducing agents, such as

| li‘ 2~-mercaptoethanol and reduced glutathione. Optimum conditions for ss {
’ i DNA hydrolysis occurred between pH 7.5 to pH 8.5, in presence of\Ld

g i{ mM MgCl2 and at salt concentrations between 0.1 and 0.2M. The enzyme had o

5 ,; . a Tower activity at {ower salt concentrations, and had a strong temperatyre

L : degendence. It was active over the range 20°C to €0°C.. A concentration

.\\ A

oF 7 x 10" or hiigher of ethylenediamine tetracetate ( EDTA ) inhibited
95% of the ss-DNase activity. This inhibition was not reversed by \

{§ MgCl,, but a stoichiometric amounts of cobaltous ion (co**) overcome

the inhibition. The ss-DNase activity was maximum when 5 x 10'5

4

MCo

=

in présencé—éF 5 x 10°'M o inabsence of Mgtt (1). The endohuclease

‘1 was found to have a molecular weight of 55,000 daltons by sedimentation

velocity centrifugation in sucrose density gradients ( 5 ). Rabin et al..
S : ( 12 ) found that 2 x 10'4M ATP inhibited the endonuclease activity by
50% in the presence of 10 mM Mg++ in a non-competitive fashion. q;hér

nucleoside triphosphates were not effective at this concentration, but

tnhibited slightly at higher concentrations.
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mitochondtia (50 ). The enzyme had RNase activity as well\as ss- and
ds-DNase activities in a ratio of about 1:1 ( 51 ). The enzyme was

not sensitive to mercaptoethanol, and optimum pH was between 6\to 7.5,

It was strongly inhibited by EDTA, and had an absolute re@uireme‘t for
qiva]ent metalyion§, such as Mg++, Mn++, Co++,'but was inhibited by Ca++.
Two forms of mitochondria endonuclease have been identified ( 51 );,,\,

J \
one membrane-bound, which is released by treatment with Triton X-]OO;

A
i

the other was found in the soluble fraction. The two forms were \
recovered in approximately equal amounts. The molecular weight of bo%h
forms was some 120,000 daltons as determined by sucrose densiiy gradient
centrifugation { 51 ).

An exonuclease specific for single-stranded nucleic acids ( DNA

and RNA ) has been purified from Neurospora ¢rassa conidia ( 52 ).

The enzyme had a molecular weight of 72,000 and consisted of a single
palypeptide chain. It degraded ss-ONA and RNA mainly to 5'-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 penhtdeoxyrib nucleotides as substrate was
5'+3'. The purified[exonuc1eas? cPﬁtaine some és-specific endonucleolytic‘
activity as indicated by its ability to destroy rapidly the infectivity
of single-stranded circular ¢X174 DNA, but only very slowly convert
superhelicai S13 replicative form I DNA tq the replicative form II DNA.
The exonuclease was optimally active with denatured ( ss ) DNA at pH

8.5 in the presence of 0.01 M M92+. However, in absence of Mg++ :
the pattern of degradation of RNA was endonucleolytic in character ( 52 ).
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The activity was unaffected by 4-8 mM mercaptoethanol and by 1 mM p-
hydroxymercuribenzoate, but 1ncreases 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 exonuclease has not been

detected in mycelia despite attempts to do so ( 9 ). This enzyme may

b\é.\periplasmic since large amounts of activity were released from
coni\dja comply by freezing and thawing ( 8, 9 ). \

Tnﬁree different single-strand specific intracellular nuclease

£

activities were isolated by chromatography on pho;;phocellu'lose and '

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

had the same chromatographic and enzymological properties as the ss-
specific endonuclease ( 1, 3, 5 ) and ss-specific exor;—uc]ease (52 )
respectively. The third activity appeared td be a mixture or ;;)ssibly a.
complex of ss-specific endonuclease and exonuclease activities. The |
two components of the mixture were resoived by polyacrylamide -gel
electrophoresis. Although the exonuclease component of the mixture

was sensitive to heat inactivation like the purified ss-exonuclease
(complete inactivation occﬁrred'after 10 to 15 minutes treat;nent at

58°C ’), its chromatographic properties were unchanged by the heat L
treatment. The activity which r.*emained after heat treatment was
endonucleolytic in character like that of ss-endonuclease. Sonicates

of mycelia subjected to the same purification procedures yielded two
chromatogrfaphic fractions of ss-endonuclease, one corresponding to the
ss-endonuclease and the other to the mixture. However; no exonucleolytic
activity was detected in the mixture. It was con’é{ied that two forms of

ss-endonuc tease existed in log phase'myceHa of Neurospora crassa

(9).
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_ which pad been previously described ( 1, 3, 5 ). Thus, the ss-strand
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An endonuclease which was stable to heating up to 74°C and only

weakly bound to phosphocellulose, was partially purified from extracts

of log phase mycelia of wild-type NeurggporaLCrassa"( 10 j using ss-

DNA as substrate. The endonuclease was associated with an equaﬁly
heat-stable double-strand specific exonuclease. ﬁThe exonucleolytic
gciivity acted oq linear but not circular ﬁouble-stranded bNA andi;{g not
attack double strand RNA. Both endonuclease and gxonuclease aQtivit?es
were inhibited by 0.1 to 0.5 mM ATP. The és-exonuclease act}vity of’
this enzyme was iqpibftéd preferentia]]y by a variety of agents and it
was also preferentia]]ytjnactivated by proteases present in partially
pu;ified enzyme preparations ( endogenoué proteases ). This inactiyation
was partially prevented by the presence of a serine protease inhibitor, -
phenymethanesulfonyl fluoride (PMSF) and by the presence of bovine serym
albumin at 2 mg/ml concentration. Although the endonucleolytic activity
was not affected by similar treatment, the bhromatographié properties

of the enzyme were altered. . The Eésiduai endonucleasé acyivitiy after

s

these treatments was identical in properties to the ss-specific endonuclease °

-

endonuc]easé which Linn and Lehman { 1, 3, 5 ) had described appears

to be an end-product of processing by proteases, a proteolytic artifact
of extraction and purification which arose from this new form ofL
endonug]ease with associated ds-exoquc]ease activity ( 10 ), i.e.
endo-exonuciease. Th{s endoexonuc]easé was also found .¢o begassociatéd
with a DNA-unwinding activity which was sensitive to trypsin ( 10 ). It
was suggested that the combined endonucleaséaand &xonuclease activities

of this enzyme might constitute a recombination nuclease (‘10 ) because

Q ) o
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“‘exists in the active state. The ;emainder, approximately 75% of total, -
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" of the similari;ies of the activities of the two nuclease activities to .
«E;_ggli ;)onuc1ease V (16,17 ). Neither enzyme act§'on covalently
closed circular ds-DNAs at Tow énzyme concentration and both have an
AJP-binding site. ‘
”The Neurospora endo-exonuclease desgribed ;Love was found to be a
single‘polypeptjde, probab1y153,000 dalton in molecular weight &5
determined»from SDS-polyacrylamide gel electrophoresis ( 7 ). In crude - .

extracts of mid-log wi]d-fype mycelia, only 25% of total endoexonuclease-

was found to exist in an inactive form which was ;ctivateq‘in vitro
either by endogenous PMSF-sensitivé protease(s) or by exogenvus trypsin.
The inactive form of endo-exonuclease has been purifjed up to 56-fold in
15% yield free of the -active en;yme (6, 7). This iﬁactive endo-exo-
nuclease was less acidic and a larger protein than the active nuclease \
( see below ). The inactive form also stronaly bound to the hydrophobic
matrices, octjl- and phenyl-sepharose, which suggests that the protein

may have a relatively large hydrophobic domain ( 7,6 ). The ﬁo1ecu1ar '

wéight which determined by SDS:electrophorésis is approximately 90,000

daltons. It was suggested ( §, 7 ) that this large polypeptide might

be an:ﬁPactive ﬁrecursor form of the enquéxonuclease. This is consistent

with the enzyme beiﬁg sgcreted into the culture mediim ( see below ).
Three major alkaline Heoxyribonuclease (DNase) activities have

been identified in sorbose-containing liquid culture medium in which °

wild-type "Neurospora crassa were grown ( 11 ). One of the nuclease,

DNase C, had properties very similar to those of the endo-exonuclease
(7, 6 ). Of the other two secr2ted nucleases, DNase A was found to

be a Ca+{-dependent endonuclease which had no specificity for ss- or- '
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ds-DNA and no activity with RNA, while DNase B was fpund<f0 be a Mg++-
dependent ss-exonuclease active with both ss-DNA and RNA. The DNase
B was thus very similar to the ss-exonuclease purified earlier from

Neurospora Crassa conidia { 52 ). The native molecular weight of 77,000

determined for DNase B is close to the polypeptide molecular weight of
72,000 determined for the ss-exonuclease. \

An orthophosphate repres§ib]é extrace]]u]ar*nucleasaN3 which was
able to degrade both RNA and DNA was deséribed by Ishikawa.et al. ( 13 ).
Two genes, nuc-1 and nuc-2, were found to regulate this nuclease and other
orthophosphate-repressible enzymes. N3 was found to be a complex
consist%ng of nuclease N3' and an inhibitor molecule. Nuclease N3,
nuclease N3' and inhibitor were partially burified and estimated to
have the:approximate molecular weight of 38,000, 12,560, and 25,000

respectively ( 57 ).

]

1.1.4 Repair-deficient Mutants of Neurospora Crassa

Seven DNA repair deficient mutants hive been isolated from Neurospora
grassa and characterized uJS-l, uvs-2, uvs-3, uvs-4, uvs-5, uvs-6, and ‘

upr-1 ( 21 ). Two of the;e mutants, uvs-2 and upr-1, 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. These two mutants have been. shown
to be sensitive to ultraviolet light ( UV ), y-irradiation, nitrogen

mustard, methyimethane sulfonate (MMS) { 54 ), nitrosoguanidine { NG )
( 55 }; and L-Histidine { 56 ).
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The two rec~like mutants, but not the excision-deficient mutants,

have the Nuh phenotype, i.e. they fail to secrete normal levels of Dﬂgs“ !
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 otherwise have no% yet been fﬁ]]y
characterized. When grown in sorboselconté}ning 1iquid culture medium,
the mutants were found.to be deficient, relative to the wild-type in

I3

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

mutant released on]yrsma11 amounts of DNase A and DNase C; nuh-4 did not
release detectable DNase C and ;e1eased only a very low level of DNase

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

{ 55‘), which was not mutagen sensitive relative to the wild-type released
low Tevels of DNase B ( 11 ). Another mutant (nuc-2 ) ('57 ), which

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

was normal in release of these DNases ( 11 ).

1.1.5 Protease involvement in cellular processes

2

It has been known for a long time that proteases participate in- the
intracellular degradation ( catabo1isﬁ ) of proteins. Only recently,

o

however, has it become clear that proteases are involved in the processing )
of secfetory proteins and in the regulation of other physiological
functions. Thus, proteases hold much more interest than just ascatabolic
NG
Most secretory proteins are synthesized on membrane-bound poly-
ribosomes, and pass through the membrane during the translation'process.

Most of the secretory proteins have been found to have an NHz-termina]

e




//" 15 - )

&
9

extension of 15 to 30 amino acids that is rich in hydrophobic residues.
Among the proteins which are processed k 60 ) in this manner are pre- '
proalbumin ( 64 ), lysozyme precursor ( 59 ) and preproinsulin ( 65 ).
Blobel and Dobberstein ( 58 ) call th;s hydrophobic N-terminal sequence
the "signal sequence” and postulate that its hydrophobic nature a]]ows\
it to jnteract with a ( hypothetical )} membrane receptor, thereby anchoring
not only itself but the polyribosomes and mRNA to the endoplasmic
reticulum or plasma membrane. The "signai'lI is normally removed before
the polypeptide chain is completely assembled, but its existencefﬁsgi
been demonstrated using cell-free protein-synthesizing systems lacking
membranes and asssciated proteases. Trans]at{Bh'of fish islet 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?bﬁﬁéulin and
resulted in the synthesis of authentic fish proinsulin ( 65 ).

'Many secretory proteases exist in inactive "precursor” states in the
zymogen granules. These inactive precursors have higher molecular weights
than their corresponding active forms. Thus, secretory proteases such
as pepsin, trypsin, chymotrypsin and e]astése are ‘synthesized and stored
as inactive precursors and undergo proteolytic cleavage when converted
to their active fbrms. Although the pancreatic hormbne, insulin, is
synthesized in the preproinsulin form, the form which stored %n the
zymogen granules is proinsulin. During secretion, proipsu!%n is
converted into insulin. Similar processing is found for serum albumin
( 60 ), and hen's egg white lysozyme ( 59 ).

