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ABSTRACT

I. Studies on Nicotinamide Adenine Dinucleotide Glycohydrase (NADase)

NADase,like tyrosinase and L~amino acid oxidase, is not present
in two day old cultures of wild type Neurospora, but is coinduced
with those two enzymes during starvatio_n_ in phosphate buffer. The
induction of NADas;a,like tyrosinase, is inhibited by puromycin. The
"induction of all three enzymes is inhibited by actinomycin D. These
results suggest that NADase is synthesized de novo during induction
as has been shown directly for tyrosinase. NADase induction differs
in being inhibited by certain amino acids.

The tyrosinaseless mutant ty-1 contains a non-dialyzable, heat
labile inhibitor of NADase. A new mutant, P110A, synthesizes NADase
"and L-amino acid oxidase while growing. A second strain, pe, fl;cof,
makes NADase while growing. Both strains can be induced to make
the other enzymes. These two strains prove that the control of these
three enzymes is divisible. The strain P110A makes NADase even
when grown in the presence of Tween 80. The synthesis of both NADase
and L-amino acid oxidase by P110A is suppressed by complete medium.
The theory of control of the synthesis of the enzymes is discussed.
II. Studies with EDTA

Neurospora tyrosinase contains copper but, unlike otherphenol
oxidases, this copper has never been removed reversibly. It was
thought that the apo-enzyme might be made in vivo in the absence
of cépper. Therefore cultures were treated with EDTA to remove
copper before the enzyme was induced. Although .no apo-tyrosinase

was detected, new information on the induction process was obtained.



iv
A treatment of Neurospora with 0. 5% EDTA pH 6, inhibits

thé subsequent induction during starvation in phosphate buffer of
tyrosinase, L-amino acid oxidase and NADase. The inhibition of
tyrosinase and L-amino acid oxidase induction is completely

reversed by adding 5 x 10-51\/1 CaClZ, 5% 10-41\/1 ClﬁO4, and a mixture
of Li-amino acids (2 x 104_31\/[ each) to the buffer. Tyrosinase
.induction is also fully restored by 5 x 10-4M CaClZ and amino

acids. As yet NADase has been only partially restored.

The copper probably acts by sequestering EDTA left in the
mycelium and may be replaced by nickel. The EDTA apparently
removes some calcium from the mycelium, which the added
calcium replaces. Magnesium cannot replace calcium. The amino
racids probably replace endogenous amino acids lost to the buffer
after the EDTA treatment.

The EDTA treatment also incfeases permeability, thereby
increasing the sensitivity of induction to inhibition by actinomycin D
and allowing cell contents to be lost to the induction buffer, EDTA
treatment also inhibits the uptake of exogenous amino acids and
their incorporation into proteins.

The lag period that precedes the first appearance of tyrosinase
is demonstrated to be a separate dynamic phase of iﬁduction. It
requires oxygen. It is inhibited by EDTA, but can be completed after
EDTA treatment in the ﬁresence of 5 x 10-51\/1 CaCl2 alone, although
no tyrosinase is synthesized under those conditions.

The time course of induction has an early exponential phase

suggesting an autocatalytic mechanism of induction.



-
- The mode of action of EDTA, the process of induction and

the kinetics of induction are discussed.
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INTRODUCTION

How is a gene turned on and off? This is one of the basic
unanswered questions of biochemical genetics. Two clear examples
will illustrate that genes are indeed turned on and off during develop-
ment and differentiation. First is the case of hemoglobins A and
F (1). Hemoglobin A is the major hemoglobin in the human adult.
Hemoglobin F' is the major herhoglobin in the human foetus. These
differ in that Hb A has fhe structure 01282 while Hb F has the struc-
ture A The Yy and B peptides have 42 amino acid differences (2)
and are specified by different structural genes. Since hemo-
globin ¥ is not detected in normal human adult
blood (1), the y chain gene is tﬁrned off in adults. Cook et al.(3)
have estirnated: that Hb A fir st appears at the 34th week of gestation,
that is, the B chain's structural gene is turned on at that time.

Seconci is the case of nuclear transplantation in amphibians.
Gurdon (4) showed that when a ﬁucleus from fully differentiated
inte.stinal cells of a feeding Xenopus tadpolé was put into an anucléate
egé; cell, a normal larva developed from some of the eggs. This
pi'0ved that these nuclei contained all of the genetic information
necessary to the development of a tadpole. But such nuclei, when
in intestinal.cells are not expressin;g all of this information for

example, they are not making lens protein or myelin or melanin.



Thus some genes are not turned on in intéstinal cells which are
turne;i on in other tissues, yet those genes are present in the intes -~
tinal cell. Thus it is clear that a basic aspect of differentiation is
the control of gene action.

Jacob and Monod (5) have proposed the operon model as an

explanation of the control of gene action in Salmonella and E. coli.
This model proposes that there are two classes of genes: structural
genes, which determine the primary _sequencé of a protein, and
regulatory genes, which determine whether or not structural genes
cén function. It also assumes that the control exercised by regu-

latory genes is negative, i.e., they prevent protein synthesis rather

than stimulate it. The structural genes which are to be regulated

A tbgetﬁef are grouped in a si.n.gle region of the genome, called an
operon, which is turned on.and off as a single unit. E‘urther, the
theory proposes that the product of the regulatory gene operates at
the level of transcription of genes into messenger RNA and that this
messenger RNA is short-lived. In the model, the regulatory gene
makes a repressor. The repressor can combine with a special
region of the operon, the operator region. When the repressor is
combined with the operator re.gion‘, no transcription of the structural

genes in the operon can occur.



According to the Jacob and Monoa' theory, induction and
représsion are different sides of the same coin. During the induc-
tion of enzymes, e.g. B}-galéct_osidase, the effector molecule, a
B -galactoside, reac;ts with the repressor and thereby prevents the
repressor from Combin:_'mg with the operator region. This permits
the structural genes of the operon to be transcribed into messenger
RNA. During feedback repression the effector molecule, e.g.
histidine, reacts with the repressor, aJlowing it to combine with
the operator region', ‘thereby preventing the synthesis of the mes~
senger RNA of the structural genes. This gives
the cell control of the amount of ‘Thistidihe . syn-
thesized in the cell. When the histidine cohcentratipn is high, the
enzymes which synthesize histidine are repressed, so les‘s histidine
is made. When the histidine concentration_in the cell is 10\#, the
‘histidine enzymes are synthesized, ‘so more histidine is made (6).
Thus the cell can regulate its histidine synthesis to meet its
demands.

A cons equencé of the operon theory is that induced cells
should contain the messenger RNA corresponding to the operon,
while uninduced cells should not. The operon theory received major
confirmation when this prediction was verified (6,7, 8,_9). A sec.ond
consequence of the operon theory is coordinate control. That :'%s,

upon induction or repression, the amount of each enzyme of the
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operon should increase by the same factor (5).

‘While minor changes have been necessary to accommodate
new results, and the repressor molecule has not been isolated, the
operon, essentially as proposed by .]'a.;ob and Monod, has been
accepted by most geneticists as a valid description of the events
occurring during induction and repression of enzymes in Salmonella

and Escherichia coli.

As soon as the operon was propoégd, people started looking
for analogous control-system,s in higher o‘rganismsr(l, 105 11 12, 13)s
‘However, there are differenées between highe:f organisms and
enterobacteria which suggest that the opell‘on‘ model must be modi-
fied before it can be applied to higher organisms. First, in higher
organisms, such as yeast and Neurospora, the structural genes of a
single biochemical pathway are usuglly scattered on many different
chromosomes(16,17).One faxample is the histidine pathway, whose
Biochemical reactions are identical in Salmonella, yeast and

Neurospora (14). These genes form a classical operon in Salmonella

(15), but are spread among several different chromosomes in
" Neurospora (16) and yeast (17). An even more extreme example is
the case of proteins such as hemoglobin, where the structural genes

for the different polypeptide chains are unlinked and yet the amount

of the two chains made appears to be under coordinate control (1).
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In both yeast and Neurospora, a new type of regulatory gene

has been discovered,the ty~l and ty-2 genes in Neurospora(l8, 21) and tﬁe
ga=4 gené in yeast(lZ).Mut‘ations in these genes prevent the norfnal
induction of the enzymes they con‘croi. These mutant genes are
reces;ive to the wild type gene and- are unlinked to the structural
genes they regulate (lZ,lS).‘ No corresponding regulatory genes are
known in bacteria,r where one type éf regulator mutationl,' the i
type, causes constitutive production of the enzymes controlled, and
the other type, the. i° type, prevénts_induction of the eﬁzymes and
is dominant ( 5 )

A third way in which bac;ceri_a differ from higher organisms
is the range over which the ;.rﬁount of an enzyme varies in cells.
Thué in rat livers thé aﬁnount of ornithine transcarbamylase varied
five -fold with diet ( 79 ). In E. coli K12,.the level of the homologous-
enzyme may vary 150-fold, dependiﬁg on the amount of arginine in
the growth medium (22 7). Cox and Macleod ( 81 ) have studied the |
regulation of élka_'[inle phosphat-alse in human cell liﬁes in tissue cul-
ture. Unlike E, coli, the amount of enzyme present is not dependent
on the amount of iporganic phosphate px;esent, but the enzyme can be
induced with phenyiphosphate. The greatest difference in enzyme
concentration amongvall the cell lines studied was 100-fold. In cer-
tain cell lines in which the enzyme was inducible, the greatest

increase due to induction was 25-fold. On the other hand, Garen and
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Echols ( 32 ) find a 1000-fold i‘ncrease in alkaline phosphatase a-ctiv—
ity when E. coli is switched from a high phosphate to a low pho-s-
phate mediﬁm.

A similar difference is found between bacteria and fungi.
Thus Metzenberg. (75) reported an 80-fold difference in invertase
(B -fructofuranosidase) activity between Neurospora grown on
mannose oOr Von galactose. In E. lcoli, the induced level of B--
gaiactosidase is more thén 1000-times the activity in uninduced
cells (5).

A few structural genes appear to be clustered in Neurospora

and yeast. . Thus Ahmed et al. (10) have suggested that histidine 3a
of N-eurospora may be analo.gous to a fragment of the histidine operon
of Salrnbné_lla which has persisted in Neurospora. This has beén
challenged by Cétcheside (11), who has suggested that the histidine
3a region codes. for a single'plrotein having at least two and possibly
three enzymic functions. In yeast, vthe genes homologous to those
which make up the galactose ;peron in E. coli aré clustered, sug-
gesting that they might be an operon (12).

In view of the general non-cll-J.stering of structural genes of
biocherﬁica?. pathways in higher organisms, it has begn suggested
that in higher organisﬁs genes may be grouped on a differentrbasis,
such as when they are needed in differentiati.onf-tha.t. is, as develop-

mental operons rather than as biosynthetic operons (19, 13):
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At the same time, we might use as a model for higher organisms

those cases in the bacteria where the geﬁes of a biochemical path-
way are not clus téred, for example, the arginine pathway.
Thé eight‘ strucf:ural genes of the arginine pathway are scat-

tered among five different sites on the bacterial chromosome (20).
In repz;essible strains, the enzymes df the pathway are all specific-
élly rrepres sed by arginine (20, 21, 22’).. This control is parallel 1n
that every enzyme is replressed by ar'ginin_e, but the factor by which
the amount of an enzyme changes is different for different enzymes.
In contrast, the coordinate control in the histidine operon causes
evéry enzyme in the operon to increase or decrease bSr the same
factor as every other enzyme (26). Mutations have been found due
to which arginine daes not repress the synthesis of the eighf eﬁzymes.
These muta.tio}ns. rnap at the Rarg locus (20, 21), and are recvessive
to the wil-d-type allele (24, 25). The arginine systén; is the first in
Which'tﬁe repression of the entire pathway by the effector molecule
(arginine) has broken down. Vogel et al. (20) have found a mutation
affecting fhe fourth enzyme in the pathway in such a way that it is
induced by arginine even while the other enzymes in the mutant are
being repressed. The mutant enzyme formed differs qualitatively
: frornl the wild-type enzyme. A model proposed for the arginine sys-

tem is the one-repressor many-operons model (25). In it each
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structural gene or group of structural genes has its own operator
region. The repressor molecule made by the Rarg gene supposedly
reacts with these oPérators, turning their operons on and off to-

- gether. Since different génes are under the control of different
oPérators, the control is parallel rather than coordinate. In this
model the xﬁutant gene found by Vogel et al. (20) has an alteredf;aper-
ator region in struqtural gene 1V which combines with the R'a..rg ggne
product when arginine is absent rather than when it is present, so

that the enzyme is formed when arginine is present.

Horowitz (13) has suggested that the Neurospora enzymes,

tyrosinase(cf. Appendix 1) and L -amino acid oxidase (cf. ApI’)endJ'l.x 1)
are under common control. Hirsch ( 83) has shown that tyfosinase
plays an important role in sexual differentiation in Neurospora.
Horowitz (13) éuggested that both enzymes could be part of an
operon of enzym.es infzolved in sexual differentiation. Neither
enzyme is present in rapidly growing vegetative Wiid type cultures.
However, if growth is inhibited by starvatiop, then both enzymes
are made. .Similérly, on Westergaard-Mitchell crossing medium
( 90 ), which is nifrogen deficient, both enzymes are made during
érotoPe rithecial formation. Two 'mutants were foun& by Wester-
gaard which were female sterile and did not make tyrosinase. '
Further investigaﬁ'on in this laboratory showed them to be two dif-

ferent unlinked recessive mutations, called tyrosinaseless-1 (ty-1)
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and tyrosinaseless-2 (ty-2). Neither of these mutants makes tyro-

sinase when induced bAy starvation in phosphate buffer unless an
inducer such as ethionine is present. Horowitz showed that ty -1
likewise mé.de L -amino acid ‘oxi-dase if ef.hionine was added to the
buffer, but not in its absence. Thus the two enzymes do appear -1;0
be under common control. If they are part of the same operon,
then their induction should be coordinate, ..5'_'_.9.' they should always
be present in the cell in the same ratio independent of the t_btal
amount of each -enzy-n;e present. Horowitz concluded that this was
true in both ty-1 and wild type, Sol that they might be part of the
same Operon.

The enzyme NADase or DPNase (cf. A};pendix 1) is found in
large amounts -in Neurospora when growth is limited by zinc and/or
b.iotin‘ (27). Zalokar and Cochrane (28) found that NADase is present
in highest concentrations in conidia.‘and is made in large amounts
dui'ing conidiation; In this laboratory (29), NADase was _found-in
cultures undergoing sexual differentiation on Westergaard-Mitchell
medium and in extracts of cultures induced by starvation in phos-
phate buffer. These findings prompted us to invegtigate the control
of ﬁADésé synthesis and its relationship to the control of tyrosinase

and L-amino acid oxidase synthesis.
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The first section of this thesis is é. study of the production
of NADase by Neurospora and its relation to the induction of tyro-
sinase and Li-amino acid oxidase. The second section is a study of |
the effects of EDTA on Neurospora. This investigation started as
an attempt to make apo-tyrosinase in vivo by removing the copper
f-r.om an inducing. culture with EDTA. Although the original objectivem'

was not attained,-. the experiment revealed some properties of the

induction system which warranted further study.



11
MATERIALS AND METHODS

S TR AINS

Wild type 69-1113a was used in most experiments. It pro-
duces large amounts of the thermostable form of tyrosinase upon
induction (3 1,32_‘.). In some early experiments wild type 120-1 Tsing,

which makes the Singapore form of tyrosinase was used (30).

The wild type strain Scott A is a new strain of Neur65pora

crassa found in the San Gabriel Mountains of California by Mr.
William Scott (63) It is reported by Mrs. Mary B.- Mitchell to be .
more fertile than other wild types (33). Other wild types investigated
were 1A, Abbott 4A, Abbott 12a, 254, Em 5297a, and St. 7T4A.

The two-tyrosinaseless mutants, ty~-1 and ty-2, are female- _.
sterile, recessive mutants that are unlinked to one another or to the
‘structural locus for tyrosin‘ase (18,31). The mutant ty-1 carries the B
morphological marker velvet which has not been separated from th.e
tyrosinaseless property. Neither mutant makes significant amounts
of tyrosinase when induced in phosphate buffer unless an inducer is
added to the buffer. |

The strain pe,fl;cot (Y 8743m, L,;C102t) was obtained from
Mrs. Joyce Maxwell of this laboratory.

The strainP110A was the generous gift of Dr. D_ow Woodward

of Stanford University, who found that it is constitutive for NADase.
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PlI0A was selected for its poor growth on.sucrose. It grows better

when pyruvate is present as a supplementary carbon source.

MEDIA

Vogel's minimal medium N (34) was the only minimal medium
‘used». .The complete medium contained Ix Vogel'srbasal salts éup—
plemented with 1.5% malt extract {(Difco), 0.5% yeast extract
(Difco), 0.025% casamino acids (Diféo), and 2.0% glycerol. Solid
media contained 1.5% agar (Difco).
Chemicals:

All chemicais uséd wére reagent grade or the best grade‘
ava:}lable. Table sugar was used in the growth medium except in

experiments where the constitution of the medium was critical.

GROWTH OF CULTURES AND INDUCTION OF THE ENZYMES

A few drops of a conidial suspension were inocuiated into
20 ml of Vogel's liquid minimal medium N (34) in 125 ml Erlen-
fneyer flasks. The cultures were grown in the dark at 25°C without
shaking. After 40-48 hours' growth, the flasks were removed from
the dark. In experiments with t1‘16 slov.v-growing mutants pe, fl; cot
and P110A, the cultures were grown for 3 or 4 days until the
mycelial pad had attained a', size which could be handled éonve“niently._
The growth medium was dercanted Vaseptically, leaving the mycelium

on the side of the flask.  About 10 ml of sterile water was added and
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the pad carefully resuspended in it. This water was decanted and

the water wash was repeated once.  After the second rinse was
decanted, 5.0 ml of sterile b-O?.M sodium phosphate buffer pH 6.0. _
were added. This buffer was su_pplemen£ed with any necessary
additions such as cations, inducers, or inhibitors. Then the
_ﬁycelium was resuspended in the buffer, and the cultures were
returned to the dark at 25°C until they were harvested, usually two
days later. The mycelium was harvested,after removing a sarnple-
of the induction buffer, by pouring it onto a Whatman #1 filter on a
Blichner funnel under suction. The mycelium was weighed, wrapped
in aluminum foil which was labelled, and étoréd at -15°C unﬁl it
was ground and extracted. Samples of the growth medium or induc-

tion buffer were stored at -15°C and assayed for NADase.

THE TREATMENT WITH EDTA

Two-day~-old cultures were washed (as outlined uﬁder induc -~
tion) with a solution of 0.5% ethylenediaminetetraacetic acid di-
sodium salt (EDTA) in O.IOM sodium phosphate buffer pH 6. In
earlier experiments they were washed once.. Most experiments
involve two washings. The results obtained did not differ but were
more easily replrodulced wh_e'n cultures.wlere Iwashed twice. After
washing with EDTA, the cultures were washed once'or twice with
sterile water to remove the ED TA. Again, two washings gave more

easily reproduced results and have been used in most experiments.

i



14

'The washed mycelium was then suspended in 5 ml of induction buffer.
The exact nature of the buffer varied in different experiments and is
noted in each table. It usually consisted 0f0.02M sodium phosphatel
pH 6.0 supplemented wi£h cations and/ o:l~ L-amino acids.

