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ABSTRACT 

Part I: Synthesis of L-Amino Acid Oxidase by a Serine- or Glycine

Requiring Strain of Neurospora 

Wild-type cultures of Neurospora crassa growing on minimal 

medium contain low levels of L-amino acid oxidase, tyrosinase, and 

nicotinarnide adenine dinucleotide glycohydrase {NADase). The enzymes 

are derepressed by starvation and by a number of other conditions which 

are inhibitory to growth. L-amino acid oxidase is, in addition, induced 

by growth on amino acids. A mutant which produces large quantities of 

both L-amino acid oxidase and NADase when growing on minimal medium was 

investigated. Constitutive synthesis of L-amino acid oxidase was shown 

to be inherited as a single gene, called PllO, which is separable from 

constitutive synthesis of NADase. PllO maps near the centromere on 

linkage group IV. 

L-amino acid oxidase produced constitutively by PllO was par

tially purified and compared to partially purified L-amino acid oxidase 

produced by derepressed wild-type cultures. The enzymes are identical 

with respect to thermostability and molecular weight as judged by gel 

filtration. 

The mutant PllO -was shown to be an incompletely blocked auxo

troph which requires serine or glycine. None of the enzymes involved 

in the synthesis of serine from 3-phosphoglyceric acid or glyceric acid 

was found to be de:fi.cient in the mutant, however. An investigation of 

the free intracellular amino acid pools of PllO indicated that the 
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mutant is deficient in serine, glycine, and alanine, and accumulates 

threonine and homoserine. 

The relationship between the amino acid requirement of PllO and 

its synthesis of L-amino acid oxidase is discussed. 

Part II: Studies Concerning Multiple Electrophoretic Forms of Tyro

sinase in Neurospora 

Supernumerary bands shown by some crude tyrosinase preparations 

in paper electrophoresis were investigated. Genetic analysis indicated 

that the location of the extra bands is determined by the p::1.rticular T 

allele present. The presence of supernumerary bands varies with the 

method used to derepress tyrosinase production, and with the duration 

of derepression. The extra bands are unstable and may convert to the 

major electrophoretic band, suggesting that they result from modifica

tion of a single protein. Attempts to isolate the supernumerary bands 

by continuous flow p::1.per electrophoresis or density gradient zonal 

electrophoresis were unsuccessful. 
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INTRODUC'TION 

Regulation of Tyrosinase, L-Amino Acid Oxidase, and Nicotinamide Adenine 

Dinucleotide Glycohydrase in Neurospora crassa 

Young vegetative cultures of Neurospora crassa grown in station

ary flasks contain basal amounts of tyrosinase, L-amino acid oxidase, or 

nicotinamide adenine dinucleotide glycohydrase (NADase). Early investi

gations indicated that derepression of each enzyme was associated with 

growth-inhibiting conditions. Tyrosinase 'WRS first observed in cultures 

grown on sulfur-deficient mediwn (1). L-amino acid oxidase "Was excreted 

by cultures grown on suboptimal concentrations of biotin (2,3). Zinc 

deficiency stimulated NADase production ( 4). A parallelism in the re

sponse of these enzymes to adverse cultural conditions "WRS implied by 

an increased production of NADase (5) and tyrosinase (2,6), as well as 

L-amino acid oxidase, in cultures grown on low biotin. Similarly, 

cultures transferred from minimal mediwn to phosphate buffer produced 

high levels of all three enzymes (7). Of particular interest was the 

demonstration that tyrosinase and L-amino acid oxidase are found in 

cultures which have sexually differentiated (8). Tyrosinase had been 

implicated in the differentiation of protoperithecia by Hirsch (9), 

who confirmed Schaeffer 1 s (82) identification of the dark pigment pro

duced by sexually-differentiated cultures as melanin. Environmental 

conditions which prevented melanin production similarly inhibited proto

perithecial formation. These studies were extended by Barbesgaard and 

Wagner (10), who analyzed the tyrosinase activity in wild-type cultures 
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which had produced melanin on medium promoting sexual differentiation, 

and compared it to enzyme activity in female-sterile mutants which do 

not produce protoperithecia or melanin on this medium. Tyrosinase 

activity was present in melanized wild-type and absent in the nrutants, 

as predicted. The role of oxidase and NADase in sexual differentiation 

is not yet clearly understood. L-oxidase may allow the culture to 

satisfy its nitrogen requirement from amino acids under the nitrogen

poor conditions which promote sexual differentiation. Hirsch concluded 

that "conditions which prevent the exhaustion of nitrate always affect 

adversely both the number and the f'unctioning of the protoperithecia but 

that the detrimental action of nitrate is most marked when the organism 

has grown on a mediwn of a definite C/N ratio." The fundamental impor

tance of the C/N ratio in the induction of the sexual cycle in Neuro

spora vm.s demonstrated by Westergaard and Mitchell (11) . In Hirsch's 

studies, very high concentrations of hydrolyzed casein were inhibitory 

to the formation of protoperithecia, but amino nitrogen from hydrolyzed 

casein -was much less inhibitory than equivalent amounts of nitrate 

nitrogen (9). A suggestion that nicotinamide (one of the products of 

NADase activity) may play a role in the pathway which leads to proto

perithecial formation comes from a study by McNelly-Ingle and Frost 

(12). Cultures which are unable to produce protoperithecia at 30°c on 

minimal medium can produce them if grown on nicotinamide-supplemented 

medium. 

The observation that tyrosinase and L-oxidase are associated 

with sexual differentiation, and that they and NADase respond similarly 



3 

to certain environmental conditions suggested that the three enzymes 

might be regulated by a cC!DIJlon control mechanism. An investigation of 

this possibility indicated that the control of NADase activity could 

be se:IBrated from the control of the other two enzymes (7). Tyrosinase 

and L-a.mino acid oxidase activities, however, behaved in a manner which 

was consistent with the hypothesis that the two enzymes were subject 

to common control (8). The evidence for common control has been pre

sented in detail elsewhere (8), but will be reiterated here: 

(1) After transfer of cultures from minimal medium to phosphate 

buffer, tyrosinase and L-axidase activities begin to increase after an 

identical lag period, and thereafter the activities increase and de

crease in re.rallel. 

(2) A single-gene mutant, ty-1, does not synthesize either 

enzyme when transferred to phosphate buffer. Addition of the amino 

acid analogue, ethionine, to the buffer results in the parallel fonna.

tion of both enzyme activities. 

These properties of the control of tyrosina.se and L-oxidase 

suggested that the structural genes for the two enzymes might be as

sociated in an operon (8). 

The operon hypothesis proposed by Jacob, Monad and Pardee (13 , 

14) has been supported in detail by numerous investigations with 

bacteria (15,16,17). Evidence for operons in Neurospora and yeasts 

has been sought by JIBny investigators, but the examples of such uni ts 

of closely-linked, coordinately-controlled genes have been few. An 

exception to this general rule in Neurospora is the arom gene cluster. 
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In this case, five contiguous genes determine five enzymes involved 

in the synthesis of aromatic amino acids (18). To date, no evidence 

exists for regulatory el~nents which control the gene cluster, c om

parable to the operator locus or regulator gene ·which control the 

lactose operon in .JE• coli. Giles et al. have suggested that the~ 

cluster may not serve the same function as the operons in bacteria, 

but may specify five gene activities associated with a sinele enzyme 

aggregate, 1vhich may be encoded in a single polycistronic messenger 

RNA. The gene cluster may facilitate the formation of the aggregate 

Ylhich then serves to channel dehydro~uinic acid into biosynthetic 

as opposed to degradative pathways. 

The his-3 locus of Neurospora controls the activity of two 

enzymes, apparently si.Inilar to an operon, but genetic evidence is more 

compatible with the suggestion that his-3 controls the synthesis of 

a single polypeptide which pa.rticipa.tes in more than one enzyme 

activity (19). 

A gene 1.filich behaves like a dominant regulatory gene for aryl

beta-glucosidase in Neurospora has been described by Mahadevan and 

Eberhart (20). This gene, gJ.uc-1, depresses the activity of the glu

cosidase ·without affecting the physical properties of the enz:yme. The 

mutation is domine.nt in heterocaryons. 

A similar dominant regulatory gen.e, ~' has been found in 

yeasts by Douglas and F..a•rthorne (21, 22). This gene causes the consti

tutive synthesis of galactose .i;:e.thway enzymes, but is unlinked to the 
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structural genes encoding these enzymes, unlike the dominant consti

tutive regulatory genes in the ~· coli lac operon. 

The suggestion that tyrosinase and L-amino acid axidase might 

be controlled by an operon "Was of interest not only as an example of' an 

operon in a eucaryote, but also because the operon ::;>ostulated woul.G 

control the activities of two enzymes which were not known to partici

pate in a canmon biochemical pathway. Rather, this operon would con

trol enzymes involved in a common developnental pathway, a phenomenon 

'Which would be of considerable interest to biologists concerned with 

differentiation and developnent in higher organisms. 

Properties of the Mutant PllO 

During the course of the investigations of tyrosinase, L

oxidase and NA.Dase, we obtained a mutant in 'Which the normal control 

of the latter two enzymes appeared to be defective. The mutant was 

obtained by Dow Woodward during a hunt for mutants lacking glucose-6-

phosphate dehydrogenase. Mutants were selected for their poor growth 

on sucrose min:!mal medium. The mutant, called PllO, showed low de

hydrogenase activity under normal reaction conditions, but had normal 

activity for the enzyme if the concentration of the cofactor NAD was 

incroo.sed (23). Studies in our laboratory indicated that PllO produced 

a high level of NADase 'When grov.i.ng on minimal medium ( 7) • The NADase 

in extracts being anal~ed for dehydrogenase activity apparently de

graded the NAD in the reaction mixture, explaining the high NAD re

quirement. PllO was also found to produce a large amount of L-amino 
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acid cocidase when growing on minimal medium, but the mutant did not 

synthesize tyrosinase under these conditions (7). 

As indicated by the method used for its selection, PllO grows 

poorly on minimal medium. Studies which will be reported in this 

thesis indicate that PllO is a "leaky" (24) (incompletely blocked) 

auxotroph which requires serine or glycine for optimum growth. 

Serine Biosynthesis 

Synthesis of serine in Neurospora crassa has been studied by 

Sojka and Garner (25). Enzymes which can perform each of the reactions 

in the two p:l.thways diagrammed in Figure 1 were demonstrated in crude 

extracts. The higher activities of the enzymes involved in the fhos

phorylated p:l.thway compared to the non-phosphorylated pathway suggested 

that the former :r;nthway is the major biosynthetic pathway in Neurospora. 

The relative activity of the two pathways appears to be influenced by 

the carbon source used, although the phosphorylated pathway predominated 

in both fructose- and glucose-grown cultures (25). The same two :r;nth

vm.ys for serine biosynthesis were originally demonstrated in animal 

tissues (26,27), where more recent investigations have shown that the 

relative contribution by ea.ch !8thway for the synthesis of' serine varies 

from tissue to tissue (28). Studies using isotopic competition and 

mutants blocked in serine biosynthesis indicate that the phosphorylated 

pathway is the only significant source of' serine in ~· coli and S. 

typhimuriwn (29 ). 
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Figure 1. Pathways of serine biosynthesis from products of glycolysis. 

The 11c1
11 indicated as a product of serine metabolisrr. refers to the 

single carbon fragpient used in the synthesis of methionine, thymine, 

and purines. 
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A sep:i.ra.te :i;sthwa.y lea.ding to serine from glyoxylate has been 

suggested in a variety o:f' organisms. The postulated pathway is shown 

in Figure 2. The i;e.thwa.y from glyaxylate is present in~· ~' but 

the supply of serine from this source is inadequate to allow growth at 

the rate observed wen glycine or serine is provided (30). Although 

the :i;sth'we.y f'ran glyceric 'acid has been demonstrated in plants, the 

cooversion o:f glycol.ate to serine appears to be the major p;1.thll8.y :for 

serine biosynthesis in "Wheat leaves ( 31) • Early studies supported the 

view that serine precedes glycine in the pathway utilized by baker's 

yeast (32), but more recent studies using short-term. isotopic labeling 

indicate that the :i;sthwa.y from glycol.ate to serine predominates ( 33). 

In Neurospora, Wright reported that a serine-glycine auxotroJ;il inves-

tigated by her grew better on glycine or glyoxylic acid than on serine 

~ 14 (34, 35). Combepine and Turian showed that glyoxylate-2-C was con-

verted to glycine by crude extracts of Neurospora ( 36), but ruled out 

the p:i.thway as a I!Bjor source o:f serine by studies using serine-

requiring mutants (37). These two studies on serine metabolism in 

Neurospora were thus contradictory, and additional investigation seemed 

warranted to detennine whether Neurospora utilizes the p:i.thwa.y in which 

serine is :formed from intermediates of glycolysis or 'Whether serine is 

formed from glycine derived from glyaxylate. 

The work described in this thesis sought to answer two ques-

tions: 
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Figure 2. Serine biosynthesis :from glyaxyl.a.te. Glyaxylate may arise 

:from intermediates in the tricarboxyJ.ic acid {TCA) cycle, via the reac

tion sequence known as the "glyo:xylate shunt." Isoci tric acid is 

shunted :f'ran the TCA cycle by isocitrate lyase, which splits isocitric 

acid to form succinic acid and glyo:xylic a.cid. Alternatively, 

glyoxylate may arise f'rom. glycolic acid, which is formed from carbo

hydrate metabolism. 
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(1) Why does PllO synthesize L-amino acid axidase and NADase 

'When growing on mininE.l medium, and 'What does this imply about the 

control of these enzymes in wild-type cultures? 

(2) What is the nature of the biochemical lesion in PllO 'Which 

results in its serine or glycine requirement? Does this lesion indicate 

the major pathway for serine biosynthesis in Neurospora? 
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MATERIALS AND MErHO:OO 

Strains 

Neurospora crassa wild-type strain ST 74~ was used extensively 

during these studies. The mutant PllO, first described by Jolm C. Urey 

(7), 'WB.S derived by uv-irradiation of ST 74~. A sexual reisolate of 

PllO -was used for some experiments. This strain, called II~;~, 

which carries the colonial temperature-sensitive (cot) I!Brker, "Wa.s de

rived f'rom a cross between PllO~ and strain Cl02-8025-l~;~, kindly 

provided by Mary B. Mitchell from the Neurospora stocks of the Caltech 

Division of Biology. 

For genetic studies, the strains used were Cl02-R-7!:!:;cot, and 

Cl02-15300-4-2!,.!!d::.,g;~, provided by Mary B. Mitchell, and the multi

ple mutant stock leu-2,pa.n-l,mat (37501, 5531,B57); ~ (rose f/335) from 

the Fungal Genetics Stock Center. 

Heterocaryon studies utilized strain 378ll!:!:;lys, strain arg-5a, 

(FGSC #480), and a sexual reisolate of PllO carrying the leu-2 and p:i.n-1 

markers, called XXVI-0-24-~; leu-2,pan-l. The lysineless strain was 

provided by Mary B. Mitchell and the arginineless strain wss provided 

by D. Hugh Morgan. 

Growth studies were carried out with strains obtained from the 

Fungal Genetics Stock Center: H605 ser-1 (:rose f/116), Cl27 ser-1 (FGSC 

#1126), and 47903 ser-3 (FGSC #1213). The strain 65004 ser-2 (:rose 

#82) was also obtained, but this "mutant" grew better on minimal medium 

than on serine-supplemented medium. 
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Limited use was made of strains 38706!;me-l, Cl67 R
3 
~, 

35203!:;ad-3B, Cl4o his-3, H98 me-2, 51504hs, and 16117 ~;iv-1, all 

generously prwided by Helen Macleod Feld.man, and strains 1+6004~; 

arg-1 and arg-8A from D. Hugh Morgan. 

Chemicals and Stains 

Uniformly labeled c14 
a-ketoglutarate (3.2 mc/mrnole) and gly-

14 I cine-UL-C (5.0 me mmole) were obtained from Calbiochem. Nonlabeled 

compounds used were of reagent grade quality, except table sugar, 'Which 

-was used routinely as the sucrose in minimal mediwn. 

In the assay of L-amino acid axidase, sodium arsenate, dibasic, 

from J. T. Baker Chemical Comp:my was found to contain an unidentified 

compound 'Which interfered with the assay. Sodium arsenate from Baker 

and Adamson "Was therefore used routinely in these studies. 

Dowex 1-Xl, 200-400 mesh, used for anion exchange chromatography, 

was obtained from J. T. Baker Chemical Canp:my. Before use, the reagent 

was washed with 4N HCl, 10 ml/gm resin. The acidified resin was rinsed 

with distilled -water until the eluant pH was approximately 7. Next the 

resin was washed ·with 2N NaOH, 10 ml./gm, followed by a distilled water 

rinse. The resin was used in the OH- form. 

Dowex 50W-X4, 200-4oO mesh, used for cation exchange chroma

tography, and Dowe:>c 5ow-x8, used to isolate glutamic acid from the 

phosphoserine transaminase reaction mixture, were also obtained :from 

J. T. Baker Chemical Compmy. These resins were "W8.Shed in a manner 
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identical to that used for Dowex 1, except that the NaOH wash was 

first and the HCl wash -was second. + These resins were used in the H 

form. 

Biogel P 10 -wa.s obtained from Calbiochem. 

Sephadex G 200 was obtained :from Pharmacia Fine Chemicals, 

Inc. 

The scintillation fluid used during isotope studies was pre

pa.red from Spectrafluor-PPO-POPOP concentrated liquid scintillator 

from Amersham/Searle. Prepared as directed, the scintillation fluid 

contained 4 gm PPO and 50 mg POPOP per liter of toluene. 

To locate amino acids on pa.per after high voltage electrophore

sis or chromatography, a cadmium-ninhydrin stain was used. The stain 

was prepared by adding 24 ml of a stock solution of cadmium acetate 

( 200 mg cadmium acetate in 20 per cent acidic acid) and 2 gm ninhydrin 

to 200 ml acetone. This volume of reagent we.s just enough to dip one 

46 cm x 180 cm strip of Whatma.n #3M'! paper used for high voltage elec

trophoresis. 

Maintenance and Growth of Neurosgora Cultures 

Permanent stock cultures were maintained on anhydrous silica 

gel (38). Vegetative cultures were maintained on agar slants of 

Horowitz complete medium ( 39) • 

For most experiments, cultures were grown without shaking at 

25°C in 125 ml Erlenmeyer flasks containing 20 ml of Vogel's rnin:i.Jre.l 

medium N salts ( 40) and 2 per c ent sucrose. Each flask was inoculated 
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with 3 drops of conidial suspension. For determination of dry weight, 

the mycelial p:i.ds were fished from the medium with a spatula, blotted 

dry between sheets Of filter pa.per, and dried overnight in a drying 

oven at &J-70°c. 

For preparati on of the enzymes involved in synthesis of serine 

from the products of glycolysis, cultures were grown in Westergaard

Mitchell medium (11) containing 1.5 per cent glucose or :fructose. Fifty 

ml of this medium were used to wash all the conidia from a 5-7 day old 

culture grown on 20 ml solid ccmplete medium in a 125 ml Erlenmeyer 

flask. The conidia.l suspension was filtered through glass wool before 

using it to inoculate 700 ml of mininal medium contained in a 2 liter 

low form culture flask. The wild-type -was harvested after 19 hours on 

a reciprocal shaker at 25°c, 'While the mutant was grown shaking for 43 

hours. 

Derepression of Cultures 

Production of L-Amino Acid Oxidase for Ehzyme Purification 

Studies 

To derepress tyrosinase and L-amino acid oxidase in wild-type, 

pe.ds :from stationary cultures were was hed t wice with 20 ml sterile d i s 

tilled -water and were then suspended on 5 ml sterile Vogel' s salts 

containing 2.5 µg cycloheximide. Flasks were incubated for 48 hours 

at 25°c, without shaking and in the dark. 
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Derepression by the Pall Method 

To study the effects of keto acids on derepression of tyrosinase 

and L-amino acid oxidase, wild-type cultures were derepreGsed by the 

method of Pall (41) . Cultures were grown in 125 ml Erlenmeyer flasks 

conta:ining 20 ml 1/2 X Vogel's salts and 1/2 per cent sucrose. Flasks 

were incubated for 48 hours at 25°C, without shaking and in the dark. 

To initiate derepression, 4 µg cycloheximide or 2 mg DL-ethionine was 

added to ee.ch flask. Incubation was continued for an additional 48 

hours on a reciprocal shaker (80 strokes/minute) at 25°c. 

:Extraction of Soluble Ehzymes 

Mycelia were harvested at room temperature on a Buchner funnel 

with suction. Elccess medium -was removed by rinsing the mycelium briefly 

with distilled water. The mycelial pad -was blotted dry between sheets 

of filter paper or pa.per towels. Pads for L-amino acid oxidase, tyro

sinase, and NADase assay were routinely wrapped in aluminum foil and 

stored in a deep freezer until the pads were to be extracted. Such 

pads were weighed just before grinding with sea sand in a cold mortar 

and pestle. These enzymes were usually extracted with 10 volumes O.lM 

sodium phosphate buffer, pH 6. Very small pads were extracted with up 

to 100 volumes of buffer. The mixture was spun in a Servall centrifuge 

at 12, 350g for 15 minutes. The supernatant was assayed for enzyme 

activity. 