Other examples of proteolytic modification of enzymes are known.
Post synthetic proteolytic transformation of human erythrocyte pyruvate

kinase { 61 ) and conversion of one active form of Staphylococcal

$
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in_vivo or have any regulatory role. However, the discovery of an
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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 extracellularly and can be carried out

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

also removes amino acids from the N-terminal end of the, polypeptide as
. ’
in the case of processing preproinsulin to proinsulinsi Some enzyme

modifications have also demonstratéd in Neurospora crassa. The pyrimidine

3 ("pyr-3 ) gene product, which contains both byrimidine-specific car-

bamoy1-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

( 63, 66 ). Exopeptidases in vitro were unable to bring about this

conversion. The "aromatic complex" 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

léading to the biosynthesis of the aromatic amino acids. All five

enzyme activities are associated with a single polypeptide chain. During
extraction and purification, the aromatic complex was found to be very
sensitiée to the action of endogenous protease(s). Although the activities
of the mu}tienzyme system appear to remain intact, the polypeptide was
eventually fragéznted by protease action into small polypeptides which
could be dissociated and shown to contain differeﬁt activities. It is

not known whether these effects on the Neurospora enzymes are mimicked

fnactive 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 indicate a role for pfbtease(s) in, at least, the

“ secretion of this enzyme. The conversion of.precursof to active enzyme
can be carried out in vitro either with endogenous or with exogenous
endopeptidases such as trypsin. The action of the endogenous protease(s)
is abo]%shed by the serine proteais inhibitor, PMSF. “

Recently, a role for protease(s) has been suggested for the
regulation of "S0S" functfons in DNA-repair in g;;igiti ( 68 ). The recA
gene product, protein X, in fact, ha% been found to possess proteolytic
activity. It is able to cleave the A repressor specifically in vitro.
Thg induction of X in A-lysogens is one of the functions activated in
the "SOS" résponse, Roberts and Roberts ( 70 ) have shown that A prophage
induction is due to a rec-A dependent profeo]ytic cleavage of the X
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 lgg‘gen; (89 ). It has beﬁn shown recently that
this gene is allelic with the deg gene which controls the proteolytic

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

14

An endoexonuclease with some properties in common with the E. coli

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

discovery suggests a possible role DNA-repair and/or recombination in
N. Crassa. An inactive precursor of this N. Crassa end?huclease has
been identified by Kwong and Fraser ( 6, 7-}, This precursor can be
converted to active endonuclease with either exogenous or endogenous
protease(s) ( 6, 7 ). In this thesis, the major intracellu)ar alkaline

nucleases expressed in wild-type and Rec-l1ike mutants of N. Crassa

Lty
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are characterized and compared, of whiéh endo-exonuclease is one. In

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

are compared. 5 #
The results are consistent with a role for protease(s) in the

regulation ofﬁntrace”ular levels of these enzymes in the wild-type

and repair-deficient mutants. Evidence is also presented for the presence

in crude fractions derived fromr mycelia of protease-sensitive ds-DNase |

inhibitor(s) which may explain the virtually completely masking of

ds-DNase activity in mycelia.

.
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2.1 Materials

2.1.1 Chemicals

The culture agar for growing Neurospora tonidia on agar slants
was a product of BBL Division of BioQuest. Neurospora minimal medium, (
< no. 0817-01, used for liquid shake cultures of mycelia and bacto-agar
were obtained from Difco Laboratories.

Fish roe type VI DNA, trizma base, bovine serum albumin, bovine pancreatic
chymotrypsin,L-histidfne,/salt free bovine pancreatic trypsin, L-sorbose,
d-biotin, soybean trypsin inhibitor were obtained from Sigma Chemical
Co. Disodium ethylenediamine-tetraacetate. ( EDTA ), polyethylene glycol
20,000 ( Carbowax PEG 20,000 ), dextrose, D-fructose, potassium phosphate
monobasic, potassium phosphate dibasic anhydrous, sodium chtoride,
sodium citrate, ammonium nitrate, magne;ium sulfate, calcium chloride
dehydrate, citric acid monohydrate, trichloroacetic acid, uranium
acetate, ferrous ammonium sulfate, manganous sulfate monohydrate, boric
acid, and sodium molybdate were from Fisher Scientific Company. Zincsulfate |,

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

Orug ,Houses Ltd. Perchloric acid 70% from Anachemia Chemicals Ltd.

/
DEAE-cellulose and phosphocellulose from Whatman. DEAE-sepharose from

Pharmacia Fine Chemicals. Mitomycin C from Boehringer Mannheim. -

2.1.2 Equipment

The controlled environment incubator shaker for the grawth of 1iquid

medium cultures was from New Brunswick Scientific Co. Inc. Dry type
bacteriological »wubator ( gravity convection ) for incubation of

agar plates was made by Blue M Electric Company. 152 Microfuae for
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ce}Yifugation jn nuclease assays and DU Sepectrophotometer model

2400 for absorbance readings were from Beckman Instruments Inc.
\\
AN
2.1.3 Net)rospora~ strains
WT A ( 74 OR23-1A ), uvs-6 ( ALS 35, FGSC #2244 ), uvs-3 ( FGSC
#1627 -) were oB ined from Fun netics Stock Center ( FGSC ) and
had been backcro gd to wild-type X for six to éight generations by

Dr. Kafer.

uvs-2 { BC II of De Serres stain,ALS 629.3 )}, uvs-4 ( BC of De

Serres strains ), and uprd] ( BC of De Serres strains,ALS 627.9 )
were ol;tained from Dr. Schr\oeder.

nuh-1 ( T9.M.2 ), nuh-3 ( FK-003, 35a.7 MF ), nuh-4 ( FK- |
004, 45b.3 MF ), mei-3 ( DNP-469-14 ), and rms(04) ( FK 104, 931.IV.

C.4 ) were obtained from Dr. Kafer.

N

~»
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2.2 Methods

2.2.1 Growth of Mycelia

Con%dia were harvested after growing on NeurosgoraFCUIfure 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 Kiett units
in a klett-Summerson Photocolorimeter equipped with a blue filter ( #
42, traQEWission range: 400-450 nmk).by addition of either more sterile
water or more conidia as hecessary.‘:A 0.5 ml aliquot of the suspension
was innoculated into each 250 ml Erlenmeyer flask containing 100 mi ‘
of autoclaved Neurospora minimal medium from Difco Laboratories ( 27.7
gm per litre of distilled water ). Mycelia were grown for 2.5 days
in a Controlled Environment Incubator Shaker k New Brunswick Scientific
Co. Inc. ) at 30°C., a shaking rate‘of 150 r.p.m., under constant ill-
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 co]]ected on a Buchner funne]

washed several times with d1st111ed water, dr1ed by suctien, cut into

)
~small narrow strips, and stored immedlately in a —90’6 Revco Ultra-

low freezer until use.

2.2.2 Enzyme Assays

Single strand deoxyribonuclease ( ss-DNase ) and double?§trand
deoxyribonuclease ((ds-DNase~4—ae%ivi;#es—uere~measured by following
the rates of release oflacid-soluble material ( A260 ) from heat-

denatured and native ONA respectively as described by Fraser et al.

e
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( 10 ). .Heat-denatured DNA was prepared by heating native DNA in
boiling water for 15 tB 20 minutes and then cooling rapidly on ice.
An appropriate amount lof nuclease was incubated at 37°C in 0.1 M
Tris-HC1 buffer pH 8.0, containing 10 mM MgC]2 and 0.67 mg/ml heat-
denatured or native DNA. Aliquots ofIIOO ul.were transferred to cold
microfuge tubes contajning 100 ul of a 'carrier' solution ( 2 mg/ml

lete precipitation of DNE\)\at regular time intervals. To each of the

native DNA solution 17 0.05 M Tris-HC1 buffer pH 7.5 to ensure comp-
microfuge tubes, 150 11 of cold 1 N perchloric acid ( PCA ( in the
routine assay )) or 10% trichloroacetic acid ( TCA ) or 0.5% uranyl-
acetate ( UTCA ) in 10% TCA ( for the qualitative determination of the
endo- or exonucleolytic characte} of the nuclease ) was added immedia-
tely to precipitate the undegraded DNA. The suspensions were mixed
thoroughly by vqrtexing, held on ice for approximately 15 minuites,
and then centrifugédgfor 1.5 minutes in a Beckman Microfuge. Aliquots

ed water. The-absorption at 260 nm was determined

%
{ 200 ul ) of the supernatant were then transferred into tubes contain-
ing 800 ul of distil?

with a Beckman DU Sebeétrophotometer. The " 0 minute " A260 reading
was used as the blank. The linear portian of the rate éﬁ;be was used
‘to calculate the act%vity. One unit of nuclease activity was defined
as the amount of enz which released 1.0 A260 unit of acid-soluble
material in 30 minutes under the conditions of the assay. For single
time " point'" assayL. incubations were carried out ( under the same
conditions as above |) in microfuge tubes containing 100 ul each of

reaction mixture. In each case, the reaction was stopped after the

appropriate time by the rapid successivé additions of 100 u1 of DNA
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"carrier" solution and 150 ul of 1 N PCA. After standing on ice and
centrifuging as described above, 200 il of the supernatant was diluted
into 800 ul of water and the AZGO of the solution determined.

Ribonuclease activity was assayed by the same procedure using
Brewer's yeast tRNA as substrate in place of DNA except that no Mg(:l2
was added to reaction mixture.

For measurements of total DNase acﬁvities s—trypsin activation
of the nuclease was carried out by incubating the samples wiﬁth either
100 wg/mi trypsin ( crude extracts ) or 10-20 pg/ml trypsin ( partially
purified ‘féctions ) at room temperature for 30 minutes. The réaction
was stopped by addition of three times the concentration of so&bean
trypsin inhibitor. After standing at room temperaiﬁure for 30 minutes,
the sample were assayed for nuclease activity as above. s

The activity before trypsin activation was taken as a measure of
"expressed" nucle_ase activity, while activity after trypsin activation
was taken as a measure of the "total” nuclease activity ( active plus
inaciive’nuclease ). Thé difference between these two activities was
used as a measure of the inactive endo-exonuclease precursor present
( see Results and Discussion ). The level of activation 'by trypsin
was calculated by dividing the total nuclease activity by the expr'essed
nuclease actiyity. . .

Treatment of nuc]eése 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 diluting into a metal ion
free reaction mixture for assay of activity. The final EDTA conéent-
ration in the reaction mixture 'was 5 wM. Restoration of nuclease
activity of EDTA-treated’ enzyme by divalent metal'ions was determined
by diluting 1ntoaa reac'tion mixture which contained either 10 nM MgCIz

~
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' or 10.mM CaCl,, ( final concentration ). Nucleage activity of untreated

. enzyme assayed in a metal ion free rpeact“ion mixture was used as the
control for the above inhibition and restoration assays. Thiszwas
compared with routine assay to give the dependency of the nuclease

activity on Mgvr

Inhibition of nuclease activity by p-hydroxymercuribenzoa’ée ( PHMB )

was determined by preincubating equal volumes of saturated PHMB solutions

-( about 1 mM ) and enzyme for 30 minutes at room temperature. Inhig

bition of nuclease activity by ATP was determined by adding ATP ( 0.5
mM final concentration ) to the routine assay mixture containing an ”

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

2:2.3 Protein Determinations

Protein concentrafions were determined by the method of Lowry et
al. (2 ). Bovine,sert'Yle albumin was used a;s a standard. For crude
extracts only, one vo}/ume of sample was first precipitated by one volume
of cold 16% trichlorcfécetic acid ( TCA ), the precipitate was washed
twice with ether and redissolved in 5 volumes of 0.1 N KOH, as recom-

ded by Linn and Lehman ( 3 ). This procedure removed TCA-soluble

material which interferred with the Lowry determination.

2.2.4 Estimation.of Molecular Weight by Sucrose Density Gradient

Sedimentation Coefficients were determined according to the method

" ~of Martin and Ameg ("4 ) by centrifugation in 5 to 20% linear sucrose

i )}

gradients. Sucroge solutions were made up in Buffer A ( 0.02 potassium'
phosphate byffer, pH 6.5 ) and stored frozen until used. Gradients

( 4.8 m1 ) were preformed with a gradient maker in polyaﬂome‘r tubes

o
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and used immediately. Samples contaiﬁing at least 4 units of nuclease

? activity in 200 ul were ]z;ye:‘ed on top of the gradients. A Beékman
SW-50,1 rotor was used for céntrifugations at 37,000 r.p.m. in a Beckman’
Lé-GSB centrifuge for 24 hours. Fractions of 200 U each were collected

. from the bottoms of the tubes. Bovine haemgglobin’( SZO,W: 4.35 )
was used as a molecular weight marker { 0.5 mg/tube ). The haemoglobin
concent}‘ation was determined in the gradient fractions by following
the absorbance at 440 nm ( 5!40 ) of samples diluted 10-fold in dis-
t%nﬂed water. Nuclease acti'vity in each fraction was d(etermined by

{7, . ‘
"point’ assay as described above.

) "2.2.5 Extraction of Mycelia

1

Frozen mycelia were ground to a fine powder in a mortar and pestle’
_at dry-ice température. A 20% w/v suspension in ice-cold (.02 M potassium
phosphate buffer, ‘pHp 6.5 { buffer A ) was sonicated over ic;: v;ith a
B]aclfgtone ( Model 552 ) sonicator ( 1 cm probe ) for 6 minutes at
fu]f ~power. The temperature of the suspension was kept below 20°C
dur:"ing sonication. ng‘catest were centrifuged for 10 minutes at 4100Xg
.in a refrigerated RC2-B Sorvall centrifuge. The supernatant ( "crude

extract") was decanted and held 1in an ice-bath for assays or chromato-
4]

graphy.