The mixture of L-a..minbo acid; contained the amino acids
?resent in ty'r,os:inase,except tyrosine (to avoid melanization of the
extracts); (Table 1)

Table 1. The Amino Acid Mixture Added to the Induction Buffer '
After EDTA Treatment.

L-Alanine ' ' L.-Liysine
L-Aspartic Acid L-Methionine
L-~Arginine L -Phenylalanine
L-Glutamic Acid ‘ " L~Proline
L-Glycine ) | L-Serine
L-Histidine . L-Threonine
L-Isoleucine = L-Tryptophan

L-Leucine L-Valine

All the amino acids were present in the same concentration

which is listed for each experiment.

THE EXTRACTION OF THE ENZYMES

The mycelial pad was ground \&ith sand in a cold mortar. Then
cold . 10M sodium phosphate bliffgf pH 6.0 wasradded, usué,lly 10 or
20 parts by weight. The extract was centrifuged for 5 minufes at
10, 000 xg to remove sand and cell debris and the supernatant was

removed and stored frozen at -15°C until assayed.
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In certain experiments crude extracts were dialyzed over-
night at 4°C against two changes 0f0.10M sodium phosphate buffer

pH 6.0.

THE ASSAY OF TYROSINASE ACTIVITY

Tyrosinase activity was determined on 0.01 to 0.50 ml
ali(iﬁots of the extracts by ‘the photometricl' method described pre-
viously (18). The amount of dopachrome formed from DL-dopa
<Si' Appendixl)wés. measured in a Klett—Suﬁmerson colorimeter
using a blue (#54? filter. The activities are expressed in Enzyme
Commission _unifé (84) pervgr‘am'wé.t‘;veight of'the:rn‘ycélium.-ff.Oneaﬁn‘i;t
is the amount of eﬁzyme which transforms ;Jne i mole of L.-dopa
per minute unde; the assay conditions. The translation of absorb-
ance measurements into Enzy'rne Commission units for the tyrosinase-

dopa system has been explained previously (35)

THE ASSAY OF L-AMINO ACID OXIDASE ACTIVITY

L-Amino acid olxidase was assayed by measuring the rate of
formation of phenylpyruvate from Luphenyialanine as désc-:ribed by
Horowitz (1‘3). The reaction mj:ctufe, containing 0.20 ml of crude
extract and 2.05 ml of 0.'10M sodium phosphate buffer pH 6,0, was
equilibrated with oxygen in a Dubnoff metabolic shaking incubétor

- at 35°C for 5 minutes. The reaction (ﬁ, Appendix 1) was started

by adding 0.25 ml of 0.01M L-phenylalanine. The reaction was
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stopped after 20 minutes by immersing the reaction mixture in
boiling water for 5 minutes. The mixture was centrifuged to remove
the coagulatéd proteins, .and phehylpyruvate was_determined in the
supérnatant by the ferric chloride method of Jervis (36). Alter-
'natively,' the reaction was stopped. b;)r'adding 1.0 ml of 20% meta-
phosi)horic acid to the reaction mixture. The precipitate was re-
.mgve‘d by c;antr'ifugation and the phenylpyruvate; determined by the
enol-borate rnetl'x'bd of Lin et al. (37). . |

The ‘seco'nd method 1s more'conlvenient'an.d has been-used 1n
most of the ex.perirhents repprte‘d in this thesis. The millimolar
absorbancy of the'phenylpy‘ruvate—,enol-borate'complex at 300 mu
is 9.15 (37). One enzyme unit is the amount of enzyme transforming
1  pmole per minute of L—phenyia.lar,nine under these COnditioﬁs.

The activity is expi-e_ssed as units per gf am wet weight of mycelium.

ASSAY OF NADase ACTIVITY . '

:NADase »a.ctivity was assayed by a modification of the method
of Kaplan, Célowicik and Naéon (3 8). The reaction mixture, containing
0.10 ml of appropriately diluted enzyme extract and 0.30 ml ofo;IOM
sodium phosphate buffer pH 7.2 was equilibrated for five minutes at
37°C. The_r'eactiloln (cf. Appendix 1) wa;s started by adding 0.10 ml
of B —NAD‘(4 mg/ml) with rapid mixing. After 7% minutes the

reaction was stopped by adding 3.0 ml of 1M potassium cyanide.
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The absorbance at 325 my was measured on a Cary Model 15 spec-

trophotometer. The millimolar absorbancy of the NAD -CN complex
is 6.30 (39). One ehzyme unit is the amount - . 1 umole of

NAD per minute under these conditions. The activ'ilty is expressed

in units per gram wet weight of mycelium.

THE INCORPOR ATION OF RADIOAC TIVE AMINO ACIDS

BY NEUROSPORA MY CELIA

The method used is that of Dr. Ma];guerite Fling of this
laboratory (29). ;I'he mycelium, either’ water —wash'e.d or EDTA_-
trea‘ced, was suspended in buffer Withl the additions noted in each’
table. After about an hour, the C14-amino é,cici was added to the
buffer and the flasks were shaken for 15 minutes on a rotatory shaker
at a very slc-)w Spee_d. They were then remoyed to aﬁ ice bath and
2.0 ml of 0.01M G '?-amino acid s addal o sach Hlagk. The
rr.;yceiiai pads wexl"e harvested By suction on a Buchner funnel and
rinsed four times with 10 ml of distilled wateI:'. " The pad w.as
removed and stored at ;15°C in aluminum féil. The funnel and
suction flask were rinsed twice Wifh 10 ml of distilled water. All
the buffer and water ri:tnsgs were combined, the vo}ume measured,
.and then s“tored frozen at -1.5°C un.til counted. ‘lAny CO2 evolved

during the experiment was not trapped.
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EXTRACTION OF THE INCORPORATED AMINO ACIDS

FROM THE MYCELIUM

The met’hod for extraction of the amino acids from the my-
~ celium was developed by R‘oberts._ej:_il_._. for Neurospora (40). The
mycelium is ext?acted for 30 minutes at 4°C with ice-coid é% tri-
chloroacetic acid (TCA) in a centrifuge tube. The extract is‘rre—-
rhqved and the mycelium extfacted aga,in' for 10 minutes at 4°C with
5% TCA. These two extracts, cortaining the free amino acids of
the mycelium, are -cornbi.ned as t.he (éold TCA soluble fraction. Any
residual TCA is wiped out of the tube. The mycelium is extracted
next with 75% ethanol at 40-50°C for 30 minutes and the e};tracts
removed. Then itis extracted with ether-75% éthandl (1: 1) for
30 minutes rat 40-50°C, and .the two extracts combinéd. In Neurospora
this ethanol-soluble fraction contains mostiy lipids. After drying for
15 minutes at 60°C, 5% TCA is added and the tubes are placed in a
water bath. The water bath is then brought slowly to boiling to avoid
| bumping. Thé myc_el.ia. are .held in the 5% TCA by glass rods to insure
effective eitraction. The pads are extra.cted for 75 minutes in the
boiling 'water bath. The hot TCA-soluble extract confailils mainly RNA
and th-ose amino> acids attachéd to s-RNA. The pads are‘ washed once
with 75% ethanol and once with ether, and the washes are discarded.
Then th;a- pads are dried at 60°C for 30 minutes. The proteins in

the mycelium are extracted overnight at
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" room temperature with 3% sodium hydroxide. The mycelium remain-

ing is discarded.

PREPARATION OF SAMPLES FOR CQUNTING AND

COUNTING OF SAMPLES

An aliquot of each fraétion was plé.ced in a glass scintillation
vial {Packard) and d'ried uﬁder a heat lamp. Theﬁ 0.20 mlHyamine
10-x (Nuclear Chicago) was added to redissolve the residue and 15
ml of Liqui-fluor scintillation fluid (Nﬁclear Chicago) was added.
The residue of the .sodium hydroxide fraction was redissolved in
1.0 ml hyamine 10-x. The samples were counted, using the channel
ratios method, in a Nuclear Chicago Se-ries 720 1iquiq1 scintillation
system. The amount of quenching was the same for all sampies, S0

the data were not:corrected for quenching. -
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RESULTS

I. STUDIES ON NADase

A. The Coinduction of NADase, Tyrosinase and L-Amino

Acid Oxidase in 69-1113a

The enzymes tyrosinas¢ and L -amino ac.:id oxidase are
induced together during starvation in phosi:hate buffer (13). Wheﬁ
Fling and Horowitz (unpubliéhed) found that NADase was present in
induced cultures of wild-type 69-1113a, it was decided to study the
induction of all three enzymes as a function of time.

Two.-day-old cultures of 69-l1113é were washed with water and
induced'.in sodium phbSphate buffer. At various times after the start
of induction,  duplicate cultures were harvested and the amount
of each enzyme was measured. The amount of NADase in the induc-
tion buffer was also measured‘.‘ Two séparate experiments are
shown in figurés 1l and 2. As shown in figure 1, the time course of
tyrosinas‘g and L-amino acid oxidase were closely parallel, rising
and falling together, in agreement with the findings of Horowitz (13).
The time course of NADase was strikingl& different. NADase
éppeared ten hours earlier than the other enzymes, rose to its
maximum value earlier and then fluctuatéd about that rnax’i}'num. In
figure 2, another time course of tyrosinase and NADase induction

is plotted. It is apparent that in this experiment tyrosinase and
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Figure 1. The time course of induction of tyrosinase, L -
amino acid oxidase and NADase in 69-1113a. Two-day-old cultures of
69-1113a were washed with water and induced in .02M NaPO, buffer
pH 6.0 until harvested, and assayed for each enzyme. X—X tyrosin-
ase units/g; O---O L-amino acid oxidase units/g (40x); A——A NAD -
ase units/g (2x).
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Figure 2. The time course of induction of tyrosinase and

NADase in 69-1113a. Two-day-old cultures of 69-1113a were
washed with water and induced in .02M NaPO,4 buffer pH 6.0
until harvested and assayed for each enzyme.
O—Q tyrosinase K NADase (4X)
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Table 2. The Ratio of Enzyme Activitiesr During the Course of
Induction of 69-1113a. (The data in the table are those
- used in drawing figures 1 and 2.)

Figure 1:
. . Ratio of Activities
Hrs of Ty'ase = L-Ox'ase NADase - Ty 'ase Ty'ase
induction u/g u/g u/g Ox 'ase NADase
0 0 0 | 0 A -
A | "
0 g — -
6 | 0 0.9 0.9
183 1.1 0 4.4 kel 0.25
‘ "2_ . - . . —()— .
30 34 0.38 9.4 89 3.6
42% 72 1.29 88.5 56 0.81
54 56 . 0.79  73.4 . 71 0.76
68 155 2.69 ' 92.8 58 Lo ¥
78 164 © 3.87 82.7 . 42 2.0
93 96 2.44 95.4 . 39 1.0
Figure 2: ‘ . : Ratio of Activities
Hrs of - Ty'ase NADase Ty 'ase
induction - u/g w/g NADase
0 0 0 —
73 Bl : 0.6 5.3
- A 3.4 1.4 2.4
19° : | 58 ~10.8 5.4
29 130 . 24.8 5.2
42 ' pER 40.4 5.5
53 220 | 33.3 : 6.6
66 213 42.7 5.0

78 Sl 205 . 53.7 3.8
90 ' " 215 48.2 4.5
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NADase rose together in a paralle‘l manner, but that after the com-
pletion of the rise phase, the curves diverge.

The difference in the time courses of tyrésinaée and L -amino
‘acid oxidase induction on‘the one hand and that of NADase on the
other is made more apparent in table 2, where the ratios of the
enzyme activities shown in figures 1 and 2 are cornparéd. The ratio
of tyrosinase to L-amiﬁo aéid oxidase aét;'m%ity decreased two-fold
ciuring the course of 'expeﬁm.eht; #17. Tyrosinase, like other phenol
oxidases., is a.estroyed d\;ring catalysis (35). Since old cultures are
brown, presumably due to melanin formation by tyrosinase, the
relative increase in L-amino acid oxidase may be due to the destruc-
tion of tyrosinase by this mechanism. The ratio ofvtyrosinase to
NADase in figure 1 contained no c;bvious pattern and varied vfiv>e -fold
between successix;'e times in the coﬁrse of the experiment. In figure
2 the ratio of tyrosinase to NAD ase was higher and less variable.

'T'He. inductiqn of NADase needl not parallel the induc—

tion of tyrosinasé (s-eé-fi‘gu‘r_gej 1), though it may duriﬁg thefgarly
_stages of induction (see-figure 2).

Zalokar and Cochrane (2‘8') ha\.fe shown that maximél produc -
tion of NADase in the wild typé Em 5297a occurred during comnidio- -
‘genesis. . They report concentrations of 17, 000 units/mg pfqtein,

which would be about 200 Enzyme Commission units per gram wet
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weight of mycel;i.um. Thus the values of NADase, 100 units;/g wet
weight, found during phoslphate iﬁduction, are high enough tha‘,t>if
they were associated with conidia, iérge numbers of conidia should
be present. But large ngrhbers of conidia were no’t observed during

| induction in phosphate buffer. Further, the wild type ‘69- 1113a is
not a heavy producer of conidia. Therefore, conidiogenesis is
probably not the cause of the production of NADase in this case. It
is possible that some of t-he conditions connected with conidiation are
dupiicated in these cultures. In particular, the amount of oxygen - .
reaching the hyphae is increased by the switch _from 20 ml of growth
medium to 5 ml 6f induction buffer, and such chénges -ma.y be suf-
ficient to indﬁce NADase synthesis.

B. The De Novo Synthesis of NADase During Induction

If the NADase activity appearing during induction were due to
de novo synthesis of‘ the enzyme, then the amount of activity should
be reduced by inhibitors of protein synthesis. Puromycin is thought
to inhibit protein synthesi;.s by attaching to the growiné end of the
polypeptide chain. on the ribosome in place of an amino acyl s-RNA
(41,49). The growing polypeptide then falls off the ribosomeunfin -
ished (47,48,49). When puromycin was added to the induction
-bt;'ffer, it decreased the amount of tyrosinase and NADase induced

(table 3). No inhibitor of any of these enzymes was found in these
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extracts. Nason gﬁ;a_%‘. (27) had previousl-y concluded that the differ-
ence; in activity they detected were due to different amounts of
enzyme in different cultures, rathér than the presence of activators
or inhibitors in the different cultures. It has been proved that tyro-
sinase is made de novo during induction (31). It is consistent with
the foregoing results that NADase is

synthesized de novo during induction.-

Table 3. The Inhibition of Induction by Puromycin.

Additions to the

induction buffer Ty'ase NADase
u/g u/g
None 105 24
Puromyecin 67 : 3.4
% Inhibition 36 86

' Two-day-old cultures of 69-1113a were washed with water and
induced for two days in .02M NaPO 6 buffer pH 6.0 with and without
the addition of 10~3M puromycin® 2HCL.

If the conclusion that these enzymes are syn‘;hesized during
~induction is correct, then one may ask when the messehger RNAS
corresponding to them are made. Actinorxj)ycin D inhibits the DNA-
directed synthesis of RNA (.43’ 44). By preventing the synthe sis of
messenger RNA, it inhibits the synthesis of enzymes in bacteria (45).
Actinomycin D inhibits the growth of Neurospox;a (46), presumably by

preventing RNA synthesis. As can be seen in table 4, actinomycin D
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Table 4. The Inhibition of Induction by Actinomycin D.

Additions to the Ty'ase L-Ox'ase NADase

induction buffer wl g ud g o ulg
None 242 ) 549 41

Actinomycin D 132 __ 0L M

% Inhibition 46 48 | 66

Two-day~-old cultures of 69~-1113a were washed with water and
induced in .02M NaPO4 buffer pH 6.0 with the additions noted.

4 16 v /ml
inhibited the induction of all ti’iree enzymes. This was known pre-
viously for tyrosinase and L -amino acid oxidase (42). Thus some
RNA synthesis is .necessary during induction. The simplestA expléna-
tion is that the messenger RNA corresponding to.the three enzymes
.bis synthesized dﬁring induction. It is not excluded, however; that
ribosomal oxr t.ransfef RNA must be synthesized during induction.

By Inhibition of NADase Induction by Amino Acids.

During the course of these studies it was n‘oticed that cul~
tureé induced with DL -ethionine invariably had very low 1evéls of
NADase activity. To ‘check whether this was a specific effect ofv ’
DL-~ethionine, cultures of 69—111.3a‘werelinduced in phosphate
bﬁf’fer containing certaﬁn amino acids. (see table 5) While

DL -ethionine was the most inhibitory , L-methionine and

D—phenylalahihe were .also effective inhibitors.” L-serine may



28

have been inhibitory.

Table 5. The Inhibition of NADase Induction by Amino Acids.

Additions to . Ty'lase NADase % Inhibition
buffer units/g .. units/g of NADase
- 105 22 0
e (F .26 |
T 172 0 100
D1l.~ethionine 185 > 3 90
e i 94 . 5.2 78
L -methionine 108 3.6 _ 86
. 91 14.4 40
D ~phenylalanine 140 - 3.3 86
L . 110 - - 16 33
-serine 132 27 12

Two-day-old cultures of 69-1113a were washed with water, starved
two days in . 02M NaPO 6 buffer pH 6.0 with the additions noted.
All amino acids were present at 1 mg/5 ml buffer.

One possible explanation of the results is that the amino
acids were Being made into an inhibitor of NAD ase-activity‘. This
was tested by mixing extracts of the-cultures in table 5 with active
NADase. (table 6) The extracts of cultures induced in the presence
of either DL -ethionine or -L-methionine do not contain an inhibitor of

NADase, as seen in table 6.
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Table 6. Mixing Experiments to Detect an NADase Inhibitor
in the Extracts of Cultures Induced in the Presence
of Amino acids. N

Additions . NADase
to enzyme : (arbitrary units)
- Experiment #1 : None ' 0.338

Extract of cultures 7
induced with L - 0.343
methionine present

Experiment #2 - None ‘ 0,322
Extract of cultures
induced with DL~ 0.337

ethionine present’

1 part enzyme + 1 pa.,rt extract incubated 30 @ 30°C, then diluted
and assayed. ' ' ‘

For induction conditions, see table 5

Thué certain aminosacids inhi?:;it the induction of NADase in wild-type
during starva’.tioﬁ in phosphate buffer. Zalokar and Cocl-lraﬁe (28) -
found that inhib;tion of conidiation inhibited NADase synthesis. Al-
though amino acids are often added to media to promote conidiation,"
it may be that they delay the start of conidiogenesis whilev increasing
.the yield. Thus the use -of casamino acids instead of ammonium
nitrate as the nitrogen source in iiquid ngel's medium N delayed

the appearance o;f aerial hyphaé from abput four days to six days of

growth in cultures of 69-1113a.
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D. An Inhibitor of NADase in the Mutant Ty-1

Strains of-Neurospora.‘carrying a mutation in the regulatory
gene ty-1 are female sterile gnd do not make tyrosinase or I.-amino
acid oxidase during starvation in ﬁhosphate buffer unles‘s certain
inducers are present in the buffer (1.‘_8,‘31, 13). The ty-1 locus is un-
linked to the tyrosinase structural gene. It was of interest to deter-
.mine whether NADase induction was also controlled by this r.egulatory
gene. Therefore, two-day-old cultures of ty-1 were washed and
ilnduced in phosphate buffer containing D;-phenylalanine. Tyrosinase

was made but no NADase appeared (table 7).