Mycelia used for assay of the serine biosynthetic enzymes were 

extracted immediately after harvesting and weighing. Glyceric acid 
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dehydrogenase and phosphoglyceric acid dehydrogenase were extracted 

f'rom the ground mycelium with 5-10 volumes O.OJ.M Tris-HCl, pH 7.5. The 

crude extract was centrifuged at 12, 350g for 15 minutes. The low speed 

supernatant was centri:fuged at 100,000g for 1 hour in a Spinco model 

L-2 centrifuge. The 100,000g supernatant was assayed for dehydrogenase 

activity. The second centrifugation was reported by Sojka and Garner 

(25) to reduce the high background level of NADH oxidation. My results 

confirmed their findings. For phosphoserine phosphatase assay, low 

speed supernatants were precipitated with solid (NH4)2so4 added to 70 

per cent saturation at 4°c. The precipitate was pelleted by centrifuga

tion, rinsed with cold buffer, and suspended in O.OJ.M Tris-HCl, pH 7.5. 

The solution was assayed for phosphatase activity. Phosphoserine 

transaminase and serine transaminase were extracted from the ground 

mycelium with 5 volumes O.OJ.M potassium phosphate buffer, pH 8. The 

mixture -was spun at 12,350g for 15 minutes. The supernatant was applied 

to a small (2.5 cm x 13 cm) Biegel P 10 column which had been equili

brated with O.OlM potassium phosphate buffer. The protein peak eluted 

with the same buffer -was assayed for transaminase activity. 

Enzyme Assays 

L-.Amino Acid Oxidase 

L-Amino acid oxidase activity was measured by the deamination 

of phenylalanine as described previously (8). The reaction mixture "Was 

identical to that described lee. cit., with the exception that the re

action was initiated by the addition of 0.25 ml of a 0.02M solution of 
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L-phenylala.nine. The rooction was terminated by adding 1 ml 20 per 

cent (W/V) metaphosphoric acid. Precipitated proteins were removed 

by centrifugation. The amount of phenylpyruvate product in the super-

natant was detenn.ined by the enol-borate method of Lin et~· (42). 

Phenylpyruvate-enol-borate ( e 1 = 9.15) was measured at 300 mµ in 
mmo ar 

a Beckman IXJ-2 spectrophotometer. All data were converted to Ehzyme 

Commission Units per gram wet weight of mycelium. 

Tyrosinase 

Tyrosinase was measured by the conversion of DOPA to dope.chrcme 

as described by Horowitz et al. (43). Formation of dope.chrome was fol

lowed colorimetrically on a IG.ett-Summ.erson colorimeter with a No. 42 

filter. The measured absorbance of' dopa.chrome -was converted to Enzyme 

Commission Units as described previously ( 44). All data are expressed 

as Enzyme Commission Units per gram wet weight of mycelium. 

Nicotinamide Adenine Dinucleotide Glycohydrase 

Nicotina.mide adenine dinucleotide glycohydrase (NADase) activity 

was assayed using a NAD-cyanide reaction as described by Ka.plan et al. 

(45). The reaction mixture -was identical to that described~· cit., 

'With the exception that O.lM sodium phosphate buffer, pH 7.2, replaced 

The NAD-CN complex ( e 
1 

= 6-3) formed -was measured 
mmo ar 

on a Beckman DU-2 spectrophotometer set at 325 mµ. 
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3-Phosphoglyceric Acid Dehytirogenase and Glyceric Acid Dehytirogenase 

3-Phosphoglyceric acid dehydrogenase was mee.sured by the disap

pearance of reduced nicotinamide adenine dinucleotide (NADH) according 

to the method of Umbarger et al. ( 29) • Approximately 1 mg protein from 

a crude extract was assayed in a 3.3 ml reaction mixture. The protein 

concentration was determined by means of the biuret reaction (47). 

Glyceric acid dehydrogenase was assayed by substituting hydroxypyruvic 

acid for phosphohydroxypyruvic acid in the reaction mixture. Oxidation 

of NADH "WaS followed spectrophotometrically in a Cary model 15 recording 

spectrophotometer at 340 mµ. A high level of NADH oxida.se activity -was 

observed in all extracts in the absence of added substrate. Data are 

expressed as µmoles NADH oxidized per mg protein per hour in the pres-

ence of added substrate minus the background activity expressed in the 

same units. 

PhOSphOSerine Transaminase and Serine Transaminase 

Phosphoserine transaminase and serine transaminase activities 

were assayed as described by Sojka and Ge.mer (25). F.nzyme activity is 

measured by the formation of ra.dioo.ctive glutamic acid by transamination 

of labeled a-ketoglutaric acid in the presence of enzyme and phospho-

serine or serine. The reaction mixture contained 500 µmoles potassium 

phosphate buffer, pH 8; 20 µmoles L-serine (or 40 µmoles DL-0-phospho

·serine); 20 µg pyridoxal phosphate; and 0.06 µmole c14 a-ketoglutarate 

having an activity of 4.2 x 105 cpm. This mixture was incubated at 

26°C for several minutes before the reaction ;ms begun by adding 
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approximately 5 mg protein from a crude extract prepared as described 

in this thesis. Total volume of the reaction mixture was 5 ml. The 

reaction ws stopped by adding 1 ml samples of the ree.ction mixture to 

0.1 ml of cold 50 per cent TCA. The precipitated protein was removed 

by centrifugation. A 0.75 ml aliquot of the supernatant w.s applied to 

a small Dowex 5ow-X8, 200-4oo mesh column in the H+ :form. These columns 

were made by p:i.cking a glass-wool plugged Pasteur disposable pipette 

with approxine.tely 2 ml of Dowex. A~er application of the sample, the 

column was rinsed with 20 ml distilled water. Amino acids were eluted 

with 8 ml 6N NH40H. Samples were evaporated to dryness in a vacuum 

desiccator. The residue was dissolved in 0.2 ml di stilled w.ter. A 

O.l ml aliquot of this solution w.s applied to a small circle of Whatman 

#1 filter p:i.per and evaporated to dryness. The paper -was placed into a 

scintillation vial, 5 ml of scintillation fluid was added, and the 

samples were counted in a Beckman CIM 200 Scintillation Counter. Enzyme 

activity is expressed as µmoles glutamic acid formed per mg protein per 

hour. 

Phosphoserine Phosp}latase 

Phosphoserine phosphatase -was assayed by a slight modification 

of the method described by Ames ( 48). Enzyme activity is measured by 

the formation of inorganic phosphate from phosphoserine in the presence 

of enzyme. The roo.ction mixture contained 200 µmoles Tris-HCl, pH 7 .5, 

50 µmoles MgC1
2

, and 20 µmoles DL-0-phosphoserine. The reaction mixture 

was incubated several minutes at 25°c before the reaction was begun by 
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adding approximately 1 mg protein :from a crude extract. Total volume 

o:f:' the reaction mixture was 3 ml. The phosphatase reaction was stopped 

by adding 0.7 ml of the reaction mixture to 2.3 ml phosphatase mix (the 

mix contains 6 ml 10 per cent ascorbic acid and 36 ml o.42 per cent 

annnonium molybdate•4 ~O in lN H2so4). This solution was incubated for 

20 minutes at 45°C. The absorbance of the reduced phosphanolybdate 

ccmplex was read at 820 mµ in a Beckman DU-2 spectrophotometer. A solu

tion containing 0.01 µmole inorganic phosphate gives an on820 of 0.260 

( 48). Enzyme activity is expressed as µmoles phosphate formed per mg 

protein per hour. 

Elctraction of Intracellular Free Amino Acid Pools 

Pads from cultures grown on Vogel's minimal medium. (40) were 

harvested over a Buchner furmel, with suction. Elccess medium was re-

moved by rinsing the pads briefly with distilled water. Each .i;:e.d was 

extracted in 10 ml boiling distilled water in a boiling water bath for 

30 minutes. Debris was removed by centrifugation, and the supernatant 

"Was analyzed for individual amino acids as described below. 

High Voltage Paper Electrophoresis and Chromatography of Amino Acids 

Soluticns containing the intracellular free amino acid pool 

extracted as described above were evaporated to dryness in a vacuum. 

desiccator. The residue was dissolved in O. 5 ml distilled water. Ten 

to twenty µl aliquots of the sample were applied with a Beckman sample 

applicator (cat. no. 320005) to What.man #-:MM pa.per ( 46 cm x 180 cm), 
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a.nd the amino acids were separated by electrophoresis. Electrophoresis 

was carried out in 6.7 per cent formic acid, pH 1.6, for 105 minutes at 

78oo volts in a Gilson Model DW Electrophorator. The paper containing 

the separated amino acids 'WSS dried and the positions of the amino acids 

were determined by dipping the pa.per in cadmium-ninhydrin reagent. To 

estimate the concentrations of individual amino acids, the colored zones 

were cut from the large sheet and eluted. Each col ored zone, or spot, 

"Was cut into strips to fit a. 13 x 100 nnn test tube. Color was eluted 

by adding 2 ml absolute methanol, stoppering the tube, and shaking for 

2 hours at 25°C. The decanted solution was read against a methanol 

blank at 500 mµ. :Each reading -was converted to mµmoles amino acid 

present, using a set of empirically determined factors (49). 

In certain experiments, the positions of labeled amino acids 

were determined by counting the unstained strip of separated amino 

acids on a Nuclear Chicago Actigraph II. The strips were then stained 

with cadm.ium-ninhydrin reagent, and the locations of radioactivity were 

correlated with the positions of the amino acid spots. 

To s e parate the amino acids by chromatography, 5 µl samples of 

the amino acid solutions were applied to Whatma.n #'3MM paper (46 cm x 

53 cm) • The chromatogram -was developed for 12 hours with 77 per cent 

ethanol. After drying, the pa.per 'W8S dipped in cadmium-ninhydrin stain. 

In some cases, an unstained strip containing the separated amino acids 

-was cut from the pa.per, sewn to a fresh sheet of Whatma.n #31'M paper and 

the amino acids were :further separated by high voltage electrornoresis . 

In some experiments the sequence of steps was reversed. 
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This two-dimensional separation of the amino acids gave a clear picture 

of individual amino acid pool sizes. 

Genetic Analvsis 

All crosses were performed on Westergaard-Mitchell medium ( 11) 

containing 2 per cent sucrose. Crosses I (PllO~ x Cl02-R-7~;cot) and 

II (PllO~ x Cl02-8025-l~;cot) and XXIV (II~;cot x Cl02-15300-4-~, 

al-2;cot), were prepared by coinoculation of agar plates with appropri

ate conidia. Cross XXVI (leu-2,_pan-l,Il".at;~ x PllO~) was prepared by 

inoculating the triple mutant onto an agar slant of Westergaard-Mitchell 

medium supplemented with 0.2 mg/ml L-leucine and 10 µg/ml calcium 

pantothenate. After 7 days, the slant i·ra.s fertilized with PllO conidia. 

All crosses were incubated in the dark at 25°c. 

Formation of Heterocaryons 

One heterocaryon ·was prep;i.red by coinoculating an agar slant 

of Westergaard-Mitchell medimn. with conidia of XXVI-0-211-- ~;.leu-2, pan-1 

and arg~5a. · A conidial suspension prepared from this presumed hetero-

caryon was plated onto Westergaard-Mitchell medium supplemented with 

10 µg/ml calcium _fantothenate. Hyphal tips were isolated onto slants 

of the same medium after the plates had been incubated at 25°c for 

12-24 hours. Individual isolates were labeled H2-l, H2-2, etc. 

A second heterocaryon, H3, ;ra.s prepared by coinoculating a 

plate of Vogel's medium with eg_ual volumes of conidial suspension of 
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was prepared by coinoculating a plate of Vogel's medium with 5 drops of 

conidial suspension of 37811~;;lys and l drop of conidial suspension of 

XXVI-0-21.i-~;leu-2,pa.n-l. Control plates were inoculated with a single 

conidial suspension. All pl.ates were left at room temperature for 6 

hours, to allow adsorption of the suspending liquid into the agar plate. 

The plates were incubated at 25°C for 12 hours. Because no growth on 

any pl.ate was observed a:rter 12 hours, pl.ates were transferred to 30°c 

to hasten growth. Hypbal tips were isolated from H4 at 30 hours and 

36 hours a:rter the shi:rt to 30°c. Hyphal tips from H3 were isolated 

36 hours and 48 hours a:rter the shi:t't to 30°c. Hypbal. tips were iso

lated onto slants o:f Vogel's minimal medium and were incubated at 30°c. 

No growth occurred. on either control plate 'Within 72 hours after the 

shift to 30°c. 
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RESULTS 

Genetic Analysis of the Mutant PllO 

Inheritance o:f Constitutive Synthesis of L-Amino Acid Oxidase 

To determine whether constitutive formation of L-am.ino acid 

oxidase was inherited, mutant PllO -was first crossed to two strains, 

Cl02-R-7~;cot (cross I), and c102-8025-~;.£2!?_ (cross II). These 

strains were used because ea.ch strain carries the colonial temperature

sensitive marker, cot. A .££!?.-carrying strain with the properties of 

PllO -was desired for the isolation of mutants defective in L-amino acid 

oxidase production (see Appendix). Random spores f rom the two crosses 

-were spread on plates of complete medium. Following heat shock at 

57- 58°c for one hour, the spores were incubated at 25°C. Germinated 

ascospores were isolated onto slants of complete medium 13-16 hours 

after the beginning of incubation. Isolates were incubated at 35°c 

to test for the cot characteristic. The results indicated selection 

against the cot+ progeny: 

cross I: 

cross II: 

+ 26 cot: 13 cot 

+ 31 cot: 14 cot 

Each isolate was analyzed for production of L-amino acid oxidase 

when grown on Vogel 1 a minimal medium. The locus determining the consti

tutive synthesis of axidase in these strains is designated PllO. The 

results shown in Table I indicate that very few cot progeny wer e 

obtained whi ch produced oxidas e when grown on minimal medium. This 
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TABLE I 

Production of L-amino acid oxidase by progeny from PllO~ 

x Cl02-R-7!;!:;..££.!?, (cross I) and PllO~ x Cl02-8025-1:§!:;cot 

(cross II) 

Cross I 

Pa.rental types: 

cot; + 
+ ;PllO 

Recombinant types: 

cot;PllO 
....:!:._;....:!:._ 

Cross II 

Parental types: 

cat; + 
+ ;PllO 

Recombinant types: 

cot;K!d2 
....:!:._;....:!:._ 

Number of Progeny 

25 
9 

1 
4 

30 
12 

1 
2 
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result and the excess of parental types compe.red to recombinant types 

suggested that PllO is on the same linkage group as cot (IV), and that 

PllO progeny are selected against. Consistent with the proposed nega

tive selection -was the observation that PllO and all strains which pro

duced axidase 'When growing on minimal medium were characterized by slow 

growth. The relationship between slow growth and high L-axidase 

activity was first observed by Burton (3). 

Inheritance of Constitutive Synthesis of NADase 

The mutant PllO differs from ST 74[! from which it was derived 

in the constitutive synthesis of NADase, as well as L-oxidase, when 

growing on minimal medium ( 7). That the production of both enzymes 

resulted from the same mutation had to be considered in view of the 

fact that both characters arose simultaneously in PllO following uv

irradiation of ST 74[!. At the time the present studies were carried 

out, John Urey of our group was interested in the control of NADase 

synthesis and investigated the inheritance of NADase constitutivity 

among the PllO progeny. Scoring of the NADase constitutive character 

is sometimes confused by the presence of conidia on pe.ds grown on mini

nnl medium. All conidia, including those of wild-type str ains, contain 

such a high level of NADase that even very limited conidiation can 

result in scoring a non-constitutive as an NADase constitutive. There

fore, tests of the progeny were performed on cultures grown on Vogel's 

minimal medium containing o.8 per cent Tween 80 (polyoxyethylene 

sorbitan monooleate Mefford), a compound 'Which prevents c onidiation 



by such cultures (50). Both the mycelial p:i.ds and media were assayed 

for NADase. A comparison of the progeny detennined by Urey to be high 

producers of NADa.se under these conditions and progeny which produced 

L-amino acid oxidase when grown on mininal medium indicated that the 

two properties were genetically sep:i.rable. Because these results were 

unexpected, I reinvestigated the inheritance of NADa.se production. The 

parental strain Cl02-R-7!:;cot produced a moderate amount of NADase 'When 

grown on minimal medium and Tween 80, so cross I -was not analyzed for 

inheritance of the character. Among the cross II progeny which pro

duced L-amino acid oxidase 'When growing on minimal medium, two of the 

twelve strains analyzed produced little if any NADase when growing on 

minimal medium. and Tween 80. 

As indicated, the media on 'Which the cultures were grown for 

determination of production of the two enzymes were different. Attempts 

to compare synthesis of' the two enzymes in cultures grown on minimal 

medium and Tween 80 were precluded because no culture produced L

oxidase under these conditions (7). The absence of axidase activity 

in these extracts is not due to the presence of an inhibitor. Adding 

extract f'rom. a culture grown on Tween 80 did not reduce the activity 

mee.sured in an extract f'rom PllO grown on min:ima.l mediwn. 

The fact that Tween 80 prevents conidiation suggested that the 

oxidase might be a conidial enzyme. The presence of L-oxidase in r:eds 

of PllO grown on mininBl medium could then be attributed to an ee.rlier 

production of conidia by the nru.tant than by wild-type growing on minimal 

medi\.un. To test the suggestion that the oxidase gene was active in 
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conidia, a dense conidial suspension of PllO "Was disrupted with glass 

beads in a disintegrator (McDonald Instrument Company) for one minute. 

Conidia of ST 74~ were treated similarly. Debris "Was removed by centri

fugation. The supernatant "Was assayed for L-amino acid oxidase, NADase, 

and protein. Bath protein and NADa.se were present in the extract, but 

no oxidase activity was detected in PllO or wild-type in an assay mix

ture containing 1 mg protein from the conidial extract. An equivalent 

amount of protein from a crude mycelial extract of PllO would have con

tained a high level of oxidase. 

Despite the problems involved in studying the NADase in cultures 

grown on Vogel's mediwn, a random group of progeny was studied in this 

way to compare the production of NADa.se and oxidase under comparable 

conditions. The results again indicated that some progeny produced 

the oxidase without producing NADa.se and vice versa. These results 

indicated either that production of the two enzymes is genetically 

separable or that more than one gene affects the constitutive synthesis 

of NADa.se or oxidase. 

Evidence for the Single-Gene Inheritance of Constitutive 

Synthesis of L-Oxidase 

The random spore data did nat demonstrate whether the synthesis 

of L-amino acid oxidase on minilml medium was inherited as a single gene. 

Two additional crosses showed that the characteristic 'WSS simply in

herited. Cross II was repeated and individual asci were dissected. 

Isolated spores were heat-shocked at 55°C for 45 minutes. All isolates 
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were incubated at 25°C. Spore gennination was poor, so that only :five 

asci were obtained in which all four spore }.8irs were represented. 

Nevertheless, these asci were consistent with single-gene inheritance 

of the character (Table II). Despite variability between duplicate 

pe.ds, strains which produce a high level of oxidase when growing on 

minimal medium (PllO) are easily distinguishable from wild-type strains. 

The purpose of the next cross -was to determine 'Whether PllO is 

on linkage group I, on which the tyrosinase structural gene had been 

mapped ( 51). Several observations had suggested that tyrosinase and 

L-amino acid oxidase might be controlled by genes associated in an 

operon (8). If the synthesis of the oxidase resulted from an alter

ation of the axidase structural gene, or its associated (hypothetical) 

operator region, and if the oxidase gene and the tyrosinase gene were 

linked, then PllO would be expected to map on linkage group I. For 

this cross, a sexual reisolate of PllO, called II6~)cot, was crossed 

to Cl02-15300-4-~,~;~. The reisolate was used because it did 

not synthesize NADase when the culture -was growing on Vogel's medium 

and Tween 80. If the latter characteristic had been responsible for 

the poor viability of ~ progeny in the previous crosses, then this 

cross would be expected to show good viability. In this cross, random 

spores were spread on agar plates of Vogel's medium. Spores were hee.t

shocked and incubated at 32°c overnight. Germinated spores were 

isolated onto complete medium and incubated at 25°c. Each culture \las 

tested in duplicate for synthesis of the oxidase when growing on 

Vogel's medium. This characteristic segregated independently from the 
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TABLE II 

Types of asci obtained from cross PllO~ x Cl02-8025-l~;cot 

cot/_+ PllO/_+ 
L-oxidase, "FBU/gm 

Spore no. 
Set I Set II 

Ascus I, ordered, 7 spores germinated 

1 + + 0.78 0.75 
2 + + o.48 o.4-2 - 0.58 0.25 3 cot + 
4 cot + o.40 0.36 
5 + PllO 14.2 8.7 
6 + PllO 13.6 ll.6 
8 cot PllO 25.4 16.7 

Ascus II, ordered, 7 spores germinated 

2 cot PllO ll.3 19.5 
3 + PllO 6.8 15.1 
4 + PllO 6.8 10.6 
5 cot + 0-32 0.62 
6 cot + o.44 0.56 
7 + + 0.51 0.78 
8 + + 0.51 0.59 

Ascus III, ordered, 5 spores germinated 

2 + PllO 5.3 8.1 
3 + PllO 3.9 6.o 
4 + PllO 4.o 6.6 
6 cot + o.68 1.0 
7 cot + 0.59 0.76 

Ascus IV, unordered, 7 spores germinated 

+ PllO 6.6 5.9 
+ PllO 4.3 3.3 

cot + 0.19 0.19 
+ PllO 4.6 4.o 

cot + 0.25 0.14 
cot + 0.21 0 
cot + 0.27 0.07 
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TABLE II (continued) 

~otL+ PllOL+ 
L-o.xidase, Ero/gm 

Spore no. 
Set I Set II 

Ascus V, unordered, 8 spores germinated 

+ + 0.07 O.l7 
cot ...±... 0.13 0.34 
+ + o.o4 0.12 
+ PllO 2.6 3.6 -...±... PllO 3.8 4.4 
~ PllO 8.) 8.2 
cot Pll.0 9.4 12.8 
S2:t --±..... 0.15 o.64 



albino conidial characteristic (al-2), as shown in Table III. Quite 

clearly, PllO was selected against. There are, however, as· many albino 

progeny as wild-type conidiators which synthesize the oxidase. The 

data are consistent with the hypothesis that synthesis of the oxidase 

by strains growing on minimal medium (PllO) is inherited as a single 

gene which is unlinked to markers on linkage group I. However, the 

data do not exclude the possibility that more than one gene is involved 

in the synthesis of L-amino acid oxidase by growing strains. 