2.2.6 Fractionation of Extracts

2.2.6.1 Chromatography on DEAE-Sepharose Column

Extracts of 5 gm { wet weight ) mycelia i}) Buffer A were chroma-
tographed on 100 ml ( packed volume )- DEAE-Sepharose columns { which

' . N
had been previously equilibrated with Buffer A-) at a flow rate of

~
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approximately 30 _ml/hr. The column was washed with Buffer A until the
Argo was below 0.05 and then 300 m1 of a Tinear 0 to 0.5 M NaCl gradient
in buffer Awas used to elute the colulpn. Fractions of ‘2.5 ml were
collected. The salf gradient was mo}ﬁtored)with a conductivity meter.’
Expressed and total ss-DNase activities were assayed in each fraction
for the wild-type strain but only the fomfer activity for mutant strains.
Fractions with nué]ease activity were pooled as indicated in results

and dialysed overnight in buffer B(4 mM KPB pH 6.5 ) to remove salt.
Fresh DEAE-Sepharose was used for the chromatography of crjude extracts _

each time. The regeneration of these columns after such u;i?e proved

to be inefficient.

2.2.6;2 Chromatography on Phospho-Cellulose Column

Pooled and dialysed active fractions ( conductivity checked )
from DEAE-Sepharose were applied to 15 ml ( packed volume ) phosp]o-
cellulose columns, which had 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-phosphate“ from the absorbent. The phosphocellulose columns were
washed with Buffer B until an AZBO reached base 1ine. The columns weré
vthen eluted with 140 ml linear 4 mM to 0.3 M gradients of potassium
phosphate i)uffer, pH 6.5. Expressed ss-DNase activity Lwas ass:ayed in
all cases and RNase activity waﬁ measured -in some cases 1'nL each fraction
derived from t;ue colum. Fractions with nuclease activity were pooled
ds indicated in Results and d‘iua]ysed over;n;ight against Buffer A. In'm' o

[
.cases where insufficient activity was recovered in the dialyslate, it

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

P4




TR ——— s e ¢ v e,
. — . U e ————

- 27 -

e

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

== /=

After concentration, the_fraction was then dialyzed against buffer A to

remove polyethyleneglycol ( PEG ).

2.2.6.3 Chromatography on DEAE-Celluiose Columns

o B~

- Pooled fractions equilibrated with buffer B which had been obtained

Lm—-m
—_—

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

\ B Y
( packed volume ) DEAE-cellulose column, which had previously equilibrated

————
e et

with buffer B. After washing with buffer B until the A280 reached base

line, the columns were stripped immediately with 5 volumes of 0.13 M

e .
ot s

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

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

~
above. /

[

2.2.7 Solid Media for Growth of Neurospora crassa

f 3
FORR |

The preparatioﬁ of solid media was according to methods described by
Davis and De Serres ( 92 ). Sugars were added to the media as the carbon .

source. However, sorbose was found to have a metabolic effect on the

~ cell wall in Neurospora such that the cells would grow into colonial form. v |

The.addition Of 1 gm% sorbose thus restricted each conidia to grow locally

s
e | P v

into a colony and prevented the growth from speading out over the plates,

.~

R

which would obscure the scoring of results.
Other additiem€ vere also found to be essential to the growth of
Neurospora. These were biotin and a trace element solution ( for preparation

see below ).

Conidia.from strains grown for 5 to 7 days on agar slants were used

for innoculation of plates. Small amounts of conidia were transferred

with a sterile steel needle from'slants to the plates.

2.2.7.1 Biotin ’
oA
10 mg¥ biotin so)utior&was prepared by dissolving 5 mg of biotin

{

£
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in 50 ml of distilled water. ’The solution was divided into 5 ml aliquots

and stored frozen until use.

{] 2.2.7.2 Trace Element Solution 1

"5.00 gm of Citric acid:] HZO’ 5.00 gm Zn504' 7 H'ZO, 1.00 gm Fe(NH4)2
. % . .

504'6 HZO (iron in ferrous state ), 0.25 gm of CuSO4'5 HZO’ 0.05 gm
{"} MnSO4-1 HZO’ 0.05 gm H3803 ( anyhydrous Boric acid ), and 0.05 gm Na,

M004-2 H,0 were added in the order indicated into 90 mls of distilled
U' . water. After all the material was completely dissolved, the solution
G \ was adjusted to 100 ml by further addition of distilled wdter. Chloro-

form { 1.m1 ) was then added to prevent growth of bacteria and the
{1} so]utjon was stored at 0-4 C. (
“ : ~2.2.7.3 Vogel's Medium N A , .

The Vogel's N medium was prepared as a stock 50 times the conc-
_entration required. The following materials were added to 750 ml dis-
tilled water in!the following order. 127 gm of Na3C1'trate-2 H20,”250 . v
2P04, 3 10 gm MgSO4-7 Hzﬂ, 5 gm CaC'Iz-Z H20 ( pre-
dissolved in 20 ml of distilled water ), 5 mls ofy10 mg% biotin (pre-

gm KH 100 gm NH4N0
pared as above ), and 5 ml trace element solution ( prepared as above ).
After all material was dissolved, the solution was adjusted to 1 %.

with di's‘tiﬂed water and the solution was stored gt room temperature.
N . /s

2.2.7.4 Tests for U.V. Sensitivity -

The U.V. sensitivity of each strain was tested. It served as a

}

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

deficient mutants from non repair deficient mutants. The solid media

/.
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was prepared with Vogels'-N ( 20 mls of 50X concenérated so1gt16n )

‘and 20 gm of Difco agar were added to 780 mls of distilled water in a

2 g. E]en;;yer flask, and stoppered with sterile cotton; to another

500 m1 Erlenmeyer flask, which contained 10 gm of sorbose, 0.5 gm glucose
and 0.5 gm fructose in 200 m1 of distilled water. The two flasks were
autoclaved and cooled to about 45 C, and thgﬁ mixed ( total volume:12% ),
poured into the autoclaved plates immediately ( approximately 25 ml h
per plate ). The plates wére stored for overniéht before innoculation.
The innoculated plates then exposed to U.V. irradiation ( U.V. intensity
of 2m/cm2 x 100 at a distance of about 30 cm ) for time ipterval chosen
{ 0,1,2,3 minutes ). The U.V.-irradiated plates were incubated at

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

of stains wa;_:recorded as inhibition of gréW?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 the;e mutégens which rec” ‘
mutants.were. sensitive to was mitosfycin c{ 36 ). Thus, positive reslilts
for mitomycin C sensitivity would enhance the pggsibility but not proJe
that the mutants were rec -like. Mutants which were sensitive to mitow

mycig C but not rec-Tike havebeen found in Micrococcus_radiodurans ( 93 ).

Solid mitomycin C contained media was prepared same as the solid media
used for U.V. §énsitivity, except that after autoclaving and cooling to
about 45°C, appropriate amounts of a 1 mg/ml stock solution of mito-
mycin C was added to the sugar soVition before mixing. The plates were
stored in dark 4 to 5 hr. before innoculation. Test plates contained
0, 5, 10 and 20 pg/m1 of mitomycin C. Mitomycin C was sensitive to

!

/ o
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light, thus it was essential to preform all steps involving handling

of mitomycin ¢ in dim 1ight.

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 wg9/ml final concentration ) were added to
and autoclaved with the sugar solution. Since/histidine was not light

sensitive, working in dim 1ight was not necessary.
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3.1 Results

¥

3.1.1 L-Histidine and Mitomycin C Sensitivities

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 to 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.

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

nms (04), mei-3, nuh-4, nuh-3, upr-1, uvs-2 and uvs-4 ) were tested

for sensttivity 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 C,

At 0 ug/ml of either reagent { controls ), all mutants grew as
well as the wild-type ( Fig 1, 2 and Table 1, 2 ). The presence of
L-histidine ( 250 pg/ml or 500 ug/m} ) or mitomycin C ( 10 ug/ml
or 20 ug/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 ( Fig 1,2 ). No effect on growth was seen with the wild-type,

nuh-3, and the two excision repair mutants: upr-1 and uvs-2 ( Table 1,2 ),

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

on histidine medium. When tested on mitomycin C medium, nuh-4 exhibited
strong inhibition of growth. Table 3 summarizes the sensitivity of

each strain towards L-histidine and mitomycin C. The mutants are

J
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Fig 1: L~histidine inhibition of
the growth of wild-type and mutants.
The concentrations of L-histidine are:

(a) Oug/my; (b) 250 ug/ml, and

- ( ¢ ) 500 ug/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 ¢ inhibition of the .
growth of wild-type and mutants. The

—. concentrations of mitomycin C are: (a)
0 pg/ml, (b ) 10ug/ml, and (c ) 20
ug/mi.  The photos were taken after the
strains had grown for 3 days at 34°C

after the innoculation.__
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Table 1: Thé growth of wild-type A in the absence of

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

is determined by its colony size at the end of the grd@th

period ( 2 days at 34°C ). A score of +4+4 is given to the

control. Colonies with sizes comparable to the control are R
scored +++ . ~Other scores, ++ ,+ , and - represent dfminishing

colony sizes. A - score represents no growth.

-’ pn -




‘Strains

- wTable 1 «

Growth of wt-A and mutants in _presence of L-histidine

Concentration of L-histidine { mg/m} )

. 0 0.25 0.50
P . & teanne. ettt
+++ . +++ . ++
- - . .
+++ . + B oot
+++_ Qv‘,g i - - @
+++ - + o +
+++ . — 4 > +
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Tabie 2: ‘%rh‘e growth of wild-type A in .the absence of |

mitomycin C is used as the control. The growth of a sfrain

L

is determined by its colony size at the end o:f the growth
period ( 3 days at 349C"). A score of ++t is giver: to the‘ T
control. Co'lon‘ies with sizes comparable to the cont{"fol are
scored+#+ . Other scores of-;i- , aad + represent diminishing-
colony sizes. A+ score represents the smallest size. ’
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St(ains

wt-A
uvs-3
uvs-6
mms (04)
. me1-3A
'nuh-4
, nuh-3
: R ° upr-1

uvs=-2

‘uvs=4

mf\
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Table 2

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

Concentration of Mitomycin C (a&glmlfb‘
10 ‘

+H+

+++

+++

+++

+++

+H+
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Table 3: Summary of the sensitivity of each strain towards

L-Histidine and mitomycin C. The coxicentrations ;>f L-Histidine

and mitomycin C are 500 and 20_4g/ml respectively. Sensitivities

are scoréd_according to the inhibition of growth by the two agents.

S = sensitive, R = resitance ( resistanéeAis only meant to 'imply
. a resistancé to the killing effects of the agent that is

comparable to, and not greater than, the wild-type ).
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" Table 3

Sensitivity of wt-A and mutants to L-histidine and

L Strains

L-histidine

wt-A
uvs-3
uvs-6
mms (04)
mei-3
nuh-4
uvs-4
‘upr-1
uvs-2

nuh-3

mitomycin. C ( Summary )

R

x ™ XX L L n »n O»

Agents

-

mitomycin C
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divided into thred/ classes: those sensitive ( S ) to both agents, tngse

o
it

sensitive to onlygne of two agents and those not sensitive ( R ) to

m!

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

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

fpnn. 1

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

—y
~

- 3.1.2 Nuclease Activity in Crude Extracts

The intracellular levels of expressed and total sg-DNase actijvities

o~

? of the wild-type and several mutants in mid-leg and end-log growth in
{‘ sucrose medium are compared in Table 4. Each specific activity value
(E reported is the average of at least three and in some cases up to eight
- separate determinations ( on different cultures of mygg]ia ) and none of
({ these differed from the average by more than 10 - 15%. Only one mutant
: ( nuh-1) had‘tota1~ss-DNase activity %gnsistent1y Tower than the wild-type, j
- but several mutants had expressed levels of ss-DNase activity which
(j were significantly lower than the wild-type in both mid-log and end-log
; phase growth viz. uvs-3, nuh-4, nuh-3 and nuh-1. The ss-DNase levels
IK in these mutants were respectively 37%, 61%, 39% and 28-65% of wild-type. '
) | The expressed ds-DNase activitie§ in all cases were very low like that
» (E of the wild-type, and in every case the ds-DMase was activated on
[[ treatment with trypsin ( Table 5 ).
{? 3.1.3 Fractionation of the ss-DNase Activity of Extracts

When care was taken to avoid overloading of columns, all the

[} ss-DNase activity of crude extracts of 2.5-day log phase mycelia was

- found to absorb at pH 6.5 both on DEAE-cél]ulose and on DEAE-sepharose.
i] The ss-DNase activity eluted from DEAE-cellulose with 0.13 M potassium




hn e Table 4: Total ss-DNase activities were obtained by pre-

treatment with 100.a9/ml of trypsin for 30 min at room

Bl ( 3 times the amounts of trypsin ) was

temper S
added to stop further action of-trypsin. Control experiments

have shown that the trypsin treatment used fully activated
N

AN

the nuclease activity.
) AN
N

Each specific activity value reported is the average of\\\\
at least three and in some cases up to eight separate

determinations; none of ihese differed from the average

by more than 10-15%. :
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~ Table 4
Specific ss-DNase activities of extracts 'of wild~type and mutant mycelia grown :
in sucrose medium \/ |
Strains ‘Mid-log # End-Tog »
=T +T Trypsin activation * =T +T Trypsin activation*
we-A 18 58 3.2 20 83 4.2
uvs-3 6 52 8.7 8 71 8.9 '
nuh-4 n 62 5.6 : 12 67 5.6 ‘g‘.{
uvs-6 12 50 4.2 16 73 4.6 '
n‘uh-3 | 7 a7 6.7 '8 .83 10.4
nuh—J 5. 35 \7.0 13 57 4.4,
* Trypsin activation= +1/-T

-



Table 5: Total ds-DNase activitlies are obtéined by pre-
treatment with 100 A4g/ml of trypsin for 30 min at room
temperature. SBI (1 3 tirﬁes the amount of trypsin ) is .
added to stop further action of trypsin. Control experiments

have shown that the trypsin treatment used fully activated

‘- RHE -

. _ the nuclease activity.’ ‘ s
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Strains

wt-A

uvs-6
nuh-1
nuh-4
nuh-3
uvs-3
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Table 5

Specific ds-DNase activities of extracts of wild-type

and mutants mycelia grown in sucrose medium

Mid-Tog d End-log
-T +T  Trypsin activation® -T Trypsin activation™
0.6 9 15 0.6 11 18
'
0.4 6 15 0.8‘1 12 - 15 ﬁé
0.6 16 27 1.0 18 18 )
0.6 9 18 ‘ 0.9 29 2
0.3 8 - 26 . -0.5 6 12
0.3 g - 30 1.5~ 10 6.7

* Trypsin activation= +7/-T
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phosphate buffer, pH 6.5 ( 6 ), however, differed from that eluted

from DEAE-Sepharose in having a relatively low ratio of ss-DNase/ds-DNase
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
eluted from DEAE-Sepharose and for extracts.