Table 7. NADase Induction in Ty~-1.

- Additions to the | Ty'ase NADase
induction buffer ulg alg
1 ' \
None 1 0
D—phénylalaninel 46 0
Un:’Ln(f‘lu.ced2 ; 0.5 -0

Two ~day-old cultures of ty-1 were washed with water and
starved for two days in . 02M NaP04 buffer pH 6.0 with and without
D -phenylalanine at 0.2 mg/ml.

Four-day-old growing cultures of ty-1 were harvested,
extracted, and assayed.

The absence of NADase in these cultures is not due to a
defect in its structural gene, since activity has been detected in some

extracts prepared by Dr. Marguerite Fling in this laboratory.

i
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All the extracts not containing NADase activity were tested

for an inhibitor of NADase in mixing experiments (table 8).

Table 8. Inhibitors of NADase in Ty-1 Extracts.

Additions to . NADase % .
active enzyme A A3 25 Inhibition
Experiment #1 None . 0.262 0

Extract of growing ty-1
‘ #1 0.000 : 100
#2 0.045 82

Extract of ty=~1
starved in phosphate :
buffer #1 0.080 66

#2 0.000 100
Experiment #2 None . ' 0.190 0
Extract of ty-1 induced  0.058 70

with D ~-phenylalanine

1 part enzyme + 4 parts of extract were incubated 30 mimites @ 30°C
and stored at 4°C until assayed. '

- Same extracts as used in table 7.

All the extracts of ty-1 cultures contained an inhibitor of NADase.
In an attempt to determine the nature of the inhibitor, the extracts
were dialyzed overnig.ht at 4°C against 1':w0 changes of . 10M sodium
phosphate buffer pH 6.0. The mixing experimenté Were.repea.ted'

using the dialyzed extracts (table 9).
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Table 9. The NADase Inhibitor in Dialyzed Extracts of Ty-1.

Additions to NADase %
active enzyme AA inhibition .
. 325 _ :
Experiment #1 None 0.190 0

Extract of growing
ty -1 0.010 95

[

Extract of ty~-1
starved in 0.080 58
phosphate buffer
Ekperiment #2 None 0.248 0
Extract of ty-1 ,
induced with 0.262 0
D -phenylalanine
The extracts used in table 8 were dialyzed overnight against two
changes of . 10M NaPO, buffer pH 6.0. Then one part enzyme and
four parts of extract were mixed, incubated 45 minutes @ 30°C,
and stored at 4°C until assayed. :
The inhibitor in the extracts of cultures induced with D—phenylalaniné
was dialyzable, but no NADase was revealed by the removal of the
inhibitor from the extract. The severe inhibition of induction by
D -phenylalanine reported in the previous section probably explains
' this. absence. The inhibitor in growing or phosphate induced cul-
tures was not removed by dialysis.. It was destroyed by heating the .
extract in a boiling water bath for 10 minutes. Since it'was non-

dialyzable and thermolabile, the inhibitor in growing cultures is

probably.a protein.
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It should be noted that the strain of ty-1 ysed in these experi-

ments is not isogenic with 69 -1113a. Thus the inhibitor may not be
due to ty-1 but to some other difference between the two strg.ins.

The presence of the inhibit;)r should be checked when ty-1 is intro-
duced into more élosely rela{:e—d lines. If it isstill present, then
studies in a hetérocaryon wifh 69-1113a would be extremely interest-
‘ing. - The mutant ty -1 is recessive in its other ;:haracteristics to its
wild;type allele. However, the production of a protein inhibitor of
NADase would bé expected to be a dominant character. Such experi-
ments were not carried out due to lack of time.

E. Induction of the Three Enzymes in the Mutant Ty-2

A second regulatory gene is known in Neurosjpora which

- controls the inducibility of tyrosinase, the gene ty-2. Strains cafry—
ing the recessive mutant allele are female-sterile and fail to make
tyrosinase during starvation in phosphate buffer unless an inducer

is present. The ;ry.—z locus is unlinked to either the struc-tural gene
for tyrosinase or the other regulatory gene, ty-1(18,31).

Figure 3 shows the ‘time course of induction _‘of L-arﬁino acid
oxidase and tyrosinase in ty-2 when it is . induced in phosphate buffer
containing D-pheﬁylalanine. L-amino ac.id oxidase was detected 6
hours earlier than éyrosina.se. Tyrosinase was found 12 hours after

the start of induction. Both enzymes increased to a maximum at 79

hours and then decreased in concentration.
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Figure 3. The time course of induction of tyrosinase and L-amino acid oxidase in ty-2. Two-day-~
old cultures of ty-2 were induced in .02M NaPOQy buffer pH 6.0 with 0.2 mg/ml D-phenylalanine.
X—X tyrosinase; O—0O L-amino acid oxidase (4OX) X,0 controls no D-phenylalanine.
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In the absence of D-phenylalanine ,. less than 1% of the.rnaxi_
mum amount of tyrosinase was 'made and less than 5% of the -ma;dmum
amount of Li-amino acid oxidase was made. Thus ‘ty—2. regulates L;-
amino acid oxidase synthesis in the same manner as it regulates
tyrosinase synthesis.

NADase can be made by ty;Z,' bt-lt- the time course and amount

- weremnot reproducible under the qonditions used to induce tyrosinase
and L-;amino acid oxidase. In one experiment, the most enzyme was
made in the absence of inducer, 5.5 u/g. Th‘e‘ maximal amouﬁt
ever detected was 10 u/g. . These low levels were probably due
to the inhibition of NAD as;a indulctionjby the D -phenylalanine used

as inducer.

’

F. The Synthesis of NADase and L-Amino Acid Oxidase

by Growing Neurospora

If the three enzymes, tyrosinase, L-arnino‘ acid oxidase,
and NADase are controlled by'a unitary system‘ such as an operon or
by a one-repressor -many -operons ‘sys‘.cem, they should all be present
or absent together in the cell. Two strains of Neurospora have been
found in which this common-co.ntrol has brokgn down. In strain
P110A, NADase and Li-amino acid oxidase, Vbut not tyrosinase, are
made during groy'vth. In the strain pe,fl;cot, only NADase is made

during growth.
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The strain P110A was given to us by Dr. Dow Woodward of

Stanford Universify; who ?eported that it was consti'tuﬁve for NAD -
ase. This was cénfirmed, and it was disc_ovéred that P110A also.
made L ~amino acid oxidase but not tyrosinase while growing. It
was ciecided to determine ‘whether other strains in t.he laboratory
made‘eith.er of these enzymes during growth. Table 10 shows the
résults of th:;'ee expefiments in Whic]:'; varﬁous Wild— types a.nd‘
mutajnté of Neurospora were grown for two days on minimal rmedium
N. . All strains which ma;d_e more.thgm 0.5 u/g Li-amino acid oxidase
or 5 u/g NADase in either experiment #1 or #2 were tested at least
two more tul.mes. Only‘PIIOA made large amounts of both enzymes.
consistently. A second strain, pe.,f_l;cot, ‘made NADase consisténﬂy
in large amounts. Severaisi:rains made some NADase or L-amino
-acid oxidase, but none lmade detectablé amounts of tyrosinase. In
particular, St 74A, the parent of PllOA,- di(i not make large amounts
of L-amino acid oxidase or NADase. Mixing expériments_ with t}lle
extract of St 74A did not reveal the px;esenc‘:e of inhibitors of either
enzyme in it,‘ indicating an abéence of the. enzymeé from the extract.l
~ P110A was obtained by UV treatment of St 744, é,nd is probably due
t6 a single mufational event. This event:conferred on P1‘10A the
ability to synthesize during growth two enzymes which are not made

by its parent during growth. The experiments do not indicate whether
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Table 10. The Production of I.-Amino Acid Oxidase and NADase by

Growing Cultures of Neurospora.

Strain Ty'ase L-Ox'ase NADase'
u/g . ulg u/g

: : 1
Experiment #1

1A 0 0.1 1
Abbott 4A 0 0.1 0.3
Abbott 12a 0 0.1 1.3
25a 0 0.15 .~ .0
Em 5297a 0 0.1 0
Scott A 0 B 1 0.1
pe, fl;cot 2 0 0.3 12.4
P110A 0 5.4 7.0
. 1
Experiment #2
1A 0 0 0.2
Abbott 4A 0 0.9° 0.3
Abbott 12a 0 <0.1 16 '
25a 0] <0.1 0
Em 5297a . 0 0.11 0.1
Scott A 0 0,19 2.0
pe,fl;cot 2 0 0.15 55
P110A 0 3.4 21
ty -1 0. 0 0.6
ty-2 0 0 0
69-1113a 0 0 0.4
Experiment #3 :
P110A% ‘ 0 ‘ 1.74 12
St 74A o - 0.14 0
3 0 0.12
69-1113a induced 141 . . 1.55 43

lcultures were grown on 20 ml of Vogel's minimal medium N in 125
ml Erlenmeyer flasks without shaking for two days and then harvested
and the pad and medium assayed for the enzymes.

2 Grown three days because of slow growth rate.

3 Two -day-old cultures of 69-1113a were washed with water and in-
duced for 68 hours in .02M sodium phosphate buffer.

4 Grown four days.



38 -
the production of the two enzymes is a direct result of that event or

wh-etherl one or both is e-;ynthesized because of some other effect of
the ﬁ:utaﬁon.

Pl 10Aldiffer's from wild-type Neurospor;. in growing poorl-y
on sucrose as the‘ soie-carbon source. P110A grows better when
p;rruvate is added as an additional carbon source. The strain
pe,fl;cot also grows poorly on medium N . with sucrosé as carbon
source., Since it is also constitutive for NADase, it would be inter g
esting to know whether .:.LtS gr;)wth is stimulated by pyrlJ;vate. The
- experiment ﬁas not yet been performed.

The results with P110A and pe, fl;cot suggested that the
common control of tyrosinase, L—amino acid oxidase, and NAD;se
had broken down in these strains. However, there were three éther
possible explanations: (1) the two strains might have defective struc-
tural geneé for the missing enzymes; (2) an inhibitor of tyrosinase
activity might be obscuring the presence of tyrosinase ir} these
cultures; (3) - inactive "proty‘rosin‘ase"‘ (5_1', 97, 9?%, 99’;.10_9') )

% might be present in these’ extracts.“ Mrs. Joyce
Maxwell had previo‘usly found that pe, fl;cot could be induced to
make both tyrosinase and L-amino acid (;xidase. i{er bresu.lts and
results of an induction of Wrésinase in PliOA are shown in table 11.

Tyrosinase was not made by P110A during 48 hours starvation in
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phosphate buffer, but could be induced by ethionine or D -phenyl--

alanine. Tilus both strains possessed active structural genes for
‘the enzymes which were not detected in grovs}ing cultures. As shown
in table 12, the extracts of both strains did not contain any inhibitor
of tyrosinase. To activate any ”proty.r‘osinase,” the extracts were
heated for 1-1/2 minutes at 59°C (51.). As seen in table 12, no

. tyrosinase activity appeared in these extracts after heating. There-
fore, the structural gene of tyrosinase and probably of L-amino acid
oxidase was not active during the growth of thg strain pe,fl;cot and
that of tyrosinase was inactive in P110A. Thus the control of the

three enzymes seems to be dissociated in these strains.

Table 11. The Induction of Tyrosinase and L -Amino Acid Oxidase

in Strains P110A and pe, fl;cot.

Ty'ase .  L-Ox'ase
-Strain Inducer ul/g : 1:1/g
69-1113a (starvg.tion) 155 | 2+
_pe, fl;cot DL -~ethionine 28 2.4
P110A - (starvation) 0 ———
P110A  DL-cthionine 108 -
P110A D -phenylalanine 57 . - -

P110A grown three days. 69-1113a grown two days. P110A and
69-1113a induced in .02M sodium phosphate buffer pH 6.0 for two
days. pe,fl;cot induced in 1X Vogel's basal salts (50). DL--
Ethionine 0.2 mg/ml; D-Phe 1 mg/ml.



40
Table 12. The Absence of Tyrosinase Inhibitors and of Inactive

Tyrosinase in Extracts of P110A and pe, fl;cot.

Tyrosinase
(arbitrary units)

Active enzyme 94
Enzyme + extract of uninduced P110A 96
Enzyme + extract of uninduced pe, fl;cot . 94
Heat activated enzyme _ 126
Heat activated extract of pe, fl;cot o 0

Heat activated extract of P110A ‘ 0

P110A and pe,fl;cot grown three days and harvested.

1 part enzyme + 2 parts extract of three-day-old cultures incubated
30 min @ 30°C and then assayed. '

Heated 1—1/2 min @ 59°C and stored in ice until assayed.

Thayer and Horowitz (52) and Burton (53) reported that L -
amino acid oxidase occurred in the growth medium of old cultures.
It was not found in medium used to grow P110A,

e The Identification of L-Amino Acid Oxidase in

Extracts of P110A

The enzyme L-amino acid oxidase uses molecular oxygen as
the hydrogen acceptor in its reaction with L.-amino acids (53). The

appearance of phenylpyruvic acid from L -phenylalanine could also
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be due to a transaminase if a large amount of keto acid acceptor
were present in the crude extract.‘ 'To distinguish between these
poss@bilities in the extracts of P110A, the assays were run under
oxygen and air. That molecular ‘oxygen>was necessary for phenyl-

pyruvic acid production is shown in table 13.' Thayer and Horowitz (52)

Table 13. Dependence of Phenylpyruvic Acid Formation by

Extracts of P110A on Oxygen.

P1l10A extract Phehylpyruvat OZ/ air
assayed under made - '
mpmoles =
O , 163
f # 3.2
air 51

 Extracts of P110A were assayed as in Materials and Methods except
that one assay was performed under oxygen and the other under air.

reported a 3- t<; 6-fold increase in activity when the assay was perl-
- formed under oxygen rather than air. Burton found a 3.4-fold
increase (53). Thus thev?:-. 2-fold increase measured £6r extracts of
P110A proveé the enzyme being assayed is authentic L ~amino acid
oxidase.

H. ' The Synthesis of NADase by P110A in the Presence

of Tween 80.

Zalokar and Cochrane reported that when conidiation
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was inhibited by growing Em 5297a at 35°C in the presence of
Tween 80 (pélyoxye,thylene sorbitan monooleate Mefford), the syn-
thesis of NADa_se was also! - inhibited (28). Ncl obvious conidiatic;n
occurs .during five days growth of P110A on Vogei‘s medium N,
~although by five days the pads are highly pigmented due to carotene
formation. Since P110A does make NADase while growing at 35°C,
it was decideél to see how the conditions used by Zalokar and Coéh-
. rane (28) affected the production of NADase by P110A. Therefore,
Plle was inoculated into Vogel's medium N containing 0.8% Tween
80 w/v, and grown for two or three days at 35°C. Controls were
grown at _35°C in the abseﬁce of Tween 80. The results shown in
i‘able 14 suggest that Tween 80 actually stimulated‘the synthesis olf

NADase in P110A. The extracts of both control cultures and Tween

Table 14. The Effect of Tween 80 on the -Synthesis of
NADase by P110A.

Age of Wet NADase

) culture wt. u/g ‘
Medium (days) g Pad . Buffer Total
minimall 5 0.26 0.95 210 22.0
, ' 0.21 0.39 . 1P.T . 17.4

2 0.23 0.98 35.6 36.6

¥ Twpaen 20 & 0.21 1.3 43.2 44.5
. 4 0.42 ™ 24.7 24.7
AR G536 . 17.5 132 28.7
2 0.33 0 45.1 - 45. 1

Lvreen BO - 0.38 0 37.5 37.5
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(footnotes to table 14):
Vogel's minimal medium N

“ Medium N + 0. 8% Tween 80

Extensive conidiation

80 cultures were checked for inhibitors or stirnulatoré of NADase
synthesis'. As seen in table 15, noné were present in the extracts.
Preliminary results with L-afnino acid oxidase showed no activity
in either the extracts or the fnediurn when Tween 80 was present in
the medium; howevgr, no»clheck has yet been made for the pre’sénce

of an inhibitor in these cultures.

Table 15. Absence of Inhibitors of NADase in Extracts of Cultures
of P110A Grown on Medium Containing Tween 80

NADase activity

Addition to active enzyme * (arbitrary units)
observed . expected
None ' 154 - 160
Extract of 2-day-old culture’ 190, 195

grown on Vogel's

Extract of 3 -day -old culture 178 170
grown on Vogel's +-Tween 80 '

Y part active enzyme + 4 parts extract or buffer heated 30 minutes
@ 30°C and stored at 4°C until assayed.
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Thus it would appear that Tween 80.does not inhibit the synthesis of
NADa.se in the constitutive strain P110A. Time has not permitted
experimgnts on the effect of Tween 80 on the constitutive:synthesis
of NADase by- pe,ﬂ;cpt.

L. The Inhibition of the Synthesis of NADase and L.~Amino Acid

Oxidase in P110A by Complete Medium

The amount of NADase or L-amino acid oxidase P110A made-
during growth was affected by‘the medium in Whiéh it W.as grown.
Table 16 sﬁows the amounts Qf NADase and Li-amino acid oxidase
made by P110A when grown on liquid corhplete medium for different
times and on Vogel's minimal medium N.

Table 16. The Effect of Growth Medium on NADase and L~Amino
Acid Oxidase Synthesis by P110A.

Growth Age Wet "NADase L-Ox'ase

medium {days) weight u/g ulg
Completel 1 005 2 -
: 2 Q.. 22 0.8 0.20
2 0.34 V.1 . 0.26
2 0..29 <0.1 0.13

2 Ua 32 <0.1 .-
2 0.11 1.2 0.33

Minimal : 3 ‘ 0.11 21 3.4
Medium N 4 0.14 T 5.4
Co2%® 0.12 6.9 2.6

2% 0.125 Tl 2.7

42 0.44 20 1.4

4% 0.36 7.5 0.8

#* Grown at 35°C

Vogel's minimal medium N + 1.5% malt extract, 0. 5% yeast
extract, 0.025% casamino acids + 2% glycerol.
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Some component(s) of the complerte medium suppressed
the synthesis of both énzymes bir P110A, bﬁt time did ﬁot permit its
identification. Ther effect was not due simply to the greater amount
of g‘rowth in complete medium. ‘The mycelial pads grown four days
at 35°C on minimal weighed more ‘.chan any of the pads grown in
Cémplete medium and contained large amounts‘ of both enzymes. The
chronological age of the pads was not important, as shown by the
large amounts af the enzymes in cultures grown two days at 35°C in
minimal medium. It may be that the faster rate of growth of cul-
tures on complete medium is an importanf faétor. This repression
.of constifutive productiog in P110A by complete medium may be -
“analogous to catab‘olite repression of cons.titutive production in the
lactose opefon'of E. coli (54, 55,56).