Mapping of PllO on Linkage Group IV Near the Centromere 

As stated previously, preliminary results indicated that PllO 

might be on linkage group IV. Rather than map the locus by analyzing 

additional asci from cross II, a four-point cross was constructed be

tween PllO ~ and the triple mutant l eu-2, pan-1, mat;~, whose markers 

cover most of the right arm of linkage group IV. Twenty-eight asci 

were dissected, in 15 of which all 4 spore .i:::airs germinated. Three 

spore .i:::airs germinated in an additional 7 asci. Because the genotype 

of the missing spore pair can be inferred from the 3 knoYm spore 

pairs, these a sci were considered to be fully analyzed. Among the 

remaining asci, 2 s pore pairs germinated in 3 cases , and 1 spore pair 

germinated in 3 cases. Quite often, asci were observed with 4:4 

segregation of light and dark spores. Where noted, the light spores 

were later f ound to carry PllO. A second heat shock given to the 

ungerminated spores about one week after the initial heat shock resulted 

in the germination of additiona l spores, many of which were PllO, 
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TABLE III 

Results of' cross II6~;cot x c102-15300-4-~,~;cot 

Parental types: 

~; + 
~; PllO 

Recombinant t ypes: 

al-2; PllO 

~; + 

Number of' progeny 

13 

5 

7 

17 



suggesting that PllO spores ~.ature more slowly than wild-type spores. 

All progeny were tested at least twice for synthesis of L-amino 

acid oxidase when growing on minimal medium (or on leucine and/or panto

thenate in the case of strains carrying leu-2 and/or pan-1). ' As in 

the previous crosses, progeny which produced the oxidase were charac

terized by slow· growth on minimal medium. 

A summary of the results obtained with the 22 fully analyzed 

tetrads is given in Tables rv and V. Because it is not kno>m on which 

arm of the chromosome PllO is located, two analyses are shown. In one 

case, PllO was assumed to lie on the right side of the centromere. In 

the second case, PllO was placed on the left side of the centromere . 

A map constructed by c onsidering both centromere-gene distances 

and intergene distances is given below Table v. The locations of 

leu-2, pan-1, and mat are in reasonable agreement with published values 

(52, 53). Unfortunately, the data do not indicate whether PllO maps 

to the right or to the left of the centromere. A more precise location 

of PllO on· linkage group IV could be obtained by crossing the mutant to 

the multiply marked strain col-4, pyr-1, pyr-3 (70007, H263, 37815t), 

(FGSC #390) • 

Heterocaryon Studies 

Theoretically, several different types of mutations could lead 

to synthesis of r.-amino acid oxidase by strains growing on minimal 

medium. Us ing the operon hypothesis a s a model, PllO could be an 
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TABLE V 

Unordered tetrads from cross PllOA x leu-2, pan-1, mat;~. 

Strand a PllO 

Strand b PllO 

Strand c + 

Strand d + 

Region 

Tetrad structure 

PllO leu-2 E§n-1 mat 
PllO .± .± .± 
.± leu-2 }:0.n-1 mat 
+ .± + + 

PllO + }:0.n-1 mat 
PllO + + + 
+ leu-2 pan-1 mat 
+ leu-2 + + 

PllO leu-2 pan-1 mat 
PllO + + + 
+ leu-2 pan-1 + 
+ + + ma:t -
+ leu-2 pan-1 mat 

PllO + + mat 
PllO leu-2 pan-1 + -+ + + + - -

+ + + 

+ + + 
leu-2 pan-1 mat 

leu-2 pan-1 mat 

I II III 

Number of 
tetrads observed 

1 

1 

2 

1 

. . 

Single I 

Single II 

Double 
Ibc, IIIbd 

Double 
Ibc, IIIac 



4o 



operator-constitutive mutant, whose operator region no longer binds 

the repressor which prevents synthesis of the oxidase in wild-type. 

If tyrosinase and oxidase are controlled by the same repressor, PllO 

could be a mutant with an altered co-repressor, necessary for repres

sion of the L-oxidase gene, but not for repression of the tyrosinase 

gene. If the two enzymes are controlled by two sepa.rate repressors, 

then PllO might result from a mutation in the oxidase-specific repres

sor. To reduce the number of these various possibilities, hetero

caryons were prepa.red to learn whether the properties of PllO were 

dominant or recessive in the presence of wild-type nuclei (54). The 

results of these studies were unusual and remain unexplained. 

FornE.tion of a Heterocaryon Between an L-Oxidase Constitutive 

Strain and Arg-5a 

The first heterocaryon prepared was H2 {XXVI-0-24- 6.!!; leu-2, 

p:n-1) {arg-5a). Individual hyphal tips were isolated as described in 

the Materials and Methods section. Two isolates were investigated with 

respect to synthesis of the axidase on minimal medium and frequency of 

the two nuclear types present in the heterocaryon. Conidial suspen

sions were prepa.red and filtered through glass wool to remove mycelial 

fragments. The suspensions were diluted serially and plated on can

plete medium in 'Which the glycerol had been replaced by 1 per cent L

sorbose and O.l per cent glucose. Sorbose was added to cause the 

conidial isolates t o grow colonially. Complete medium -was used to 

allow growth of all types of conidia; i.e. both homocaryotic and 
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heterocaryotic conidia. The same conidial suspension was used to in

oculate flasks of minimal medium supplemented with J;Bntothenate. 

Colonies which grew up on complete medium were tested for growth on 

three media: Westergaard-Mitchell medium w.s supplemented with (1) 

pantothenate, (2) leucine and J;Bntothenate, or (3) arginine. Fifteen 

colonies were isolated from H2-4 and 22 colonies were isolated from 

H2-10. Two types of cultures were recovered: those Which grew only on 

medium containing leucine and p:1.ntothenate, typical of XXVI-0-24- 6 , 

and cultures 'Which grew on a.11 three media.. The latter cultures were 

assumed to represent heterocaryotic nuclei. No arg-5 colonies were 

recovered. The presumed heterocaryon and isolates which grew on liquid 

minimal medium plus i:sntothenate produced no L- oxidase. Conidial 

isolates 'Which required leucine and J;Bntothenate did synthesize the 

oxida.se 'When gro'W!l on supplemented mininal medium. Thus, the proper

ties of PllO appeared to be recessive in this heterocaryon. 

Attempts to Recover Arg-5a Nuclei frcm Conidia Produced by 

the Heterocaryon 

It was of interest to determine the nuclear ratio of XXVI-0-2!~- 6 

to arg-5 in the heterocaryon, in order to estimate what proportion of 

arg- 5 nuclei -was required to prevent synthesis of L- axidase by the 

heterocaryon. A filtered conidial suspension of H2-10 w.s plated on 

complete medium and 118 colonies were isolated onto the three test 

media. Of these isolates, 113 grew only on leucine and plntothenate; 

l grew on all three media, and 4 isolates did not grow. No arg-5 



colonies were recovered. To determine 'Whether plating on canplete 

medium might have suppressed growth of the arg-5 conidia, serial dilu

tions of filtered conidial suspensions of H2-4 and H2-10 were plated on 

Vogel's medium supplemented with 0.5 mg/ml L-arginine, 1 per cent L

sorbose and 0.1 per cent glucose. The suspension was also plated on 

similar plates 'Which contained leucine and p:i.ntothenate in addition to 

arginine. From plates supplemented only with arginine, 40 colonies 

were isolated from H2-4 and 67 colonies were isolated from H2-10. 

Nineteen colonies from H2-4 and 15 colonies from H2-10 were isolated 

from plates containing all three supplements. All colonies isolated 

from arginine-supplemented plates grew on all three test media, indi

cating that such colonies were derived from heterocaryotic nuclei or 

frcm wild-type nuclei. Of the H2-4 colonies isolated from triply

supplemented plates, 11 cultures grew on all three test media, 'While 

8 cultures grew only on leucine and µ:i.ntothenate. Of the H2-10 colonies 

isolated from triply-supplemented plates, 14 cultures grew on leucine 

and µ:i.ntothenate only; one culture grew on all media. No arg-5 nuclei 

were recovered. 

The results obtained above could be explained by an extremely 

low frequency of arg-5 nuclei in the heterocaryon. To recover these 

arg-5 nuclei if they were present, filtration enrichment (55,56,57) was 

performed. Conidial suspension of H2-10 -was grown on 500 ml Vogel's 

medium supplemented with leucine and pe.ntothenate in a 1 liter Erlen

meyer flask on a reciprocal shaker at 25°c. As conidia germinated and 

grew, myceliwn was filtered off by pouring the suspension through 4 



layers of sterile gauze. Af'ter 6 days and 8 filtrations, aliquots 

of the filtrate were plated onto Vogel's meditnn supplemented with 

arginine, 1 per cent L-sorbose and 0.01 per cent glucose. Forty-five 

colonies were isolated from these plates and retested for growth on 

various supplements. All colonies tested grew only on medium contain

ing leucine and :i;sntothenate. Apparently, the colonies growing on 

arginine-supplemented plates were able to utilize the leucine and panto

thenate carried over in the plated filtrate. Arg-5 cultures were re

covered from a control flask containing conidial suspension from the 

heterocaryon and a snBll number of added arg-5 conidia, indicating 

that arg-5 conidia should have been recovered if they were present in 

the flask containing conidial suspension from the heterocaryon. TW'enty

five of thirty colonies isolated from the control flask were arg-5 

colonies. 

Evidence Against Wild-type Nuclei in the Heterocaryon 

The inability to recover arg-5 nuclei from the heterocaryon led 

to the suggestion that H2 might be composed of XXVI-0-24- 6 and wild-type 

nuclei. The wild-type nuclei might have come from a chance reversion 

of the original arg-5 strain, or they might have come from contamination 

of the culture by wild-type laboratory stocks. To test this possibility, 

asci were dissected from the cross H2-4 x ST 74!!• If H2-4 contained 

wild-type nuclei, some asci containing all wild-type spores should have 

been recovered. Nineteen ordered a.sci were isolated and analyzed. All 

asci showed segregation of the leu-2 and pan-1 markers. In order to 



observe larger numbers of H2 progeny more readily, H2-4 and H2-10 were 

crossed to leu-2A. Random spores were spree.d onto plates of Vogel's 

minimal medium and medium supplemented 'With leucine and ,E8ntothena.te. 

After heat shock, the plates were incubated at 25°C. No 'Wild-type 

spores were observed on minimal medium, although 5 densely-populated 

plates of ea.ch cross were carefully scanned. In all, several hundred 

germinated spores were examined; all showed the truncated growth 

typical of mutant spores germinated without supplement. On the supple

mented pl.ates, all progeny spores grew quite well. No evidence was 

obtained for the nature of the second component of the H2 heterocaryon. 

A Cross Between the Heteroca.ryon and Wild-type 

The next possibility investigated was that arg-5 nuclei were 

excluded from conidia for unknown reasons, despite their presence in 

the heterocaryon. To test this idea, slants of H2-4 and H2-10 grown 

on Westergaard-Mitchell medium were fertilized with conidia of ST 74~, 

and arg-5 progeny spores were sought. Random spores were spread on 

plates of Vogel's medium or Vogel's medium supplemented with leucine 

and ,E8ntothenate. Heat-shocked spores were incubated at 25°c. Spores 

isol.ated :from supplemented plates showed the truncated growth typical 

o:f mutant spores germinated without their supplement . This selection 

was designed to eliminate 'Wild-type progeny and leu-2, f&l-l progeny. 

Ninety-one spores f'rom H2-10 x ST 74P: and 50 spores :from H2-4 x ST 74P: 

were isolated onto minimal medium supplemented with arginine. Of the 

91 spores isolated f'rom H2-10 progeny, 42 grew on minimal medium 
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supplemented 'With arginine. All 42 grew on minimal medium upon trans

fer, indicating that none of the cultures "Was arg-5. Similarly, 4 of 

the 50 spores isolated from H2-4 progeny grew on arginine, and all of 

these grew on transfer to minimal medium. As a control, 30 spores vere 

isolated :from wisupplemented plates of H2-10 x ST 74~ onto medium con

taining leucine and pe.ntothenate. All isolates grew on these supple

ments; 20 of the 30 isolates also grew well on mininBl medium.. 

In swnma.ry, the first heterocaryon preISred grew on minimal 

medium and fEl,ntothenate and produced no L-amino acid axidase. Two 

types of conidia were recovered from the heterocaryon: one required 

leucine and p:i.ntothenate and produced the oxidase wen grown on suppl.e

mented medium; the second type grew on unsupplem.ented medium and pro

duced no oxidase. The most rea.sonable explanation for these results 

is that arg-5a nuclei a.re present in the heterocaryon, but do not get 

into conidia or fEl,rticipate in crosses involving the heterocaryon. 

Not excluded, however, is the possibility that the heterocaryon is 

composed of a high fraction of XXVI-0-24-6 nuclei and a few nuclei of 

an unidentified component 'Which prevents the synthesis of oxidase and 

compensates for the leucine requirement of XXVI-0-24-6. 

Formation of a Heterocaixon Between an L-Oxidase Constitutive 

Strain and a Lysine-Requiring Strain 

The unexpected results obtained with heterocaryon H2 l.ed to the 

preparation of two heterocaryons between XXVI-0-24-6.!!;leu-2, fE.n-1, which 

synthesizes axidase, and 3781~'~' which does not synthesize oxidase 



'When grown on its supplement. One of these heterocaryons, H3, vas pre

pered with equal volumes of conidial suspension from the two cultures. 

The second heterocaryon, H4, 'WRS preISred with 5 volumes of conidial 

suspension of 3781l and 1 volume of conidial suspension of XXVI-0-21!-6. 

Hyphal tips were isolated as described under Materials and Methods. 

One hyphal tip isolate from ea.ch heterocaryon 'Was selected for 

determination of' nuclear ratios. Filtered conidial suspensions of H3-l 

and H4-l were plated onto Vogel's medium supplemented with 0.2 mg/ml 

L-leucine, 10 µg/ml calcium p:mtothenate, 0.5 mg/ml L-lysine, 1 per 

cent sorbose and 0.01 per cent glucose. Plates were incubated at 30°c. 

Three and one-half days after inoculation, colonies were isolated onto 

three test media: (1) Vogel's minimal medium, (2) . Vogel's medium supple

mented with lysine, a.nd (3) Vogel's medium supplemented with leucine 

a.nd pmtothenate. Forty colonies were isolated from H3-l plates and 40 

colonies were isolated from Hli-1 plates. All isolates were incubated 

a.t 25°c . The results are summarized below: 

Heteroca.r;y::on Growth on indicated medium 

Minimal leu + ~n ~ 

H3-l 0 32 8 

Hli-l 0 28 12 

Thus, both components of the heterocaryon were recovered, but 

no cultures which arose from heteroca.ryotic nuclei were recovered. The 

frequency of nuclei containing the leu-2, p:m-1 nBrkers -was higher than 
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the frequency of ~ nuclei, even in heterocaryon H4, 'Which -was preµ3.red 

with an excess of lys conidia. 

At the same time that conidial suspensions of the hypha.l tips 

were plated to determine the nuclee.:.:- frequencies, fJ.asks of Vogel's 

mini!nal medium ·were inoculated witt .. the same conidial suspensions. In 

addition, six oth~ hyphal tip isola.tes of H3 and ~- isolates of H4 were 

similarly tested for synthesis of L-amino acid oxidase when grown on 

min:l..IJ81 medium. Cultures were grown for 5 days at 25°c. Wet weights 

varied fran 17.5 to 80 mg, with an average of 27.7 mg. All isolates 

produced a high level of oxidase. The amount of axidase produced 

varied frcm 2.8 EI:U/gm wet weight to 15.7 FCTJ/f!J.U• 

The results with H3 and H4 were contrary to the results obtained 

with H2. In heterocaryons H3 and H4, synthesis of L-amino acid axidase 

on minimal medium appeared to be a dominant characteristic, 'Whereas 

heterocaryon H2 indicated that this characteristic was recessive. 

The absence of heterocaryotic cultures among the conidial iso

lates from H3 and H4 suggested a possible explanation f or these con

tradictory results. If XXVI-0-24-6 and 37811 lys formed an unstable 

heterocaryon in 'Which XXVI-0-24-6 soon predominated, then liquid-grown 

cultures might represent cultures of XXVI-0-24- 6 growing symbiotically 

w.i. th 37811 ~. The compounds needed by XXVI-0-24- 6 for growth might 

be supplied by 37811 lys without preventing constitutive synthesis of 

oxidase. To obtain cultures in wich the ratio of the two nuclei 

should be close to unity, heterocaryotic conidial isolates were sought. 

To look for heterocaryotic conidia from H3 and H4, filtered conidial 
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suspensions were plated onto sorbose minimal medium and medium supple

mented with lysine, leucine, and rentothenate. .Each of the two hyphal 

tip isolates, H3-l and H4-2 showed abrut 100 colonies on the supple

mented plates for ea.ch colony on unsupplemented plates. Hence, the 

frequency of heterocaryotic conidia ims low, but heterocaryotic conidia 

were present. Colonies were isolated from unsupplemented plates onto 

slants of minimal medium. Seventy-one colonies were isolated from a 

supplemented plate inoculated with H3-l onto the three test media. Of 

these colonies, 70 were leu-2, pm-l and one colony was ~· From sup

plemented pl.ates inoculated with H4-2, 123 colonies were isolated onto 

slants of the three test media. Of these colonies, 119 were leu-2, 

pa.n-l, and 4 did not grow. 

Colonies isolated from H4-2 plated onto unsupplemented medium 

were tested for synthesis of L-amino acid axidase on liquid minimal 

medium. These heterocaryons did not produce L-amino acid oxidase when 

grown on minimal medium, 'Whereas the hyphal tip isolate which gave rise 

to these heterocaryotic conidial isolates did produce the enzyme. To 

test the possibility that the colonies 'Which had grown on minimal medi um 

were wild-type, conidial suspension of ea.ch isolate was pl a ted onto 

minimal medium and minimal medium supplemented with l eucine, panto

thenate, and lysine. Each isolate contained 10-100 conidia 'Which grew 

on supplemented plates for each conidium ·which grew on minimal plates. 

Colonies isolated from one culture plated on supplemented media were 

tested for the ir r equirements. Eighty-one were leu-2 , p m-1, 'Whi l e 5 

were heterocaryotic. Thus, the cultures 'Which grew on minimal medium 
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were not wi1d-type contaminants, but were heterocaryons containing 

leu-2, ~n-1 and/or~ nuc1ei. 

Contrary to the resu1ts with H4-2, all of the 6 conidial iso-

1ates from H3-l p1ated on minimal medium pr-oduced high 1evels of L-amino 

acid oxidase. Conidial suspension :from one of these cultures "W8.S "';ested 

for the frequency of leu-2, i;:e.n-1 and lys nuclei and for synthesis of 

L-amino acid oxidase. The cu1ture had a ratio of 30 leu-2, pe.n-l 

nuclei: l ~ nucleus: 1 heteroca.ryotic nucleus. Cultures grown from 

this conidial suspension did not synthesize the axidase 'When grown on 

minimal medium. 

In s1..ll'.llDRry, variable resu1ts with respect to synthesis of L

amino acid oxidase were obtained with heterocaryons prepared with 37811!:; 

.b~ and XlCVI-0-24-~; leu-2, p:m-1, which synthesizes oxidase. Hyphal 

tip isolates of H3 and H4 produced the enzyme. Heterocaryotic conidial 

isolates of H4 did not pr-oduce the enzyme, while similar isolates of H3 

did produce the enzyme. After vegetative transfer of one heteroca.ryotic 

conidial isolate of H3, it no longer synthesized the ax:idase. The 

synthesis of L-amino acid oxidase by the culture is not dire ctly related 

to the :frequency of nuclei contributed by the constitutive parent as 

determined by plating conid ia. A very high frequency of leu-2, pe.n-1 

nuclei was found in heteroce.ryons not synthesizing the ax:idase. In all 

three heterocaryons prepared, the leu-2, pe.n-l nucleus was found to 

pr-edomina.te, even in cultures arising from a single conidium. The 

reason for this predominance of one nuclear type is unknown. Pittenger 

and Brawner ( 58) observed a similar imbalance in nuclear ratios in 
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certain heterocaryons and found that the imbalance was controlled by a 

nuclear gene which they called .!.• In heterocaryons with a proportion 

of! nuclei z 0.3, multiplication of.! nuclei 'WB.S inhibited, leading to 

a nonadaptive increase in .!. nuclei. Conidia isolated from such hetero

caryons were predominantly .!_, although a few heterocaryotic conidia 

were recovered. 