The DNase éctivity of the DEAE-cellulose "strip fractionﬂ“ was
quitTe stable, the ss/ds ratio‘remaim‘ng at about 7 for nearly 2 weeks
at 0-4°C. This fraction also lﬂtained all of the trypsin-activatable
DNase activity ( mainly, if not entirely, 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 mycelia. This is in contrast to the differential activati/,ons of
ss-DNase and ds-DNase activities (4-fold versus 20-fold ) seén in fresh

extracts treated with trypsin ( Table 4 & 5 ).

3.1.3.1 Fractionation on DEAE-s‘ema@se Columns

Fractions eluted from DEAE-cel]ﬁlose with buffer gradients pro’ved
much less stable and gave poorly reproducible elutién profiles. As a
result, chromatography of extracts on DEAE-Sepharose was adopted as a
first step in the fractionation of the ma,for intracellular-DNases of
mycelia. ’This hasP resulted in reproduci?le protein and ss-DNase
profiles ( Fig 3 & 4 ). The chromatographic profile for a crude
extract of a 2.5 day culture of wild-type mycelia is shown in Fig. 3 .
It can be seen that two protein "peaks" were re‘solved in fractions
1 - 120 containing, unadsorbed pvétein. However, in some preparations

of wild-type, a small third protein peak existed in fractions 80 - 90.
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Fig. 3: Chromatagraphy on DEAE-Sepharose of a
crude extract of wild-type m}celia grown for 2.5 days
in 1iquid culture. The extract of 5 g ( wet weight )
of mycelia is made in buffer A and applied to a 100 ml
cplumn ( packed volume ) of DEAE-Sepharose equili-
g;ated with buffer A. After washing with more buffer A,
a linear gradient of -0.0-0.5 M NaCl in puffer A is
applied. Fractions of 2.5 m} are collected at a flow
rate of about 1.0 ml/min. Protein in each fractions is
estimated by deterwining}the Asao ( open Frcles ).
~_—’/;;be ss-DNase activity ( expressed ) is estima;gd by
AZGO { closed circles ). Total ss-DNase activity ( dashed
1ine shown for gradient fractions only ) is estimated
by A260' Conductivity is determined by measurements

with a conductivity meter ( open triangles ).
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Fig 4: Chromatography on DEAE-Sepharose of ¥
crude extract of 5 g ( wet weight ) gg§:§_mycelba
~ grown for 2.5 days in liquid culture. For det§i1s
- o see legend of fig. 3. Open circles represents
protein ( A280 ), c1o§ed circles represents éxﬁressed
ss-DNase activity ( A260 }, and open triangles

represents conductivity ( as measured with the

conductivity meter ).
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" at 260 nm ), but no increase in the A

Qu?litatively, the sat-ne profiles were obtained for the mutants, but
the third peak was much larger than wﬂd-type.‘ The separation of
protein "peaks" in the pass-through fractions occurs presumably because
of sieving of proteins ;’n the gel. The second of tf\ese "peaks"

( }’ractions 38 - 60 ) apparently contained ss-DNas¢ activity ( as
dgtermined by single time poin;: assays on the fractions ). The§e
fractions, however,'were very noticeably ye\Uow in color, and on

assay for ss-DNase activity over\a 60 or 90 min incubation period,

high optical blanks were observed (\acid-soluble material absorbing
o occured with time. Thus,
this "activity", which was also found in\all extracts of mutants, was
an artifact and will not be furthe\r: discussed.

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

. was eluted nearly across the entire gradient, but an especially large

0.D.,gpabsorbing "peak” was eluted with 0.04 to 0.N1 M NaCl ( fraction
138 -170, conductivity 3 - 5 m mhos ). The elution bf ss-DNase activity

into two

in the gradient occured in two distinct "peaks", which were’ assianed tl}'e .

notations D1 plus D2 ( because it was subsequently resolve

fraction§ D1 and-D2 ) and D3, diﬂ not coincide with the major-protein
"peak". DI plus D2 was eluted with 0.07 - 0.16‘M~NaCI ( fractions |
145 - 175, conductivihty 4 --8 m mhos ) and D3 was eluted with 0.16 -
0.25 M NaCi (fractic;ns 182‘ - 220, Edoncfuctivity 8- 12 mmhos ). The f’
elution of total wild-type ss-DNase activity, which is determined after

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

D1 plus $DZ and D3. This can be seen by subtracting the differences

between s;-DNasé activities in each fraction before and after trypsin

b o R




Table 6: <coveries of ss-DNase activities are estimated

by traefﬁg the gctivity profi]e; from DEAE-Sepharose /

cf. Fig 3 &4 )lpn card board. The appropriate areas ’
are cut out of,zée cardboard and weighed. Corrections are
f

made for the baselines ( A260 of fractions with no ss-DNase’

-vi-

activities ). In no case does the degradation of substrate

: { ss-DNA ) by enzyme in fractions making up the profile
i A

exceed 50% ( A260 of 0.65 above the baseiine ),
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Strains

uvs~3
nuh-4
uvs-6

nuh-3

nuc-2

cadimccd

Table 6

Distribution of ss-DNase activities of extracts recovered

in 01 plus D2 and D3 after chromatography on DEAE-Sepharose

- - % Recovery in

D1 plus D2

.41,54,62
70,77

) 62
46,64
49,53
59

Extract on DEAE-Sephgrosg

% Recovery in

b3
46,38,59 .
23,30
38
36,54
47,51
41
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Fig. 5 (A and B ): Chromatography of wild-type
DEAE-Sepharose fractions D1 plus D2 ( panel A ) and
D3 ( Panel B ) on phosphocellulose. D1 plus D2 and
D3 are dialysed against buffer B and applied to 15 ml
( packed volume ) cotumns of phosphocellulose equili-
brated with buffer B. After washing with more buffer
B, the columns are eluted with linear gradients of

4 mM-0.3 M potassium phosphate puffer, 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: Recoveries of ss-DNase activities are estimateé

by tracing the activity profiles from phoSphoce]lu]ose-
— # ( cf. Fig 5A ) on cardbogrd.& The appropriate areas are cut out
of the cardboard and weighed. Corrections are made for the
baselines ( A260 6f fractions with no ss-DNase activities ).
In no case does the degradation of substrate ( ss-DNA ) by eﬁzyme
in fractions making up the profile exceed 50% ( A260 of 0.65

above the baseline ).
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Table 7 &

T ‘ ss-DNase activities recovered in D1 and D2 after chromatography

of D1 plus D2 on phosphocellulose

Strains ‘ " D1 plus D2 on Phosphocellulose
#~ =% Recovery in DI ' .% Recovery in D2
wt-A ’ 32 : 68
uvs-3 ) T 17 9 83 ;>
IS - N g
. nuh-4 - ‘ 21,28 ‘ . 72,79 .
uvs-6 ) : 34 ‘ 66 ’
_ nuh-3 63 , 37
nuc-2 28 ) 72
) T
]
{
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treatment. The results shows that endo-exonuclease precursor was

[{ ~ «eluted from DEAE-Sepharose with 0.09 - 0.18 M NaCl in fractions

165 - 190 { conductivity 5 - 9 m mhos ).

_—

The elution profiles for uvs-3 and all other mutants were very

—

sihi]ar%fo that of the wiid-type except for the presence of a fairly
p}ominent thivd "peakf{of unadsorbed protein ( fractions 72 - 92, see
Fig. 4 ). ‘

The proportions of the ss-DNase activity in D1 plus D2 and D3

i\,___'

—
———

—

were estimated by determining the areas under the "peaks" of ss-DNase

activity and are recorded in Table 6. It can be seen that the

o
-

proportions of ss-DNase in D1 pius D2 and D3 were approximately

50% each for the wild-type and all other mutants except uvs-3., For

iqwmz.;)

uvs-3 the proportions of ss-DNase in D1 plus D2 and D3 averaged 74%

e

and 26% respectively.

i 3.1.3.2 Fractionation on Phospho-cellulose Column _
. The ss-DNase activities in D1 plus D2 and D3 were further ‘ f
[ fractionated by chromatography on phosphocellulose. The chromatographic
{:. profiles for the wiTﬁ-type D1 plus D2 and D3 are shown in Figi 5 ‘
( pane{;NA and B respectively ). The ss-DNase activity in DI p]us.Dé ;4
[' . was resolved ( Fig. 5A ) into an unadsorbed ss-DNase ( D1 ) and an :
‘ adsorbed fraction ( D2 ) which eluted from the column in middle of the
[ gradient. The proportions of.ss-DNase activity recovered from
[“ phosphocellulose in D1 and D2 are shown in T;ble 7. The amount of

ss-DNase in D2 was much lower ( 37% ) for nuh-3 mutant relative to

wiid-type ( 68% ). In several cases of fractionation on'D1 plus D2

—

> . of mutants on phosphocellulose, a second minor "peak” was eluted on

+
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the leading edge of D2 in the gradient { Fig. 5A ). The amounts of

-this 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 phosphocellulose. However, this minor activity had the same
Jistinctive propérties as D2 ( see below and Table 8 ). The recoveries
of the minor ss-DNase have thus been included in the estimates of
ss-DNase activities of D2 in all cases ( Table 7 ).

Qver 90% of the ss-DNase activity of D3 failed to adsorb on
phosphocellulose and since the general properties of this fraction.

did not change appreciably at this step ( Table 8 ), the designation
D3' was assigned @o this fraction. The small amount of ss-DNase
activity which adsorbed on phosphocellulose from D3 was not further
investigated.

RNase activity profiles for the D1, D2, D3' from phosphocellulose
coincided with those for the ss-DNase profiles shown in Fig. 5. The
rétio of the ss-DNase/RNase activity was very close to 1:1 for [}
and D3', but was 2.9 across the profile of D2 ( gradient in Fig. 5A ).

When aged D1 plus D2 fraction ( 1 week o014 ) from DEAE-sepharose
was applied to phosphocellulose, the D2 fraction was greatly reduced.
Almost all the ss-DNase activity recovered ( 86% of ss-DNase applied )
from phosphocellulose appeared as D1 (Fig. 6 ). When this DI fraction
was rechromatographed on DEAE-sepharose, two ss-DNase peaks were eluted
in the grad%ent. These were assigned the names D1 (A) and DI(B). Dl(?)
eluted at the'same salt concentration as D1 plus D2 { 0.07 - 0.16 M )j
but D1(A) eluted very.early in the gradient ( Fig. 7 ) with 0.01 - 0.06 M

NaCl. The proportions of ss-DNase activity recovered in D1(A) and




-

Fig. 6: Chromatography of 1 week old wild-type D1 plus D2 fraction from DEAE-Sepharose onto
phosphocellulose. D1 plus D2 ( in buffer B ) wag applied to 20m1 ( packed volume ) columns of

phosphocellulose egilibrated with buffer B. After washing hﬁth buffer B, the columns were-
eluted with linear gradients of 4 mM-0.3 M KPB, pH 6.5. 'Prétein (“open circles ), expressed

ss-DNase ( close circles ) and conductivity ( dashed 1ine ) are determined as in Methods.

ngf 7: Chromatography of D1 from Fig. 6 onto DEAE-Sepharose. This D1 fraction wAsapplied
to 25 m! ( packed volume ) column of DEAE- Sepharose equilibrated with buffer A.. After
waspfng with more buffer A, the column was eluted with 0.0~0.5 M NaCl gradients in buffer A,

pH 6.5. Protein ( open circles ), expressed ss-DNase ( close circles ) an& conductivity

( dashed line ) are determined as in Méthods. T

DD Ss el G A AR e e

t
'Y
)
&
3
|
1
{
<
Rl




L —— ~— —————— — — - - - -

- 49b -

ey B SRR wa

2 5
¥IGWNN NOILOVMS - , 3 @
008 09 " Ob 02 0 00| 08 09 ob o2 o) M num ~
Q| aenssnng, RN %ty 30 RN T e enenay, . 2° 9
Serid g /8 N7 C O T <] E Al mZ
2 b T/ B zR
S0 W™ S et
= Yoos i ’ 1 -
< e 354 / . 2 0g®: :
m = I a H . [«
M / H j ) \\ : Yo =~
- . . K e ..
. OIF \ : . i \\ - vwv
- ik i : mvv
o 3 :
7] : !
= ol y {1808
L oeif - H a
] N \ > o.. “
~—Oc*t . - : qor
..., e
& |
- i - 121 &
L6i4 . g Bty

. - . /.
v TS vt S s B vcns B e’ SR —— B s B, vl QR | e I < B ="~ I~ —— T —— B wemmass RO oottt B o |

e o i o



L e

——

s ¥

-
— }

!