P110A grown on complete medium could be induced' to make
more of both enzymes (table 17). Thus growingl PlldA on éomplete
medium suppressed the constitutive production of NADase and L -
amino acid oxidasé. In such circumstances the enzymes could be
induced by starva;tion in phosphate buffer in the preseﬁce of an
inducer, although oxidase production was less re sponsive. This
situation may be analogous to the dependenge of tyrosinase production
by wild type on the composition of the growth medium (18, 31). When

wild types were grown on normal Vogel's medium N, no tyrosinase
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was made by growing cultures unless an inducer was added to the
medium. However, large amounts of tyrosinase were made when

wild type was grown on media which limited growth.

Table 17. The Induction of NADase and L.-Amino Acid Oxidase

in P1 IOA.Grown on Complete Medium.

Additions to NADase - L-Ox'ase
induction buffer u/g " ulg

Experiment #1

Not induced . 0 0.13

None ) 0.6 0.23
D-phenylalanine ' 6 - 0.30

Experiment #2

Not induced. 0.5 0.23
None 1.1 ‘ 0 .30
D -phenylalanine ‘ 14 - 0452

Pl10A gfown two days on liquid complete ‘r'n_edium and induced two
days in .02M NaPO , buffer pH 6.0
D -phenylalanine 0.2 mg/ml
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II. STUDIES WITH EDTA

A. The Inhibition of Induction by EDTA

Neurospora tyrosinase contains one atom of cuprous copper
~per molecule (35) Although the enzyme contains no cysteine resi-
dués, the copper is tightly bound.. In contrast to mushroom (58),
ani1:nal (59), and potato (60) phenol Qxidases,‘ it has not been possible:
to remove the copper from the enzyme in a rew}ersible manner. On
the other hand, apo-tyrosinase has been detected in mushrooms (57).
It >was desired to obtain the apo-enzyme from Neurospora in order

to study it and to label the active site of the enzyme with radioactive

- copper. The chelating agent EDTA forms a very firm complex with
cupric copper at pH 6.0 (78). Since cupric ion is the stable form of
copper in solution at room temperature, it was expected that treat-
ing the mycelium with EDTA would remove almost all of the copper
iﬁ the fnycelium. In the absence of copper, it {:va.ls hoped that
Neurospora would make the apo-enzyme for us and that we would be
abie_ to isolate and study 1t In -a later section it is reported tha.t
EDTA does not remove a large fraction of the copper in the mycelium
so that the expectation voiced.L above is probably not realizable.
Nevertheless, .‘the experiments with EDTA have revealed some

interesting points connected with the induction process.
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Two-day-old cultures of Neurospora were treated with EDTA

and induced. in phoépha’ce buffer. As seen in table 18 , induction
of tyrosinase was inhibited by the ED TA tr.ea‘.crnent. In addition,

L -amino acid oxidase and NADase induction were inhibited. Iﬁ all
cases, less than 5% of normal amounts of any of the enzymes ap-

peared.

Table 18. Inhibition of Induction by EDTA Treatment.

Ty'ase L-Ox'ase NADase

ulg ulg ulg
Control 156 2.75 20
EDTA washed < 1 0.07 -0

Two-day-old cultures were washed with EDTA and harvested after
two days in 5 ml .02M sodium phosphate buffer pH 6.0, Controls
were washed with water and induced in buffer for two days.

B. The Restoration of Induction in EDTA-Treated Cultures.

As soon as the inhibition was discovered; éxperiments were
undertaken to see whether the induction of tyrosinase and later the
other enzymes could be rgstored by adding chemicals to thé induction
buffer. It was found that induction of tyrosinasé and L-amino acid
oxidase was restored to control levels by adding calcium, copper,
and L -amino a.cids to the induction medium as shown in table 19.
Experiments with other ions are reported in gections II E.,F., G., & VI

The effects of calcium, copper, and amino acids in restoring
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Table 19 . Restoration of Tyrosinase and L-Amino Acid Oxidase

Induction After EDTA.

 Additions to buffer Ty'ase L-Ox'ase
u/g ulg-
Water-washed control 156 2u T
EDTA -treated: ;
None ' 0«1 « .06
L -amino acids 0 o2 0.30
Calcium 6 B 1‘8‘
Copper 14 0.69
Calcium + copper 33 1.4
Calcium + copper + L-amino 104 2.8
acids
Calcium + L-amino acids 5.2 0.13
Copper + L -amino acids 26 1.0

Two-day-old cultures of 69-1113a were treated with EDTA and
induced for two days in .02M N:a.PO4 buffer with the additions noted.

”, wid]. -
CaCl2 5x 10 5M; CuSO4 5x 10 M; L-amino acids 2 x 10 3M each.

induction were synergistic. It was interesting that copper should
have such a great effect on the restoration of Li-amino acid oxidase
synthésis, since that enzyme. is an FAD enzyme rather than a copper
enzyme like tyrosinase. Experiments on the ability of

nickel to replace copper in the restoration prdbably can explain this

result (cf. p. 60).
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No combination of salts and amino acids has yet been found

which gives complete restoration of NADase induction as shown in

table 20.

Table 20
EDTA Treatment.

Additions to buffer-

Water-washed control

EDTA-treated:

None

Copper

Copper + L -amino acids

Calcium +copper

Calcium + L -amino acids + coppef

Calcium

Calcium + L-amino acids

" Li-amino acids

‘ 1
Vogel's basal salts

Ty'ase

ul/g

49

30
37
54
152
0.4
1.6
Q.4

37

The Restoration of NADase Induction After

NADase
u/g

38

2.9

0.8

10

0

17

Two~-day-old cultures of 69-1113a were treated with EDTA and
induced for two days in .02M NaPO, buffer pH 6.0 with the additions

noted.

CaClz b x 10"5M; CuSO4 5 x 10—4‘M; L-amino acids 2 x 10-3M each.

1
Mineral salts of Vogel's medium N
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It is apparent that amino acids were stroﬁgly inhibitory to the restor-
ation of NADase induction at this concentration. This is to be ex-
pected since a solution of 2 x 10-3M L -methionine contains about
0.3 mg[rnl_ L-methionine, and it was shown previously that L=
methionine strongly inhibits NADase synthesis at a three-~fold higher
concentration {(cf. p. 27 ). |

The effeéts of the ions and é.mino acids which restored
induction in EDTA-treated cultures. on tyrosinase induction in control
‘cultures are shown in table 21. de—day-—old cultures of
69-11133. were washed with water and induced in buffer to which
calcium, copper, and amino acids were added. The additlion of
amino acids to the buffelr had very little or no effect on the amount
of tyrosinaserr’nade. Calcium was inhibitory at this concentration.
Copper also inhibited, while a combination of calcium and copper
f¢11 between the amount of inhibition caused by the individual ions as
if the two ions §vere acting on the same ‘site in a competitive manner.
No assays of L.-amino acid oxidase or NADase were performed on
these cultures.

C. Apo-tyrosinase and the EDTA Treatment

The following experiments were devised to detect apo-
tyrosinase in ED TA~treated cultures. If apo-tyrosinase were being

made in EDTA -treated cultures, then the addition of calcium and -
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Table 21 . The Effects of Calcium, Copper, and L-Amino Acids

on Tyrosinase Induction in Water-Washed Cultures.

Additions to the induction buffer Ty'ase %
ulg inhibition
None ‘ 128 s
L -amino acids 106 17
Calcium 4.9 96
Calcium + amino acids 6.2 98
Copper ' 97 24
Copper + amino acids 96 24
Calcium + copper 25 80
Calcium + copper + amino acids , 30 76

Two-day -old cultures of 69-1113a were washed with water and
placed in 5 ml of .02M NaPO4 buffer pH 6.0 containing the additions
shown. ‘ 5'

L -amino acids 2 x 1'0'3M each; CaClZ 5% 10 M; CuSO4 5x 10"4M

Cultures were harvested after two days induction.

: ‘copper near the end of induction should lead to the immediate appear-
ance of. large amounts of tyrosinase. Figure 4 shows that this
was not the result in an experiment in which ca.lc::tum and copper were
added to phosphat‘e buffer O,l 8, 18, é,nd 30 hours after the cultures
were washed with EDTA. This suggests that no apo-tyrosinase

which could be éctivated by the addition of copper and calcium was

present in the cultures.
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Figure 4. The amount of tyrosinase made upon addition

of calcium and copper to ED TA-treated cultures as a function of the
time of addition. Two~day~old cultures of 120-1 T®8 were washed
twice with buffer, once with EDTA, and rinsed once with buffer before
being placed in .02M NaP04 pH 6.0. AtQ, 9, 18, 30, and 45 hours,
after being placed in buffer, 5x 10~3MGaClyand 5 x 10~%M CuSOywere
added to the buffer. All cultures were harvested 45 hours after the
start of induction.
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Experiments to detect apo-tyrosinase were also carried out
on extracts of cultures treated with EDTA. Extracts were prepared
and treated with cupric and cuprous copper, both in the presence and
absence of 3M urea at botﬁ 4°C and room temperature. Since tyro-
sinase loses its copper irreversibly at pH's below 4.5, some experi-
ments were performed at about pH 5, where it might be expected that
tyrosinase would be much more stable than apo-tyrosinase. No p‘;'o-
cedure resulted in the appearance of tyrosinase activity in the
extracts.

Thus no evidence of the presence of apo-tyrosinase in EDTA-
treated cultures exists. Some evidence Which suggests it should not
be found in such cultures will be found in later sections of this
thesis and commented on at that time. One fact that suggests that
EDTA acts in a more general manner than by removing ;:opper is the
- inhibition of the. induction of L-amino acid oxidase, an FAD enzym.e y
(53) and NADase, an enzyme with no known prosthetic group (38).

Figure 4 is intriguing because of the linear relationship
between the logarithm of tyrosinase content and time. Examination
of the time courses of. inauction r'evealsr that tﬁe amount of tyrosinase

in the early synthetic phase of ind_uction‘oftenlincreases exﬁonentia.lly.
These kinetics of induction imply that the amount of enzyme which.

.can be made depends on the amount of enzyme already present, i.e.
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that induction is autocatalytic. This suggestion will be developed

further in the discussion.

D. The Absence of Inhibitors of Any of the Enzymes in

Extracts of EDTA-~Treated Cultures

If EDTA treatment caused the production of an enzyme
inhibitor, then a concomitant production of that enzyme might not be
detected. This possibility was eliminated for each enzyme by mi;cing.
active extracts with extracts from ED TA~treated cuitures lacking

activity, as shown in table 22.

Table 22 . The Lack of Inhibitors in Extracts of EDTA-

_Treated Cultures

Additions Activity
Enzyme ' to enzyme (arbitrary units)
, . None 32
. Tyrosinase Extractl’ 2 33
None ; 0.354
1,
ALane T 0.348
: None 0.253
- i i 1
L ax:nlno aege Extract w & 0.264
Oxidase :

: Extracts of cultures of 69-1113a treated with EDTA and induced
for two days in . 02M NaPO4 buffer pH 6.0.

1 part enzyme + 1 part extract incubated 30 minutes @ 30°C and
then stored at 4°C until assayed. '

1 part enzyme and 9 parts extract incubated 30 minutes @ 30°C
and then stored at 4°C until assayed.
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The extracts from ED TA-treated cultures did not contain any

detectable inhib_itor of tyrosinase, NADase, or L-amino acid
oxidase.
Therefore, ED TA prevents the appearance of these three

enzymes during starvation in phosphate buffer.

E. The Optimal Concentrations of Calcium and Copper Required

to Restore Maximal Induction of Tyrosinase and L -Amino

"Acid Oxidase After EDTA Treatment

As reported above, preliminary experiments indicated that
some restoration of induction occurred when calcium and copper
Wefe present in the phosphate buffer after EDTA treatment. . At the
same time,} experiments by Miss Helen Macleod’ { 87 ) on another
‘system éuggested thaf fairly high concentrations of an amino acid
mixture might s_timﬁlate_ recovery from EDTA, which they did. {cf.
table19) Therefore, it was decided to determine what concentrations
of calcium and coppex; in the presence of the amino acid mixture
restored tyrosinaée and L -amino acid oxidase induction in EDTA-
treated cultures.

‘ Two-day-old cultures of 69-1113a were treated with EDTA
and suspended in 0.02M sodium pl;losphate bl;.ffer pH 6.0 containing
2 x IO—BM L -~amino acids (each). Vary.:'tng (;,oncentrations of cal-

cium and copper were added to the buffer. After two days the cul-

tures were harwsted and the amount of tyrosinase and Li-amino acid



57

Table 23 . The Effects of Different Amounts of Calcium and Copper
on the Restoration of Induction of Tyrosinase and L.-
"Amino Acid Oxidase After EDTA Treatment.

. Amount S Ty'ase L-Ox'ase
added to buffer ' u/g . ulg
CaCl, M CuSO,’
M M

Control 7- 107 4.8
1™ - 0 48 0.66
107> 1072 0 0
1w T R 14 0.13
1073 ~ 1074 o 46 0.62
107> 107 58 0.49
10'4, 0 20 1.8
1074 1072 0 0
1074 , 1073 158 6.4
1o~ % 16~ ‘ 92 ‘ 4.7
107% A 34 2.3
1072 0 16 ' 0.92
107> ' 1072 | 0 0
107> 1072 124 - 6.7
ig™® 10"4 28 - 1.4
1072 10" 6.6 ‘ 0.58
10'6 0 2.5 0.47
15 g% 0 0
G 1073 60 T 4.4
550 107% . BB : 0.49
1076 107> 07 0.61

None , : . 0.5 0,13

(footnote on next page)
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Footnote to Table 23

Two-day~-old cultures of 69-1113a were treated with EDTA and
induced for two days in . 02M NaPO, buffer pH 6.0 containing a
mixture of L-amino acids at 2 x 10-3M each and the additions noted.
Controls were washed with water and induced in .02M NaPO

. buffer pH 6.0 for two days.

Table 24. Optimal Concentrations of Ca++ and Cu+_+ for

Restoration of Tyrosinase and Oxidase Synthesis.

Amount added' , . Ty‘ase T-Ox'ase .
to buffer {molar) ulg ulg
GaCl, - CuSO,
-4 '

3x10 0 136 , 1.5
310 _F 10 A 72 1.2
3x107% 3x10”% 114 Tl
3x10-4 i 10'4 181 3.0
10'4‘ 0 102 6.8
1074 1y 216 6.9
10'4 3:,{10*1 258 ~10.6
1074 1074 182 T

None 0.6 0.17

See table 23 for experimental procedures.
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oxidase in each determined. As can be seen in table 23, the
; ; : -5 -4
optimal concentration of calcium was between 10 = and 10 ~ gm
s P18 : -3 ; -
ion/liter in the presence of 10 ~ gm ions/liter copper. Table 24
shows the results of a similar experiment in which the concentrations
were varied over a smaller range. Other experiments have con-
: B s o o A s .
firmed the finding that about 10 ‘gm ions/liter calcium plus about
-4 S . -3 :
3x 10 = gm ions/liter copper in the presence of 2 x 10 "M L-amino
acids (each) are 'the optimal conditions for restoring the induction
of tyrosinase and L -~amino acid oxidase.
Higher calcium concentrations were much more inhibitory
to L-amino acid oxidase restoration than to tyrosinase restoration.
An interesting feature of the EDTA-treated cultuyres is that when
restored with copper, calcium, and amino acids, they often produce
more enzyme than the controls. This is not due to the greater num-
ber of times they were washed, which suggests that EDTA has re-

moved some inhibitory cation.
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F. The Role of Copper in the Restoration of Tyrosinase

Induction After EDTA Treatment

Copper is complexed very strongly by EDTA at pH 6.0

' 1
log K' = 14.14) (78 and helps restore the induction of tyrosinase
g : P

The formation constant of the metal EDTA complex is:

(n—4) +

)

™) (7

oy

By

- +, .
where (MY) is the concentration of the complex (M) is. the.
: : &, . :
‘concentration of free metal ion and (Y ) is the concentration of

the free tetra . ',i ~anion. The conditional formation constant is:

K'MY = (MY )

"7 (cy)

where CY = the total concentration of free EDTA. CY e Y -4')/054,

5 . -4
where o, is the fraction of free EDTA present as the Y anion,

and is a function of pH.
Thus,_

log K‘MY = log K

MY+1OgO[4

is a measure of the strength of the complex at any given pH.
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after EDTA-treatment. However, no change in the copper content

| of the ash of Neurospora was detected due to EDTA-treatment

(cf. p- 74 ). If no significant émount of copper is removed by
EDTA, then why does addéd copper help restore tyrosinase induction
féllowing EDTA treatment? The possibility that the inhibition caused
by EDTA is due to EDTA remaining in the mycelium and binding
some vital cation suggests itself. Since copper is bound

more strongly by EDTA than most other cations, it might act by
complexing all the EDTA, thereby freeing the essential cafion(s).

If this is how copper aéts, ‘then nickel (II), which is bound as strongly
as copper (II) by EDTA at pH 6 (log K' = 13.96) (78), would be
expected to have the same effect on restoring tyrosinase induction

as copper. Further, since nickel has no known biological function
and is chemically different from copper, it would not be expected to
replace copper in any enzymatic function.

To test this hypothesis, two sets of cultures of 69-1113a
were treated with ED TA.and placed in phosphate‘ bu.f;'fér containing
amino acids and a low concentration of calcium (3 = 10--5 gml
ions/liter). To one set copper sulfate was added in concentrations
from none to 10_3M, while nickel chloride in the same concentrations
was ‘added to the other set. A;Ete;’ two days of inductic;n, the two

sets were harvested and their tyrosinase contents determined.
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It can be seen in ‘Fable 25 that nickel and copper had the same
large stimulatory effect on the amount of tyrosinase made by EDTA-~
treated cultures. Thus it is probable that some EDTA remains in
the treated mycelium after rinsing with water to remove it, and that‘
copper and nickel assist the restoration of tyrosinase by binding

that ED TA.

Table 25 . The Effects of Copper and Nickel on the Restoration of
- Induction After EDTA Treatment.

. Tyrosinase Activity

Molarity of . © ufg
C'u.SO4 or 1\’[1(312 | Cu504 . N:LCl2
0 27
10‘6 1% 21
1072 18 21
Tl 184 " 180
w3 ;
10 142 144
Water-washed control 84
EDTA-treated control 1.0

Tvx.ro—day old cultures of 69-1113a were treated with EDTA and
induced for two days in .02M NaPO , buffer pH 6.0 containing

3 x 10~5M CaCl. and L-amino acids 2 x 10=3M (each) and either
CuSO or N1Cl as noted.



The retained EDTA must be bound to a cation which can be
displaced or replaced by calcium, since when the conce’ntratlon of -
calcium is high enough, nc'i‘added copper is necessary to obtain
maximal synthesis of tyrosinése. The most reasonable candidate
for this cation is calcium itself, since the fact that calcium must
be added to the mycelium even in the presence of copper in order to
get full restoration implies that it is not present in adequate amounts
in EDTA-treated mycelium.

G Other Cations.

Other ions were tested less critically than nickel and copper
on EDTA-treated cultures. Although some stimulation of restora-
tion above that caused by calcium alone was observed, they were
' ' : . ++ ++
all less effective than copper. These ions were Mn , Zn , and

= + i e s ’
I\/Ic;-O4 . Both Ag and Hg completely inhibited restoration at
-6 . y
10~ gm ions/liter.