Ryan and Lederberg (59) observed that leucineless nuclei pre

dominate in a heterocaryon between leucineless and wild-type strains 

if the heterocaryon is grown on leucine supplemented medium, while 

wild-type nuclei predominate in the same heterocaryon grown on minima.l 

medium. This observation cannot explain the predominance of leu-2, 

pan-1 nuclei observed in the heterocaryons studied here, which were 

maintained on minimal medium. 

Perhaps the results obtained with the heterocaryons can be 

attributed to the fact that nuclee.r ratios were determined by plating 

conidia from a culture which was used as the inoculum for the cultures 

later analyzed for the presence of L-amino acid oxidase. The nuclear 

ratio present in the culture grown on liquid may have been significantly 

different from the initial conidial ratio. No attempt was ma.de to de

termine the nuclear ratio present in cultures which had been grown up 

on liquid medium. 

Derepression of Tyrosinase in the L-Oxidase Constitutive Strain 

The majority of conditions which derepress L-amino acid oxidase 

in wild-type cultures also derepress tyrosinase. The mutant PllO 
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grown on minimal. medium synthesizes L-amino acid axidase, but not 

tyrosinase. That the tyrosinase gene we.s intact in the mutant "Was 

demonstrated by the derepression of tyrosinase under conditions which 

derepress the wil.d-type (7). A sexual reisol.ate of PllO, called 

II~;~, was used for the experiment shown in Figure 3. The axidase 

activity did nat change significantly during derepression of the ty

rosinase. The finding that onl.y one of the two enzymes in the postulated 

operon ( 8) i.m.s affected argued against a mutation in a canmon regulator 

gene. 

A Comp:rison of Partially Purified L-Amino Acid Oxidase from Derepressed 

Wild-type and from PllO Grown on Minimal Medium 

If tyrosinase and oxidase were not control.led by two genes 

associated in an operon, but by two genes controlled by a corrnnon re

pressor, then a mutation affecting only one of the enzymes could result 

from alteration of one of the two (hypothetical) operator regions. If 

this were the case, then the enzyme synthesized might show a change in 

its physical properties. 

When the thermostability of the axidase produced by PllO grown 

on minimal. medium 'WS compued with the axidase synthesized by der e

pressed ST 74!, a striking difference 'WS observed (Figure 4). Because 

the thermostabil.ity of an enzyme can be aff ected by accom~nying im

purities, the two pre~rations were p:i.rtially purified. In preliminary 

studies, the axidase 'WB.S purified by the method described by Fling 
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Figure 3. Derepression of tyrosinase in the L-amino acid axide.se 

constitutive strain, II~)cot. Cultures were grown in 125 ml Erlen

meyer flasks containing 20 ml l/'2X. Vogel's medium. ( 40) and 1/2 per cent 

sucrose. The cultures were incubated without shaking at 25°C for 7 

days. Derepression "Was initiated by the addition of 2 mg DL-ethionine 

per flask. The cultures were incubated at 25°C on a reciprocal shaker 

( 80 strokes/minute) during derepression. Indi vidua.l flasks were 

harvested at different times a~er the addition of ethionine and 

analyzed for ty:rosinase and L-amino acid axidase. Enzyme activities 

are given as Enzyme Canmission units per gram wet weight of mycelium. 
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Figure 4. A com:i;:e.rison of the thermostability of crude L-amino acid 

oxidase pre:p3.red from derepressed wild-type and PllO grown on minimal 

medium. Stationary cultures of ST 74~ were washed twice with 20 ml 

sterile distilled water and were then suspended on 5 ml sterile Vogel's 

salts containing 2.5 µg cycloheximide. Flasks were incubated for 48 

hours at 25°C, without shaking and in the dark. PllO was grown without 

shaking at 25°C for 7 days. 

To determine the thermostability of the L-amino acid oxidase, 

crude extract was added to O.J.M sodium phosphate buffer, pH 6, at 56°C. 

The solution was mixed thoroughly, and 2.25 ml samples were removed 

periodically. Samples were pipetted directly into beakers on ice. All 

samples were analyzed for L-oxidase activity as described in Materials 

and Methods. 
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et~· (44) for purification of tyrosinase. The crude extracts were 

treated as outlined below: 

(1) Nucleic acids were removed fran the crude extract by 

precipitation with 2 per cent streptomycin sulfate. 

(2) Protein was precipitated by 0.8 saturated ammonium sul

fate. 'The precipitate w.s collected by centrifugation 

and suspended in buffer. 

(3) Two volumes of cold (- l 0°C) acetone were added slowly to 

precipitate proteins. The precipitate was pelleted and 

the pellet extracted twice with buffer. 

( 4) Arrnnonium sulfate was added to 0.5-0. 6 saturation. The 

precipitate was collected by centrifugation and sus pended 

in buffer. 

Results obtained with such _!8rtially purified pre,!8rations are 

show in Figure 5. The oxidase from ST 741:! did not show a significant 

change in thermostability upon purification, 'While the enzyme from PllO 

became more labile, and the denaturation curve appeared to be biphasic. 

The steps indicated above resulted in a 2X increase in the 

specific activity of the axidase from PllO and a 4.5X increase in the 

specific activit y of the oxidase frcm ST 74~. Protein concentration 

was determined by the method of Lowry et .!!.!• ( f/J ). Major losses in 

L-amino acid oxida.se activity were encountered during precipitation of 

the enzymes by cold acetone. The method published by Burton ( 3) for 

purification of the oxidase yielded a 4.5X increase in s pecific 

activity. To reduce losses in enzyme activity, and to improve the 



58 

Figure 5. A com,E8rison of the thermostability of partially purified 

(method described in text} L-amino acid oxidase from derepressed wild

type and Pll.O grown on minimal. medium. Stationary cultures of ST 74~ 

were washed twice with 20 ml sterile distil.l.ed water and were then 

suspended on 5 ml sterile Vogel's sa.l.ts containing 2.5 µg cycloheximide. 

Flasks were i ncubated for 48 hours at 25°C, without shaking and in the 

dark. Pl.1.0 was grown without she.king at 25°C for 7 days. 

To determine the thermosta"bility o:f L-amino acid axidase, 

1..3 ml ,E8rtially purified enzyme :from ST 74~ or 2.6 ml. enzyme from Pll.O 

was added to 28 ml. 0.1.M sodium phosphate buf'fer, pH 6, at 56°C. Samples 

containing 2 .25 ml. heated enzyme were removed periodical.ly and cool.ed 

in ice. All. samples were analyzed :for L-amino acid oxidase activity as 

described in Materials and Methods. 

The thermostabil.ity of the more labile component in the extract 

was estimated a~er subtracting the activity due to the more stable 

can.ponent. The amount of activity due to the stable canponent present 

at esrl.y times during heat inactivation was estimated by extrapolating 

the curve of its decay to zero time. 
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increase in specific activity, alternative methods of enzyme purifica-

tion were investigated. 

L-amino acid oxidase which had been partially purified as 

described above was fOWld in the exclusion volume after gel filtration 

on Sephadex G 100, suggesting that the oxidase might be further purified 

by gel filtration on SeJtladex G 200. The results of chromatography on 

SeJtlade:x: G 200 is shown in Figure 6. The oxidase is retarded slightly 

by G 200, and is eluted as a symmetrical pee.k of activity. Routinely, 

a 16-l 7X increase in specific activity -was obtained with this simple 

procedure. Virtually all enzyme activity was recovered. L-oxidase 

f'rcm ST 71'! which has been recovered frcm Sepbadex G 200 has a thermo

stability which is nearly identical to the thermostability of similarly 

prepared oxidase f'ran PllO (Figure 7). These results indicate that the 

mutation in PllO does not affect the structure of the L-amino acid 

oxidase produced by the mutant. 

Both preparations show a biphasic denaturation curve. One 

explanation for the biph.asic nature of the ax:idase denaturation curve 

might be that the enzyme's cofactor, FAD, is rapidly lost upon heating. 

The early rapid loss of enzyme activity might represent the loss of 

FAD while the slower loss of activity might represent the destruction 

of the apoenzyme. Opposed to this suggestion 'WB.S the finding that 
I 

adding excess FAD to the solution during heating had no effect on the 

biphe.sic nature of the curve. 
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Figure 6. Elution profile of PllO T..r-amino acid oxidase chromatographed 

on Sephadex G 200. Part of the proteins in the crude extract were 

removed by adding solid ammonium sulf'ate to 30 per cent saturation at 

4°C. The precipitate was spun down in a centrifuge and discarded. A 

3 ml sample of' the supernatant was applied to a G 200 coli.mm equili

brated with O.lM sodium phosphate, pH 6. The column had a 4 cm zone 

of G 50 gel above the G 200 gel. The total column was 1.7 x 75 cm, and 

had an internal volume of 65-70 ml. L-amino acid axidase was eluted 

with O.lM sodium phos.i;ilate buffer, pH 6, using a pressure head of 

approximately 15 cm. Samples containing approximately 2 ml were col

lected automatically. Aliquots (0.4 ml) of each sample were assayed 

for L-amino acid oxidase. V 
0 

-was determined by chromatographing blue 

dextran 2000(Pharma.cia, Uppsala, Sweden) on the column. 
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Figure 7. A comparison of the thermostability of partially purified 

(using gel filtration) L-a.mino acid oxida.se :from derepressed wild-type 

and PllO grown on min:i.IE.1 medium. Stationary cultures of ST 74~ were 

washed twice with 20 ml sterile distilled water and were then suspended 

on 5 ml sterile Vogel's salts containing 2.5 µg cycloheximide. Flasks 

were incubated for !~ hours at 25°c, without shaking and in the dark. 

PllO was grown without shaking at 25°C for 7 days. 

To determine the thermosta.bility of the L-a.mino acid oxidase, 

5.2 ml of the ccmbined fractions f'rom G 200 which contained the r.,.. 

oxida.se peak were added to 24 ml O.lM sodium phosphate buffer, pH 6, 

at 56°C. The solution was mixed thoroughly, and 2.25 ml samples were 

removed periodically. Samples were pipetted directly into beakers on 

ice. All samples were analyzed for L-axida.se activity as described in 

Materials and Methods. 

The thermostability of the more labile ccmponent in the extract 

'W8S estimated after subtracting the activity due to the more stable com

ponent. The amount of activity due to the stable ccmponent present at 

early times during heat inactivation was estimated by extrapolating 

the curve of its decay to zero time. 
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A Ccml8rison of the L-Oxidase from Derepressed Wild-type and Induced 

Wild-Type 

A second explanation for the biphasic nature of the oxidase de-

naturation curve could be that two oxidases are produced by derepressed 

cultures. This proposal was stimulated by a report by Sa.nwal and Iata 

that Neurospora produces two different glutamic acid dehydrogenases 

(61,62,63). In addition, I observed that L-amino acid axidase, but not 

tyrosinase, is induced in wild-type cultures grown on L-a-amino-n-butyric 

acid as ".;he sole nitrogen source in N-free Vogel's medium (the NR4No
3 

in standard Vogel '' s sal.ts was omitted; N-free trace elements were pre-

pared by substituting FeS04•7 ~o for Fe(NH4) 2so4•6H2o). Two per cent 

reagent grade sucrose was used in 20 ml medium in a 125 ml Erlenmeyer 

flask. Cultures were incube.ted without shaking at 25°c. A possibl.e 

explanation for the synthesis of L-amino acid ax:idase under these 

ccndi tions coul.d be that there are two L-amino acid ax:idases, one of 

which is induced by growth on L-aminobutyric acid. Both L-oxidases 

could be derepressed by the conditions which derepress tyrosinase. 

To determine whether cultures grown on aminobutyric acid as 

the sole nitrogen source produce an L-amino acid oxidase with properties 

which differ :fran those of the oxidase derepressed under conditions 

which also derepress tyrosinase, enzyme frcm the two sources -was 

p:i.rtiall.y purified on G 200 and C001!8red. The oxidase from cultures 

· grown on aminobutyric acid was identical. in size as determined by 

elution volume :from the column (64) and thennostability to that :from 

cycloheximide-derepressed cultures. The only difference noted in the 
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two preparations was a. 2X higher specific activity in enzyme p:1.rtially 

purified from a.minobutyric acid-grown cultures. These results suggest 

th.at the same L-amino acid oxida.se is formed in the two conditions 

studied. 

The bipha.sic curve of heat inactivation Observed with the L

axidase may result f'rcm protection of the native enzyme by the denatured 

enzyme (65). Some support for this suggestion canes fran the observed 

variability in the half-life of' the more stable canponent (17 .5 minutes 

- 61 minutes) contrasted to the reproducible half-life of' the more 

la.bile component (3.2 minutes - 7 minutes). 

Time Course of Growth and L-Oxidase Production by PllO and II6a;cot 

Although the conidia of PllO contained no oxidase, 4 to 7 day 

old mycelial pe.ds of PllO always contained a high level of the enzyme. 

To determine when the oxidase was synthesized during the growth of PllO, 

the amount of oxidase present as a function of the age of the culture 

was investigated. A large number of 125 ml Erlenmeyer flasks con

taining 20 ml of minimal medium were inocuJ.a.ted concurrently. Groups 

of a few flasks were harvested at various times after inoculation and 

analyzed for dry weight or oxidase activity. The results a.re shown in 

Figure 8. Both Pl10! and II~;~ showed a. period of approxilmtely 4 

days during which very little growth occurred. After 4 days, growth 

proceeded at a rapid rate. The specific activity of L-amino acid oxi

dase was ma.xilml at 4 da.ys and decreased thereafter. The total oxidase 

activity per pe.d was observed to incree.se for 7 days. 
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Figure 8. Time course of growth and L- oxidase production by PllO and 

II~;~. Cultures were grown in 125 ml. Erlenmeyer flasks containing 

20 ml. Vogel's minimal medium ( 4o) and 2 per cent sucrose. Incubation 

was at 25°c, 'Without shaking, for 2 to 13 days. Individual cultures 

were harvested at various times after inoculation and analyzed for dry 

weight or L-a.mino acid axidase activity. 
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Rep:ression of the L-Oxidase Production of Pll.0 by Keto Acids 

The decrease in activity observed in older cultures suggested 

that the axidase might be feedback repressed by keto acid products. 

This suggestion -was tested by feeding II~;~ filter-sterilized a

ketobutyrate, a-ketoglutarate, phenylpyruvate and pyruvate, ea.ch at a 

final concentration of 5 µmoles/ml. As shown in Table VI, ea.ch of the 

keto acids, with the exception of pyruvate, decreased the amount of 

oxidase observed in the cultures. The effect is p:1.rticularly notable 

at pH 4.4, at 'Which pH the keto acids are more readily taken up by the 

cultures than at pH 5.6. Aurich also investigated the effects of 

pyruvate on synthesis of L-axidase and observed that pyruvate did not 

repress the enzyme (66). The effects of other keto acids were not 

investigated by him. Neither ketobutyrate nor ketoglutarate signifi

cantly inhibits the axidase reaction, as shown in Table VII, suggesting 

that the keto acids repress the synthesis of the axidase. Phenylpyru

vate is the product of the reaction used to assay the oxidase, and thus 

-was not tested as an inhibitor of the reaction. 

The Effects of Keto Acids on Derepressed Wild-type Cultures 

The finding that keto acids repress the synthesis of L-oxidase 

by II~;~ led to an investigation of the effects of keto acids on 

derepressed cultures. In wild-type cultures derepressed by the addition 

of ethion:l.ne (41), keto acids repressed the synthesis of tyrosinase as 

well as L-oxidase {Table VIII). That the keto acid did not act by pre

venting the uptake of ethionine was shown by adding the keto acid l to 



TABLE VI 

Repression of L-amino acid oxida.se synthesis by keto acids 

Keto acid added pH Dry wt (mg) -5 days Oxidase activity (EI!U/gm) 

none 5.65 15.1 9.5 

ketobutyre.te 5.65 24.1 2.1 (78i)* 

ketoglute.rate 5.65 15.5 3.8 ( fJJi) 

phenylpyTuvate 5.65 28.0 4.o (58%) 

pyruvate 5.65 16.3 8.6 (9.5~) 

none 4.4 12.0 2.7 

ketobutyrate 4.4 15.5 0.17 (94i) 

ketoglutarate 4.4 13.0 0.30 (89i) 

phenylpyTuvate 4.4 23.3 o.4 (85%) 

pyruvate 4.4 12.l 3.2 (oj,) 

*Per cent inhibition. Cultures were grown in 20 ml Vogel's 

minimal medium in 125 m1 Erlenmeyer flasks standing at 25°c. 

Adjustment of the pH was made prior to autoclaving the flasks. 

Filter-sterilized keto acids (5 µmole/ml) were added after flasks 

were autoclaved. 
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TABLE VII 

The effect of' keto acids on the L- oxidase reaction 

Additions to the reaction mixture 

none 

10 µmoles ketoglutarate 

none 

11 µmoles ketobutyra.te 

*Per cent inhibition. 

L-oxidase activity (EX:U/gm.) 

2.1 

1.9 (9.5%)* 

3.7 

3.5 (5.41>) 
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2 holU's a:fter the ,addition of ethionine. By this time, most of the 

ethionine would have been assimilated by the cultlU'e ( 41). 

The addition of keto acids to cycloheximide-derepressed wild

type cult\U'es did not affect the production of either tyrosinase or 

L-amino acid oxid.ase, as shown in Table IX. In the experiment using 

ketobutyrate, the result might be e.."<:plained by inhibition of' keto acid 

uptake by cycloheximide, but in the experiment using phenylpyruvate, 

the keto acid ws added prior to the addition of cycloheximide. 

A plausible explanation for the difference between the effect 

of keto acids on the tvo antimetabolites could be that keto acids 

somehow influence the level of methionine in the cell. Keto acids 

might inhibit the activity of amino acid degrading enzymes by end 

product inhibition, for example. If the intra.cellular concentration 

of methionine were increased, one would expect a reduction in the 

effectiveness of ethionine, 'Wheree.s an increase in methionine would 

not be expected to influence derepression by cycloheximide. 

Whether the effects of keto acids on ethionine-derepressed 

wild-type cultures is related to the et'f'ects of keto acids on the 

mutant is not clear. In derepressed cultures, the keto acid eff'ects 

are not specific to production of the L-oxidase. 

Identification of a Factor from Yee.st Extract Which Improves the Growth 

of PllO 

The poor growth of PllO and all its progeny which synthesize 

oxidase constitutively on minimal medium has been mentioned previously. 
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Growth of the cultures is improved on complete medium, 'Which in addi

tion represses synthesis of the <llCidase (7). The enhancement of growth 

of the lID.ltant by comp.lete medium and the sh.ape of the growth curve on 

minimal medium (Figure 8) suggested th.at PllO was an incompletely 

blocked auxotroph. Evidence in support of' this suggestion came f'rom 

the following experiment. Mycelium f'rom II~; cot grown on minimal 

medium was extracted in boiling water immediately after harvesting. 

The boiling water extract was added to minilml medium 'Which was then 

inoculated with a fresh conidial suspension of II~;cot. The mutant 

grew significantly better in the presence of the extract than on mini

mal medium. The results suggested that the compound required by 

II~; cot was slowly synthesized and accumulated by the mutant. The 

compound required for good growth of PllO and its progeny was postu

lated to be a repressor or co-repressor of L-axidase synthesis. As 

the supply of this com.pound increased in the mutant, L- oxidase 

activity would decree.se, as was observed in the experiments measuring 

enzyme activi ty as a f'unction of the age of the culture. 

Keto acids had been found to repress the synthesis of' oxidase, 

but none of those tried had improved the growth of PllO nearly as much 

as ccmplete medium. The individual components of complete medium were 

tested for their effects on the growth of PllO. As shown in Table X, 

the only single component 'Which mimicked complete medium was yeast 

extract. Hydrolyzed casein did not support good growth of the mutant. 

Auxanographic tests with a large number of' individual vitamins and 



TABLE X 

The effects of the components of complete medium on the growth of PllO 

ST 74h_ dry wt PllO dry vt 
Components added to minime.l medium 

(mg) (mg) 

none 33.4 trace 

5 mg/ml ymst extract 54.3 23.5 

0.25 mg/ml casein hydrolysate 43.0 trace 

5 mg/ml malt extract 37.7 trace 

yea.st extract and casamino acids 48.5 18.5 

malt extra.ct and ca.se.mino acids 36.9 15 .. 3 

yes st extract and ma.l t extract 47.3 23.3 

yeast extract, malt extract, and 41.1 18.6 casamino acids 

Cultures were grown for 2 days in standing cultures containing 

20 ml medium in 125 ml Erlenmeyer flasks. Cult\U'es were incubated at 

25°c. 
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amino acids gave negative results. Thus yeast extract was fractionated 

to isolate the c ompound required by PllO. 