P

' - e ——
SR F B LY S

-
JENS—

i1

o

s ¥ R s § ==h

ot

i

1}

~ -~ f © -850 -

| i
!

DI(B) as in this step were 29% and 63% of the total respectively.

3.1.4 Properties of the DNases Eluted from DEAE-Sepharose and

Phosphocellulose

Both the DEAE-sepharose gradient fractions ( D1 plus D2 and D3 )
and the phosphocellulose fractions ( DI, D2 and D3' ) of the wild-t&pe
and mutants were examined qualitatively for endonuclease and exonuclease
activities using trichloroacetic acid ( TCA ) and uranyl acetate-
trichloroacgtic acid as precipitants of undigested DNA as described
by Mills and Fraser ( 9 ). In addition, Egey were Examingd quantitatively
( .using perchloric acid (PCA) as a precipitant (8) ) with respect to
the following pérameterg: ratio of ss-DNase/ds-DNase activities ( ss/ds ),
t&e inhibition of the ss-DNase activity by 0.5 mM ATP in the pfesence
of 10 mﬁ Mg++, the ss-DNase ‘activity in absence of 10 mM Mg+f in reaction
medium, the inhibition of ss-DNase activity by ED%A ( in absence of 10 mM
Mg'" in reaction medium ) and its restoration with Mg  and Ca''. The
quantitative results for D1 pius D2 and D3 ( from DEAE-sepharose ) a;e
presented in Tap]e 8, and the results for D1, D2 and D3' ( from phaspho-

cellulose ) are presented in Table 9.

3.1.5 Properties of the DEAE-Sepharose fractions: D1 plus D2 and D3

It can be seen from the data in Table 8 that even though wide
variations in the properties of D1 plus D2 and D3 of the wild-type and
mutants occurred, in general, the properties of D1 plus D2 and D3 were
different. There was little or no ATP inhibition of D1 plus D2 ss-DNase
activity, but substantial inhibition was obtained for D3 ss-DNase
activity. The values for ATP inhibition of D3 ranged from 17% to 87

] et oo e . ~ , e ———
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Table 8:  The controls for dependence on Mgt* ( no Mgtt in

assay mixture ) and for ATP jnhibi tion were performed with = I
regular routine assays ( i.e. in presence of 10 mM Mg‘f+ in assay
mixture ). The controls for EDTA inhibition, restoration of .
activity wjgmﬁ' was ss-DNase assay in absence of :
. '

: = |

metal ijons. , \

L d
, O &
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Tabld 8

Properties of D1 plus D2 and D3[from DEAE-Sepharose chromatoqrawphy

Strains % ss-DNase Activity in presgnce of: L
ss/ds* g™t o mmemg™  maca™ AT
D1 plus D2
wt-A  t 7.7 68 14 93 00
uvs-6  35,5.4 65,37 42,26 47,200 0,48 . 80,81
uvs-3  16,4.2 © 34,49 25,12 185,139 35,6 ) 100,78
nuc-2 3.6 43 19 131 46 100
nuh-4 5.6 40 12 140 0 79
nuh-3 125 34 28 174 22 K
03
wt-A 0 11.4 81 31 ¢ 51 o 6 66
ws-6 28,31 104,8) 25,29 8,66 4,2 83,69
w3 144,21 110,60 45,47 54,52 . 28, 70,57
we-2 27 60 136 a6 32 - 64
nuh-4 21 102 37 34 0 76

nuh-3 25 58 34 52 9 13

e

* gs/ds= single-strand DNase activity to double-strand DNase activity ratio, '

- Y

it is not in percent activity as the case of other values.
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" more lﬂmited, ln the range of 21 to 28 (tab]e 8). The D3 ss/ds of mutants An

-’

\» 3

L endo-exonucleas (7, 10, 11).
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kith~majority of them between 24% to 43%, thus gives an average of 33% 1
inhibition or 67%.activity remained. Both D1 plus D2 and D3 were partly
inhibited by EDTA, but D3 was less-sensitive than D1 plus D2. The

qestdration of ss-DNase activity by Mg++ after EDTA treatment for

D1 plus D2 is complete,'and in most of the cases, the restoration was

reater than 100%. Incomplete restoration of D3 ss-DNase aétivity was
btained with Mg++. ca™ was ineffective in reversing the EDTA inhibition
f: ss-DNase activity of both D1 p]us,ﬂé and d3, andwihe presence of Ca++
urther lowered the activity in most cases.

The ss-DNase activity of untreated D1 plus D2 was also partially .

the activity of D1 plus D2 was about 45% of the activity observed with

dgpendent on divalent metal ionms. In absence of divalent metal ijons,

10 mM Mg . The ss-DNase activity of untreated D3, however, was on]y

slightly dependent on added Mg ions. The average ss-DNase activity

iﬁ abserice of Mg++ was about 62%.
@ummmMMwMMmmwmﬂwmmm.m

ss/ds ratios of D1 plus D2 were lower than D3 with{h,the strain

<

s, ol

ﬁeasured { Table 8 ). 'fhe ss/ds ratios of D1' plus D2 between strains

were vardabie 1&@y ranged from 3.6 in nuc-2 to 35 in one case of uvﬁsﬁ ;

(see discuss1on p.79). The ss/ds ratio of D3 between strains however, were

average was 25. which is higher than an aver?ge of 11 for the wild-type.
The qualltative examination of Dl p]us DZ and' D3 ( TCA and UTCA as
precipitant } from wild-type 1nd1cated that both enzyme behaved 1ike

» \ ~

o
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" ‘very simitar and distinctly different from the properties of the DNéses
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{ ' L
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-3.1.6 Phosphocellulose fractions D1, D2 and D3
>

During chromatography on phosphocellulose, fresh D1 plus

D2 was resolved into D1 and D2, while most of the ss-DNase activity \f J

5 ) \
D3 was recovered as- D3' in the unadsorbed fraction. Although wide -\

1N

variations ‘in the properties of D1 and D3 of the wild-type and mutants
occyred ( even witﬁin the same strain in different prepakations },

in general, the properties of DI\and D3' had some common properties

( Table 9 ). A11 D1 and D3' fractions showed inhibition by ATP, but

the variations in the inhibitions were wider for D1 than f&r"DB'. {;

the- latter case,.the ss-DNase activity the presence of ATP ranged

from 35 - 68% ( Table 9 ) with most values falling close to the average.

o

of 54% activity or 46% inhibition. This average is very close to that

observed previously for the inhibition by ATP of purified ss-endonuclease
/(12 ) and of purified endo-exonuciease. { 10 ). Both D1 and D3’ were v i
only partially inhibited by EDTA and restorations of ss~DNase a;tivity
" were incompietq'with Mg++ and even ]owgr with Ca++. .
The ss/ds ratios for the wild-typ? D1 and D3' were botﬁ relatively

low, averaging 2.9 and 5.9 pectively and both enzymes behaved =

qua]itative1} like endo—exonucleasq (7,10, 11 ). .In contrast, Fhe.
ss/ds ratios for ali.of’the mutant D1 and D3’ preparati&%s fell within ‘
considerab]y h}gher ranges, respectively 11 - .50 fbr mutant D1 and 19 =)
*50 for mutant'DB‘ preparations ( Table 9 ). These high ratios proved to

- be due to the presence of ds-DNase inhibitor in the.prepa%ations ( see

The properties of DNase in 02 of the wild-type and mutants were.
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Table 9

Properties of D1, and D2 from phosphocellulose chromatography

ﬂ ) ’ Strains % ss-DNase Activity in presence of

ss/dst . -mgtt EDTA EoTAsMg't T EpTAtca™t  ATP
) DI _
1 WA 25,33 U1 12,3 39,35 50,6 70,08
- uvs-6 50,23 52 22,19 40,67 30,31 0,5
l 5 ws-3 27 29,52 3 58 0 36
B« G nuc-2 17 31 4 27 0 87
o nuh-4 50,12 63 17,15 39,39 31,6 61,42
i nuh-3 11 29 24 2 0 81
|

D2 4

[ wt-A  1.9,2.7 ‘61 - 2,0 163,146 4,0  103,-
ﬁ“ : uvs-6 . 4.4 32 18 204 9 100
_ uvs-3 4.2 12,3 28 99 37 119
E nc-2 1.7 24 0 185 0 88
- s 2.1,2.9 3 00 323,275 . 0,0 112,86
{] nh-3 2.8 25 ¥ 90 . 12 9]

-~

* ss/ds= single-strénd DNase activity to double-strand DNase activity ratios;

these are not expressed as percentages of the wild-type values as 1s the

case for all other values.
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" fable 9 ( continued)

Properties of D3' from phosphocellulose chromatograpby

Strains ' y ss-DNase Activity in presence of
ss/dst Mgt EDTA D mangtt EDWca T . AT
wt-A  5.1,6.7 100 9,16 8,60, 7y 62,31
uvs-6 19,40 85 26,33 46,45 15,50 56,54
wvs-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 3 0 68

* gs/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 D1 and D3' ( Table 9 ). Qualitatively the DNase activity of D2

behaved as an endonuclease with very little strand specificity %or DNA.

The ss/ds ratios were all very low ( Table 9 ) and averaged 2.5. The

ss-DNase activity of D2 was not appreciably affected by 0.5 mM ATP,

unlike that in D1 and D3'. The ss-DNase activity of D2 was found to be

very sensitive tp EDTA and its aptivity was restored with Mg++ to
_higher than control ( no EDTA, no divalent metal ions ) levels, but no
activity was restored with catt ( Table 9 ). .

The dependence of ss-DNase activity of D1, D2 and D3' on Mg++ was
quite variable from strain to strain, but in spite of the variations,
a geﬁera] trend of difference can be seen between‘DI, D2 and D3'.
0f the three nuclease, D3' has the Towest depen&ence on Mg++, while
D2 has the highest réquirement for MQ++. D1 has a dependency which is
intermediate between D2 and D3' ( Table 9 ).

None of the fractions derived from DEAE-Sepharose or phospho-~
cellulose contained detectable nuclease N3 activity.( 13 ), presuhab]y

because the mycelia were all grown on high phosphate medium.

- 3.1.7 Characterization of D1(A) and D1(B) from Wild-type

As the results in Table 10 indicated .both D1{A) and D1(B) were

_similar in character with respect to EDTA inhibition, restoration of

ss-DNase activity with Mg'* and ca™*, and ATP inhibition. The ss-Dhase

activity was quite dependent on Mg++. The ss-DNase activitx in the
abs;nce of Mg++ were 19% and 30% of the activities in the presence of
Mgt for DI(A) and DI(B) respectively ( Table 10 ). Qualitatively,

- both D1(A} and D1(B) exhibited endonucleolytic towards ss- DNA, and

- mixed endonucleolyficﬁand exonucleoflytic activity witﬁ\ds-DNA. The ss/ds
o 'ﬁ -
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Table 10: The control for dependence of Mg** ( no metal ions
in assay mixture ) and ATP inhibition were the routine assays
(i.e. 'in/;resence of 10 mM Mg** in assay mixture ). Tllte
cohémT for EDTA inhibition, restoration of activity with

Mg** and Ca*'were ss-l}Nas&ssay in absence of metal ions. .
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‘ Table 10 |
. ! .-
: . ! Properties. of DI1(A} and D1(B) from DEAE-Sepharose - _ - |
. ' ' | chromatography - o
3 Nuclease fractions % ss-DNase Actfvity in presence of
.~ _ o ss/ds ( ratio ) Mgt . EDTA EDTA+Mg' T EDTA+Ca" ATP i
° R : - R ' .
. <1
(: . D1(A) 5.0 19 o 333 48 102 I
D1(8) 2.0 ~ 30 13 363 25 102
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] Table 11 °
‘ ) PHMB inhibition on the Nucleases
‘. - Nuclease fraction Units of activity ( ss-DNase )
7 | _ © =PHHB | +PHMB_ % inhibition -
- D1 plus D2( wt-A ) 11.6 7.9 ‘ 32
o D1 (wt-A ) 25.6 16.8 b 34
3 (wtaA) 61.4 38.9 37 .
' " D1 (nuh-3 aged ) . 50.4 9.2 ' 82 g
“ D3 ( nuh-3 ) 109.2 . 8.4 92 ol
, . D3' (nuh-3) nz.e . \ 93.5 (, 17 ‘
0 DUA) (wtA) 15.4 1.4 91
) . DI(B) (wt-A ) 98.7 . 120.2. 80
: fr\) . - /,
y K ! . .
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ratios were low, 5.0 for D1(A) and 2.0 for DI1(B). \

3.1.8 PHMB inhibition of ss-DNase Activities

When treated with equal volumes of saturated PHMB solutions ( 1 mM ),
the isolated intracellular nucleases exhibited different degrees of
inhibition ( Table 11 ). D3' was the least sensitive to PHMB, while
D2 exhibited the greatest sensitivity. In addition, a chaége in PHMB
inhibition apparently occurréd for DI as“it aged. In a fresh preparation
D1 ( from the wild-type ) showed an inhibition of 34%, but an aged
preparation ( from nuh-3 ) showed an inhibition of 82%. The ss-DNase
activities of D1(A) and D1(B) were very sep;itive to PHMB. DI(A)
was inhibited by 91% and D1(B) was inhibited by 80%.