During the earliest work with ED TA-~treated cultures, it was
assumed that copper would be essential and therefore tests centered
on replacing calcium by other ions. The effect of magnesium was
studied intensively and is reviewed in the next section. Among
other cations tried, only strontium appeared capable of replacing
calcium. Cations which did not replace calcium under the conditions

_ . + ++ ok H
and at the concentrations:tried, were KX , Ni , Zn , Fe , Mn '’
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and Co . The ability of strontium to replace calcium in biological

systems is not unusual. The best known example is the ability of

strontium to be deposited in bones in place of calcium (91).

‘1. Magnesium and the Restoration of Tyrosinase Induction

After ED TA-Treatment;

One common use of EDTA is to remove magnesium from
biochemical systems requiring it. For example, magnesium stabil-
izes ribosomeé in vitro, and EDTA is used routinely; to break ribo-
somes down into their sub-units (92,93). Like calcium, magnesium
did not appear to be refnoved from the miyicelium by EDTA according
to the spectrographic analysis (cf. p. 74 ). However, since cal-
cium and_rna..gnesium are similar lchemically, it was suggested that
magnesium might have the same effect as calciun.a on the restoration
of tyrosinase induction after EDTA treatment. Two duplicate sets
of cultures were treated with EDTA and identical additions were
made to the I-)hosphate'buffer except that calcium was added to one
set and magnesium to the other. Table 26 shows 1;hat magnesium
either had no effect or decreased the afnount tyrosinase induction

restored.
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Table 26 . Magnesium and the Restoration of Induction

After EDTA Treatment.

Additions ; . Mol arity Ty'ase

to buffer ' | MgSO4' ulg

Water-washed control : 0 . 4.9

ED TA-treated: ‘ :

None ' 0 1
or caléium, ) 10—5 0
or L~amino acids 10_4 0

| 0 : 30

Copper ' 10—5‘ | 18

107% . 13
0 £
Copper, L-amino acids 1()“5 ' 40
1067 , : 41
0 _ 54
Calcium, copper len5 33
| : 107% 29
o 152
Cialeiasy, copper, Leamlng 1077 ' 93
acids 10-4 116

. 0 1.6
Calcium, L-amino acids 1072 0
| 107% 4

Two-day~old cultures of 69-1113a were treated with EDTA and
induced in .02M NaPO  buffer pH 6.0 containing the additions noted.
CaCl, 5x 1075M; GuSD, 53 1075M; L-amino acids 2 x 1073M
(each%. ’



When the data are compared, as in table 27 , a further

point appears.

Table 27 . Effects of Magnesium and Calcium on the Restoration

of Induction Aftelj ‘EDTA Treatment.

Present in Additional - Ty'ase %
induction buffer cation . u/g change
rNone 30 » L e
Copper —| Calcium 54 +80
Magneéium ; 18 = - -40
-
TNone : . 37 e
Copper,.L.--am'inor— Calcium 152 +310
acids ‘
Magnesium 41 +11
~— ! :

Data from table 26

The addition of calc;ium to buffer‘containing copper Or copper
and amino acids caused a large increase in the amount of tyrosinase
made, Whereas the addition of magnesium caused either a decrease
or no change. One explanation.o'f this result is that the EDTA does
not remove ions from the inside of the mycelium where magnesium
is important, b_ut only from the outside and membrane.'where calcium
is important. A second explanation is that magnesium may be in such
great excess in mycelia grown on Vogel's medium N that EDTA can-

not remove enough of it to have any effect. The growth curve in
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Figure 5, Growth curve of Neurospora for magnesium.

69~1113a was grown for two days on Vogel's minimal medium N with
concentrations of MgSO, from none to 10-3M. Cultures were har-
vested, dried overnight at 100°C, and weighed. Mg804 concentration
of normal Vogel's minimal medium N is 8 x 10-4M.
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units /g wet weight

Tyrosinase A étivitf

. T 1072 10”7 10°

Mg-H. or Ca molar

4 3

Figure 6. Magnesium vs calcium in the restoration
of tyrosinase induction after ED TA. Two-day-old cultures of
- 69-1113a grown on low Mg™ Vogel's medium N (6 x 10"°M MgSO )
were treated with EDTA and induced in .02M NaPO, buffer pH 6.%
containing 5 x 10”*M CuSO,. Either CaCl, or MgSO, was added
in the molar concentrations shown.
X---X MgSC)4 ' Oo—-0 CaCl2
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figure 5 shows that magnesium becomes limiting to growth
between 6 and 10 x 10—5 gm ions/liter. Thus the concentration of
magnesium in Vogél's basal salts (8 x 10-4 gm ions/liter) is about
10-fold greater than the minimal amount nee‘ded to support optimal
.growth.

Cultures of 69-1113a were grown for two days on low mag-
nesium (8 x 10—5M) Vogel's minimal medium and then treated with
EDTA. Copper and L-amino acids were added to all the cultures. ‘
In addition, magnesium or calcium was added in coﬁcentrations from
iO—éM to 10—3M. The results (figure | 6 ) show that magnesium
did not stimulate the restoration of tyrosinase synthesis at any
concentration, whereas calcium did at about 10_51\/1. Thus even

“when cultures were grown on media containing the minimal amount
of magnesium to give normal growth, the restoration of tyrosinase
induction did not require magnesium. Thus EDTA treatment did not

make the induction of tyrosinase dependent on added magnesium.

i, Calcium, Copper, Nickel, and the Growth of Neurospora.

Th;e amount of calcium chloride qsed to- r_es'tc;re induc‘tic‘)n.-
(5% 10"51\/1)":15 oﬁe—tenth ‘Ehat present in Vogel's ﬁmir‘iimal‘mediilm N.
On the other hand, 5 x 10-4M' cupric sulfate is 500 tir:_les the amount
present ih V,Ogel's.mediurhl N, and no nickel chloride is present in

that medium. What changes, if any, do these different cation
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Figure 7. Calcium growth curve of Neurospora.

69-1113a was grown for two days on Vogel's minimal medium N
with concentrations of calcium chloride from none to 10~3M.
Cultures were harvested, dried overnight at 100°C, and weighed.
Normal concentration of calcium chloride in Vogel's minimal
medium N is 6.8 x 107%M,
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concentrations have on the growth and enzsrme content of 69-1113a?

A growth curve of Neurospora for calcium chloride is shown
in figure 7 . Cultures of 69-1113a were grown on 20 ml of
medium N containing zero to 10_3M calcium chloride for two days at
25°C in standing culture in 125 ml Erlenmeyer flasks. The cultures
were hérve sted, dried overnight, and Vweighed. The figure shows
that Vogel's medium N contains the amount of calcium chloride which
sustains opfimal growth, 6 x 10.-4.1\/[. The amount of calcium chloride
used to restore induc’gion in the presence of copper, 5 x lO-SM, is
aiso about that giving half maximal grbwth. The growth rate for
69-11 13a is lmuch more sensitive to the ‘amount of calcium chloride
in the medium than the final weight. Thus if the growth e?cperiment

was allowed to run for fo'ur»da,ys before the cultures vlvere harvested,
the dry weight of all cultures grown on more than 6 x 10~6M calcium
ch}oride was the same.

An attempt was made to determine w-hether copper is essential
to the growth of Neurospora, and whether excess copper inhibits
growth. Vogel'é 'medium N containing sucrose, but without citrate,
was treated with dithezone according to the method of Olson and
Johnson (72) to remove any copper- in it, and a trace element solution
lacking copper was added. Copper chloride was added in concentrations

ranging from mnone to IO—ZM. The medium was placed in flasks and’
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autoclaved. The flasks were inoculated with conidia of 69-1113a and

grown without shaking for four days at 25°C. Then the mycelia were
harvested, dried overnight at 100°C, and weighed. No mycelium
appeared in the medium containing 10—2M copper chloride. Table 28

shows the results of duplicate flasks. The dithezone treatment did

Table 28 . The Effect of Cupric Sulfate Concentration on the

Dry Weight of 69-1113a.

Molarity Dry
CuSO4 Weight

_ i

, 19.9

None 20T

294 1

: 26.6

10 -6 30.0

23.9

3.3

10'5 33 o I

R T o

10'4 26.7

‘ 12.5

1073 12,1

10-2 e

"69-1113a was grown without shaking for two days at 25°C in modified
Vogel's medium N (no sodium citrate, no copper sulfate). Copper
sulfate added in amounts noted. The cultures were harvested, dried
overnight at 100°C, and weighed.

: ; ~ -3
not reveal a requirement for copper. The presence of 10 "M copper
. —4 ¥ - =
chloride inhibited growth, and 10 M copper chlor_ide did not, al-

though the pads appeared browned. Nicholas ( 88 ) was able to
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demonstrate a copper requirement in Neurospora on the basis of
the dry weight of the mycelium. He also found that 4 x 10—5M copper.
chloride was toxic. This difference in toxicity may be aue to a
str-":nin difference (he used ﬁm '52973.). or to the &ifferenceﬁn the
media used; his had a pH of 4.8 instead of the 6.0 found in Vogel's.
medium N; For Whatevell; reason, the amount of copper used in
restoring induction (5 x'lO—4M) A only slightly inhibited the
growth' of 69-1113a. Cultures grown four days on different concen=-
trations of copper sulfate all contained the same amounts of tyro-
sinase, L-amin;) aéid oxidase, and NA.Dase, so the amount of copper
used to restore induction did not induce growing cultures of 69-1113a.

Nickel chloride did not inhibit the growth of 69-1113a in
Vogel'sv medium N containing'ci;trlate at conc‘entrations up to 10“3M.

J. Heat Activated ""Protyrosinase' in EDTA-Treated Cultures.

Tyrosinase can exist'in a form which is-inactive until heated.
This "protyrosinase'' was shown by Gest and I—Iorowité (51) to be
completely activated by heating extracts in sodium phosphate buffer
fo‘r 1 -% minutes at 59°C. The extracts of cultures treated with
EDTA and then induced in buffer plus the addition of cations and
amino acids, were hgat activated to reveal any '""protyrosinase'' in
them. .As seen in table 29 |, oﬁly the cultures containing 3 x 10"4M

-3
calcium chloride and 2 x 10 "M amino acids (each) contained any
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“protyrosinase.!" This amount does not invalidate the conclusions

on the optimal amounts of ions necessary to get maximal production

of active enzyme after ED TA.

Table 29. Heat Activation of Tyrosinase in Extracts of

EDTA-Treated Cultures.

Additions to | ' Ty'ase Percent
induction buffer unheated heated increase
ulg ul/g
. Water-washed control : 64 60 - 6

EDTA-treated

None 2 0 (-100)
Low calcium, copper " 39 32 -18
Low calcium, copper, _ 80 X - 8
L-amino acids '
" High calcium, copper 18 14 -22
High calcium, copper, 72 96 $33

. L.-amino acids

Two-day-old cultures of 69-1113a treated with EDTA and induced
for two days in . 02M NaPO, buffer pH 6.0 with the additions noted.
Low CaCl, 3 x 10"§M; high CaCl, 3 x 10-4M

CuSOi g% 1095 = L-sodwe aeids 2x 10 M sarh
K. = The Effect of EDTA Treatment on the Metal Ion Content of
Neurospora.

" One expected result of treating the mycelium with EDTA was

a removal of large amounts of cations from it. To test this
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prediction, duplicate cultures were prepai‘ed, one set was washed
with ED ';[‘A and the other set with 0. 1M sodium phosphate without

- EDTA. Both samples were washed twice with deionized water, and
theh combusted at 450?’(3 in a muffle furnace in poréelain crucibles.
Table 30 shows the metal content of the ash determined in thg' ‘
Spec;trogré.phic Laboratory of the Division.of Geology, and the tyro-

sinase content of duplicate cultures to those ashed.

Table 30. fM»etal Content of Ash of Cultures Treated with

EDTA or Wit_h Buffer.

Washed with " Amount % Ty'asel
Ca Cu Fe Mg 2Zn Al “ulg
.IOMNaPO- 2% Qe 0.04 0.3 1.2'_ 0.4 0.5 162
4
pH 6.0
," 4 ke
5% EDTA in . 10M 0.3 0.04 0.3 1: 0.4 0.2 1.0
NaPO , pH 5.6

4

Two~day-old cultures of 69-1113a were washed with either 0.5%
EDTA in . 10M NaPO, buffer pH 5.6 or . 10M NaPOy buffer pH 6.0
without EDTA. KEach group was rinsed 2X with deionized distilled
water and then ashed in porcelain crucibles at 450°C in an electric
furnace. Enough mycelium was used to obtain at least 100 mg ash.
Analyses by flash spectrography.

Tyrosinase content of cultures which were duplicates of those
-ashed.

The most striking feature of the results is that the amount of cal-

cium, copper, and magnesium was virtually the same in the two
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ashes. Thus it appears thét EDTA has removed so little of these
three metals that the difference cannot be detected. This leaves two
alternative explanations of how EDTA inhibits induction: (1) some
EDTA is left in the mycelium and complexes certain essential
cations; (2) the EDTA removes a small but essential fraction of the
cations present. The results with nickel and copper suggest that
EDTA acts by method #1., The fact that in the presence of copper or
nickel full induction is restored only if calcium is added éuggests
that EDTA has removed a small fraction of the calcium of the

mycelium.

L. The Effect of Water Washings on Induction.
If ED TA is merely removing loosely bound calcium from the
outside of c'e'llfs, then it might Be possible to duplicate its effect by
repeated water washings. This was tried once as shown in table 31.

Table 31 . Effect of Multiple Water Washes of Induction
of the Three Enzymes.

Washed with water Ty'ase L-Ox'ase NADase
' u/g - u/g ul/g
2 times ' 62 1.07 35.4
10 times - 98 1.34 16. 4

Two-day-old cultures of 69-1113a were washed with water either
2X or 10X and induced for two days in .02M NaPO4 buffer pH 6.0.
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As can Be seen, washing the myceliuﬁ 10-times with water
~instead of twice increased the yieid of tyrosinase, did not affect
the yield of Li-amino acid o:;idase, and halved the yield of NAD a;e
during the subsequent induction. Thus a five-fold increase in the
number of water washes did not mimic the e;ffect of EDT.A on induc-»
tion.

M. Effect of Sugars on the Restor ation of Induction in

EDTA-Treated Cﬁltures ¥

When cultures of Neurospora are starved in buffer; they
produce large amounts of tyrosinase, L -amino acid oxidase, aﬁd
NADase despife the absence of an energy source in the buffer. Pre-
sumably, the glycogen present in these cultures is used as the energy
source for these syntheses (66). The enzyme « -amylase, which
breaks down glycoggn, has been purified from many organisms (67).
Itis a ;:alcium requiring enzyme. Although itis uéually very dif-
ficult to remove all the Cal_cium from the enzyme, it was possible
that ED TA was removing enough to make it unstable, thereby inactiv-
ating it. Theréfore, it is possible that EDTA coﬁld inhibit the util-~
ization of glycogen by starving cultures. To test this explanation,
three'sugars—l—sorb;)se, raffinose, and glucose~-were added to EDTA-

treated cultures in the presence of copper and amino acids (table 32).

-
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Table 32. Effect of Sugars on the Restoration of Tyrosine

Induction After ED TA-Treatment.

Additions to induction buffer o Ty'ase
. g

Water -washed control ‘ 62

ED+’-I‘*_A- te _e*:_ _?_.te d:

Ca , Cu , amino acids 120
++

Cu , amino acids ' 66
o g

Cu , amino acids + sorbose 7.6 .
++ . . 5

Cu , amino acids + raffinose 18
++ , . '

Cu , amino acids + glucose ‘ 2.2

Ca++, Cu++, amino acids + glucose 22

Two-day-old cultures of 69-1113a were treated with EDTA and
placed in . 02M NaPO, buffer pH 6.0 with the additions noted:
CaCl. 5x 10-5M; Cuf§o4 5x 10~4M; L-amino acids 2 x 10-3M each;
sorbose, raffinose and glucose, 1% each.

- At the concentration tried, all three sugars inhibited recovery
rather than stimulating it, as would be expected if they were capable
of replacing calcium. This result does not allow any decision to be

made about the hypothesis of EDTA action made in this section.

N. The Effects of EDTA Treatment on the Mycelium.

In order to understand.better how EDTA inhibits induction,
several studies were undertaken on the effects of EDTA on the

properties of the 'mycelium.
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0. The Effect of EDTA on Dry Weight During Induction.

During the induction of tyrosinase in phosphate buffer, the
dry weight of the mycelium decreases. The leakiness of EDTA-
treated cultures suggésted that EDTA treatment would increase this
wéight loss. 'i"he decrease i.n dry weight and its relation to additions
to the buffer after EDTA treatment was therefore determined. It
was hoped that some relationship between effect on weight loss and
the restor aﬁon of induction would be detected. Two-day-old cultures
of 69-1113a were treated with EDTA and placed in the appropriate
induction buffer. During the next 50 hours, cultures were harvested,
dried overnight at 80°C, and weighed. .Figure 8 shows 1;he change
in dry weight with time pf these cultures. Duplicate 50-hour cul- |
- tures were hafves_ted and their tyrosinase content measu_red and
recorded in table 33 .

Several points are demonstrated by these data: First, both
water-washed and ED TA-treated cultures‘had lost a large fraction_
of their original unwashed mass at the start of induction, 16% and
23%, respectively. Second, theshapes of the control éurve, the
EDTA-treated phosphate only curve, and the EDTA-treated Vogel's
salts curve. were very similar. Third, after 50 hours, the dry weights
ranged from 68% down to 52% of the original dry weight. Fourth,

there was no correlation between the dry weight of a 50-hour culture
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Figure 8. The decrease in dry weight during induction.
day-old cultures of 69-1113a were treated with ED TA and placed in
.02M NaPO, buffer pH 6.0 with the additions noted in table 33.
were harvested, . dried overnight at 100°C and weighed.

Two-

They
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Table 33 . The Dry Weight and Tyrosinase Activity of

EDTA-Treated Cultures .

Additions to buffer : Dry % Ty'ase
| weight original u/g
mg dry ;
weight
Water-washed control 27.9 64 156
EDTA-treated: _

None-EDTA control 22.8 52 le 1
Low calcium, copper 23.5 54 146
Low calcium, copper, - 2.6 63 195

L-amino acids - . '
- Low calcium, L-amino acids 24.2 56 9
High caléiufn,- L -amino acids 29.0 68 232
I = .
1X Vogel's basal salts 25.4 58 76

Two-day-old cultures of 69-1113a were treated with EDTA and
induced 50 hours in .02M NaPO, buffer pH 6.0 with the additions
noted: The dry weights were determined on duplicates of the cul-
. tures used to determine tyrosinase activity.

. CuSO4 5% 10'4M; high calcium 5 x 10-4Mm CaClZ;

tows salchum 5% 10 PN Cac12; Tt ride 3w 10 M exdh.

1'Vogel's salts instead of buffer.

and the amount of tyrosinase in its duplicate. Fifth, addition of
‘Vogel's medium N to EDTA-treated cultures starved for 50 hours
in buffer caused a resumption of growth, showing that at least part

of the mycelium was still alive at that time.
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P, An Increase in Mycelial Permeability After EDTA Treatment.

One role of calcium in cells is to stabilize membranes,
making both depolarization and changes in.ion permeability less
likely to occur ( 89 ). Since calcium is required to restore induc-
tion, it was thought that-ED TA might be affecting the cell membrane |
by increasing its.s permeability. Recently Leive (68,8) has shown
that a brief EDTA treatment does increase the permeability of
E. coli in a non~-specific manner.