A component of yeast extract which improved the growth of 

PllO 1-ias isolated as follows. Twenty grams of yoost extract 'were dis-

solved in 100 ml distilled ;;rater. Absolute ethanol (900 ml) was added 

'With stirring. The precipitate was pelleted by centrifugation and dis-

carded. Ethanol in the supernatant was removed under reduced pressure 

in a Calab Model C Evaporator. The residue 1vas dissolved in distilled 

water, and the pH adjusted to 2 with concentrated HCl. Organic acids 

and lipids were removed by 3 extractions with ether and the ether 

phases were discarded. The ;;rater phase fro:r.i. the ether extraction was 

adjusted to pH 7. Dowex 1-Xl was added to adsorb anions. The eluate 

f'rom Dowex 1 was neutralized and adsorbed with Dowex 50U-X4 to remove 

cations. The yellow solution was neutralized and then adsorbed with 

charcoal. The clear and colorless solution was concentrated lOX, and 

5 ml were chromatog-.caphed on Biogel P2 (3 cm x 58 era). The active 

compound ;ra.s eluted with 1-Jater at V /V = 1.81, indicating a molecular e o 

weight of approximately 200. The size of the molecule and the fact 

that it 1-ias uncharged suggested that it might be a sugar. None of 

the following sugars at concentrations of 2 per cent improved. the 
' . 

growth of PllO, either a.lone or in combination with sucrose (also 

at 2 per cent): lactose, mannitol, fructose, glucose, lyxose, L- or 

D-arabinose, raff inose, rha..runose, ~altose, ga lactose, ribose, xylose, 

or dextrin. 



The :f'act that the component in compl.ete medium af'f'ected synthe

sis of' L-amino acid axidase suggested that the factor might be an amino 

acid or an amino acid ana.l.ogue. The studies of' Thayer and Horowitz (2) 

and Burton (3) suggested that the L-a.mino acid oxidase coul.d be iDiuced 

by substrate amino acids. Studies concerning induction and repression 

o:f enzymes invol.ved in arginine biosynthesis indicate that a structural. 

anal.ogue of' the repressor may speci:fica.l.ly reverse repression (i.e. 

11induce") (76). In the case of Pl.l.O, it seemed possible that non

substra.te amino acids or an amino acid analogue might a.ct as a repres

sor. The proteinogenic amino acids bad been eliminated by tests with 

casamino acids and aumnographic ·<;ests. The amino acids in the most 

active :fraction from the P2 gel. were se12rated by high voltage electro

phoresis. No \lllusual. amino acids were present, but al.a.nine, glycine, 

serine, threonine, methionine, and phenyl.al.a.nine vere present. PB.ch 

of these amino acids wa.s tested individually and in canbination vith 

the others. The resul.ts shown in Table XI indicated that serine or 

glycine enhanced the growth of' PllO, and that the ccmbination o:f amino 

acids was especiall.y stimulatory. From these results PllO appeared 

to be an incompletely bl.ocked auxotroph requiring serine or glycine. 

A review of the literature indicated that other serineless mutants o:f 

Neurospora do not util.ize casein hydrolysate (67,68,69). As shown in 

l.ater experiments, Pl.1.0 requires more serine :for growth than is pro

vided by the concentration of casein hydrolysate added as supplement. 

Why the auxanographic tests gave negative results is unknown. 
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TABLE XI 

The effect on growth of PJ.10 of the amino acids present 

in the active fraction of yeast extract 

Supplement (4 mg/flask) 

none 

alanine 

g:Lycine 

methionine 

phenylalanine 

serine 

threonine 

All 6 amino acids above 

Dry wt in mg 

2.5 

2.9 

l8.4 

5.2 

3.2 

26.4 

2.2 

55.0 

Cultures were grown for 3 days in standing cultures contain

ing 20 ml medium in l25 ml Erlenmeyer flasks. Cultures were 

incubated at 25°C. 
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Studies Concerning the Amino Acid Requirement of PllO and Its 

Relationship to L-Amino Acid Oxida.se Synthesis 

The Effect of Inoculum Size on Utilization of Glycine by Pll.O 

To confirm that serine and/ or glycine was the compound( s) re

quired by PllO, 17 amino acids were tested individually. The results, 

shown in Table XII, indicated that serine was the only single amino 

acid 'Which markedly improved the growth of PllO or IIt~)cot. In this 

experiment, glycine did not appear to be equivalent to serine, 'Whereas 

it had given good growth in earlier studies. Hungate reported (67) a 

similar variability in the response to glycine by H 605 ser-1, but 

gave no explanation for it. The inoculum size was not controlled in 

these experiments, nor in those reported by Hungate. Figure 9 indi

cates that a 10-fold variation in the number of conidia used for 

inoculation makes a significant difference in the amount of growth 

seen on glycine. Conidial suspensions prepared in the manner routinely 

used in growth experiments could easily vary by a factor of ten in 

concentration. Growth of the mutant on serine or minimal medium shows 

a sim.11.e.r, but much less marked, effect. 

Conversion of Glycine to Serine in vivo 

Evidence that Pll.0 couJ.d convert glycine to serine was obtained 

from labeling studies. Each culture was grown on unsupplemented Vogel 1 s 

minimal medium until a mycelial pad of convenient size had :formed. PllO 

'WS.S grovn for 6 days; ST 7~ was grown for 3 days. Each pad -was washed 
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TA:m.E XII 

The effect of individual amino acids on the growth 

of PllO, II6 and ST 74~ 

PllO II6 ST 7~ 
Added amino acid 

mg dry vt mg dry vt mg dry vt 

none 2.0 2.4 55.8 
DL-a.lanine 1..3 2.0 59.8 
L-arginine 1.4 2.9 67 .4 
L-aspa.rtic acid 1.9 2.6 63.0 
L-cysteine trace 2.2 16.0 
L-gl.utamic acid 1.7 2.3 60.8 
glycine 6.4 3.8 39.7 
L-histidine 1.3 2.3 52.8 
L- isol.eucine + L-val.ine 2.4 1.9 60.2 
L-1.eucine l.. 7 1.9 62.0 
L-lysine 1.1. 2.3 63.6 
L-methionine 4.7 4.1. 61.6 
L- phenyl.alanine 3.0 2.1 57.2 
L-proline 1.8 2.4 63.7 
L-serine 27.8 45.4 63.7 
DL-threonine 1.6 1.8 62.8 

L-tryptopban 6.2 3.0 58.1 
L-tyrosine 2.9 2.6 86.9 
L- serine + gl.ycine + L-methionine 54.9 63.5 70.i 

L- serine + glycine + L-methionine + 
56.3 5i.9 68.2 L-tryptophan 
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TABLE XII (continued) 

Cul.tures were grown for 3 days in 20 m1 Vogel's m:ininBl medium 

in 125 m1 Erlenmeyer flasks at 25°c, without shaking. Amino acids 

were added to give a final concentration of 0.2 mg/m1, with the excep

tion of DL-alanine, 'Which w.s tested at o.4 mg/m1. All dry weights 

are averages of duplicate pads. 



Figure 9. The effect o'f inocu1wn size on utilization of' glycine by 

PllO. Cultures were grown in 1.25 m1 Erlenmeyer" f'lasks containing 20 ml. 

Vogel's medium and 2 per cent sucrose. Glycine or serine was added to 

give a 'final concentration of' 5 µmoles/ml. The conidial suspension of' 

PllO was diluted serially by :factors of' ten and 2 or 6 drops of' each 

dilution were used to inocuJ..a.te duplicate :flasks of each medium. 

Cultures were gro'W?l without shaking at 25°C for 96 hours. 
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twice with 20 ml sterile distilled water and suspended on 10 ml :fresh 

Vogel's medium containing 2 per cent sucrose. Cultures were equili-

brat ed. for 45 minutes e.t 25°C with shaking. Ten ml of Vogel's medium 

containing 2 per cent sucrose and 0.5 µc (5 µ.moles) c14
-u-glycine were 

added to ea.ch culture. Incubation -was continued on the shaker at 25°C. 

Cultures were harvested. 10 minutes or 30 minutes a f ter the addition of 

labeled glycine. The intracellular free amino acid pools were extracted. 

immediately and the amino acids were sep:i.rated by high voltage electro-

phoresis. Radioe.ctivity -was observed. in just two amino acids, serine 

and glycine. PllO showed a greater :fraction of the counts in serine 

at both 10 minutes and 30 minutes than did ST 7~, although both 

cultures clearly converted. glycine to serine. 

Growth of PllO as a Function of Serine Concentration 

As shown in Table XII, serine at 0.2 mg/ml did not allow PllO 

to grow as well as wild-type, nor was it as effective in supporting 

growth as a combination of serine , glycine and methionine. These re

sults suggested that PllO might require more than 0.2 mg/ml L-serine 

for optimum growth. The results of a concentration series shown in 

Figure 10 indicate that optimum growth of PllO is obtained at 0.25-0.5 

mg/ml L-serine and that h i gher concentrations are somewhat inhibitory. 

No concentration of serine allowed. the I!Ultant to grow more than one-

half as much as the 'Wild-type within 3 days e.t 25°C in standing 

cultures. The high concentration of serine r equired by the mut ant nny 

explain why hydrolyzed casein does not support the growth of PllO. 
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Figure 10. Growth of PllO and ST 7q~ as a f'unction of L-serine concen

tration. Cultures were grown in 125 ml Erlenmeyer flasks containing 

20 ml Vogel's medium and 2 per cent sucrose. L-serine "Was added at 

concentrations ranging from 0.5 µg/ml to 5.25 mg/ml. Flasks were in

cubated at 25°C 'Without shaking for 3 days. 
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Hydrol~ed casein -was fed at a concentration of 0.25 mg/ml, which 

would supply much less than the required amount of L-serine. Casein 

contains 5.4-6.7 g serj.ne per l6 g amino nitrogen (70). 

Repression o~ L-Oxidase Synthesis in PllO by Serine and Related 

Metabolites 

In addition to their effect on growth, both complete medium and 

yeast extract repressed the synthesis of L-amino acid oxidase by PllO. 

Once serine had been identified as the growth- promoting factor in yeast 

extract, its effect on synthesis of L-amino acid oxidase by PllO was 

investigated. Bees.use metabolites related to serine seemed to have an 

added effect on the growth of the mutant, their effects on enzyme 

synthesis were studied as well. At O.l mg/ml, serine reduced the 

amount of L-oxidase observed in the mutant, but ccmbinations of serine 

and its related metabol.ites were more effective than serine alone, as 

shown in Tabl.e XIII. In !8rticular, tryPtopba.n in combination with any 

other two supplements significantly reduced the level of oxidase pro

duced by PllO. Adding yeast extract to the metabolites related to 

serine did not f'urther reduce the a.mount of oxidase produced by PllO, 

but did improve the growth of the mutant. Growth equal to that ob

tained on yeast extract was obtained by adding a.sp::i.ragine to the can

bina.tion of compounds related to serine. 
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TABLE XIII 

The effects of serine and related metabolites on growth 

and L-oxidase in PllO 

Additions to Vogel's medium 

none 

serine 

serine + gl.ycine 

serine + adenine 

serine + methionine 

serine + tryptophan 

serine + yeast extract 

ser + gl.y + met 

ser + gly + adenine 

ser + gly + tryp 

ser + met + tryp 

ser + tryp + adenine 

ser + met + adenine 

ser + gly + met + tryp + ad 

5 above + yeast extra.ct 

5 above + aspe.ragine 

D:-y wt (mg) 

4.3 
33.6 
45.0 
32.0 

44.o 
36.3 

92.4 
60.5 
47.6 
56.2 
48.o 
42.0 
49.2 
65.3 
86.1. 

8<).o 

L-oxidase ( FJ;TJ /gm) 

6.0 

4.o 
2.1. 

3.2 
1..8 

2.0 
0.22 

1.3 

1.1. 

o.49 
0.25 

0.58 

1..6 

0.13 

0.13 

Cultures were grown for 3 days without shaking at 25°C in 20 ml. 

medium in 1.25 ml. Erlenmeyer :fl.asks. All. values given in the ta.bl.e are 

averages of duplicate cul.tures. Serine was supplied at 0.1 mg/ml.; all 

other supplements were added to give a :final. com entra.tion of ee.ch of 

0.2 mg/ml.. 
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The Ef:fects of Serine and Glycine on Growth and L-Ox;ldase 

Production by PllO as a Function of Time 

The variation in oxidase activity as a function of the age of 

the culture has been discussed previously. It was of interest to de

termine wbe.t effect serine or glycine would have on the growth and 

enzyme producticm of PllO a.a a function of time. The results shown in 

Figure 11 indicated that in this experiment serine and glycine were 

equal in their ability to stimul.a.te early growth of the culture. The 

lag period on serine or glycine was reduced to 2 days, and theree.fter, 

the growth rate was equivalent to that seen on minine.l medium after 4 

days. By 7 days, PllO had grown a.s well on mininBl. medium as it had on 

medium supplemented with serine. Glycine a.l.l.owed PllO to grow to a. 

:final dry weight equal. to that of the wild-type control. (see Figure 12), 

but optimum growth -wa.s reached after 8 days in the case of the mutant, 

camp;i.red to 6 days in the case of the wild-type. Glycine, but not 

serine, was inhibitory to the germination or early growth of wil.d-type 

ST 74f!. 

Despite the s:lmilarity in their effects on the growth of PllO, 

serine and glycine differed in their e:f'f'ects on synthesis of oxidase by 

the mutant. In Figure 13, serine is shown to decrease the rate of 

enzyme synthesis per mg dry weight of the mutant, while glycine has 

little ef':f'ect. When added to the reaction mixture used to assay L

cocidase, serine and glycine were only sl.ightl.y inhibitory, as shown in 

Table XIV. 
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Figure ll. Time course of growth of PllO on ndnimaJ. medium cam..i;ared to 

growth on L-serine or glycine. Cul.tures were grown on 20 ml Vogel 1 s 

medium and 2 per cent sucrose in 125 ml Edenm.eyer flasks. Glycine or 

serine was added to give a final concentration of 5 µmoles/ml. Fl.asks 

were incubated without shaking at 25°c. Duplicate cultures were 

harvested and their dry weights determined at 2 to ll days a:f'ter in

oculation. 
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Figure 12. Time cqurse of' growth of' ST 7~ on minimal medium com~red 

to growth on L-serine or glycine. Cultures were gro'Wl'l on 20 ml Vogel's 

medium and 2 per cent sucrose in 125 ml Erlenmeyer flasks. Glycine or 

serine was added to give a final concentration of' 5 µmoles/ml . Flasks 

were incubated without shaking at 25°c. Duplicate cultures were 

ha:rv-ested and their dry weights determined at 2 to 11 days af'ter in

oculation. 
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Figure 13. The effect of L-serine and glycine on the rate of' L-amino 

acid a:x:idase synthesis 1n PllO. Cultures were grown on 20 ml Vogel's 

medium and 2 per cent sucrose in 125 ml Erlenmeyer flasks. Glycine or 

serine "Wa.S added to give a final concentration of 5 µmoles/ml. Flasks 

were incubated without shaking at 25°C. Duplicate cultures were 

harvested and assayed for L-amino acid oxidase a.t various t:lmes af'ter 

inocul.a.tion. Dry weights were determined on seJ,:Brate pe.ds harvested 

simultaneously. Ea.ch point on the graph is the average value of two 

dry weights and the average value of two L-oxidase activities. All 

duplicate values were in close agreement. 
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TABLE XIV 

The effect of serine and glycine on the L-axidase reaction 

Additions to the reaction mixture L-axidase (~/gm) '/, Inhibition 

none 4.3 

0.5 mg L-serine 3.9 9.3 

1.0 mg L- serine 3.6 16 

0.5 mg glycine 4.3 0 

1.0 mg glycine 3.7 14 



The resuJ.ts reported here confirm that PllO is a mutant incom

pletely blocked in the synthesis of serine and/or glycine. Prcxluction 

of the L-oxidase by Pl.10 is reduced, but is not lowered to wild-type 

level., by supplying the mutant with seri ne. 

Synthesis of L-Amino Acid Oxidase by Amino Acid Auxotrophs other than 

Pl.10 

The finding that serine reduced the rate of oxida.se synthesis 

by Pl.10 suggested that the requirement for serine was directly related 

to synthesis of the oxida.se. EB.ch of the serine-requiring s trains of 

Neuros;pora listed by the Fungal Genetics Stock Center was obtained and 

tested for synthesis of oxidase when grown on a limiting amomit of 

serine. The results shown in Table XV indicate that ea.ch of the strains 

which responded to serine synthesized axidase. Ser-2 did not respond 

to serine in my hands. The high level of L-axidase prcxluced by H605 

ser-1 and Cl.27 ser-1 grown on Vogel's mininal mediwn is r educed by the 

addition of serine, 'Wheree.s 47903 s er-3 prcxluced approximately the 

same amOl.Ult of oxidase with or without serine present in the medium. 

Whether synthesis of L-oxidase was restricted to serine au:x:o

trophs -was investigated on a number of other mutant strains grown in 

the presence of little or no supplement. The resuJ.ts, given in Table 

xv:r, indicate that sane mutant strains, but not all, synthesize the 

oxidase when growth i s restricted by limiting supplement. Strains 

38706 ~' c167 fil, H 98 ~' 1611. 7 ~' lli l.B-2A, and 35203 ad- 3 

did not produce more than a slll3.ll e.mount o'f L-axidase on any l.evel of 
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TAm.E XV 

Synthesis of L-oxidase by serine-requiring mutants 

Culture Medium Days growth Dry wt, mg L-oxidase FDJ/gm. 

ser-1 (H605) Vogel's 5 10.6 17.9 

ser-1 (HcJ05) + ser 5 70.0 3.1 

ser-1 (c127) Vogel's 5 8.o 14.8 

ser-l (c127) + ser 5 57.8 3. 2 

ser-2 Vogel's 3 79.2 0.09 

ser-2 + ser 3 64 .o 0-.18 

ser-~ Vogel's 7 l.6 4.8 

ser-~ + ser 7 72 . h 5. 3 

Cultures were grown without shaking in 20 ml medium in 125 ml 

Erlenmeyer flasks at 25°C. L-serine was added to give a final concen-

tration of 0.2 mg/ml. 
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TABLE XVI 

Synthesis of L-ox1da.se by auxotropbs other than PllO 

Culture 

38706 .!!!!: 
38706 ~ 
38706 ~ 
37501 leu 

37501 ~ 
37811 lys 

37811 lys 

arg-1 

arg-1 

arg-1 

arg-8 

a.rg-8 

arg-8 

c167 m 
c167 m 
c167 El! 
H98 E!!: 
H98~ 

16117 ~ 

Supplement 

none 

low met 

high met 

low leu 

high leu 

low lys 

high lys 

none 

low a.rg 

high arg 

none 

low arg 

high arg 

none 

low tyr 

high tyr 

low met 

high met 

low ileu + val 

16117 ileu high ileu +val 

his 1B-2A low his 

bis 1B-2A high his 

35203 ad- 3 low adenine 

35203 ad-3 high adenine 

Days growth Wet wt, mg L-oxidase, ECO/gm 

3 

3 
3 

3 

3 
3 

3 

7 
4 
q. 

7 
4 

4 

7 
4 

4 
4 

4 
i~ 

4 

4 

4 
4 

4 

38 
100 
128 

85 
138 

20 
125 
80 

23 
175 
125 

80 

130 
38 

135 
150 
148 
188 

58 
178 

125 
108 

92 
192 

0.39 
0.65 
0.53 
8.95 
0.27 

13.8 
0.27 

11.1 
33.4 
2.8 
1.6 
4.2 
1.0 
0.91 
0.11 
0.08 
1.4 
0.94 
1.2 
0.13 
0.75 
0.96 
0.17 

0.09 

Supplements were added to give a final concentration of 0.02 mg/ml. 

(low level of supplement) or 0.2 mg/ml. (high level of supplement). All 

cultures were grown at 25°C on 20 ml. Vogel's medium in 125 ml. Erlenmeyer 

fl.asks. 
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supplement investigated. Strains 37501 leu.-2, 37811 lys, arg-J.A and 

arg-8A are similar to the serine-requiring mutants in their synthesis of 

L-axidase when grown on limiting arno\.Ults of their requirement. Thus 

the synthesis of L-axid.ase is not restricted to serine-requiring strains, 

nor is it characteristic of all amino acid auxotrophs grown on suboptimal 

levels of supplement. 

Strain 38706 ~ -was tested for its ability to synthesize L

oxid.ase when grown on aminobutyric acid as the sole nitrogen source, 

to assure that this strain was cape.ble of synthesizing the enzyme under 

conditions which induce the wild- type. The mutant grew very slowly in 

the absence of methionine, but produced a high level of L-axidase under 

these conditions. When methionine {0.02 mg/ml) and aminobutyric acid 

(0.5 mg/ml) were both added to the nitrogen-free medium, the culture 

grew 42 mg wet weight in 4 days and produced 15.7 EaJ/gm L-axidase. 

Thus, the lack of oxidase in 38706 grown on limiting supplement is not 

due to the inability of the strain to produce L-ax:idase under any con

dition. 

A Compe.rison of L-Oxidase in Shaken Versus Standing Cultures 

Burton observed that induction of L-axidase in cultures grown 

on low biotin and casamino acids was prevented by shaking the cultures 

(3). Derepression of a. high level of oxidase occurs in shaken cultures 

in the method described by Pall (41). It was of interest to determine 

whether production of L- ax:id.ase by PllO was prevented by shaking the 

cultures, similar to the case in induced wild-type, or was enhanced 
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by shaking, as in the derepressed cultures. As shown in Table XVII, 

shaking PllO or II6 greatly reduces the amount of oxidase produced by 

the mutants. Thus, with respect to the effects of shaking on produc

tion of the L-oxidase, the constituti ve mutant behaves like an induced 

culture. 