3.1.9 "Evidence for .ds-DNase Inhibitor

The presence of ds-DNase inhibitor(s) in 01 plus D2, D1, and
D3 preparations with high ss/ds ratios was shown by three types of .o
-experiments: (i) relief of the ds-DNase inhibition on passing the
preparations through DEAt—cellulose, {ii) differential activations of the
ss-DNase abd ds-DNase activities of the preparations with trypsin and
(i11) isolation of an inhibitory protein from an "aged" préparagion of
D1 plus D2. The data in Table 12 indicate that passage through \
DEAE-cellulose an& trypsin treatment had gssentially thg séme effect

on preparations with high ss/ds ratios: the ss/ds ratios were dramatically

" lowered. ‘In the case of trypsin treatments, the effects of lowering

the ss/ds.rati&s were paralleled by preferential activations of ds-

‘~DNase activities versus: ss-DNase_activities in different preparations

" A1l of these resu1fs are consistent with .the removal of ds-DNase

inhibitor(s) frnm preparations with high ss/ds ratios. The presence of*

kS

. ds—DNaag inhibitor has been confirmed more directly by chromatographing

' 3,
' Ay ’ vt
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assaying for DNase activity.

Table 12: DNase was activated by pre-treatment with trypsin

( 30 min, 23-24°C } at a concentration of 10Kg of trypsin per
ml of activation mixture. The activationwas stopped with SBI
( 3 times the amount of trypsin added (30.Xg/ml) ) before
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Evidence for the presence of ds-DNase inhibitor(s) in
— .

preparations from DEAE-Sepharose and phosphocellulose

with high ratios of ss-DNase/ds-DNase { ss/ds )

Preparation ss/ds Ratios Trypsin activation (-fold)

efore After ss-DNase ds-DNase

. Chromatography on DEAE-cellulese

wt-A D1 N
plus D2 50 2.9 - -

- uvs-3 D1 7.0 2.5 - -
uvs-3 D3 . 25 5.2 - -
nuh-4 DI 14 n ] -
nuh-4 D3 3 ' 6.6 - -

I1. Treatment with trypsin
wt-A D1
plus D2 50 6.7 6.0, 45

“uis-3 D 7.0 5.3 1.8 3.1
uns~3 D3 25 8.6 2.1 6.0
nuh-4 D1 4. 3.1 3.9 18
nuh-4 D3 33 18 1.0 1.7

/ .
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ST ' Conditions for activation were 30 minutes at 23-24°C. Activation
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Table 13 .
Differential trypsin activation of crude extract, D1 plus D2, and DEAE-

i i ‘ strip fraction of wt-A ( mid-log )

»

Preparations - Crude Extract D1 plus.D2 - DEAE-cellulose
 ss-DNase  ds-DNase +T/-T  ss-DNase ds-DN§Se +T/-T ss-DNase ds-DNase +T/-T

. ) - activity  activity ss ds  activity activity ss ds activity activity -ss ds
ﬂ S R S 4 S A S ST T M
: S 68 201- 2 N6 3.07.9 = - - - - = 7.7 23 .93 1.2 3.01.3
T n 72 189 3 18_2.66.0 - - < - - - 8.1 24 .93 2.2 3.02.4
_ 1 144 467 6.4 44 3.26.8 - - - - - - B8.617.3.90 2.4 2.02.7
I o Le L. . - 504 330 1.1 89 6 45 11 34.4.50 1.8 3.1 3.6
&
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a 14-day old preparation of wild-type D1 plus D2 ( stored at 0 - 4°C )
Unexpectedly, a

substantial amount of protein ( with no DNase activity ) failed to

absorb on DEAE-cellulose. When this protejn was added to the DNase
eluted in the gradient from the same column ( a mixture of D1 and Dé
with a ss/ds 3f‘3.4 )» no inhibition of ss-DNase activity was observed,
but a 33% inhibition of ds-DNase activity occurred. It is/not known
Yhether this inhibition could have been pushed to completion by §dding
more protein or whether the inhibition was preferential for the ds-
DNase activity of D1 or of D2. In this experiment, no differential
trypsin activation of ss-DNase and ds-DNase was detected ( Table 13 ),
indicating that no ds-DNase inhibitor was present in the fraction
derived from DEAE-cellulose, although the 3-fold activations of ss-
and ds-DNase activities indicate that endo—exonuclea§e precursor was
present. This result is in contrast to the huge differences in
activation of ss- and ds-DNase activities ( 6-fold and 45-fold )
before DEAE-cellulose chromatography and forléhe crude extracts

( Table 13 ). Attempts to recover dsJByase inhibitor from fresh

{ 1-day old ) preparations of D1 plus D2 have so far failed, in sp1te
of the fact that the ss/dslratios were 1Swered in the expected manner
by passage through the DEAE-cellulose ( Table 12 ). These‘results
mgy indicate that 1imited proteolyéis is required to release the

inhibitor(s) from the enzyme-inhibitor complexesf

.
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Fig. 8: Sedimentation velocity centrifugation of ‘

»

nuclease fractions in linear 5-20% sucrose gradients.

" Hemoglobin wag used asta marker.

coefficient of 4.3S.

activity { close circles )waS determined by "point"

g

- assay.

It has a sedimentation

Hemoglobin concentration was
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3.1.10 Mo]ecuiar we1ght Determination by Sedimentation Velpf/ix

¢

Centr1fugat1on on_Sucrose Density Gradients /{

The method of Martin and Ames ( 4 ) was employed to}determine .
the appérent molecular weights of all nuclease fractio iso]ated here.
A 1inear relationship was found to occur between d1st?nce sed1mented
from the meniscus and the sedimentation coefficient of the ptote1n In
these experiments, the nucleases were all sedimented with bovine
hémoéiobin as a marker ( molecular weight 63,q99 daltons ). The DI

..pTug D2; D1. D2, D3.and D3' fr%ptions were sedimented individually
and also in various different combinations with each other ( Fig. 8 ).
D1 plus 02,'01, D2, D3 and D3' had sedimentation constants of B.6 S
8.2 S, 4.7S, 4.8S, and 4.7 S respectively. These- values corresponded
to\apparent,molecular weight§ respectively of 184,000; 170,000; 75,000;

,77'b00‘ ani 75,000 ( Table 14 ). A second minor component in D1 had

- a -sedimentation constant of 4.7 S. ( appayent molecular weight of

75,000 ) ( Fig. 8 ). A mixture of D1 and D2 sedimented as a single .

Tmeomponént of 5.2 S ( 85,000 daltons ) rather than two components as

expected. A'mixt&re:pf D2 and D3' sedimented as a single gomponent
-of 4.7 S as expected ( molecular weight 75,000 ). ‘
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4.1 -Discussion

i

4.1.1 Histidine and Mitomycin C Sensiti\,%jties of wild-type and mutants

Based on the results of tests for sensitivity to histidine and n

'mitomycin C{ Table 3 ), the mutants can be divided intg thrée groups:

( 1) those which sensitive to both agents, ( 2 ) those which sensitive
to either one or the other agent, and ( 3 ) those which are not sensitive
to either of the two  agents. Mutants which have been found to be

sensitive to a wide spectra of mutagens, uvs-3 and uvs-6 ( 78 ), rms(04

and nuh-4 ( E. Kafer, unpublished results .), and mei-3 ( 56 j) were

found to be sensitive to both histidine and mitomycing . The meiotic

yv-sensitive mei-3 mutant which causes deletions of duplications and

uys-3 had been found prev»inursly to be histidine sensitive /{ 79 Y. AN

histidine and mitomycin ¢ sensitive mutants above were also found to
&

havé Nuh phenotype i.e. they fail to secrete normal ampﬁnts of deoxy-

ribonuclease ( 55 ). Analogies can be dr. éween these histidine

and mitomycin C sensitive mutants with.the rec A and lex A mutants of

E. coli. The rec A and lex A mutants in E. coli show a set of startling
pleiotropic effects, 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 to other mutagens 1ike UV, and

jonized irradiation strengthens the possibility that the Neurospora
mitants are rec mutants. In addition, two of these mutants, uvs-3 and .

v, ——— . —u—-——r’"

!.)VS-G have been found to show high mitotic recombination and/or deletions

( 56 ). They are thus phénotyically closer to E. coli lex A mutants

than to rec A mutanté which are deficient in recombination. The effects

of the nuh-4 and mms (04) mutationg on recombination have not yet been.
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assessed. %{ Co N

The results for strains which do not have the Nuh phenotype but

" which have narrow Epectra of mutagen sensitivities, uvs-4 and the two
pyr1mid1r3e; dimer excision*&efici'ent strains, uvs-2 and upr-1, confirm
those of Newmeyer, Schroeder and Galeazzi { 56 ) for histidine sensitivity.
Athough uvs-4 was sensitive :to histidine, it was not sensitive to mito-
mycin ¢ On the other hand, l_.l_\_l_S_-_Z_ and upr-1 were not sensitive to
either agent. The%y‘_\@é_t}_qm‘ut_ant was found previously to be sensitive

to UV but not to ionizing radiation, unlike uvs-3 and uvs-6 which are

sensitive to both agents (21 ). The insensitivity of these three
. - u
mutants. toward mitomycin ¢, and to histidine in the cases of uvs-2 and

and upr-1, correlates with the lack of:any effects on recombination.

" Nuh-3 was found previcusly not to be sensitive to UV or to the chemical

- mutagens, nitrosoguanidine ( NG ) and methylmethanesulfonate ( MMS ),
( E. Kafer, unpublished results ) and here it is shown not to be sensitive
to histidine and mitomycin C. Is these respects, it is representative
of other nuh mutants which' do not show sensitivity to either UV or chemical

mutagens e.g. nuh-1, nuh-8, nuh-5, and nuh-6. In conclusion, nuh mutants

which fail to secrete normal amoqj\ts of DNase fall into two classes,
mutagen-sensitive and mutagen-insensitive. The former class appears to
be Rec-like, based on the wide spectra of sensitivities to mutagens and
in two cases ( uvs-3 and wys-6 ) are known to have altered recombination.
It thus becomes of interest to determine whether or not a given patterr;
‘\,“Eof intracellular DNases correlates with the Rec-like phenotype. Of

special interest is the Neurospora endo-exonuclease which has a number

of enzymological properties in common with the major recombination

N
o mdta aowtrie E.
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nuclease of bacteria e.g. exonuclease V of E. coli ( 37 ).

4.1.2 ldentity of the Major Intracellular Alkaline of Log-phase Mycelia.

The expressed ds-DNase activity of extracts of wild-type log phase
N. crassa mycelia is low { Table 5 ). The ds-DNase specific activity
"is 0.6 units/mg protein whi_le expressed ss-DNase specific activity is
18 units/mg protein. These values give a single to double strand ratio
( ss/ds )oof activities of 30. The expressed ss-ONase activity was
followed during fractionation, and expressed ds-DNase was determine
only on isolated fractions.

The expresséd ss-DNase activity of extracts of mid-log wﬂ&-type ‘
'myceHg resolved into three fractions by chromatography in turn on
DEAE-Sepharose and on phosphocellulose. "The proportions of these three
fractions, D1, D2, and D3', can be ca]culatea from table 6 to comprise
respectively 16%, 34%, and 50% of the total ss-DNase activity recovered.
The isolated fractions also expressed substantial ds-DNase act?vity in
spite of the fact that the expressed ds-DNase activity in crude extracts
was extrémely Tow ( see above ). Two qf the three isolated fractions
have properties very similar to two nucleases which have heén previously
descri‘bed. 03'is very similiar in properties to endo-exonuc]easg ( 10,
7, 11 ) and D2 is very similar in properties to mitochondrial nuclease

( 50, 51 ). The properties of the minor component, D1, pppear to be

LY

+

time dependent ( see below ).