One consequence of increased cell permeability‘ might be the
loss of amino acids and nucleosides to the medium resulting in
inhibition of induction due to a lack of precursors of the enzymes.
Therefore, the various wash solutions from control and EDTA-
treated culture;s were studied to deterrnine‘ the amount of material
absorbing at 260 mu in them. Figure 9 s.hows the absorption
‘spec.:trum of ijesh Vogel's medium N and medium in which 69-1113a
héd grown for two days. The old‘medium, curve B, has a definite
shoulder at 260 my , suggesting the presence of nucleosides in the
medium. Figure 10 shows the absorption spectra of the water
used to wash the control cultures and of a. 1: 5 dilution of two~-day -~
old medium (curve C). Two points are important: (1) the first water
Wwash, curve A, contains mofe absorbin.g material than curve B,

although the volumes of the two washes and their time in contact
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B Figure 9.  Absorption spectra.

A. Fresh Vogel's medium N vs water blank.

B. Vogel's medium N after 69-1113a has grown"

in it for 2 days vs fresh Vogel's medium N.
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w5 ; Figure 10. Absorption spectra.

‘A. 1st water wash of control mycelium vs water

blank: vol. 10 ml; time in contact with my-
celium 30 min.

'B. 2nd water wash of control mycelium vs water

‘blank: vol. 10 ml; contact time 30 min. .
C. 2-day-old Vogel's medium N diluted 1:5 vs.
water blank: '
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with the mycelium were the same; (2) both curves resemble closely
the -diluted old me_dium. Figure 11 shows the absorption spectra
of EDTA (curve 4), file‘ two EDTA washes of the myceliu@ (curves
B and C), and the two water washes used ‘to remove the excess EDTA
from the treated mycelium (curves D and E). First notice that each
wash contains material absorbing at about 260 mu . In contrast to
the control cultures, each wash contains more of this material thar_;
the preceding wash. The amounts of material in these washes can
be roughly quantitated by assuming that they are an equimolar
solution of the four common ribonucleosides; such a solution should
have a millimolar absorbancy of about 10. Table 34 shows the
amount of ribonucleosides present in each wash solution, as estim-
ated using the se assumptions. Thus EDTA does increase the per-
meability of the rﬁycelium. |

It was decided to follow the permeability of cultures during
induction to determine whether control cultures be‘come as permeable
as EDTA-treated cﬁltures. Two-day -old cultures of 69-1113a were
treated with EDTA or water-washed and induced. Figures 12 and
13 show the absorption spectra of the induction buffer after 2 hours
20 minutes and 17-1/2 hoﬁrs of induction. The water-washed con-
trols do lose 260 mp absorbing rna.teriais to the buffer, but much

later in the course of induction. The addition of calcium and copper,
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Figure 11. Absorption spectra. 2 :
A. 0.5% EDTA in 0. 1M NaPO, buffer pH 6 vs water blank.
B. First EDTA wash of mycelium vs EDTA blank:
% vol. 10 ml; time in contact with mycelium _2.0 min.
C. Second EDTA wash of mycelium vs EDTA blank:
_ vol. 10 ml; contact time 20 min. ’ .
D. First water wash of EDTA-treated mycelium vs water blank:
vol. 10 mli; contact time 30 min: ‘
E. Second water wash of ED TA-treated mycelium vs water blank:

vol. 10 ml ; contact time 30 min.
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[

1 1 |

2)%0 2i60 ZéO 300 240 260 280 300
wavelength mjy wavelength mu
Figure 12. Absorption spectra Figure 13. Absorption spectra
of 2% hour induction buffers. _ of 175 hour induction buffers.

Samples B & C diluted 1:5.
Curve A: water~-washed control. 'Curve B: EDTA-treated control.
Curve C: EDTA-treated: buffer . + 5 x 1075M CaCl, + 5x1074CuS0,,.
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which should partially restore induction, did not decrease the per-
meability of the ED TA-treated mycelium. Table 35 shows the
estimated amounts of ribonucleosides lost to the induction buffer by

the se cultures.

Table 34 . Amount of Ribonucleosides in Each Wash Solution of
~an ED TA-Treated Culture. '

Concentration of

Solution ' ribonucleosides :
“map M/ml

lst ED TA wash 18

2nd ED TA wash 24

1st water wash of ED TA-treated 46

2nd water wash of ED TA-treated 60

For details on preparation, see figure 11 . Ribonucleoside content
estimated from Aj¢q and the assumption that the millimolar
absorbancy of an eq:imolar solution of ribonucleosides at pH 6

is 10. Ribonucleoside nature of material arbitrarily assumed.

Table - 35. The Amount of -Ri‘bonucleosides in the Induction Buffer.

Time Treatment ' Additiéns to -Concentration of
‘ buffer ribonucleoside !
mM/ml

Water -washed - None 20

.2 hr 20 min{ EDTA None = 170
| ED TA Ca++,cu++ : 160

“Water g None 150

17-1/2 hr - EDTA None 330
| EDTA ca't,cu' 280
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{(footnote to table 35 )

Two-day~old cultures of 69-1113a were washed with water or EDTA
and induced in . 02M NaPOy buffer pH 6.0 with the additions noted.
The cultures were harvested at 2 hours 20 minutes or 17-1/2 hours,

and the spectrum measured against a water reference.(seefigs.12 & 13)

‘CaCl, 5 x 10-5M; CuSO, 5x 10-4M.

1 Estimated as in table 34.>

The water -washed culture loses about 130 mp M/ml of bases -between
2-1/2 hours and 17.—1/2 hours, which is about the same as the EDTA- °
treated cp.ltures. Thus it Wouldlappear that iﬁ regard to. perme-
ability, the difference between the ED TA-treated cultures and the
control cultures is mainly. that ED TA -treated cultures are leakier
earlie‘r, so that at any time the EDTA-treated cultures have lost
more material than the water-wash control.

In a separate experiment, shown in fable 36 , the amount
of ninhydrin ﬁositive material accumulating in the induction buffer
in 48 hours was measured, as well as the amdunfc of nucleosides.
Calcium and copper at levels Which restored 50% of induction did not
cause a decrease in the amount of amino acids in the b_uffer; é.nd
only slightly é.ecreased the amount of bases.

In summary, these experiments indicate, first, that the
water -washed control cultures -lose large amounts of material to

the buffer, but later than EDTA-treated cultures, and, second, that
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Table 36. The Contents of the Induction Buffer of
Induced Cultures.
Washed Added to Ty'ase Ribonucleo- Ninhydrin

with buffer u/g _side positive as
mu M/ml  pM-ile/ml

Water ) None 74 230 . ° 3.4

EDTA Note 1 482 4.4
' | o+ | ;

EDTA Ga ', Ca 35 372 | 4.4

Two-day-old cultures of 69-1113a were treated with ED TA or water
and induced for two days in . 02M NaPOy buffer pH 6.0 with the
additions noted. 5 4

c:iczl2 5x 10 "M; CuSO, 5x 10 M

The buffers were saved and the absorption spectrum determined
using water as reference. Ninhydrin positive material was deter-
mined by the method of Moore and Stein (61), with isoleucine as

- standard. The concentration is in { Moles isoleucine/ml.

partial restoration of induction by calcium and copper did not
greatly change this increased permeability. The selective perme--
ability of cell membranes depends on active cellular metabolism.
The loss of the permeability barrier in starving water-washed
cultures is most ?robably due to the lowered metabolic ac’;ivity of

| these.cerlls. It may be that EDTA indirectly increases the perme-
ability Qf Neurospora by inhibiting metabolism, al.though Leive ( 86)

has shown this is not the mechanism in E. coli.
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Q. The Effect of EDTA Treatment on the Incorporation of

Amino Acids Into Proteins in Inducing Cultures

The treatment of cultures with EDTA inhibits the syrli-
thesis of three proteins, tyroéinase, L -amino acid oxidase, and
NADase during subsequent induction in buffer. The synthesis of two‘
of these enzymes is fully restored by the addiﬁon of calcium, copper,
and L-amino acids to the induction buffer. Experiments were carried -
out to determine whether ED T..A. inhibited uptake of exogenous amino
acids and general protein synthesis .and, if it did, whether the above
additions rex.rersed this inhibition.

Two-d.ay-old cultures of 69-1113a were treated with
EDTA and placed in b;lffer with the additions noted in table 37 .
Then DL ~valine-1-~C b was added, and the Icultures incubated for
15 minutes. The incorpo‘ration was stopped and the amino acids
extracted by the procedure of Roberts et al. (40), as described in the
Methods section. Itis apparent that the EDTA treatment strongly
inhibited the uptake of vaiine from the buffer. In experiment #2,
some counts were taken up by the culture treated with EDTA and
placed in plain buffer, but these counts in the free a.rnin'o acid pool
did not move into aﬁy other fraction, suggesting ‘that EDTA inhibited
protein synthe sis'as well as the uptake of exogenous amino acids.

Calcium chloride, at the higher concentration used, restored uptake
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Table 37 . The Incorporation of Radicactive Valine by
EDTA-Treated Cultures.

3 g Counts 3
Additions to recovered in

induction buffer Induction Cold " Ethanol Hot NaOH

buffer TCA ether TCA soluble
cpm soluble soluble soluble (protein)
Experiment #1: Sprn cpm - cpm cpm
Water-washed - 9,500 54,000 1, TT0 7,000 17,000
control
EDTA-treated: ' ‘ :
None £ 113, 000 238 © 84 0 . 280
Calcium 89, 000 2,400 350 880 2,400
Copper 111, 000 240 62 0 30
Calcium ' 112, 000 350 56 0 180
+ copper : '
Magnesium 104,500 2,500 . 49 0 30

Experiment #2:

Control 1,800 28, 000 1,570 5,900 12,300
None 56, 000 4,250 150 0 104
Low calcium 51, 000 15,700 454 . 446 502
High calcium R 49, 000 2,200 4,200 7,360
Magnesium 38, 000 30,000 1,630 1,3/70 1,800
Copper 71,500 3,000 0 0 135
Low calcium 4,000 - 4,350 304 0 52
+ copper ' ' ‘
Experiment #1: ' i

Cultures were induced 90 minutes before addition of DL~ -
valine-1-C 14, 116,000 counts of DL -valine-1 -c1% added to each
flask. Concentratlons CaClp 5x 10° 5M; CuSO4 5 x 10-4M;
magnesium 107 M. Cultures were 1ncuba.ted 15 minutes with
shaking (cf. p. 17 ).

Experiment #2:

Cultures were induced for 30 minutes before addltlon of
DL-valine-1-C14, 84, 000 counts of DL.~valine e were added to
each flask. Concentrations:. low calcium 5 x 10'5M CaCl,; high
caleium 2 x 1073M CaCly; MgSO4 10-3M; CuSOy4 5 x 10-4M.
Cultures were incubated 15 minutes with shaking.
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of the valine from the buffer and partially restored protein synthesis.
The lower concentration of éalcium was much 1es-s effective. Copper
alone or in conjunction with the lower concentration of calcium did
not restore the uptake of exogenous amino acids. Since the number
of counts in the free ar'nino acid pool is very low, it is nc.)t possible td
conclude definitely that protein synthesis was not restored by this
treatment although the data suggest that conclusion. Magnesium did
restore ﬁptake and synthesis but wés less effective than calcium.
'T‘he presence of other amino acids completely inhibited uptake of
C14 valine from the buffer, even though all aliphatic amino ac'}ds
were omitted. This is not surprising in view of the'complex inter-
relations among different amino acids for transport in Neurospora
found by St. Lawrence et al. (65).

R. High Calcium Concentrations and the Restoration of

Tyrosinase Induction after ED Tl

The effectiveness of high calcium alone in restoring uptake
of exogenous amino acids and protein synthesis led to experiments
on its ‘ability to restore the induction to tyrosinase. Twoéday-old
cultures .of 69-1113a were treated with E]jTA a:ad induced in phos-
phate buffer containing the adé.itions noted in table 38 . At the
highest concentration of calcium, the amount of tyrosinase made was

about one-fifth that in the controls, but the addition of amino acids
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Table 38. The Restoration of Tyrosinase Induction by
Calcium and Amino Acids.

Additions to buffer

CaClZ Amino Ty'ase
M _ acids u/g
‘Control ' (No EDTA) igi
r -3 I ' 29
Z2x 10 —— NOo 29
, 32
Yes 33
EDTA : .
= / -
o 3x10 = —— No ;2
treateci ' : 78
. ‘ X
< hes ' 99
-5 - 3.5
3x 10 — ' No 1.0
59
None None < 0.5
£ | :

Two-day-old cultures of 69-1113a were treated with EDTA and
induced in .02M NaPO  buffer pH 6.0 with the additions noted.

L -amino acids 2 x 10:3M each. .

Control washed with water and induced in .02M NaPC)4 buffer pH 6.0. -

had no‘ effect upon the amount of enzyme made. At. 3x 10—41\/[ cal~
cium chléride, large amounts of tyrosinase were made only in the
presence of amino acids, ‘almost two-thirds of the control values.
As was known before, very little tyrosinase was made when the

-5 . .
calcium concentration was 3 x 10 "M. Thus when the calcium
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éoﬁcentra‘cion was high enough to allow the. uptake of exogenous
amino acids from the buffer, those exogenous amino acids did not
affect the .amour‘lt of synthesis restored. This paradox may explain
the role of amino acids in the restoration of induction after EDTA
freatment. The EDTA-treated cells lose large‘ amounts of nucleo-
sides and probably amino acids to the wash solutions and induction
buffer at early times in the course of induction. Thus the effective
concentration of amino acids in the mycelium is greatly decreased
and the cells cannot take up the lost amino acids from the buffer,
éo protein synthesis cannot occur at the highest efficiency. When
amino acids are present in the outside buffer in high enough con-
centrations, or when the calcium concent.rationvis high enough to
restore amino acid uptake, the amino acid concentration in the
mycelium can be maintained at a high concentration and protein
synthesis o'ccﬁrs efficiently. However, high levels of calcium
inhibit induction so that these two competing effects of calcium resﬁlﬁ
in a low yield of tyrosinase at 2 x 10—3M calcium chloride.

S. . Time Course of Induction of Tyrosinase After EDTA

Treatment.
As reported above, EDTA treatment greatly increases the
perme‘ability of the mycelium. It might also affect the time course

of induction. Cultures of -69-1113a were treated with EDTA and
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Figure 14, The time course of induction in EDTA-treated

and control cultures. Two-day-old cultures of 69-1113a were treated
with EDTA and induced in .02M NaPO, buffer %H 6 containing

5 x 10"5M CaCl,, 5 x 10™*M CuSO,, and 2 x 10"°M L-amino acids.
O——0 . Control cultures were washed with water and induced in
.02M 1\1:335’(.)4 buffer pH 6.0. X—X
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induced in phosphate buffer containing calcium, copper, and L -
amino acids. Control cultures were washed with water and induced
in phosphate buffer without additions. Duplicate cultures were
harvested at times over the next 47 hours and their tyrosinase con-
tent determined. As can be seen in figure 14, the time course of the
EDTA-treated cultures is the same as that of the conterls within the
error of the experiments. Thus EDTA treatment does not affect the
faétors determining the time course of tyrosinase induction following
restoration by tile ‘addition qf cations and amino acids.

T. The Requirement for Oxygen During the Lag Period.

The induction of tyrosinase shows three phases: (1) the lag
period--~the iaeriod between the start of induction and the time when
enzyme is first 'dete.cted; (2) the rise phase-~-the period after the lag
phase when enzyme is rising to its maximum éoncentraﬁon due to
rapid synthesis; (3) the decay phase--the period Wheh the concentration
of the enzyme decreases again.

" The lag phase of induction is obviously a dynamic period,
since it is the pgriod when conditions change in su‘ch a way as to per-
mit tyrosinase synthe-'sis to occur. It has been postu.lated-for several
reasons, including the fact that the best inducers are amino acid
analogues, that the substance preventing tyrosinase synthesis, the

.repressdr, is a protein which is destroyed during the lag phase.
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Figure 15. Theé requirement for oxygen during the lag

phase of tyrosinase induction. Two-day-old cultures of 69-1113a
were washed with water and induced in .02M NaPO, buffer pH 6.0.
Set #1 air expelled with sterile nitrogen at start of induction; after '
10 hours the nitrogen was expelled with air. Set #2 air present during

the entire induction. #1 O--0 N2 #2 X X air
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In this case it might be expected that oxygen would not be required
during the lag phase, since proteolytic enzymes do not requife
oxygen in order to function. To test this hypothesis, two sets of
cultures were washed Witil water and put in phosphate buffer. The
air in one set was replaced by nitrogen. After ten hours, the nitro-
gen was ex;pelled with air and duplicate samples were harvested at
times thereafter. Figure 15 shows that oxygen is necessary to
‘jget through the lag period. Thus the processes involved in the lag
period réquire energy ana are more complex than simple proteolysis.‘
In this respect, the events during the lag period resemble protein
turnover in mammals, where inhibitors of metabolism and protein
synthesis, e.g. NZ and DNP, inhibit protein catabolism (70,71).
On the other hand, p-fluorophenylalanine is an effective indﬁ.cer of
tyrosinase but inhibits protein breakdown in the mammalian sys-
tems (70). Thus the analogy to the mammalian system Brea.ks down.
In bacteria, p?otein turnover in starved cultures appears to be due
to simple proteolysis (69), but is eventually inhibited by NZ’ DNP,
etc. Thus the events during the lag period differ from those
involvedl in protein catabolism in either bacteria or mammals.

U. - EDTA and the Lag Period.

As shown in the preceding section, the lag period is a
period of dynamic change requiring oxygen. It was of interest to

know whether calcium, copper, and amino acids were required
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during the lag period. To answer this question two sets of EDTA-
treated cultures were prepared. One set had calcium, copper, and
amino acids added at the start of induction. The second set was
placed’ in phosphate buffer until nine hours of induction had passed
and then calcium, coppér, and amino acids were added. If EDTA-
treated cultures could pass through the lag phase without cations and
amino acids, the second set of cultures should start making tyrosin-
ase immediately ﬁvhen calcium, copper, and acids were added. The
results of the experiment are shown in figure 16 . It is evident
that the cultures could not get through the lag period after EDTA
treatment unless the'cé.tioné and amino acids were present. In fact,
the lag period was increased to 18 hours when the cations and amino
acids were not presént in the buffer during the first nine hours of
induction. |

The reason for the increase in the lag period has not been
examined e_#perimentally. Three explanations come to mind: (1) the
cultures have belen damaged by the long starvation in phosphate
after EDTA treatment, and this damage must be repaired before the
normal processes of the lag phase can proceed; (2) the cultures have
gone through the normal processes of the lag phase during starvation
in buffer after EDTA tfeatment, but the absence of ions has imposed

new requirements on the system; or (3) the cultures have been
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Figure 16. The requirement for cations and amino acids
during the‘lag phase of tyrosinase induction after EDTA treatment.
Two-day-old cultures of 69-1113a were treated with EDTA and placed
in .02M NaPO, buffer pH 6.0. Set#1 X K calcium, copper and
amino acids were added at the start of induction. Set#2 O---O
calcium, copper and amino acids were added 9 hours after the starg
of induction. Set#3 A mno additions to_g‘ne buffer. Ca,Clz 5x10 " M;
CuSO4 5 x 10-4M; L-amino acids. 2 x 107°M.
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depleted of energy during the first nine hours and cannot take up fhe
ions from the buffer as rapidiy as at zero time. Dr. Fling in this
laboratory has found that after ten hours of starvation in buffer,
water -washed cultures do not take up amino acids quickly from the
medium (29). Experiments have showﬁ that even at zero time,
EDTA-treated cultures take up amino acids very slowly from the
medium (cf. p. 89 ). Thus it seems that a combination of the first

and third explanations is the most reasonable one.