The response to serine and gl.ycine is not eliminated by shaking 

the culture, as shown in Table XVIII , although growth is significantly 

improved by shaking. 

Other auxotrophic strains were tested for the effects of shak

ing on their growth and forDBtion of L-oxidase. The results of this 

study are sho-wn in Table XIX. Both H 605 ser-1 and C 127 ser-1 showed 

an improvement in growth and produced less L-oxidase in shaken cultures 

than in standing cultures. The mutant ser- 3 grew very little in stand

ing cultures, and shaking cultures grew only af'ter a long lag period. 

Less L-oxidase is found in shaken cultures of ser-3 than in standing 

cultures, but the amount of L-oxidase f'ound in the shaken cultures 

is significantly greater than the basal levels of L-oxidase produced 

by wild-type strains. These results indicate that the degree to which 

axidase production is reduced by shaking varies from strain to strain, 

even within the strains requiring serine. Shaken cultures of arg-1 

grew significantly better than stationary cultures and contained little 

L-oxidase. As a rule, a rapid rate of growth is associated with a de

crease in the production of' L-oxidase. 
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TABLE XVII 

The ef'f'ects of shaking on growth and L-oxidase production 

by PllO and II~;cot 

Growth in days Wet wt (mg} Oxidase activity (EL'U/gm} 

3 days standing 20 2.45 

3 days shaken 75 0.27 

5 days standing 60 2.58 

5 1/2 days standing 40 l0.3 

5 1/2 days shaken 190 0.51 

Cultures were grown in 20 ml Vogel's minimal medium in 125 ml 

Erlenmeyer flasks at 25°C, stationary or on a reciprocal shaker. 
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TABLE XVIII 

The effect of shaking on the serine or glycine requirement of PllO 

PllO ST 74A 
Additions to Vogel's medium Conditions 

Dry wt (mg) Dry wt (mg) 

none Standing 13.7 112.0 

5 µmoles/ml L-serine Standing 60.8 107.4 

5 µmoles/ml glycine Standing 46.9 93.9 

none Shaken 74.3 179.2 

5 µmoles/ml L-serine Shs.ken 140.l 182.7 

5 µmoles/ml glycine Shaken 153.3 172.4 

Cultures were grown for 4 days in 20 ml medium in 125 ml Erlenmeyer 

flasks at 25°C. All values given in the table are averages of duplicate 

cultures. 
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TABLE XIX 

The effects of shaking on growth and L-axidase production by 

various a.uxotrophs grown without supplement 

Culture Growth in days Dry wt (mg) Oxida.se activity (ECU/gm) 

ST 741! 4 days standing 91.1 0.054 

ST 741! 4 days shaking 143.3 o.o4o 

PllO 4 days standing 18.9 7.55 

PllO 4 days shaking 87.1 0.15 

H 605 4 days standing 10.l 17.5 

H 605 4 days sh a.king 75.3 0.36 

c 127 4 days standing 5.9 5.9 

c 127 4 days shaking 39.8 0.06 

ser-3 7 days standing 2.6 6.51 

ser-~ 7 days shaking 26.8 2.65 

ars-1 7 days standing ll.9 13.1 

are;-1 7 days shaking 114.2 0 . 29 

Cultures were grown in 20 ml Vogel's medium in 125 ml Erlenmeyer 

flasks a.t 25°C, stationary or on a reciprocal shaker. All values are 

averages of duplicate I8ds. 
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A Comparison of Serine Biosynthetic Enzymes in PllO and in Wild-type 

Cultures 

The pathways for synthesis of serine in Neurospora cra.ssa have 

been studied by Sojka. and Ge.mer (25). According to these authors, 

serine is synthesized f'rom two products of glycolysis, phosphoglyceric 

acid and glyceric acid (Figure 1). The phosJ:i:iorylated pathway appears 

to predominate in cultures grown on either glucose or fructose, but the 

non- phosphorylated p:i.thway is enhanced by growth on fructose. 

Each enzyme in the two J;6thways described by Sojka. and Ge.mer 

was prep:i.red from Pll.O and cam};6red to the same enzyme pre};6red :from 

ST 74~. A stnnIOO.ry of the results obtained for glyceric acid dehydrogen

a.se (GLAD) is given in Table XX. Al.l enzyme activities are expressed 

as µmoles NADH oxidized per mg protein per hr. On Westergaard-Mitchell 

medium supplemented vith fructose, less GLAD activity was observed in 

Pl.10 than in ST 74~. As observed by Sojka. and Ge.mer (25), GLAD 

activity was reduced in vild-type grown on glucose, but glucose did 

not reduce the level of GLAD seen in PllO, so that the GLAD activities 

in the t'WO cultures grown on glucose are very similar. Likewise, the 

GLAD activities of the two cultures grown in Vogel 1 s medium containing 

sucrose do not differ significantly. 

In Table XXI, phosphoglyceric acid dehydrogenase (roLAD) 

activities in ST 74! and Pl.10 are com.r;e.red. When grown on :fructose, 

PllO shows approximately twice the roLAD activity observed in ST 74~. 

The difference between the two cultures is less narked when they are 
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TABLE XX 

A ccm:i;e.rison of glyceric acid dehydrogenase activities 

in PllO and ST 7~ 

Specific 
Test Control activity 

Culture Carbon source Hours growth 
µmoles/mg µmoles/mg µmoles/mg 
protein/hr protein/hr protein/hr 

ST 74~ fructose 19 0.91 o.431 o.479 

fructose 19 0.696 0.348 0.348 

fructose 18 0.965 o.496 o.469 

PllO fructose* 19 0.356 0.220 0.132 

fructose 65 0.85 0.76 0.09 

fructose 43 0.178 0.119 0.059 

fructose 42 0.382 0.306 0.076 

ST 7~ glucose 19 o.423 0.222 0.218 

glucose 18 0.581 o.443 0.138 

PllO glucose 43 0.396 0.226 0.170 

glucose 42 o.457 o.4o3 0.054 

ST 74~ sucrose** 44 0.354 0.152 0.202 

sucroseJH!- 42 0.228 0.142 0.086 

PllO sucroseJH!- 145 0.312 0.250 0.062 

sucroseJH!- 90 0.193 0.121 0.072 

*Mediwn contained 0.1 mg/ml L-serine. 

**Vogel's medium replaced Westergaard-Mitchell medium. Cultures 

were grown in 20 ml medium in 125 ml Erlenmeyer flasks, without shaking 

at 25°C. Cultures were grown in 750 ml Westergaard-Mitchell medium in 

2 liter low form culture flasks with shaking at 25°C. 
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TAm.E XXI 

A comparison of phosphoglyceric acid dehydrogenase activity 

in PllO and ST 74! 

Specific 
Test Control activity 

Cul.ture Carbon source Hours growth 
µmoles/mg µmole s/mg µmoles/mg 
protein/ hr protein/hr protein/hr 

ST 74! fructose 19 1.15 0.259 0.891 

fructose 19 1.22 0 . 348 0.874 

fructose 19 l.3}.4 o.496 0.818 

PllO fructose 65 2.46 o.471 1.989 

f'ructose 43 2.02 0.119 l.901 

fructose 42 2.010 0.306 1.704 

ST 7~ glucose 19 1.25 0.222 l.028 

glucose 18 1.162 o.443 0.719 

PllO glucose 43 2.48 0.226 2.254 

glucose 42 1.720 o.4o3 1.3}.7 

ST 74! sucrose* 44 l.265 0.152 1.1.l.3 

sucrose* 42 1 .225 0.142 1.083 

PllO sucrose* 115 2.22 0.250 1.97 

sucrose 90 1.305 0.121 l.184 

*vogel's medium repl.a.ced Westergaard-Mitchell medium. CuJ.tures 

were grown in 20 ml medium in 125 ml Erlenmeyer f'lask.s , v.I.thout shaking 

at 25°c. Cultures were grown in 750 ml Westergaard-Mitchell medium in 

2 liter low form cul.ture flasks with sba.k.ing at 25°C. 
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grown on glucose or sucrose, but the activity in PllO is consistently 

higher than the activity of PGLAD in ST 74~. 

The next enzymes comr.ared vere the serine transa.minases and 

i:nosphoserine tra.nsa.minases. As shown in Figure 14, no serine trans

aminase activity 'WB.S demonstrabl.e in ST 74~ within the 15 minute reac

tion period. The reactions with PllO extracts vere monitored for 30 

minutes, by 'Which time both serine e.nd phosphoserine transaminase 

activities -were apr.arent (Figure 15). The specific activity of phos

phoserine transaminase in PllO was 7.87 x l.0-3 µmoles glutamate/mg 

protein/hr canr.ared to 7 .91 x 10- 3 µmoles/mg/hr in ST 74!• Serine 

transaminase activity in PllO was 1.1.4 x l.0-3 µmoles/mg/hr. Clearly, 

neither of these enzymes is deficient in Pll.O. 

The last enzyme investigated "WSS phosphoserine phosphatase. 

The activity in both strains was higher than that reported by Sojka 

and Ge.mer (25) for wild-type Li J.! (1.35 µmoles/mg/hr). PllO's 

activity was 5.92 µm.ol.es/mg/hr ccmr.ared to an activity of 3.43 µmoles/ 

mg/hr in ST 74A. 

In sUlllllBry, none of the enzymes involved in the synthesis of 

serine from the products of glycolysis is deficient in PllO. Only 

glyceric acid dehydrogenase showed a lower activity in Pl.10 than in 

ST 74~, and this difference -was decreased by growing the cul.tures on 

gl.ucose minimal medium. The low level of GLAD in PllO grown on f'ruc-

tose probably does not account for the serine requirement of the mutant; 

vild-type cul.tures having a comparable level of GLAD activity on glucose 

medium show no serine requirement. 
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Figure 14. Phosphoserine transaminase and serine transaminase activi-

4 ~ ties in ST 7 ~· Enzyme activity is mee.sured by the formation of C -

glutamic acid by transamination of labeled a-ketoglutaric acid in the 

presence of enzyme and l,tlosphoserine or serine. The radioactive 

glutamic acid product was isolated on a small Dowex column and counted. 

Each point on the graph represents the amount of glutamic acid pro-

duced in a reaction mixture containing approximately 5 mg protein fran 

a crude mycelial extract. 
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Figure 15. Phosphoserine transaminase and serine transaminase activi

ties in PllO. Enzyme activity is measured by the formation of' c14-

glutamic acid by transa.mination of labeled a-ketogl.uta.ric acid in the 

presence o:f' enzyme and phosphoserine or serine. The radioo.ctive 

gluta.mic acid product was isolated on a small Dowex column and counted. 

EB.ch point on the graph represents the amount of' glutamic acid produced 

in a reaction mixture containing approxinately 5 mg protein f'rom a 

crude mycelial extract. 
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Growth Studies Comparing PllO and other Serineless Strains 

The comparison of serine biosynthetic enzyme activities in 

PllO and ST 74~ suggested that PllO might not require serine itself, 

but some canpollll.d derived from serine or a compound 'Which is spa.red 

by serine. The resul. ts of growth studies reported earlier in this 

thesis suggested that PllO might be deficient in single-carbon (c1 } 

units, utilized in the synthesis of methionine, thymine, and purines. 

To test this possibility, growth of PllO was detennined on media con-

taining sodium formate, forma.J.dehyde, or L-serine at concentrations 

varying from 1.25 to 2.5 µmoles/ml. All cultures were grow at pH 4.5 

to facilitate the uptake of formate (69}. For canparison, cul.tures of 

ST 74~ and each of the known serineless mutants -were grown on identical 

media. FoI'I!Bldehyde was inhibitory to all cultures at all concentra

tions investigated. The two isolates of ser-1 grew better on formalde

hyde than did ST 74~, but none of the cultures grew more than 5 mg in 

4 days. The results shown in Figure 16 indicate that formate is less 

efficient, mole for mole, than serine in supporting the growth of PllO 

or any other serineless nru.tant. 

The active c1 unit in metabolism is a folic acid derivative 

(71-75). If PJ..10 were deficient in folic acid, feeding formate woul.d 

have no ef:f'ect on growth. Folic acid added to min.in81 medium at con

centrations ranging :from 4 x 10-5 µg/ml to 4 µg/ml did not enhance 

growth of PllO. 

All studies carried OU.t by Sojka and Garner (25) had utilized 

,!!! vitro assays for identification of the biochemical pathways lea.ding 
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Figure 16. Growth of serine-requiring mutants on sodium formate, 

f'orma.ldehyde, and serine. All cultures were grown on 20 ml Vogel's 

mininBl medium in 125 ml Erlenmeyer flasks. The pH of the medium was 

adjusted to l~.5 with concentrated HCl to facilitate the uptake of 

formate. Formaldehyde was added to give a final concentration of 

1.25 µmoles/ml. Sodium formate or serine -was added to give a final 

concentration of 2.5 µmoles/ml. All cultures were incubated without 

shaking at 25°C for 4 days . 
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to serine in Neurospora.. The observation that serine is synthesized 

:from glycine in baker 1 s yeast ( 33) suggested that the pathways lee.ding 

to serine :from .Phosphoglyceric acid a.nd glyceric acid might play minor 

roles in vivo in Neurospor!, and that glycine was the major source of 

serine. Labeling studies reported in a previous section o:f this thesis 

indicated that PllO could convert glycine to serine readily. Wright 

(34) bad reported that a serine- or glycine-requiring mutant investi

gated by her could utilize glyoxylic acid (HCOCOOH) or glycolate 

(H~COOH) as e:fficiently as glycine or serine, suggesting that serine 

might be synthesized :from products of the tricarboxylic acid cycle. 

Preliminary studies indicated that none of' the serine-requiring mutants 

investigated here could utilize glyoxylate or glycolate for growth. 

If, however, the carbon source ws changed from glucose to glycerol 

(Wright used a glycerol minimal medium) , glyaxylate was utilized as 

well as glycine by all o:f the serineless strains. A comparison of the 

growth of ea.ch strain on minimal, serine, glycine, and glyoxylate is 

given in Figure 17. Pl.10 grew less on serine than did the other 

strains, but all strains grew equally poorly on glycine. Apparently, 

ST 74~ utilized glyoxylate as a carbon source in the presence of 

glycerol, 'Whereas there was no evidence that the mutants did so. Growth 

of the mutants was probably limited by the supply of glycine produced 

from glyoxylate. Note the equivalence in growth on glycine can.pa.red to 

glyaxylate :for ea.ch mutant strain. 

If Pl.10 were blocked at sane step in glycolysis prior to the 

formation of glyceric acid, compounds in addition to serine should be 
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Figure 17. Growth of serine-requiring mutants on mininal medium com

pared to grOl<rth on medium supplemented with L-serine, glycine or 

glyoxylate. Cultures were grown on 20 ml Vogel's mediwn and 1 per cent 

glycerol in 125 ml Erlenmeyer flasks. The pH of the medium was adjusted 

to 4.5 with concentrated HCl. Each of the supplements was added to give 

a final concentration of 5 µmoles/ml. All cultures were incubated at 

25°C without sb.ak:lng :f'or 6 days. Dry weights pJ.otted are averages of 

two p:1.ds in ea.ch case. 
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required :f'or growth. Pyruva.te would be expected to be the major 

metabolic intermediate lacking in such a. mutant. Pyruva.te has been 

reported to improve the growth of PllO grown on minimal mediwn con

taining sucrose (7), although the increase in dry weight was not re

ported. In the experiment shown in Figure 18, none of the serine

requiring strains studied grew more than 5 mg dry weight in 6 days on 

pyruvate and glycei:-ol, although ST 7~ grew more than 85 mg on this 

medium. Adding pyruvate to serine-containing medium had no effect on 

the mutants, a.s expected if their growth is limited by serine. ST 74~ 

has grown better on serine plus pyruvate than on serine alone, indi

cating that pyruvate is used a.s a. carbon source by ST 74~ l.Ulder these 

conditions. Adding serine to pyru:vate-conta.ining medium appears to 

inhibit utilization of pyruvate by ST 74~. There is no evidence that 

any of the serine-requiring mutants is blocked at a step in glycolysis 

prior to formation of gl.yceric acid. 

Enhancement of the growth of PllO by glycine and methionine 

was described previously in this thesis . To see 'Whether PllO differed 

f'ran the other serineless mutants in this property, ea.ch of the strains 

was grown on the media indicated in Figure 19. PllO s howed the greatest 

enhancement by gl.ycine and methionine of any of the strains investi

gated. In this experiment, PllO grew no better on glycine plus serine 

than on serine alone, probably because serine was supplied at its opti

mum concentration. In earlier experiments, serine was added at subopti

mal concentrations. The difference between PllO and the other strains 

is i:articu1ar1y notable on serine and methionine. Adding methionine to 
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Figure 18. Growth of ser:ine-requiring mutants on pyruvate in the pres

ence and absence of serine. Cultures were grown for 6 days at 25°C on 

20 ml Vogel's medium and 1 per cent glycerol in 125 ml Erlenmeyer 

flasks. The pH of the medi um was adjusted to 4 . 5 with concentrated HCl, 

prior to autoclav:ing the flasks. Ser:ine was added to give a final 

concentration of 5 µmoles/ml . Twenty mg filter-sterilized sodium pyru

vate was added ea.ch day for 4 days to ea.ch flask supplemented with 

pyruvate. Dry weights given are averages for duplicate p;i.ds in ea.ch 

case. 
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Figure 19. Growth of serine-requiring mutants on serine and metabolites 

rel.ated to serine. All cultures were grown for 3 days at 25°C on 

Vogel 1 s medium and 2 per cent sucrose in 125 ml Erlenmeyer flasks. 

EB.ch supplement -was added to give a final concentration of 5 µmoles/ml. 
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serine caused a significant increase in the dry weight of PllO, whereas 

H 605 ser-1 and 47903 ser-3 grew less well with added methionine than 

on serine alone. Adding glycine and methionine to s erine-supplemented 

medium allowed each of the mutants to grow nearly as well as wild-type. 

None of the growth tests performed indicated differences among 

the serine-requiring strains, with the exception of the effect of 

methionine on PllO. This observation may indicate that PllO is de

ficient in some aspect of c1 metabolism 'Which can be compensated by 

supplying serine and methionine, but 'Which is not compensated by for

mate. An alternative explanation for the enhancement of growth of PllO 

by methionine is suggested by results of an analysis of the amino acid 

pools of PllO. 

A Comp:1.rison of the Amino Acid Pools of ST 74A and PllO 

Sojka reported that ea.ch of the serine-requiring mutants studied 

by him contained significantly less than the wild-type concentrations 

of free intracellular glycine and serine (77). Sojka backcrossed H 605 

ser-1, C 127 ser-1, ser-2, and ser-3 to wild-type Li-1 three times to 

minimize differences in their pools due to possible differences in the 

pa.rental. strains from 'Whi ch these mutants were derived. The g lycine 

concentrations in reisolates of the serine auxotrophs grown to 60 mg 

dry weight in standing cultures ranged from 33 to 48 per cent of the 

concentration in wild-type Li-1 (77). Serine ranged from 58 to 63 per 

cent of the wild-type concentration. Amino acids were analyzed on an 
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amino acid analyzer. The concentrations of other amino acids were not 

reported. 

To determine ·whether PllO ·was similar to other serine-requiring 

strains with respect to changes in its glycine and serine poois, the 

f'ree intracellular amino acid pools ·were extracted f'rom pads of ST 74!! 

and PllO grovm without shaking at 25°c. Individual amino acids were 

separated by high voltage electrophoresis. A~er staining the electro

phorogram with cadmium-ninhydrin to visualize the locations of each 

amino acid, the spots were cut out and eluted ·with methanol. The con

centration of each amino acid was estimated from the intensity of the 

color eluted frc:m the spot. The results of this study are sho1m in 

Table XXII. The glycine concentration in PllO is about 46 per cent of 

that found in wild-type ST 7lJ!. Thus PllO is similar to other serine

requiring strains in its deficient free glycine pool. A comparison 

of the serine concentration in PllO and ST 741:!. is confused by the 

accumulation of compounds in PllO which migrate to the same region 

as serine·during high voltage electrophoresis. These compounds will 

be discussed in detail below. 

Two very striking changes in the free amino acid pools are 

observed in PllO in addition to the low glycine pool. The alanine pool 

in PllO is only 13 per cent of the alanine pool in ST 74~. U~barger 

has reported that alanine production from pyruvate does not appear to 

be regulated e..'<:cept by the extent to 1rhich pyruvate is accumulating as 

a catabolic intermediate, the a.~ount of nitrogen available, and the 

extent to which reducing _power (NADPH) is available for reductive 
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amina.tion (103). The low ale.nine pool in PllO ma.y result f'rcm a re

duced supp1y of pyruvate arising f'rom serine catabolism. Threonine is 

accumul..ated by PllO to yieJ.d a poo1 'Which is 8.5 times the concentration 

of threonine in ST 74~. Less striking changes are observed in as!6rtic 

acid and leucine, 'Which are higher in PllO than in ST 74~, and in 

glutamic acid, 'Which is lower in PllO than in ST 7~. Phenyl.ale.nine 

is missing in PllO and isoleucine is absent f'rom ST 74~. Va1ine in 

PllO is indistinguishable :f'ran. the "serine" spot. An unexpected finding 

w.s that the methionine pool of PllO is equivalent to that in ST 74~, 

despite the observed enhancement of growth of PllO on methionine in the 

presence of serine. Ex:ogenous methionine my a.ct to balance the levels 

of methionine and threonine in the cel.1. other investigators (78) have 

reported antagonism between threonine and methionine in Neurospora. 