D3'exhibited qualitatively endonuclease activity with ss-DNA and
exonuclease activity with ds-DNA when assayed with TCA and UTCI: as pre-
cipitants of undigested DNAI( 10 ). D3' also had a high RNase activity.
In Jddition. the ss:DNése acﬁvi‘ty of D3'.1n the presence of 0.5 mM

T 1
+
!
4
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ATt was 340 of the control, and 1t wag_re]atlvelj!resistant to inhibition by
EDTA. Mg*" only restored the ss-Diase-activity of the: EDTA-inhibited
enzyme to a small axtent and Ca' " was even less effective in restoring the
activity ( TabléAé 5T, The apparent molecular weight ‘of native D3’

was 75000 ( Fig. 8 and Table 8 ), which is only s)ightly higher than

that of 61000 found for the molecular weight of the trypsin-activated o

‘endo~exonuclease precursor .( 6 ), but lower than that of 88000 found

" for the inactive precursor ( 7, 81 ). The endd-exon lease and its

inactive precursor were both found previously to be si;;le polypeptides

( 7). The highest molecular weight determined for the active endo-
exonuclease by electrophoresis on denaturing(gels, however, was 53000.

This discrepancy was explained ( 7 ) by the observation that the enzyme

was very susceptible to proteolysis bx endogenous proteinases during
purification (7, 10 ). The proteo]ysﬁs reduced the exonuclease |

activity while exh1bithj ]1tt1e effect on the endonuc]ease activity.-

Thus, the apparent moleculbr weight of 75000 for D3 may indicate that little
proteolysis had accurred during the isolatioh process, or, alternat1ve]y/
it could indicate that the %nzyme may be associated with other protein(s).
The first possibility was subported by the fact that the inactive ‘
endo-exonuclease precursor had a large hydrophobic portion ( 6, 7 ) and
the secreted endo-exonuclease had an appa;ent molecular weight of 65000

( 11 ). The properties of the secrefed endo-exonuclease was similar to
those of D3'. However, s&me evidence‘for the latteﬁ possibility was

also found. This is the possibility. sso 1at1on of the enzyme with

/
a8 ds-DNase inhibitor which will be discussed\bel
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JThe properties of D2 were very similar to those of the previously

described mitochondrial nuclease ( 50, 51 ). It gxhibited qualitatively endo- °

nuclease activity with both ss-DNA and ds-DNA. It also had-RNase act-

ivity. Its activity was very sensitive to EDTA and was restofed to

greater than 100% of the control on addition of Mg++. Ca++, however,
¥ -]

was not effective in reversal of the EDTA inhibition. Although D2 was

derived from a fraction ( D1 plus D2 ) which adsorbed on DEAE

o

“Sepharose, the isolated D2 fail to adserb when Fechromatographed on

DEAE-Sepharose with 20mM potassium phosphate buffer, pH 6.5. This
chroma ograpﬂic\behavior is very similar to that of the major fraction
of mitochondrial nuc]ease'on DEAE-cellulose ( 50 ). The apparent
molecuflar weight, found heré“fﬁrjnz was 75000, which is substantially
10ﬂer than that of 120000 reporied for mitocﬂondrial nuclease ( 51 ).

However, seems 1ikely, from the apparent conversion of D1 to D2 (

see below ),Mthat a higher molecular weight D2 does esists in the

form of D1 ( apparent molecular weight of 180000 ),\but the discrepancy

in molecular wéights would still remain unexplained. D2 is clearly a

\

different nuclease from the extracellular non-strand specific endonuclease b~ -

(“DNase A ) which had been described by Fraser ( 11 ). Five differences

in.properties exist between these two nucleases: ( i ) DMase A is &

CaH dependqnt enzyme, whereas D2 is Mg++ dependent and has no aétivity~

wjthVCa+f; ( 11 ) Although both enzymes were classed as a "non-specific"

endonucleases, DNase A degrades ds-ONA faster than ss-DNA ( ss/ds of

0.6 ),éyhile Dz,hydnilyzes ss-DNA faster ( ss/ds of 2.5 ) under optimal
. conditions for both enzymes; ( 1ii ) The native molecular weight of

DNase A is 65000 as compared 75000 for D2; ( iv ) DNase A is a much

E
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more stable enzyme than D2 ( 11 ); ( v ) DNase A exhibits no activity
with RNA whereas D2 hydrolyzes RNA.

The. properties of freshly isolated DI preparations were quite
variaWe (‘Table 5 ) from preparation to preparation, and in time of
storage at low temperature. When characterization of fresh pr;iparations
was Cgrried out, their prqperties resembled those of D3' in Some
instances. These properties include the inhibition of ss-DNase activity
with Af;’, relative resistance to inhibition by EDTA, “and partial restor-
ation of activity with either Mg++ or Ca,”. The p-hydroxymercuribenzoate
{ PHMB ) inhibition of D1 and D3 were also similar ( a relatively low
level of 1’nhibi“tion, ), and were clearly different from that of D2 ( Table
11 ). However, after D1 was "aged" one week at 0-4°C, the properties
of D1 had converted to those of D2 with concomitant loss of inhibition
by ATP, and increase of EDTA sensitivity, a Mg++ reversa_l of EDTA inhi-
bition ability which restored over 100% that of control, and no restoration
of activity with CaH. There was alsc; an increase in sensitivity to
PHMB. When D1 was sedimented in a linear sucrose density gradient,

a more slowly sedimeénting component of apparent molecular weight of 75000

appeared in addition to theoriginal one of 180000. Finally, the chroma-

-tographic properties of D1 changed on ageing into those of D2. Similar

to the isolated D2, aged D1 preparations did not adsorb or only weak?y
adsorbed on DEAE-Sepharose. The cause of this conversion of D1 to D2
with time is not known, but it ig strongly suspected that endégenous
proteinase(s) are invo]yed. It seems quite Tikely that all of the D2 B
exists ir‘\itiaHy in the high molecular weight fo\rm, since all of the
ss-DNase activity in fresh preparations of DI pﬁis DZ' ( from DEAE-
Sepharose ) sedimented with an apparent molecular’weight of 180000.




by different affinities for DEAE-cellulose-and the latter by different

might explain the pleidtropic effects of various mutation

v i

When the ss-DNase activity in the D1 plus D2 fraction was characterized

3

( Table 8 ), it behaved in-the expected manner, like a mixture of DI

and ;)2. .The reason for thé rapid sedimentation of D2 in ‘the D1 plus

D2 preparations is not yet clear. What is clear i; th:‘:t the pass‘age of
D1 plus D2 through phosphoceliulose reso]vea th;a two components, and on
standing more D2 is produced from D1.

The D1 plus D2 fraction can be considered tn consist of two forms '
of mitochondrial nuclease which are separable by ‘chromatography on
phosphocellulose. Two forms of mitochondrial nuclease were aiso reparted
by Linn and Lehman ( 50 ) and by Martin and Wagner { 51 }, but in each

case, the two forms were distinguished on a different basis, the former

solubilizations in the presence of Triton X-100. - However, the possibi-
lity that the conversion 1of 01 to D2 with time may result—from ar:'tifacts
of extraction can not be dismissed. This conversion occurred in vit;'o,
where the environment for the enzyme is quite different from that _1'_!1~
vivo, e.g. passage through DEAE-Sepharose may result in activation of,

various proteases ( 94 ). The properties of fresh D1 may be closer to

the properti.es in_vivg and in such a case, D1 would behave more like
another form {gf endo-exonuclease than 1'~t would behave h'lé\e D2¢ ( see
above ). Thus, in spite of the results obtained in g’/_t_rp_‘ind.icating
that D1 converts to D2, it can not be absolutely ruled out that D1 is
another form of endo-egu;nudease (D3 ). One possipi]ity that may
reconcile these two app;n‘epﬂy very different interprgtations of the
re1§tionship betwe\en D1 and the other two major intracell‘qlar nucleases
is that both e_ndo-éxonucleése and the mitochon::lrial nuclease arise from
the same inactive -precursor via different routes of proteo]ysi§. ' This

2 B
s on both
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intracellular enzymes ( see below ). . One way to examine the interrel-

w

ationships between these ‘enzymes and the endo-exonuclease precursor
would be to test their antigenié cross—reac?i??ty. This will require
the isolation in quantity of at least one of thgse entitié; in highly
,purified form.

< Tay !
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4.1.3 DNase Deficiencies in Mutants

H

Three of the mutants, uvs-3, nuh~-4, and nuh-3, show clear deficiencies

in’thé levels pf expressed ss-DNase actiQitylPhroughout log phase growth

e

( Tab]éA4 ). The levels of total ss-DNase ( measured after tﬁ}ﬁ?%n
activation’); how?ver, were not significantly different from the wild- o
type. The Tow expresséﬁ levels of DNase of these mutants are consistent
with their Nuh phepgtype,\iJe. the production of smaller nuclease haloes
as compared to wild-type when grown on DNA contained miminal agar plates

( 55 ). They are aléo consistent with the observations -that thesé
mutants are deficient in the release of extracellular DNases into the ///¢//
liquid culture medium, including endo-exonuclease { 11 ). The normal / |
Tevels of“total‘DNase'activity in these mutants, together with the
isolation of an inactive endoexonuclease precursor ( 6, 7-), suggests
that the low levels of expré%sed DNase may bé.ddb to a deficiencyhin
proteasg} in which participated in the processing~of endo-exonuclease
precﬁksor.

| There were no significant differencés expressed and total ds-DNase

observed bétween }he mutants ( uvs-3, nuh-4, nuh-3 ) and the wild-type.

However, the expressed ds-DNase activity is all but completely supressed
"in all strains by a ds-DNase iﬁhibitor ( see.4.1.4 of Discussion ). ‘
This eliminates any differences in ds-DNase activity which may exist

between mutants and the’ wild-type. The activation to ds-ONase

e ¢
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activity with trypsin was con;istently greater than the activation of
ss-DNase d;e both to the destruction of this inhibitor and the conversionA
of 'end.o-exonuclease precursor to active ;anzyme.

‘ The data in Table 6 indicate that t';he\':ieficiency in expresge.d
ss-DNase acti'ivity -is shared in each case between the mitochondr{al
nuclease { assumed for the purposes of Discussion to be D1 plus D2 )

and endo-exonuclease ( D3 ). It.can be calculated from the proportions
of mitochondrial nuclease and endo-exonuclease in the mutants, that the

Tevels of mitochondrial nuclease 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 wild-type.
Although both nucleases are present at Tower levels in the mutants than
in the wild-type, neither of the two nucleases is completely absent

in the mutants. These three mutants, therefore, appear to exert pleio-
' tropic effects on the levels in the intracellular DNases as they do on

. the secretion of DNases ( 11 ). The secretion of endo-eéxonuclease is,

however, reduced only:in the Rec-like mutants, uvsﬁ-ﬂ and nuh-4 , and

is normal in the mutagen insensitive mutant, nuh-3. "Anothér Rec-like
mutant, uvs-6, did not show any deficiency of e;_xpre/ssed intracellular
"endo-exonucliase,.but did had deficiency 'of' DNase C which was the secreted
form of endo-exonuclease ( 11 ). : . (

&

Since the levels of total ss-DNase activity ( after trypsinactiv=

7 a

ation ) in the U\"/s-3 and nuh-4 mutantssare thé same as in the .viild-type,

it is possible to calculate that the ratios of the inactive precursor
to the active endo-exonuclease. The ratio; calculated for uvs-3 and

nuh-4 are 30:1 and 12:1 as compared to 5:1 for wild-type. These high

-
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ratiof suggest that these mutants, especially uvs-3 , may be defective in

protease(s) involved in the processing and perh.;ps the secretion of endo-

exonuclease. There are no clear correlations between mutagen sensit-
ivities ( DNA-repair deficiencies ?} and deficiencies bﬁy;xpressed endo-
exonuclease activity or other striking differences between the mutagen
sensitive mutants and the wild-type. Thus, the implication of endo-
exonuclease in DNA-repair and/or recombination ( 10, 81 ) awaits the
isolation of a conditzibal mutants which alter direct]y the structure °
and functions of the enzyme.

The mutant nuh-3 shows a definite deficiency of expressed ss-DNase

activity ( Table 4 ) which is shared equally between the mitéchondria? nuclease

and endo-exonuclease,and it also exhibits a Nuh phenotype. In spite of this,

e

it is not sensitive to mutagens relative to the wild-type. A lesion in the

nuh~3 mutant may possibly involve defects in the processing of the mito-
chondrial nuclease, and the secretion of ss-exonuclease. The process
by which D1 1is converted to D2 appears to be impaired in this mutant.

Nuh-3 is the only mutant examined in which the ratijo of D] to D2 was T

higher than that for the wild-type ( Table 7 ). The appearance of a

75000 dalton molecular weight "peak" in aged D1 preparations examined by
Sucrose density gradient centrifugation suggests that endogenous pro-
tease(s) may be involved in this process. The nuh-3 mutant appears to
secrete normal .amounts of DNase A and endoexonuclease, but secretes

on],y low Tevels of ss-exonuclease ( 11 ). This enzyme was not found
intracellularly in m_ycelia (9), and may be largely perip]asﬁic in
conidia since large amounts of activity were rg]eased from conidia only

by freezing and thawing. The ss-exonuclease has a number of properties-
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in common with théxDZ ( mitochondrial nuclease ) described here: size

( about 70-75000 daltons ), RNase activity, Mg++-dependence, inhibition
by Ca™* and Tack of inhibition by ATP. It differs in specificity for
DNA however. Whereas Dé hydrolyzes ss- and ds-DNA at almost equal
rates in an endonucleolytic manner, the ss-exonuclease was found to

h degrade ss-DNA exonucleolyﬁica]]y in a quite specific manner ( 52 ).