V. Completion of the Lag Phase Under Conditions Not |

Permitting Tyrosinase Production

As shown in the previous"section, if no cations nor amino
acids are added to the buffer for;the first ten hours after‘EDTA—
trealtiment, the lag phase is prolonged from about 8 hours to about 16
hours. It was decided to determine whether any conditions could be
founci that would allow the culture to éomplete the lag phase but not
allowrit to enter the syntheésis phase of iﬁduction. Since copper alone
gave partial restoration of induction, EDTA-~treated cells can obvi-
ously complete the lag phase in the presence of copper without added
calcium. On the other hand, if the concentration of calcium in the
induction buffer was low, no tyfosinase was made after EDTA-
treatfnent. Yet it was possible that in the presence .Of low calcium

the lag phase was completed.
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To test this possibility three sets of cultures of 69-1113a

were treated with EDTA and placed in buffer. To set#1, calcium,

~

copper, and amino acids were added at time zero to~ - N
restore induction. To set #2, calcium was added at zero time, and
‘nine hours later copper and amino acids were added. To set #3,
nothing was added until the ninth hour, when calcium, coppér, and
amino acids were added. A set of control cultures were left with
calcium only during the entire induction. Duplicate cultures were
harvested at different times during induction. Figure 17 shows the
time course of each set of cultures. The culture which had ca.llcium
present during the lag period was able to complete thej lag period

as shown by the immediate appearance of tyrosinase upon addition of
copper and amino acids. When nothing had been present in the induc-
tion buffer during the first ﬁine hours, the lag period was prolonged
from less than 9 hours to at least 16 hours after the addition of
cations and amino acids, but once synthesis started in these cul-
tures, it was faster than in the other cultures. The culture which
had only calcium added to it after ED TA treatment deveioped less
than one unit/g of tyrosinase over 48 hours of induction. Thus
EDTA-treated cultures were able to complete the lag phase under

‘conditions which did not allow the production of tyrosinase.
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Figure 17. Ca and the lag phase. Two-~day'-old cultures of

69-1113a were treated Wit_{}}_i_ED rI_'l_f}; and placed in .02M NaPO4 buffer
pH 6.0. Set #l: X—X Ca ,Cu'’, amino acids added at time zero.
Set #2: O—O Ca'tt added at time zero, Cu'T, amino acids added at
hour 9. Set #3:; * ~—" Ca++, Cu++, amino acids added at hour 9.
CaCly 5 x 10-5M; CusOy4 5x 10~4M; L-amino acids 2 %10-3M (each).
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W. The Need for Cations During the Synthesis Phase of

Tyrosinase Induction

In the previous section it was shown that after EDTA treat-
ment, the mycelium cannot get through the lag phase unless cations
are added to the induction buffer. It is conceivable then that after
the cultures are through the lag phase, and in the rise or synthesis
phase of induction, the need for cations might not exist. To test
this possibility, cultures were allowed ’r.o‘ stand in phosphate buffer
unﬁl thej had completed the lag phase and then wefﬁe treated with
EDTA (see table 39). Itis clear that EDTA inhibited the synthesis
phase as well as the lag phase. The same cations were effective
- in restoring sy'nthesis as were required in the lag phase. Magnesium
at the concentration fested decreased the restoration achieved with
copper and amino acids, in sharp contrast to the results with cal-

cium. Thus calcium and magnesium do not affect
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Table 39 . Regquirements for the Restoration of Tyrosinase

Synthesis After the Completion of the Lag Phase.

Additions to buffer Ty'ase
o
Water ~-washed controls 132
EDTA-treated: 2

Amino acids 1.7
o ++ :

Ca , Cu , amino acids 190
4ok

Ca , amino acids 9
+ .

Cu -.i-, amino acids 80
+t '

Mg , amino acids _ 4.1

++ |
Mg++, Cu , amino acids 66
Culture harvested at time of EDTA treatment 0.75

Two-day-old 69-1113a was washed with water and placed in 5 ml
2 02M NaPO, buffer pH 6.0 for 11 hours, then treated with EDTA
and returneé to new buffer containing the additions noted.

L -amino acids 2 x 10—3M; CaCl. Hx lO_SM; CuSO4 5x 10-4M;
MgSO, 5 x 10™%M.

2

The cultures were harvested 34 hours after the EDTA treatment.

the synthesis phase of induction of tyrosinase in the same way after

EDTA treatment.

-

X Can ty-1 Perform Any of the Reactions Connected with the

Lag Phase in the Absence of Inducer?

The mutant strain ty-1 does not make appreciable amounts of

tyrosinase even if it is starved in phosphate buffer for ten days (29).
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Figure 18. The effect of starvation in buffer without inducer
on the time course.of a subsequent induction of tyrosinase in the
mutant t'y-1. Two-day-old cultures of ty-1 were washed with water
and placed in . 02M NaPO, pH 6.0. Set #1 had D-phenylalanine 0.2
mg/ml added at day zero. Set #2 had D-phenylalanine added at day
.41 . Set #3 did not receive D-phenylalanine. 1. X——X D -Phe at day
zero. 2. Q---O D-Phe at day 43. A---A No-D-Phe..
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This result suggests that ty-1 cannot perform some critical step in
the series of events occurring during the lé.g period unless an
inducer is present. Another possible explanation was that after ten
days, ty-1 could no longer synthesize tyrosinase due to destruction
of the synthesizing system. To test these alternatives, two sets of‘
two-~day -old cuitures of ty-1 were washed with water and placed in
phosphate buffer. An inducer, D-phenylalaﬁine, was added to one
set immediately, and the time course of induction followed. The
second set was allowed to starve for 4~-1/2 days before inducer was
added. Figure 18 shows the time course of induction in the two
experiments. It is obvious that changes had taken place in the
starvgd cultur_es, which decreased the lag period from about one day
to less than eleven hours. These changes did not affect the final |
amount of tyrosinase made by the cultures. Therefore, ty-1 can
perform some of the reactions required to get through the lag period.
in the absence of an inducer, but not all of them.

Y. Effect of EDTA on Tyrosinase Induction in Ty-1.

When 69-1113a is starved in carbon-free Vogel's minimal

medium N for two days, less than 5 units/g of tyrosinase are made
in the absence of an inducer. On the' other hand, after EDTA treat-
ment, over 50 units/g of tyrosinase are commonly found, without

-

adding an inducer. This result suggests that EDTA treatment can
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induce tyrosinase synthesis under these c‘;)nditions. To test this
hypothe sis, the mutant ty~1, which requires an inducer for induction
in phosphate buffer, was treated with EDTA, and the restoration of
induction in the présence and absence of D~phenylalanine measured.
Two-day-old cultures of ty -1 were treated with EDTA and
starved in phosphat.e buffer with the usual additions of calcium,
copper, and amino acids. In addition, 1 mg D -phenylalanine was
added to half the cultures. Table 40 shows that EDTA did not
induce ty-1 to make tyrosinase and that calcium copper and amino
acidé restored induction of tyrosinase in ty-1 when D—phenylalanine
was present. Thus EDTA treatment did not eliminate the requi-re-
ment for an inducer such as D-phenylalanine to get induction of
tyrosiﬁase in ty-1. So EDTA does not affect the same elements of

the control systems as inducers affect.

Z. Increased Sensitivity of Induction to Actinomycin D

After ED TA Treatment.

Leive has reported that a brief treatment of E. coli cells
with 10—3M EDTA renders them completely sensitive to actinomycin
(to which they are normally impgrmeable) without decreasing their
viability (68). Neurospora crassa conidia are very susceptible to

actinomycin D, but mycelia are much less sensitive (42).
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Table 40 . Effect of EDTA on Tyrosinaée Induction in ty-1.

Additions to induction buffer Ty'ase
u/g
+D -Phe ~D -Phe
Water -washed control 20 0 -
EDTA -treated: S
None . 0 0.5
o+
Cu 7.6 ' 0.5
o
Ca 0.5 0
4+ , , :
Cu + Ca++ ‘ 46 0
Amino acids 0 . 0.5
Cu-H~ + amino acids 1.6 1
+ . ’
Ca + amino acids 0 v}
Ca+-'.++ Cu++ amino acids 33 0.5

Two-day-old cultures were treated with EDTA and starved in .02M
NaPO, buffer pH 6.0 with and without 2 mg/ il ! D-phenylalanine.
The other additions to the buffer were 5x 10~4M CuSO, 5x 107°M
CaClZ, or 2x 107>M L-amino acids.

After EDTA treatment, the induction of tyrosinase and L~
amino acid oxidase is very much more sensitive to inhibition by
actinomycin D. (see table 41 )

These results confirm the conclusion drawn from earlier

work at much higher concentrations of actinomycin D, that both

tyrosinase and L -amino acid oxidase induction depend on RNA syn-

thesis during induction.
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Table 41. Increased Sensitivity of Induction to Ac’tinomycin D

After EDTA Treatment.

Washed Additions Act D Ty'ase L-Ox'ase % Inhibition
with to buffer conc. ulg ulg Ty'ase Ox'ase
' pmolar

Water None 0 150 3.9

Water .None 1.25 75 1.5 50 61
EDTA Ca-H-, Cu-H-, 0 221 4.1

' amino acids

EDTA H n 1,25 26 0.45 . 92 89
EDTA L " 0.6 30 0.30 90 93
EDTA oo 0.3 31 0.66 90 84

Two-day-old cultures of 69-1113a were treated with EDTA or washed
with water and induced in .02M NaPO, buffer pH 6.0 with the addi-
tions noted. CaCl, 5x 107°M; CuSO, 5x 107M; L-amino acids

2 x 10-3M each.

Aa, The Localization of Tyrosinase and L -Amino Acid

Oxidase in the Mycelium.

Metzenberg has determined that the enzyme B-fructofuran- |
sidase is located outside the cell membrane of Neurospora (74). It
is destroyed by treatment of the mycelium with 0. 1N HC1 at 0°C for
1 minute, while alkaline phosphatase, an enzyme located inside the
cell membrane (75), is only slightly affected. Both tyrosinase and
L -amino alcid oxida;se are completely inactivated by a one minute

treatment in extracts with 0. 1N HCI at 0°C (table 42 ). So this test

-
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‘ of Metzenberg may be useti to determine whether tyrosinase and
L'—amino acid oxidase are inside or outside the cell mem‘t;rane of
Neurospora.

Pooled induced mycelia of 69-1113a wére treated for 1 minute
at 0°C with 0. IN HCl. After neutralizing the acid, the.mycelia were
ground with sand and extracted as usual. They were ass-a.yed for
invertase (75), alkaline phosphatase (76), tyrosinase, and L-amino

acid oxidase (table 43 ).

Table 42 . The Inactivation of Tyrosinase and Li-Amino Acid

Oxidase in Extracts by Acid.

.1";(:1:iv:1’cy1
Enzyme . No HCI1 R +HC1
- Tyrosinase 30 0
L-amino acid oxidase 0.401 ; 0.000

Arbitrary units
An extract of an induced culture of 69-1113a was made 0. 1IN in HCI1
for 1 minute at Of’C, thgn neutralized and assayed.

Control mycelia not treated with acid contained all four
enzymes. Treated mycelia had lost almost all their invertase activ~
ity and L-amino acid oxidase activity. On the other hand, none of
the alkaline phosphatase or tyrosinase presént was inactivated by the

acid treatment. Therefore, Li-amino acid oxidase may be located
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outside the cell membrane where it can be inactivated by acid.
Tyrosinase is probably located inside the cell membrane where the

acid cannot reach it.

Table 43 . The Sensitivity of Four Enzymes in Whole

Mycelia to Acid.

‘Enzyme - ; t Activityl

‘ No HCI1 +HC1
Invertase " 14 ‘ I, 2
Alkaline Phosphatase 132 121
Tyrosinase ‘ ‘ 84 = 79
L-~amino acid oxidase 29 0..4:

Arbitrary units
An induced mycelium of 69-1113a was exposed to 0. 1IN HCI1 for 1
minute @ 0°C. The acid was neutralized and the enzymes extracted.
Invertase was assayed by the method of Metzenberg (75) and the
glucose produced was measured with glucostat reagent (Worthington

Biochemicals). Alkaline phosphatase was assayed by the method of
Torriani (76) as modified by Metzenberg (75).

. Since NADase was not inactivated by the tl;e atment vﬁth acid
in extracts, this test cannot be applied to determine its localization
in thé mycelium. | Zalokar and Cochrane (28) found it could be washed
out of conidia, which, with other data, suggested to them that NADase

is located outside the cell membrane of conidia.
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DISCUSSION |
A. THE CONTROL OF ENZYME INDUC TION

During the past few years, "~ .Dr. Horowitz has developed the
following model for the control of Wr"osinase synthesis. During the
growth of wild type cultures, a rapidly\turning over repressor which
prevents the synthesis of tyrosinase is formed. When the culture is
washed free of medium and starved in phosphate buffer, the steady-
state concentration of the repressor falls due to a decreased rate of
synthesis. Eventually,l it drops below a critical level, and synthesis
of tyrosinase starts. The lag period is interpreted as the period
during which the repressor concent?aﬁon'is falling to the level which
permits the start of tyrosinase synthesis.

The mutants ty-1 and ty-2 —_— strains in which the lag period
is prolonged indefinitély. S.in‘ce they are recessive to the wild type in
heterocaryons, they obviously lack something the wild type can make.
It has been proposed that they are deficient in their abiiity to destroy
repressor. Thisb would lead to the accumulation of very high repressor
levels. When the cultures are induced.in phosphate buffer, the steady-
state level of repressor does not fall below the level which permits
tyrosinase synthesis. However, these strains are capable of being
induced, and therefore must be cap;ble of destroying preformed ‘re—

pressor even if at a decreased rate. Itis proposed that inducers act
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by interfering with the synthesis of the‘repfessor. Under these cir-
cumstances of reduced synthesis, the mutants are capable of ciecreas-
ing the repressor level to the concentration which permits tyrosinase
| synthesis. Since the ‘rate of destruction is decreased in ty-1 and ty-2,
their lag periods are prolonged relative to wild type.

Several additional experiments indicate that ty-1 can break
"down repressor. When wild type strains are grown on a medium con-
taining only one-tenth the normal amount of sulfur(l03), they make tyro-
sinase while growing; accor'ding to the model because they are making
less repressor. If ty-1is grown on low sulfur, it does not make
tyrosinase, but ty~-1 grown on low sulfur ddes form the enzyme when
starved in phosphate buffer (94). TI;Le model says that because of the
reduce(i rate of repressor synthesis in low sulfur medium, the level
of repressor is low enough so that during starvation in buffer, ty-1
can destroy enough repressor to permit synthesis of tyrosinase. A
second experiment suggesting that ty-1 can destroy the repressor was
reported in section I1,Y. Cﬁltdres of ty-1 grown on normal medium
were washed with water and placed in phosphate. To one set an
inducer was added and the time course was determined. The second
set was allowed to starve in buffer for 4% days and then the same
inducer was added to the buffer.' The lag period was greatly decréased

in the set which had starved for 45 days before induction, indicating
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that the amount of repressor in those cultufes was less than in the
other set. The model also explains the need for inducers when the
wild type is induced in Vogel's basal .salts. Under these conditions
the rate of synthesis is not decreased sufficiently relative to the rate
of destruction to permit completion of the lag period in the normal
time. Thus this simple model depending on the inhibition of enzyme
" synthesis by a repressor can account for all the k1:10wn facts of tyro-
sinase induction.

Can the control of NADase and/or L-amino acid oxidase
induction be fitted into this control system in some simple manner?

NADase is not made by wild type cultures while actively
growing and is induced by starvation in phosphate buffer like tyro-
sinase.’ It was not made by ty-2 during starvation in phosphate buffer
while the results with ty~1 are ambiguous due to the presence of an
inhibitor in the cultures. While all these results suggest that NADase
is under the same control as tyrosinase, the evidence taken as a whole
suggests that NADase induction is not under the same control system
as tyrosinase. First, NADase is present in ver& high concentrations
in ungerminated conidia, whereas no tyrosinase can be detected inthese
cells (28;87).Second, its induction is inhibited very‘ strongly by certain
amino acids which do not inhibit the induction of tyrosinase in those

same cells. Third, after the EDTA treatment, the induction of
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NADase is not restored fully by the conditions which fully restore
tyrosinase synthesis. Ldst, two independently derived strains of
Neurospora were found which made NADase but not tyrosinase while
growing. While these data suggest strongly that the control of
NADase synthesis is separate from that of tyrosinase, £hey a¥'e insuf-
ficient to propose a model for its control. However, it is obvious
" that the synthesis is turned off in germinating wild type‘conidia or
else all strains would contain high concentrations of NAD ase at two
days of growth. Some further experiments which would be of interest
are (1) tests of the effects éf Turian's mycelial and conidial media (85)
on NADase synthesis in P110A and pe,.fl;cot;(2) attempts to induce
ty-1 and ty-2 to make NADase with inducers other than DL—ethionine
and D-'phenylala.nine;‘ (3) studies of P110A and pe,fl;cot in hetero-
caryons in order to determine whether the synthesis of NADase
during growth is a dominan-t or recessive character; (4) mapping of
the constitutive locus; (5) selection of NADase mutants.

The COI]l.t'I'Ol of L.-amino acid oxidase induction appears to be
much more closely connected to that of tyrosinase induction (13).
Neither enzyme is made by growing wild type ‘Neurospora iﬁ two days.
Both are madle during stai‘vation of wild type in phosphate buffer in a
parallel manner. Neither is made during phosphate starvation of

either ty-1 or ty-2 unless an inducer is added to the buffer. After
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treatment with EDTA, the two enzymes are restored maximally by
the same concentrations of calcium, copper and amino acids. It may
be a significant difference between the control of the two enzymes that
tyrosinase but not Li~amino acid oxidase is also restored maximally by
high calcium and amino acids. However, strain P110.A makes L-
amino acid oxidas‘e while growing but does not make tyrosinase undei'
those conditions. Yet P110A can make tyrosinase when induced with
ethionine or D-phenylalanine. This strain proves that the control of
the two enzymes is divisible. Yet it is obvious that generally con-
ditions which induce tyrosinase will also induce L.-amino acid oxidase
and that the mutants ty-1 and ty-2 affect the control of induction of
both enzymes. Other methods of separating the,induétion of these two
enzymes have be;en found and are currently under smdy in this labora-
tory.

Horowitz suggested that perhaps these two enzymes, tyro-
sinase and Li-amino acid oxidase, were part of a single operon of genes
involvéd in sexual differentiation (13). In ‘such an operon, the order
would be expected to be operator, tyrosinase, oxidase, since more
tyroéinas.e molécules are made than L -amino acid oxidase molecules
during normal induction. However, if we were to assign to P110A the
role of a polarity mutant, then the order would be operator, oxidase,

tyrosinase, and the mutation would be read as sense in the presence
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of inducerslin order that tyrosinase could be made. These properties
rule out the possibility that these two enzymes are part of the same
operon in P110A.