The results obtained using h:ighvoltage eJ.ectrophoresis indi

cated that PllO a.cCUlllUl.ated serine in its :f'ree amino acid pool. This 

observation w.s inconsistent with the serine requirement of Pl10, and 

with the 1ow glycine pool observed in the mutant. Evidence that the 

compounds 'Which migrate (electroP:>.oretically) like serine a.re not 

serine comes :f'rom a. two-dimensional separation of the amino acids. The 

amino acids vere f'irst sepe.:re.ted by high voltage electrophoresis. The 

unstained strip of se!6:rated amino acids w.s cut :f'rom the electro!iJ.oro

gra.m and sewn across the top of a. second sheet of Whatma.n #'3W!l 

filter .re.per. The amino acids were then sei:e,rated by descending 

chronatogre.phy in 77 per cent ethanol. The i:e,tterns of amino acid 

spots observed in PllO and ST 74~ are shown di.agra.mIIBtica.lly in 
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Figure 20. ST 74! has a single discrete spot corresponding to serine, 

'While PllO has two spots in the same region. One of these spots cor

relates with serine in ST 74!, and is notably less intense in PllO than 

in ST 74!!• The second spot in this region has m:i.grated faster than 

serine, and has the chrOI1Btographic properties of homoserine. Addition

al evidence that the compound is hom.oserine will be presented below. 

Another compound 'Which m:i.gra.ted in the region of serine during electro

phoresis has rena.ined near the origin during chroDBtogra.phy. The can

pound (designated Xi in the diagram) is present in both wild-type and 

PllO, but appears t .o be accumulated by PllO. This compound was not 

studied :further. other amino acids coni'irm the results obtained with 

high voltage electrophoresis. In particular, threonine is present in 

high concentration and a.la.nine is present in low concentration in PllO 

comp;i.roo to wild-type. PllO also differs :from ST 74! in that amino

butyric acid is found in the wild-type, but not in PllO. A compound 

'Which migrates electro!iloretica.lly like aminobutyric acid is found 

in PllO, but chramtographica.lly, this compound (designatoo ~ in the 

diagram) is seJ;ara.ble from aminobutyric a cid. The absence of a.mino

butyric acid from PllO D8y result :from its degradation by the L-amino 

acid ax:idase present in PllO. The nature of the canpmm.d labeled x2 

is unknown. 

The results of high voltage electrophoresis and chromatography 

in 77 per cent ethanol indicated that PllO accumulatoo homoserine. The 

identification · of homoserine was confirmed by ad.di tional tests. Homo

serine is converted to homoserine lactone by acid hydrolysis (81). 
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Figure 20. A camiarison of the amino acid pools of PllO and ST 7~. 

Cultures were grown for 3 days in 20 ml Vogel's minimal mediUlll in 

125 ml Erlenmeyer flasks at 25°C without shaking. Several fl.asks of 

PllO were harvested together to give a total wet weight of myceliUlll 

equivalent to the wet weight of a single J;Sd of ST 7~. Amino acids 

were extracted by placing the mycel.i1..Ull in 5 ml boil.ing water for 10 

minutes. Debris was removed by centrif'uga.tion and the supernatants 

were evaporated to dryness. Each sample was dissol.ved in 0.5 ml 

distilled water. Amino acids present in a 10 µl al.iquot of the con

centrated sample were seiarated by high voltage electrophoresis ( 6. 7 

per cent formic acid, pH l.6, l05 minutes at 7800 volts). The seJ;Srated 

amino acids were then seiara.ted by descending chromatography in 77 per 

cent ethanol. 
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Electrophoresis 105 min, 7800 volts, pH 1.6 ~ 

Origin 
X1 I 

0 
X3 0 X2 ARG LYS -w ASP ("' 0 

HIS 0 0 ~ 0 '-.I 
0 

GLUGLN ,~ 
I'--

0J HSER?ER 
·~· I'--

GLY c 
(' 

THR 1Y I \ >-
PllO 

-.J ..c 

METO l.-
a. 
0 

ALA 
...... 
gi 

0 0 -
ILEU VAL 

0 
E 
0 -, 0 ...... 

I l ..c I_, u 

t 

Electrophoresis 105 min, 7800 volts, pH 1.6 __... 

Origin I 

X1 0 
X3 -ASP 0 ARG LYS w 

0 
r, , _ _, 

HIS() 0 ~ 
GLUGLN 

0 

I'--

Q) SER 
0 I'--

GLY c 

THRO 
0 >-

ST74A ..c 
a. 
0 

0 
...... 
O'> 

PHEMET ALA 0 -
ABU 0 0 

0 Q E 
VALO 0 ...... 

..c 
LEU{) u 
~ t 
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Hydrolysis of the amino acid extract of PllO results in the fornBtion 

of a ccmpound 'Which migrates to the location of homoserine lactone. The 

unknown compound and homoserine lactone prep:i.red by acid hydrolysis of 

commercially- prep:i.red homoserine give a yellow spot after staining 

with the cadmiwn.-ninhydrin reagent, 'Whereas most amino acids produce 

a purple product. Praline also produces a yellow product, but praline 

is easily distinguished from homoserine lactone by its electroJ,iloretic 

mobility. Homoserine lactone is similar to arginine in its electro

phoretic mobility under the conditions used in these experiments. 

Finally, the spot corresponding to the unknown canpotmd in an unhy

drolyzed sample was cut from an unstained sheet after electrophoresis 

and 'Was placed on an agar plate containing Vogel's mediwn and 0.2 mg/ml 

L-threonine. The pa.per was removed after 5 minutes. Conidia of the 

hcrnoserine-requiring strain 51504 grew on the plate in the region 

'Where the spot had been eluted. An identical test was used to identify 

homoserine accumulated by the methionineless mutant studied by Fling 

and Horowitz (79). This mutant also accumulates threonine. Threonine 

i s required to allow growth of the mutant on limiting amounts of homo

serine. Thus the unknown compound accumulated by PllO has been identi

fied as hamoserine. The identification of hcmoserwe in PllO supports 

the hypothesis that the serine requirement has interfered with methio

nine biosynthesis in the mutant, consistent with the lmown p:i.thway of 

methionine biosynthesis in Neurospora. (see Figure 21) (80). 

The changes in the amino acid pools of PllO might conceivably 

result from the activity of the L-amino acid oxidase produced by the 
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mutant. To test this possibility, the amino acid pools of PllO were 

extracted 'from shaken cultures, which do not produce L-amino acid oxi

dase. Cultures of PllO and ST 74~ were grown to 35-40 mg dry weight on 

a reciprocal shaker at 25°c. No L-amino acid axida.se was observed in 

duplicate cultures. The accumulation of threonine and the decrease in 

ala.nine is still observed in shaken cultures, as shown in Table XXIII. 

The concentration of glycine in shaken cultures of ST 74~ has declined 

to a level only slightly greater than the concentration of glycine in 

PllO. Com.pounds migrating to the region of serine are accumulated to 

a lesser extent in shaken cultures of PllO than in standing cultures, 

but the difference between PllO and ST 7~ is still significant. 

Aspe.rtic acid and leucine are still present in higher concentration 

in PllO than in ST 74~, while glutamic acid is significantly lower in 

PllO than in ST 7~· These results indicate that the changes in the 

amino acid pools of PllO do not result 'from the presence of L-amino 

acid oxida.se in the mutant. Rather, the changes in the amino acid pools 

of PllO appear to reflect the pr:lma.r y biochemical lesion in the mutant. 

The low glycine and serine pools in PllO and the accumulation of threo

nine and homoserine by the mutant are consistent with the hypothesis 

that PllO is blocked in the production of serine and/or glycine . 
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Production of L-Amino Acid Oxidase by Wild-type Strains Grown on 

Threonine or Homoserine 

The presence of high threonine and homoserine pools in PllO 

suggested that the mutant might be induced to make L-amino acid oxidase 

by these amino acids. Previous studies indicated tr.at adding amino 

acids to biotin-deficient or nitrogen-deficient medium induced L-amino 

acid oxidase production by wild-type cultures (2,3). The data shown in 

Table XXIV indicate that amino acids added to standard Vogel's medium 

(high biotin, high NH4No
3

) also induce the production of L-amino acid 

oxidase by wild-type strains. The amount of enzyme activity induced 

by amino acids in the presence of high biotin and inorganic nitrogen 

is less than that induced 'When the medium is deficient in these com

pounds, but the incree.se in activity is significant. Threonine or 

hanoserine induces approxinately the same level of L-amino acid oxidase 

as does aminobutyric acid under these conditions. This result was un

expected, because threonine was not a substrate for the L-oxidase under 

the conditions of assay used by Thayer and Horow:l. tz (2), while amino

butyric acid was an especially good substrate. The activity of 

Neurospora L-amino acid oxidase towards homoserine has not been investi

gated, but homoserine is a good substrate for Crotolus adama.nteus L

amina acid oxidase (81). A possible explanation for the induction of 

L-oxidase by threonine would be that some product of threonine metabo

lism is the true inducer. 

L-aminobutyric acid or DL-homoserine decrease the dry weight of 

the cultures can.J.:8red to growth on unsupplemented medium, but L-threonine 
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TABLE XXIV 

Production of L-amino acid oxidase by wild-type strain ST 74~ 

grown on threonine or homoserine 

Medium Dry wt (mg) L-oxidase (ECU/ gm) 

Vogel's 28.6 0.20 

Vogel's + 0. 5 mg/ml L-aminobutyric acid 14.4 1.55 

Vogel's + 0.2 mg/ml L-threonine 24.9 0.75 

Vogel's + 2.0 mg/ml L-threonine 21.4 1.20 

Vogel's + 0.4 mg/ml DL-homoserine 3.6 1-36 

Vogel's + 4.0 mg/ml DL-homoserine 4.7 1.47 

N-free Vogel's + 0.5 mg/ml L-amino-
butyric acid* 6.45 

Cultures were grown in 20 ml medium in 125 ml Erlenmeyer flasks 

for 48 hours at 25°C without shaking. All values given are averages 

o:f duplicate cultures. Duplicate cultures were in close agreement. 

*Grown for 80 hours. The dry weight of duplicate cultures was not 

determined. 
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"W8.S only slightly inhibitory. Severe inhibition of growth does not 

appear to be a prerequisite for L-a.mino acid axidase induction by a.mino 

acids. 
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DISCUSSIOO 

Synthesis of L-Amino Acid Oxidase and N.ADe.se by PllO 

One of the two major questions posed in this thesis is 'Why 

PllO synthesizes L-amino acid oxidase and N.ADa.se while growing on mini

mal medium. The results of genetic studies indicated that constitutive 

synthesis of NADase is sepuable from constitutive synthesis of L-amino 

acid axidase. The finding of both characters in a single nru.tant which 

arose after uv-irradiation of ST 74!! roo.y be fortuitous. Constitutive 

synthesis of NADase in the absence of L-amino acid oxidase has been 

observed in strains carrying "fluffy," a gene which prevents the pro

duction of ma.croconidia by a culture (7,83). Inheritance of constitu

tive synthesis of' NADa.se appears to be complex a.nd -was not pursued in 

the studies of PllO beyond the separation of this character and the 

constitutive synthesis of L-oxidase. 

Poor growth on minimal medium a.nd constitutive synthesis of L

oxida.se are inherited as a single gene (designated PllO) on linkage 

group rv nee.r the centromere. Attempts to determine whether PllO is 

dominant or recessive in heterocaryons were inconclusive, apISrently 

due to unexpected fluctuations in the ratio of component nuclei in the 

heterocaryon. 

L-amino acid axidase is not present in conidia of PllO. Syn

thesis of the enzyme in PllO grown without shaking on minimal medium 

begins during the lag period preceding the onset of rapid growth, and 

reaches a ma.x:f.mum specific activity (Elm/gm wet weight of mycelium) 
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at the end of the lag period. Early in the investigation of PllO, the 

correlation between high L-axidase activity and the increased growth 

rate of the mutant suggested a causal relationship between enzyme 

synthesis and growth. For example, the L-oxidase might circumvent a 

blocked metabolic p;i.thwa.y. However, several observations indicate 

that L-oxidase is not indispensable for growth of PllO on minimal 

medium. Synthesis of L-oxidase can be prevented by adding Tween 80 

or one of several keto acids to the medium, without inhibiting the 

growth of PllO. Growing PllO in shaking cultures prevents the synthe

sis of L-axidase and mrkedly improves the growth of the mutant. 

An alternative explanation for the synthesis of L-amino acid 

axida.se by PllO during the lag period prior to rapid growth is that 

inhibition of growth~.!!!:: results in derepression of the cocidase. 

Burton considered this explanation for the correlation between slow 

growth and high L-axida.se activity seen in sane strains, but discarded 

it as a general rule 'When he found that limiting the growth of mutant 

CMI 17836 ~ by providing a suboptimal a.mount of inositol decree.sed 

the axida.se activity per unit weight of mycelium (3). Studies con

cerning the growth requirement of PllO and its relationship to L-oxida.se 

production al.so argue against this simpl.e hypothesis. 

The identification of serine or glycine as the compound required 

by PllO suggested that one of these amino acids might speci:fical.1.y re

press the L-oxida.se alt.hough the L-oxida.se is not known to be involved 

in the biosynt.hesis of serine. In support of this hypothesis was the 

finding that the addition of L-serine to minimal medium reduces the rate 



of L-oxidase synthesis in PllO, al.though the rate of L-oxidase synthesis 

in Pll.O grown on serine is not reduced to the ful.J.y repressed level. 

observed in wild-type cul.tures . A change in the repressed level of 

enzyme synthesis in derepressed mutants has been noted by others. For 

example, mutants which pt"oduce derepressed levels of histidine bio

synthetic enzymes in the presence of histidine were observed to produce 

even greater amounts of the enzymes when the amount of histidine in the 

medium was reduced (84). Ames and Hartman concluded that the mutants 

were still under histidine control, but that the repressed level is 

higher in the mutants than in wild-type cuJ.tures. Metzenberg also 

observed that mutant strains which produce derepressed levels of in

vertase and trehalase in the presence of ma.nnose at 35°c are repressed 

by ma.nnose at 23°c, but the repressed level is much higher than that 

in wild-type (85). 

That the decree.se in rate of enzyme synthesis in PllO grown on 

serine is nat due to an increased rate of growth is shown by the fact 

that glycine allows the same rate of growth as serine, but glycine 

does not reduce the rate of L-oxidase synthesis by PllO. 

Two serineless mutants which are genetically distinct from ea.ch 

other and from. PllO also produce large amounts of L- oxidase when grown 

on limiting serine. Several. other amino acid auxotrophs investigated 

during the present study produce L-oxidase under growth-11miting condi

tions, but not all. auxotrophs share this property. App:rrently, limiting 

the rate of growth of a cuJ.ture is not sufficient to derepress the L

oxidase, in agreement with the observations of' Burton (3). 



144 

A case invol.ving synthesis of enzymes which appear to be unre-

1ated to the biochemical lesion in the mutants under study has been 

reported previously. Carsiotis and lacy observed incree.sed activity 

in both tryptoi;tian syntheta.se and indole glycerol phos,lilate synthetase 

in all known histidine mutants of Neurospora (86). The l:e.sis f'or the 

increased enzyme level.a 'WB.S not elucidated, but a number of possibilities 

were eliminated. Among those discarded was the possibility that limita

tion of grovth caused increased production of the tryptoitian biosynthetic 

enzymes. Wild-type starved for carbon or adenineless mutants starved 

f'or adenine produced normal levels of the enzymes. Certain other auxo

trophic strains showed similar high activities of the tryptophan bio

synthetic enzymes, but the authors pointed out that in contra.st to the 

histidineless strains, non-isogenic strains were being comi;sred in 

this case. 

L-a.mino acid oxidase synthesis by certain auxotro:i;bs under 

growth-limiting conditions may be related to either one or both of the 

conditions 'Which are associated with L-oxidase production by wild-type 

cultures. In one case, the enzyme appears to be induced by amino acid 

substrates, while in the second case, the L-amino acid axida.se is de

repressed. The studies o:f Burton ( 3 ) and Thayer and Horowitz (2) in

dicated that L-axidase "Was induced by the addition ·or casam.ino acids 

to mediwn containing suboptimal amounts of biotin. A similarity be

tween induction and production of L- oxidase by auxotrophs is that 

shaking reduces the amount of' L-oxidase produced in both cases. Wild

type cuJ.tures are induced to synthesize L-amino acid oxidase by growth 
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on L-a-amino-n-butyric acid as the sol.e source of nitrogen in a high 

biotin mediwn. Tyrosine.Se is not fotmd in these induced cultures, nor 

in the amino acid auxotrophs which produce axidase while growing on 

limiting amotmts of substrate. 

Aminobutyric acid added to standard Vogel's medium (high nitro

gen and high biotin) induces L-a.mino acid oxidase in wild-type cultures, 

but the amount of J:,..oxidase induced is less than tba.t produced if amino

butyric acid is added to nitrogen-free medium. It is al.so less tba.n 

the amount of L-amino acid oxidase produced by Pll.O grown on mininBJ. 

medium, but significantly more L-oxida.se tba.n the basal level observed 

in wild-type cultures grown on mininBl medium. Adding threonine or 

homoserine to standard Vogel 1 s medium also induces L-oxidase production 

by wild-type, suggesting that production of L-amino acid axidase by 

PllO grown on minimal medium ma.y resuJ.t from induction by the high 

threonine and homoserine pools present in the mutant. The difference 

in the magnitude of L-oxidase present in PllO canISred to wild-type 

grown in the presence of threonine or homoserine may reflect added 

effects due to the mutant's starvation for serine and glycine. If PllO 

is induced by its accumulation of threonine and hcmoserine, then one 

might postulate that shaking the cultures reduces the level of L-oxidase 

induction by reducing this accumulation. Contrary to this hypothesis 

is the observation that the level. of threonine rans.ins high in shaken 

cultures of PllO. How shaking prevents the production of L-oxidase in 

induced cul.tures and in the auxotrophs is not known. 
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The suggestion that changes in the amino acid pools of an organ

ism may affect the reguJ.a.tion of enzymes has been made previously. 

Davis observed that production of derepressed levels of ornithine 

transcarba.mylase (ore) by an exotic strain grown in the presence of 

arginine resulted from a gene which severely limits the size of the 

intra.cellular arginine pool (87). The presence of arginine in the 

mediwn did not repress ore because the intra.cellular pool of arginine 

remained small. 

In addition to conditions in which amino acids induce synthesis 

of Ir-amino acid axidase both tyrosinase and Ir-amino acid axidase are 

derepressed in wild-type cultures by a variety of growth-inhibiting 

ccnditions. If a culture is transferred from minimal medium to phos

phate buffer, both of the enzymes are observed to incree.se in parallel 

(8). The addition of antimetabolites such as ethionine, D-phenylalanine, 

or cycloheximide to cultures grown on subminima.l medium (41) derepresses 

both enzymes in most cultures. Horowitz postulated that antimetabolites 

reduce the rate of synthesis of a protein repressor or repressors 

regulating the productic.n of tyrosinase and Ir-amino acid axidase ( 88) • 

That the derepressible Ir-amino acid oxidase is identical to the 

induced enzyme 'WB.S shown by cani:sring the properties of .i::srtially puri

fied Ir-oxidase produced under the two conditions. The ax:ida.ses were 

indistinguishable vi th respect to size as judged by gel filtration, and 

they bad identical thermostabilities. 

If Ir-oxida.se is synthesized by PllO as the result crf derepres

sion, then the absence of tyrosinase in the mutant requires explanation. 



If L- oxidase and tyrosina.se production are controlled by sei::e.rate re

pressors, then some conditions might reduce the concentrations of both 

repressors (giving an api::e.rent coordinate control of the enzymes), 

'While other conditions might affect only one of the repressors. Starva

tion for serine or another required metabolite may reduce the rate of 

synthesis of the L-oxidase repressor without affecting the tyrosinase 

repressor. Conceivably, those auxotroJ;ils 'Which synthesize L-ax:idase 

'When starved for their requirement may be deficient in amino acids 

'Which are present in large amounts in the L-oxidase repressor. 

Alternatively, derepression of tyrosinase may require an in

ternal effector 'Which is not required for derep:ression of L-axidase. 

Gorini h.e.s observed that derepressian of the arginine biosynthetic 

i::e.thwa.y enzymes in]• ~ will not occur in the absence of glutamate, 

the substrate for ornithine biosynthesis (79). It may be significant 

that neither tyrosine nor phenylalanine is found in the intracellular 

free amino acid pool of PllO grown on mininBl medium. 

An hypothesis which is equa.lly consistent with existing data 

is that a single apo-repressor binds to different co-repressors to con

trol the structural genes for tyrosinase and L-ax:idase. Serine, for 

example, could be a co-repressor o:f L-axi.da.se :formation, without af

fecting repression of tyrosinase. Conditions 'Which reduce the concen

tration of the apo-repressor (e.g. addition of cycloheximide) would 

derepress both enzymes, 'While conditions 'Which affect just one of the 

co-repressors (Pl.10?) woul.d affect only one of the two enzymes. Induc

tion of L-oxidase by amino acids may r esult from competition between 
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added amino acids and the co-repressor(s) of L-oxidase synthesis, so 

that induction would be a special case of the reversal of repression. 