// However: a small amount of endonuclease acfivity ( which destroyed the
infectivity of ¢X-174 viral DNA ) was found in association with highly
purified enzyme. This was origina?]& believed ( 52 ) to be .contamination
from the ss-endonuclease { now known to be endo-exonuclease ), but could
be an intrinsic activity. Both ss-exonuclease and the mitochondrial

+ nuclease hydrolyze DNA to produce 3'-0H and 5'-phbsphoryf'termini ( 50,
52 ). '

4.1.4 The Eipression of ds-DNase Activity

The appearance of ds-DNase activity in the %so]ated fractions of
mitochondrial nuclease and endo-exonuclease jfdicated that «his ds-DNase
activity was masked in less purified fractions. In crude extracts, the
ds-DNasé activity was egtremely Tow, less éhan 5% of that seen after
trypsin activation. However, when tﬁe crude extracts were treated with
trypsin, the ds-DNase activities increases 7 times while the ss-DNase™'
aftivities only increased about 3 time; ( Table 13 ). The éctiyation

- by endogenous protease(§); however, increased the ds-DNase activity
/ by 20 times but onlynincreaseb the ss-DNase activity by 3 times, same as
that for the trypsin activation. The differential activation of ds-DNase
activity with trypsin indicates that the increase of activities was

not merely due to conversion of inactive endo-exonuclease to active
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é'enzyme ( both the ss- and ds-DNase aftivities of partially puriffed
/

precursor are activatgd to the same ' extent ), but involves also the
proteolytic destruction of a ds-DNase inhibitor. The spontaneous differ-
ential activation of ss- and ds-DNase activities in crude extracts
(78 ) was saown to be strongly inhibited by PMSF and therefore Tikely
due to the action of endogenoug protease(s). Activation of ds-DNasey
activity also occurred when the various fractions were passed through
DEAE- cellulose ( Table 12 ), a step which turns on protease activities '
in crude extracts ( 94 ) and/or remove a ds-DNase inhibitor.

Direct evidence for protein inhibitor(s) of dstNasé activities
was obtained by isolating an inhibitory activity from the D1 plus D2
fraction. This protein fraction inhibitéd the ds-DNage activity, but
not the ss-DNase activity, of DEAE-cellulose activated D1 plus D2 (. mito-
chondrial nuclease ). Trypsin activation of this DEAE-cellulose activated
D1 spdus D2 fraction increased both ss-DNase and ds-DNase activities
( in the absence of inhibitor ) 3-fold, indicating that inactive endo-
exonuclease precursor was stil11 present and not activated by passage
through DEAE-cellulose. This confirms previous observations ( 6 ).
The same D1 plus D2 fraction, beforg‘fractionated on the DEAE-cellulose
co1umn,'however, showed an activation of ds-DNase activity with trypsin
of 45-fold and an activation of sstNage activity with trypsin of 6-
fold ( Table 13 ). Recent attempt to repeat the isolation of ds-DNase
inhibitor with a fresh preparation of D1 plus D2 on DEAE~ceilu]ose havét
failed. However, since the previous isolation was from an "aged" DI

plus D2 fraction ( 2 weeks at 0°c ), partial proteolysis may be necessary

for the release of the ds-DNase inhibitor from the enzyme. Possibly

LY
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it is.very tightly bound or even covalent]& linked to the enzyme and

a

‘l '\re]eased as part of the processing mechanism. N
; The presence of proteinaceous DNase inhibitors has been reported
[j . for many organism. These iﬁhibitors include the DNase inhibitors of
'g ’ mamma1€an tissbe (71, 72 ) and Act;nom&ces levoris ( 73 ). However, ‘

for nucleases, which degrade both DNA and RNA, only two such DNase in-
1§ hibitors have been reported, the nuclease 0 inhibitor. of Aspergillus
. J
oryzae {( 77 ), and the nuclease N3 inhibitor of Neurospora crassa (757 ).

1 Nuclease O is an enzyme with some properties in common with Neurospora

. . L4 9
’g' " mitochondrial nuclease. The two enzymes behaved 1ike a basic protein in

chromatographic properties. Mitochondrial nuc]aase did not adsorb

]£~ on DEAE-cellulose ahd nuclease 0 adsorbed on CM-cellulose. Both enzyme
Vo also activated by Mg++ and inactive-in presence of EDTA ( 95 ). The - g
j 2‘ ) nuclease O inhibitor is an acidic protein; it adsorbed to DEAE-Sephadex % |
- (77 ). The inhibitor has a molecular weight of 22000 da]%oA and 1is

highly specific for nuclease 0. The inactive enzyme-inhibitor complex

« aiherdonin o

g‘ is reactivated by treatment with ehymotrypsin. Another protease sen-, . '
sitive DNas; inhibitor found in eukaryotes is actin ( 74, 75 ). Actin ~

»I. forms a very tight inactive complex with pancreatic DNase I which can

1‘ be activated by treatjng with trypsin ( 26 ). Recently Neurospora .

has been shown to contain actin ( 76 l, but it is not known whether it

I- e . .
{g can inhibit Neurospora DNases and there are no reports of differential

it g

inhibitions by actin of ds-DNase versus ss-DNase activity. Although

{ the nature of the inhibition of the Neurospora nuclease and identity‘ £
- of the ds-DNase inhibitor(s) have not yet been elucidated, all of the

‘evidence accumulated here points to their existence.
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4.1.5 Unanswered Problems and Prospects . .

Several questions have been raised during the course of this research.
Two qyestions concern the apparent relationship between fresh D1 and '
endo-exonuclease ( D3 ) and the conversion of D1 tglmitochondria1 Hﬁélease
as it ages iﬂ_!i&ﬁgﬁ( see Fig. 9 ). There is no dirdct evidence for conversion o
D1 to D3, but the inhibition by ATP, resitance to EDTA and lack of stimulation
by Mg++ 4s well the ds-exonuclease activity associated with some of
thelD1 preparations indicated that the two enzxmé:may be related. ( DI
vs D3 ) The changes in bhysica] and chemical properties of D1 that-
occurred on ageing clearly indicated a conversion to D2 ( see Results ).
The mechanism for the conversion is not known, but it is sﬁ;;ected that
proteolysis may be involved. However, whether this conversion of DI
to D2 occurred only in vitro, i.e. whether it is 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 D1 originates from an inactive
precursor. A sécretéd DNase ( 11 ), ss-exonuclease ( DNase B ), which w
was not found in extracts of mycelia ( 9 ) differs from the mitochondrial
nuclease ( D2 ) only in the mode of deéradation 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 a high single-strand
specificity ( 52 ). ‘ﬁ Tow Jevel of endo-nucleolytic activity was also
detected. - Other properties of these two nucleasef such as a high Mg++

dependenc%, high sensitivity to EDTA, lack of inhibition by ATP, RNase

I
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Fig. 9: Schematic representation of

- the possible relationships between five

<

Neurospora nucleases ( ss-endonuclease,

mi tochondria) nuéledie”(\Dz\), ss-exonuclease,

=

endo-exonuclease ( D3 ) and D1 ) and -how
.
they may derive from a single inactive T

'3
==

precursor.
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Fig. 9:

POSSIBLE MODEL FOR THE PROCESSING AND
SECRETION OF NEUROSPORA NUCLEASES

EXTRACELLULAR

INTRACELLULAR e

o Nase A

LEndn-exonuclease]"

INACTIVE [~— === ~———-—-— e ss-exonuclease |

PRECURSOR
0 T

‘@

ss-endonuciease » \

(Linn & Lehman €< N
enzyme) ol
all;

Mitochondrial
Nuclease '
(D2)

»

> STRONG EVIDENCE FOR
...... —-p SPECULATION

Plasma membr:ane protease I (PMSF-sensitive)? P

@
(® Plasma membrane protease 11 ? ~
@ . Microsomal membrane pr?tease?

@  Mitochondrial membrane protease? . ,
@,@ Lysosomal (veiicular) protease?
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activity were very similar. Thus, it is possible that a relationshio m$y
exist between these two DNases. One possibility is that\the two nucleases
are derived from the same brec%;sdr ( see Fig. 9 ). DNase C, the secreted
form of endo-exonuclease ( 11 ), was identical in properties to the

4

intracellular endo—exonuclaas;\( D3 ) except that it was smaller in size,-
7

GEOOZdﬁgltons as compared to 75600 daltons for D3. This differendéfin.

lar weights may not be real. Since both endogenous proteq§e(sg:in
extracts and exogenous‘proteagfs such as trypsin convertqendo;exonuclease
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 associated with microsome meag;anes may
catalyze the intracellular conversion of precursor to active enzyme, via

a pathway involving D1 ( see Fig. 9 ).

The-above discussion raises the possibility that D1 may be an active
precursor of both D2 and D3 and that D2 ( the mitochondrial nuclease )
might be related;%b the extracellular ss-exonuclease. This would accounted
for the variations in Tgb]e 8. The characteristics of D1+D2 would dépend on
pleiotropic effects the fraction ‘of D1 which converted to D2 or D3. Thus,
it is possible that the inactive precursor is a precursor of ng)less that 5
nucleases in Neurospora: endo-exonuclease ( 03 ), ss-endonuclease, D1, the
mitochondrial nuclease ( D2 ), and ss-exonuclease. The possibility that
these nucleases arise from the same precursor may thus explain the pleio-
tropic effect§ of various mutations on the nucleases. , \

The postulated endogenous protease(s) involved in the D1 to D2
conversion may be identified by incubating D1 with either mitochondrial
or microsome membrane fractions in the presence of various protease

inhibitors. Protease(s) which are involved in other postulated conversions

could be identified 1nla similar manner. Five intracellular proteases

-
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an acid endopeptidase, an alkaline endopeptidase, a carboxypeptidase,

and two aminopeptidases. .Any of these five proteéses may be involved

in the above conversions, aor some highly specific minor proteases could . ~~
( Se involved in theseiconversions. Once protease(s) were identified, / N J
2?,[\ then the mutants ( e.g. uvs-3; nuh-3 ) would be examined for deficiehcies 1 - 3
¢ ’ in them. \

Proof~of the relatiqpships between the iﬁ%race]}u]ar {;c1eases,
D1, D2 and endo-exonuciease ( B3 ), may require the isolation of pure

ina‘tive endo-exonuclease precursor. This could be used to generate
specific antibodifs by 7hmunological technques. Similarities between

D{, D2 and endo-exonuclease ( D3 ) yith the precursor would show up

as cross-reactivity of the nucleapes with the antibody to the pure pre-

cursor. A hypothetical model to summarize the possib1e¥§ntere1ation—

ships between the major intracellular nucleases, extracellular DNases -
and the proteaseés) involved is proposed in Fig. 9.
[ The existence of ds-DNase inhibitor(s) also raises some questions.

The inhibitor(s) appear to mask completely the ds-DNase activities in

crude extracts and these activities are completely suppressed throughout §
growth. The functions that these inhibitors have are not understood, i
and why the ds-Dﬁase activity, asopposed to the ss-DNase, is specifically
suppressed is also not understood. The isolation of the inhibitor from

the D1 plus D2 fraction seems to require limited proteolysis. Endogenous
trypsin-1ike protease(s) may be invoived in unmasking the,ds-DNase activity
in vitro, and exogenous proteases such as trypsin, chymotrypsin, elastase,
and thermolysin have also bggp found to activate the ds-DNase activities

of extracts as well ( data not shown ). One question is: Are there
Ve ,
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any physiological conditions under which protease(s) "turn on" the ds-

DNase activity j_n__y_j-\_/_c_;_? If so, then which intracellular pro‘tease(s)
are involved? The proteolytic-activation of ds-DNase activity in vitro
sugests ei”i“cr thet the inhibitor may be covalently h';&ed to0 the
enzyme, of\may be very tightly Hourid to the enzyme. In either case
limited proteolytic action wroulld l;e necessary .to unmask the ds-DNase
ac;.ivity. ; -

Covalently linked versus tightly bound inhibitor could be different-,
iated by lusing _extreme denaturing conditions. A cova]eﬁt]y‘]inked
inhibitor would not be released in the absence of protease activity
whereas a tightly bounded inhibitor should be recoverable. If such an

inhibitor is also heat-stable, as in the case of nuclease 0 inhibifor

of Aspergillus oryzaé ( 77 ), heat denaturation could be rised to release

the ds-DNase inhibitor. The effects of purified actin, on the intracellular
Neurosgora nucleases should also be tested, even though there is appar-
ently no intracellular DNase in Neurospora analogous to pancreatic
DNase I.

Although the Tower Tevels of endo-exonuclease in the Rec~1ike
mutants may indicate some role for this enzyme in DNA-repair ai}d/or
recombination, there is no direct correlation between mutagen sen-

bd
sitivity and levels of this enzyme. The uvs-3, nuh-4 and Uvs-6 mutants

Y

are all approximately three times as sensitive to U.V.-Tight as the
wild-type ( 28, 55 ), but level 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.-Tight ( nuh-3 ) is

38% of that in the wild-type. Therefore, the isolation of a temperature-

sensitive mutants which directly affect this nuclea s necessary to

permit conclusions about any involvement in DNA-repair and/or recombination.
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