Any model explaining the related control of tyrosinase and
L-amino acid oxidase must contain a point of duality in it. One such
model is the one-repressor-many-operons model of Maas (25),

" described in the Introduction. in such a model, all breakdowns in
unitary control are ascribed to differences in the operator regions of
the two genes. Thus P110A vs}ould be postulated to have an altered
operator in the L-amino acid oxidase operé.tor, so that the repressor
does not repress synthesis of tﬁe enzyme during growth. However,
P110A also makes NADase during growth, and any explanation must
account for its pleiotiopic effects. Any other differences in control
between the two enzymes would be attributed to differences in the
effect the conditions had upon the binding of the repressor to the
operator region of each gene.

Another model might be called the two-repressor-one-
destruction model. This model postulates that there is a specific
tyrosina.se repressor and a specific L-;amino acid oxidase repressor.
These two different molecﬁles are part of a population of molecules
which are broken down by a mechanism specific to certain repressors

and a second non-specific mechanism. Such separation of molecules
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from the general turnover population is known invba.cteria where the
induced enzymes do not seem to turn over during starvation (95).

The specific mechanism isl postulated to be missing in the mutants
ty-1 and ty-2. Different reactions to different conditions .of induction
could be traced to two causes: (1) different effects on the binding of a
particular repressor to its operator or (2) different effects upon the
synthesis of the two-repressor molecules. It has been shown many
-times that different metabolic states can affect the synthesis of dif-
ferent molecules differently, e.g. the induction of NADase was in-
hibited by amino acids while tyrosinase induction was not affected.
‘In this model, P110A could, as in the previous case, be some non=
specific mutation causing the syntﬂesis of L-amino acid oxidase
during growth aé one of many pleiotropic effects. Or P110A could
produce a defective oxidase ‘repressor or its o-perator region could
be defective, as outlined for the previous model.

Many of the questions concerning the nature of P110A may
be cle;ared up by studying two other mutants sent to us by Dr. Wood-
ward, which he finds are alleles of P110A by testing in heterocaryons.

It will be interesting to see whéther they also produce both enzymes

while growing.
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B. 'THE EFFECTS OF EDTA ON NEUROSPORA
The induction of all three enzymes was inhibited by washing
the mycelium with EDTA. The induction of tyrosinase and L -amino
- acid oxidase was fully restored when calcium, copper, and amino
acids were added to the induction 1.tm.ffear. EDTA inhibition of induc-
tion is due to two separate phenomena. First, some EDTA remains
in the mycelium after the two water rinses; Second, the EDTA
apparentiy removes éome calcium from the myc;elium.

When calcium and amino acids were present in the induction
buffer, the additions of either copper or nickel greatly increased the
amount of tyrosinase made. Since nickel has no known biological
function, this experiment suggests that some EDTA has remained in
the mycelium aﬁd that these two cations act by combining with it.
Such a role for copper is consistent with the facts that no detectable
amount of copper was removed by EDTA from the mycelium and that
the induction of IL.-amino é,cid oxidase which contains no copper (53)
was restored by the same concentration of é0pper as tyrosinase. If
copper and nickel do act by complexing with the ED TA.rema.ining in
the cells, then other ions bound by EDTA should be effective in
restoring induction, for example, iron(III), zinc(II), or cobalt(II).
Also, any combination of these cations should be as effective as any

single cation at the same final concentrations.
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That complete restoration of synthesis does not occur when
copper and amino acids are present alone, but only upon addition of
calcium, suggests tha,t some essenti.al calcium was removed from the

mycelium during the EDTA treatment. If the concentration of free

calcium can be increased sufficiently, then induction ought to proceed

~in the absence of other cations unless the EDTA in the mjrceliurn is
binding an essential cation whose formation constant is much greater
than that of calcium. It was found that calcium in the presence of
‘amino acids could completely restore induction if its concentration
were greater than 10—4M. Part of the calcium presumably combines
with all the EDTA remaining in the mycélium. The rest replaces the
calcium removed by EDTA. EDTA le‘ft in the myc‘elium is evidently
combined with a cation which binds ED‘TA no moré strongly than
calcium.

At pH 6 the formation constant of the copper-EDTA complex
is 101:L (78). Thus, essentially all the EDTA and copper in an equi-
~molar solutipn will be tied up in the complex. If we assume that the

only role cl)f copper or nickel in restoring induction is 'to bind EDTA,
then the concentration of coppex; giving maximal restoration of tyro-
sinase induction is a measure of the concentration of EDTA in the
mycelium, about 10-41\/1 by this .estima.te. Under the model being

developed, all the calcium added in the presence of copper remains

>
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free to replace the calcium removed by EDTA. It also assumes that
any calcium in excess of that removed will inhibit induction. There-
fore, the concentration of calcium giving maximal restoration in the
presence of copper and amino acids is an estimate of the concentration
of calcium necessary for induction. It is a minimal estimate, since
the EDTA in the mycelium probably binds some calcium, and that is
freed by the copper added. This estimate is about 5 x 10h5M. One
can predict that the concentration of CaClz giving fpll restoration of
 tyrosinase induction without added Cu should be about 2 x 16™ M dn
the presence of amino acids, the sum of the two other estirnateé. This
is essentially the concentration of calcium found experimentally to
restore tyrosinase iﬁduction.

Amino acids have a dramatic effect upon the amount of tyro-
sinase made after EDTA tr»eatmént. Thus the amount of tyrosinase

-4 y
made in the presence of 3 x 10 M CaCl,_, was increased ten-fold by

)
the addition of amino-acids (cf. t"a_b‘i-e:’_’vs ). "They do not restore any
induction by themseives because they cannot complex EDTA. They '
probably act by replacing the amino acids lost to the wash solutions
and buffer. EDTA ‘treated ‘cl:ultures in the presence of low calcium
with or without copper did not take up exogenous amino acids. There-

fore, once an amino acid leaks out of EDTA-treated cells, itis lost

to the mycelium forever. ' This would cause the availability of amino
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acids to limit the rate of protein synthesis.- The }Ligh external con-
centration of amino acids‘ would oppose this loss and per_mit a faster
rate of protein synthesis. When the concentration of added calcium
was increased to a level permitting the uptake of exogenous amino
acids, the added amino acids no longer increased the yield of tyro-
‘sinase (cf. sectibn II R )- Only a small amount of tyrosinase was
" made under these conditions due to the inhibition of tyrosinase by high
concentrations of calcium. Thus it is suggested that ED TA-~treated
cultures respond to added amino acids for thé same reasons that cells
in tissue culture require certain amino acids: to insure an adequate
(;Oncentration of amino acids for protein synthesis (80).

After 48 hours, cultures which were not treated with EDTA
had lost almost the same amo-u.nt of amino acids to the buffer as
ED TA-treated culturés (cf. table 36 ). Yet the amount of tyrosinase
made by water-washed cultures was not increased by added amino
acids. Why? Untreated cultures differ from EDTA-treated cultures
in two important respects: (1) At any given time during the course of
induction they have lost less material, since a major loss of intra-
cellular substances occurs during the EDTA wash; (2) They retain
the ability to take up exogenous amino acids throughout the course of
inductionr(zc)).' Therefore, untreated cells are less likely to need

-

added amino acids and are able to recover any amino acid which leaks
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into the buffer by transporting it back into the cell.

EDTA has four known effects upon inducing cultures of
Neurospora. First, it inhibits the induction of tyrosinase, L-amino
- acid oxidase, and NADase, probably by inhibiting their de novo syn-
thesis. Conditions have been found which completely reverse the
inhibition of tyroéinase and Li-~amino acid oxidase induction. Second,
it increases the permeability of the mycelium. Thus, actinomycin D
is a much more effective inhibitor of induction in EDTA-treated cells,.
presumably because of increased permeability of the cells to the anti-
biotic. The EDTA-treated cells also lose a large amount of 260 my
absorbing material to the wash solutions because of this increased
perme‘a,bility. Leive (68, 86) has reported that an ED TA-treatment
élso increases fhe permeability of E. coli cells. Third, the EDTA
treatment completely inhibits | the uptake of exogenous amino acids
from the induction buffer by active transport. Fourth, EDTA-treated
cultures do not incorporate amino acids into protein. Any of these
effects could be responsible for the lack of tyrosinase induction in
these cultﬁrés. As yet, it is not known whether the last three phé—
nomenologically separate effects of EDTA are causally related or
separate.

Leive showed that when E. coli is washed with 2 x 10°M

-

ED TA;? the cells become permeable to a host of different compounds,
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including actinomycin D and carbamyl phosphate, to which they are
normally impermeable (86). This low concentration of EDTA did nbt
inhibit growth, protein synthesis, or RNA synthesis. When 10-3M
EDTA was used to wash the cells, Leive found thé.t the increase in
permeability was accompanied i)y a slight inhibition of giowth,
protein synthesis, and RNA synthesis {(68) .\ My EDTA treatment
‘completely inhibited active transport of valine into the cell, and its
incorporation into protein, in addition to increasing the mycelial
permeability. These differences between Leive's work and my own
probably are due to the differences in the systems used:

(1) Neurospora crassa vs. E. coli; (2) starving cultures vs. growing

cells; (3) 0.5% EDTA (0.013M) vs. 2 x 10'4M EDTA; and (4) the
duration of the ED TA treatment--30-60 minutes vs. 2 minutes. It
may be that in my system the increase in permeability caus‘es_ the
inhibition of induction. The fact that calcium but not magnesium plays
an important role in membranes (89) and in the restoration of induc-
tion suggests that some effect on membranes is iqvolved. Calcium
stabilizes cell membranes, opposes depolarization, and its absence
causes a fall in the membrane potential of many cells (89). If the
permeability increase is not the cause of the inhibition of induction,
then it may be possible to separate these two effects of EDTA. Leive

' separated the permeability increase and the inhibition of growth in
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E. coli by lowering the ED TA concentration (86). This suggests that
I should try lower EDTA concentrations and decreased lengths of the
treatment to separate the two phenomena.

If the permeability increase per se is not the cause of the
inhibition of induction, an alternative explanation would be a general
inhibition of metabolism which is restored by calcium. This explana-

" tion is supported by the inhibition of protein synthesis reported,
although ﬁo, correlation between treatments giving restoration of
induction and the restoration of synthesis waé observed (cf. sectionIIQ)
These experiments ghould be extended using amino acids of sufficient
activity to make conclusions on the effects of different treatments on
l;estoration of protein synthesis significant and to allow mixtures of
other amino acids to be present in addition to the labelled amino acid.
Experiments after the cornpletic.m of the lag period when the enzymes
involved are actually Being synthesized would be of interest. This
hypothetical inhibition of meté.bolism could be measured on mycelia
treated with EDTA to see whether or not restoration of metabolism and

induction are well correlated.

C. THE PROCESS OF INDUCTION
What has been learned about the process of induction in the
course of these experiments with EDTA? The single most important

result is that the lag phase can be completed under conditions which do
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not permit the synthesis of tyrosinase. When cultures treated with
EDTA were placed in phosphate buffer containing only 5 x IO-SM
CaClz, they completed the lag phase of induction but made no tyro-
sinase unless copper and amino acids were addeci.(cf. section II V).
This finding reinforces the ‘conclusion that the lag phase is an im-
portant separate step in the process of induction. Second, the my-
-celium cannot complete the lag phase in the absencé of oxygen,
suggesting that the lag phase requires energy. Third, the lag phase
is the same _length.a‘fter EDTA treatment, if induction is restored
immediately, as in untreated cultures. However, when EDTA-
treated cultures are starved in buffer in the absence of cations, the
lag phase is not completed, and when cations and amino acids aré
added later in the course of induction, the subsequent lag phase is
greatly lengthened. Fourth, if cultures are allowed to complete the
lag phase and then are treated with EDTA, synthesis is inhibited and
the same conditions restore synthesis as restore total induction.
Liast, the conditions which restore the induction o.f tyrosinase and L~;

amino acid oxidase completely do not fully restore NADase induction.

D. THE KINETICS OF INDUCTION
An interesting observation in the course of these experiments
is that the time course of induction often has an early phase when the

amount of tyrosinase activity increases exponentially with time
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(cf. figures ‘4,14,15,17). Such kinetics of synthesis suggest an auto-
catalyﬁc fnechanism, i.e. the enzyme already made catalyzes the
production of more eﬁzyme. Sinée the induction of L-amino acid
oxidase parallels that of tyrosinase, it also has an exponential phase
of synthesis. Several possibie alternatives suggest themselves as
explanations. First, tyrosinase may be linked to an energy-
pfoducing mechanism, which is used to supply energy to synthesize
the induced enzymes. If this were true, then induction in the presence 7
of catechol, which iﬁactivates Neurospora tyrosinase extrémely
rapidly (96), would inhibit the induction of L -amino acid oxidase,
svince active tyrosinase would ‘not exist in the mycelium. Second,
L-amiﬁo acid oxidase, which contains FAD, might be providing
energy. Thus the FAD in succinic dehydrogenase feeds electrons
directly into the pathway of oxidative phosphorylation. It is conceiv-
able that £he FAD of L-amino acid oxidase could yield energy for its
own synthesis and that of tyrosinase. Since no specific inhibitors of
L-amino acid oxidase with the effectiveness of catechol fc':'rl tyrosinase
are known, this hypothesis is harder to test. .A third possibility is
that the ammonium ion or o -keto acids produced by L-amino acid
oxidase 1imit the rate of synthesis of these enzymes, so that the
amount of L -amino acid oxidase by increasing the amount of these

products would increase the rate at which the enzyme was made. If
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one of these products is the limiting factor.in the induction of these -
enzymes, then its addition to the medium ought to change the kinetics
from exponential to linear. A fourth possibility is that an unknown
induced enzyme produces a product which is limiting to the rate of
synthesis. One example might be a protease which supplies the
amino acids used in syntﬁe sis. In this example the addition of a mix-
ture of amino acids to the induction buffer should ;rnake the kinetics
.line ar instead of exponential. A fifth posgibility is that one of the
induced enzyl;nes can destroy the repressor(s). If the rate of synthesis
were proportional to the amount of repressor present, then as the

- amount of this enzyme increased the rate of synthesis would increase,
resulting in an exponential rate of synthe‘sis which would end when .all
the repressor was destroyed. Since enzyme synthesis requires
oxygen, such a mechanism of repressor destruction would explaih the
need for oxygen during the lag phase. A last possibility is that the
exponential phase is an artifact having no significance, but further
study of this phenomenon is justified by the possibilities outlined

above.
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APPENDIX 1. PROPERTIES OF THE ENZYMES
FROM NEUROSPORA

A, '

Tyrosinase

O-Diphenol: O_ oxidoreductase (E.C.1.10.3. 1.)(34)

2 .
Tyrosinase catalyzes the conversion of tyrosiner to melanin
by the reactions shown in Figurel9(35). Like other phenol oxidases,
it is destroyed during the reaction. The enzyme exists in four dif-
ferent molecular £01;ms in nature. Theée forms differ eithér in
thermostability or electrophoretic mobility or both (30,32). The
enzyme is inhibitéd by cyanide, azide'phenylthiourea, diethyldithio-
carbama-.te, and cysteine, but hot by EDTA (.01M}(96,102). The t}}eﬂm‘-
stable S form and thermolabile L form of the enzyme have both
been crystallized as pure proteins. The enzyme has a molecular
weight of 32,000 + 2,000 and contains 1 atom of cuprous copper per
molecule. Unlike other phenol oxidases (58,59,60),this copper atgm
cné.nnot be removed reversibly from the molecﬁle. The enzyme

aggregates reversibly. The molecular activity of the enzyme is

19,000 moles of L.-DOPA per minute at 30°C.
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‘Figure 19. The reactions catalyzed by tyrosinase.

COOH cooﬂ
: HO
1/2 Oz )
NH, —— NH,
HS ‘ Tyrosinase B2
Tyrosine . ' Dopa
02 Tyrosinase

(see below)

. HO _ o

it i =e |
_ e COOH
HO AP . O N’ '

Dopachrome

. 1/2 O,| Tyrosinase

Melanin

B e T L S S ——

2 Dopa + 0‘2. = 2 dopaquin‘oner + 2 HZO

Dopaquinone = leucodopachrome

Leucodopachrome + dopaquinone = dopachrome + dopa

Sum: Dopa + C)2 - dopachrome + HZO

-
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B ' .

NADase or DPNase .

)(84)

Nicotinamide adenine dinucleotide glycohydrase (E.C.3.2. 2.5
The enzyme NADase hydrolyzes the gly-cosidic bond between bt

nicotinamide and ribose in NAD . as shown in Figure 20 (38).  The
enzyme also cleaves NADP but does not attack NADH2 or NA.DPI—IZ
“or the half-reduced compounds. It also does not cleave nicotin-

amide mononucleotide, nicotina.rﬁide mononucleoside, nor deamino

N.AD. The enzymé has a very broad pH optimum from 3 to 9. Its
-activity is insensitive to metal ions, including heavy metals, and

to fluoride, cysteine, EDTA, and cyanide. NAbase is destroyed by
heating 2 minutes at 80°C but not at 55°C between pH 3 and 5. The
enzyme is not denatured by trichloroacetic acid. Nasori_g_‘f_a_.l_; (27)

found the enzyme in high concentrations in cultures deprived of zinc
and/‘or biotin,. and the enzyme was present in the medium. Zalokar

and Cochrane reported that NADase was present in the highest con-

centration in conidia and could be washed out of them with water (28).

C.
L -Amino Acid Oxidase

84
L-Amino acid: O, oxidoreductase (deaminating) (E.C.1.4.3.2 )( )

The L -~amino acid oxidase of Neurospora crassa catalyzes the

deamination of many L-o~amino acids by the reaction shown in
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Adenine
I CONH
(I)—Ribose z
0=P-0O"
| I GONH2
T o Nicotinamide
0=P-OH 5
.O—CH2
HO OH
O-—-Il{ibose
Nicotinamide . | ‘ B Adenine
Adenine ~Adenosinediphosphoribose
Dinucleotide
Figure 20.
The reaction catalyzed by NADase
13. : L -amino 3 :
H-(E-COOH + 1/202 acid " (‘IzO + NH3
" NH S . : COOH
2 oxidase
L -amino acid _ ‘o ~keto acid
Figure 21. ’ . ¥

The reaction catalyzed by L -amino acid oxidase
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Figure 21(62,53). The enzyme has a broad PH optimum 6 to 9.5,
with 70% of maximal activity at pH 4. Molecular oxygen can be

Vreplaced as hydrogen acceptor by ferricyanide or reducible dyes.

The enzyme has a t‘emperature optimum at 45°C. The enzyme is

not inhibited by the D-enantiomer of the substrate, azide; cy anide,
hydroxylamine, iodoac.etate, chelating agents or ammonium ion.

It was inhibited by atebrine, crystal violet and copper. Burton (53)
showed that the enzyme contains FAD and that the turnover.numbér ‘
is 2100 mol. of L.-phenylalanine per mol. FAD per minute. at 30°C.

Thayer and Horowitz (52) showed that when Neurospora was grown

on low biotin and/or amino acids as sole nitrogen source, the

enzyme Was formed adaptively.
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