Each of the models proposed to explain the constitutive synthe

sis of L-amino acid oxidase by PllO conforms to the hypothesi~ that 

oxidase synthesis is controlled by repression. The data are equally 

consistent i;.rith the proposition that derepression of L-oxidase in PllO 

is the direct result of the mutant's serine requirement, or that oxidase 

production is an indirect consequence of serine deficiency. 

The Amino Acid Req,uirement of PllO 

The second problem investigated in this thesis i;.ras the nature of 

the biochemical lesion in PllO which results in its serine or glycine 

requirement. 

The conclusion that PllO is a "leaky" auxotroph which requires 

serine or glycine for optimum groi;.rth coCTes from several lines of evi

dence. PllO reaches the same final dry ·weight in the presence or 

absence of ·(serine) supplement, a characteristic used by Bonner et al. 

to define "leaky" mutants (24). Serine and glycine were identified as 

two components of yea.st extract which supported the gro1·rth of PllO. The 

ready interconversion of serine and glycine in Neurospora was demon

strated by Sojka (77). PllO was also found to be qualitatively similar 

to all other kno1-m serine-requiring strains of I'Teurospora . 

The ident .. ifica tion of the step in serine biosynthesis blocl:ed in 

PllO would seem to be a straightforwe>.rd problem in biochemistry. Sojka 

and C-arner had published evidence for t·wo pathways of serine bios;</nthesis 



(see Figure 1) in Neurospora (25), and it seen.ed reasonable that one of 

the enzymes involved in these pathways would be defective in PllO. 

Each of the enzymes identified by Sojlm and Garner was prepared from 

PllO and compared to the comparable enzyme prepa.red from ST 74~. No 

differences 'Which can account for the serine requirement of PllO were 

found between the activities of the serine biosynthetic enzymes in PllO 

compa.red to ST 74£1. 

Sojka. tried to identify the blocked reaction in each of the 

other known serineless strains of Neurospora. Both ~ and ser- 3 

showed ten per cent of the wild-type activity of phosphoserine trans-

aminase. Mutant ser-3 also showed a reduction in serine transaminase 

activity, 'While ser-2 showed a 3X increase in the activity of serine 

transaminase (77). Whether phosi:hoserine transaminase and serine 

transaminase activity a.re due to a specific transaminase is unknown 

(25). Under the reaction conditions used in the studies reported in 

this thesis, the transaminase acti vi ti es were rather low ( phos phos erine 

transaminase activity was 7.9 x 10-3 µmoles glutanBte formed/mg protein/ 

hour in ST 74~). The possibility that the phosphoserine transaminase 

reaction nay be catalyzed by a transami.na.se with rather broa.d specificity 

has not been eliminated in bacteria (29). Serineless mutants of E. coli 

and§.• typhim.urium have been found for each of the other steps in serine 

biosynthesis (29). Sojka found no differences in the specific activity 

of any of the serine biosynthetic pathway enzymes in either H 605 ser-1 

or C 127 ser-1 (77). Thus the ser-1 mutants are similar to PllO with 

respect to the 'W11.d-type activities observed for each of the enzymes 
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implicated in serine biosynthesis by the .i;sthwa.ys described by Sojka. 

.and Garner. PllO maps on linkage group IV, 'While ser-1 maps on linkage 

group III, indicating that the two mutants involve separate genes. 

An analogous result was obtained by Wagner~!:!· during a 

study of mutants blocked in the synthesis of isoleucine and valine (89, 

90). In th:l.s case, enzymes extracted from mycelium showed high activity, 

despite evidence :f'ram the accumulation of intermediates and feeding 

experiments that the enzymes were inactive...!!!~· The explanation 

for this i;aradox appears to be that enzyme activity w1 thin the cell 

requires a i;articular arrangement of the isoleucine-vaJ.ine biosynthetic 

enzymes within an aggregate (90). The importance of organization of 

enzymes, i;articularly with respect to their interaction with the struc

tural canponents of the cell, has been emi;:hasized by the work of 

Woodward and Munkres (91). These investigators found that mutant forms 

of DBlate dehydrogenase ba.ve wild-type affinities for ma.late 'When :f'ree 

in solution, but different affinities for mlate when complexed to the 

mitochondrial structural protein. 

Whether the explanation for the serine requirement of PllO and 

ser-1 involves organization of the serine biosynthetic enzymes .into an 

aggregate or interaction with structural. protein is unknown. The 

serine biosynthetic activities a.re assayed in the soluble enzyme frac

tion, but isoleucine and valine biosynthetic enZJIJOOS are released into 

this fraction by similar ba.ndling of the mycelium. In the absence of 

evidence for the accumu.la.tion of intermediates by the mutants or evi

dence for the cross-feeding of one mutant by the other [such attempts 
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have all given negative results (25, 77) ], no .rerticular enzyme in the 

reaction sequence is suggested for more intensive study. An attempt 

to study the physical properties of ea.ch of the serine biosynthetic 

enzymes under various conditions with the hope of identifying the 

altered enzyme was beyond the scope of this work. 

An alternative explanation for the results with PllO and ser-1 

is that the two pathways studied by Sojka and Garner do not exhaust the 

sources of serine in Neurospora. Evidence that serine may be derived 

from glycine was given by Sojka {77) and confirmed by me. Abelson and 

Vogel. obtained evidence fran labeling studies that radiooctivity from 

c14-gl.ycine is incorporated into s erine and cysteine (92). That gly

cine may be derived from glyoxyl.ate (Figure 2) in Neurospora w.s first 

shown by Wright (34,35). Combepine and Turian were unable to grow 

ser-1 on gl.yoxyl.ate and concluded that this .rethway must not play a 

major rol.e in glycine synthesis in Neurospora (37). The difference in 

the results obtained by Wright on the one hand and Combepine and 

Turia.n on the other is explained by the difference in the carbon source 

used by the two investigators. None of the serine-glycine auxotrophs 

will utilize gl.yoxylate in the presence of' sucrose {as used by Combepine 

and Turian), werea.s a.11 of' them use gl.yoxy1a.te added to glycerol mini

mal medium {as used by Wright). Whether sucrose blocks the uptake or 

utilization of glycocylate was not determined. 

Sjogren and Romano have shown that Neurospora' s isocitrate 

l.yase, 'Which splits isocitric acid to form succinic acid and glyoxylic 

acid, is repressed by glucose (93), suggesting that the glyoxy1a.te 
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ISthwa.y is subject to catabolite repression (94). Flavell has observed 

derepression o:f the enzymes of' the glyoxylate shunt after transfer of 

cultures from sucrose medium to one in which acetate was the sole 

carbon source (95). Isocitrate lyase activity is high in conidia {93), 

and may provide glyoxyla.te for glycine synthesis during ea.rl.y growth. 

That glycine ma.y be the specific requiranent of PllO is suggested by 

the :finding that glycine al.lows PllO to ree.ch the same final dry 

weight as ST 74~, the wild-t ype strain :from which PllO was derived. No 

concentration of serine allowed PllO to reach a final dry weight greater 

than that attained on minim.al medium, which is approximately 2/3 the 

dry weight attained by ST 7 ~. 

J.n addition to the J;8thwa.ys 'Which have been discussed for gly

cine biosynthesis, another source of glycine nay be threonine. The 

cl.ee.vage of threonine to yield glycine and acetaldehyde ws first de

scribed by Braunstein and Vilenk.ina (96). An enzyme which ca.tal.yzes 

this ree.ction has been isolated :from a. variety of mammalian tissues 

and is ca.lied threonine aldola.se, although allothreonine is a better 

substrate for the .i;srtially purified enzyme than is threonine ( 97). !· 

..£2!! 'Will utilize exogenous threonine to supply glycine, but endogenous 

threonine does not appear to be metabolized in this way ( 98) • The 

amowit of glycine formed :from exogenous threonine is imdequa.te to sup

port rapid growth of most serine-glycine auxotrophs of!• ~' but 

Van Lenten and Simmonm obtained a mutant 'Which could grow on serine, 

glycine, or threonine, designated S/G/T (99). Utilization of threonine 

in this case is attributed to an enhanced ability to effect a net 
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synthesis o:f' glycine fran threonine, perhaps due to decreased threonine 

dehydra.se activity in the mutant. The cleavage o:f' threonine to glycine 

in the S/G/T mutant does not appear to involve the :f'orroo.tion of 

acetaldehyde, according to isotopic labeling studies (99). 

14 Using uni:f'orml.y labeled C -glucose in an in vitro Neurospora 

system, Sojlm and Garner observed labeling of' threonine, serine, glycine, 

and alanine (25). Using the method of isotope competition in this in 

vitro system, the glycine formed -was found to be related to threonine 

(i.e. the incorporation of counts into glycine "WB.S reduced by adding 

unlabeled threonine, and not by adding unlabeled serine). The labeling 

studies of Abelson and Vogel, however, do not support the hypothesis 

that glycine is derived from endogenous threonine in Neurospora. 

crassa (92). Counts introduced in uniformly labeled aspa.rtic acid 

were found in protein, asiartic acid, methionine, threonine and iso-

leu.cine, but not in glycine. These studies were performed in vigorously 

agitated cultures grown on glucose, however, and the possibility re-

ma.ins that different pathways for glycine biosynthesis may be utilized 

under different conditions of culture. Consistent with this suggestion 

was the :finding by Wagner and Bergquist that glycine and acetaldehyde 

were formed f'ran exogenous threonine by a strain of Neurospora wich is 

inhibited by threonine (78). Apparently, Neurospora can carry out this 

reaction under certain conditions. 

In ~· .£2!!, the relationship between glycine and serine is 

altered by the carbon source. Serine is the precursor of glycine in the 



presence of glucose, but exogenous glycine is a precursor of serine 'When 

either fructose or acetate is the energy source (98). 

A block .in the synthesis of glycine frcm threonine in PlJ.O would 

account for the high accumul..ation of threonine in the nrutant. Alterna

tively, threonine may accunru.late as the result of the reduced incorpor

ation of homoserine into cystathionine. Reduced incorporation of homo

serine into cystathionine results from a deficiency of cysteine produced 

from serine. 

The accunruJ.ation of threonine in PlJ.O, regardless of its origin, 

may acc01..:mt in J;Brt for the pleiotropic effects of the PlJ.O mutation. 

An antagonism between threonine and homocysteine, methionine, thiamin, 

serine and adenine can be inferred from the properties of the threonine

sensitive strain of Neurospora (100). In the presence of high threo

nine, glycine cannot replace the serine requirement induced in the 

mutant (101). Threonine has been shown to antagonize the utilization 

of serine by serine-requiring mutants of La.ctobacillus delbruckii (102). 

An explanation for the properties of PllO not yet discussed is 

that the nmtant may be defective in the metabolism of active "c1" units. 

Serine has been implicated as the reservoir for "c1 " units in yeasts 

(33) and may well serve that f'unction in Neurospora. If the production 

of "Ci" units from other sources were blocked in PllO, serine might be 

depJ.eted by a channeling into reactions requiring the "c1" unit. PllO 

did not respond to sodium formate or :formaldehyde added to minimal 

mediwn, but the hypothetical block in 11c
1

11 metabolism coul.d be far re

moved from activation of these ccmp01mds. 
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Finally, the relatively crude purification procedure which 

identified serine and/or glycine as the active factors in yeast ex

tract does not eliminate the possibility that components of yeast 

extract other than serine or glycine may be required by PllO . ' 

To locate the biochemical lesion in PllO, extensive studies 

involving metabolism of uniformly labeled glyoxylate, threonine, serine 

and glycine in both PllO and wild-type are indi cated. As in~· coli, 

the interrelationships among these compounds may be complex and variable, 

depending on cultural conditions, age of the culture, or other unknown 

factors. An indication of the knovm pathways related to serine bio

synthesis is given in Figure 22 • 

. . 
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Figure 22. Biochemical Pathways Related to Serine 
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APPllIDIX 

An Attempt to Isolate Mutants Deficient in L-Amino Acid Oxidase 

Mutants deficient in L-a.mino acid oxidase were sought in order 

to locate the L-oxidase structural gene. 

L-amino acid oxidase appears to be a non- essential enzyme for 

growth of wild-type cultures on mininal medium. Mutant hunts were 

performed under conditions which made the L-amino acid oxidase essential 

for growth. Mutagenized conidia were plated on medium which contained 

L-a-amino-n-butyric acid as the sole nitrogen source. Aminobutyric acid 

can be transaminated by crude extracts of Neurospora (104), but the 

amount of ammonia obtained in this way is insuf'ficient to support the 

growth of mutants deficient in glutamic acid dehydrogenase (105). In 

theory, growth of a culture on aminobutyric acid as the sole nitrogen 

source should require deamination of the amino acid by L-amino acid 

oxidase. In support of this hypothesis, L-amino acid oxidase has been 

observed in all strains which have grown on aminobutyric acid as the 

sole nitrogen source. Of particular interest was the observation that 

the mutant ty-1, which produces no L-amino acid oxidase or tyrosinase 

when starved in phosphate buffer ( 43) produces L-amino acid oxidase 

when grown on aminobutyric acid as the sole nitrogen source ( see Table 

XXV). Tyrosinase is not produced by~ under these conditions. 

Similarly, T-22, a mutant which cannot be derepressed to produce ty

rosinase and L-amino acid oxidase by any of the knO'Wl'l methods, produces 
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TABLE XXV 

Synthesis of L-amino acid oxidase by cultures growing on 

aminobutyric acid as the sole nitrogen source 

L-oxidase Tyrosinase 
Culture Nitrogen source Dry vrt (mg) 

filjU/gm Ero/gm 

II~; cot NH4No
3 

35.3 3.3 0 

II6~,;cot aminobutyrate 35.0 8.0 0 

ty-1 NH4No
3 

110.0 0.57 0 

ty-1 aminobutyrate 46.8 3.3 0 

Cultures were grmm without shaking for 7 days at 25°C on 20 ml 

medium in 125 ml Erleruneyer flasks. Ammonium nitrate was supplied in 

standard Vogel's medium; aminobutyrate (0.5 mg/ml) was added to N-free 

Vogel's medium. The carbon source 1-ra.s 2% sucrose in both cases. 
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large quantities of L-amino acid oxidase when grown on aminobutyrate 

(46). 

Most mutant hunts utilized the L-amino acid oxidase constitutive 

strain, PllO, to eliminate the isolation of mutants blocked in induction 

of L-amino acid axidase by aminobutyric acid. A sexual reisolate of 

PllO ~ich grows colonially at elevated temperatures (II~:,;cot) was used 

to :facilitate examination of large numbers of conidial isolates. Conidia 

were irradiated with 50KV, 30ma x-rays at a distance of 7 centimeters 

from the x-ray window for 2 minutes (l00,800r), giving approxine.tely 3% 

survival. Irradiated conidia were plated on aminobutyric acid as the 

sole nitrogen source, and plates were incubated at 32°c. Cultures 

which grew as poorly as strains grown on nitrogen-free medium were iso

lated and retested on liquid medium. Mutants which appeared unable to 

grow on aminobutyric acid as the sole nitrogen sol.ll'ce were tested f'or 

L-amino acid oxidase after growth on Vogel's minimal medium. Several 

hundred possible mutants were isolated from 5 separate mutant hunts 

using II~;.££!!, and 38 possible mutants were isolated from one hunt 

using c102-15300-4-~. In all cases, strains isolated by this criterion 

produced at least as much L-amino acid oxidase as II~; cot. In the 

experiments using c102-15300-4-~, cultures were tested for L-amino acid 

oxidase production after derepression by cycloheximide. Again, no 

mutants were obtained. 

Why the selection procedure 'Was unsuccessful is unclear. Per

haps the mutation is lethal, or perhaps the rate of mutation is too low 

for mutants to be detected in the number of cultures examined. 



160 

Approximately 1 per cent of the cultures arising from plated irradiated 

conidia were isolated as possible Ir4 oxidase deficient mutants. Thus, 

about 50,000 cultures were scanned ~ . r the character. 

Anatr.er· explanation for the failure of these hunts is suggested 

·by a. report concerning isolation of trehalase mutants in Neurospora 

(106). Trehalase, like L-amino acid oxidase (7), is an intramural 

enzyme (i.e. it is located between the cell membrane and the cell "WB.11). 

These studies indicate that conidia lacking trehalase are fed by prod

ucts released by wild-type conidia unless precautions are taken to 

reduce the am0W1t of cross-feeding between conidia on plates. Perhaps 

the activity of L-amino acid axidase present in wild-type conidia re

lee.ses ammonia into the medium 'Which is then used as a nitrogen source 

by mutants deficient in L-amino acid axidase. Application of a procedure 

similar to that described for isolating trehalase mutants may prove 

rewarding in future efforts to isolate L-amino acid oxidase deficient 

mutants. 
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INTRODUCTION 

Multiple electrophoretic forms of tyrosinase were occasionally 

observed by Sueolro. (l) and by Horowitz et al. (2) in crude extracts of 

genetically homogeneous cultures of N. crassa. This heterogeneity 

differs from that :found in the genetic polymorphism exhibited by exotic 

strains isolated from different geo8raphical locations (2) in that it 

occurs sporadically. One of the 2 or 3 separate bands observed in 

pa.per eJ_ectrophoresis always corresponded to the single band of the 

more usual extracts. The extra bands were very labile. They could 

not be found in extracts ivhich were partly purified, or which had been 

allowed to via.nu up to room temperature, or ·which had been stored over-

night in a refrigerator. Apparently the same phenomenon -was observed 

by Fox and Burnett (3), iIDO presented evidence that the three electro-

phoretic forms isolated by them are interconvertible. These investi-

gators postulated that the different electrophoretic forms separated 

by continuous flow µ::i.per electrophoresis are identical to the different .. 
allelic forms of tyrosinase, TL and T

8 (3). This suggestion has since 

been withdra1m (4). Horowitz et al. suggested that the unstable com-

ponents might result from labile associations formed between tyrosinase 

molecules and other substances in crude extracts (2). 

In view of the possible impo:~tance of this phenomenon for under-

standing the gene:tics and bioche>nistry of tyrosinase, a study 1-:ia.s 

initiated to examine it in more detail than had been done previously. 
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MAT:mIALS AND MErHOOO 

Strains 

All strains used during this study were nutritionally wild-type. 

The strains differ with respect to their tyrosinase alleles. Strains 

6A L S ing-2 6 4 4 PR 4- L B 1. _ _s 4- S. 
1173 _,! ; 120-~,! ; 5-1 3 P!'! ; 137~,! ; 5~,:r-; 12~,! ' 

Sing-2 and Sing-~,! ; were all kindly provided by Mrs. Helen Macleod 

FeldnBn. Extensive use was made of' strain III-70~,!PR, 'Which wa.s de

rived as a single spore isolate from a cross between 4-137~,~ and 

65-1434~,_!PR. 

Cultures were maintained as described in Pa.rt I (pp. 15 and 16). 

Derepression of' Cultures 

For most experiments, cultures were derepressed by a slight 

modification of the Pall method (5). Cultures were grown on l/'2X 

Vogel's salts and 1/2 per cent sucrose :f'or 48 or 72 hours. Derepression 

was initiated by adding 2 mg DL-ethionine or 2 mg D-fhenylalanine to 

each flask. Incubation wa.s continued for a.n additional 48 hours on a 

reciprocal shaker (80 strokes/minute) at 25°C. In a few experiments, 

an identical procedure wa.s used, with the exception that cultures were 

grown on lX Vogel's salts and 1/2 per cent sucrose. 
I 

An alternative method of' derepression used p:i.ds grown on lX 

Vogel's salts and 2 per cent sucrose for 48 hours. EB.ch p:i.d was we.shed 

twice with 20 ml sterile distilled water, which wa.s carefully decanted 

after each wash. The washed pe.d was then suspended on 5 ml sterile 
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carbon-free Vogel's medium containing 0.2 mg/ml DL-ethionine, or on 

5 ml o.oai sodium phosi;ilate buffer, pH 6. In some experiments, 0.2 

mg/ml DL-ethionine or 0.2 mg/ml D-i;ilenylalanine 'WB.S included in the 

phosliiate buffer. Cultures were incubated without shaking for an 

additional 48 hours at 25°C and in the dark. 

Tyrosin.ase 'Was also derepressed by growing cultures on low 

sul:f"ur medium ( 6) • This medium was pre~red by adding 16 µ.g/ml 

MgS04·7~0 to sulfur-free Vogel's salts. Cultures were grown on 20 ml 

medium containing 2 per cent sucrose in J25 ml Erlenmeyer flasks at 

25°C for 5 days, stationary and in the dark. 

The extraction and assay of tyrosinase were carried out as 

described in Pa.rt I (pp. 17 and 19). 

Pa.per Strip Electrophoresis 

Pa.per strip electrophoresis was carried out in 0.05M sodium 

phosphate buf':f'er, pH 6, containing O.l per cent bovine serum albumin 

(Bovine Albwnin Powder. Fraction v. Armour PharnBceutical Can.{8ny, 

Illinois) • The .{8per strips were wetted with l per cent serum albumin 

prior to application of the enzyme extracts. A 10 to 20 µl sample of 

crude extract, containing apprax:lma.tely 0.25-0.5 FOJ of tyrosinase 

'WaS applied to ea.ch strip, using a Beckman Sample Applicator (cat. no. 
I 

320005). A constant current of l.25 ma per strip was maintained for 

19-24 hours in a Spinco Model R (Durram) Pa.per Electrophoresis Cell. 

All electro!iioretic runs were performed at 4°c. At the end of the run, 

the holder containing the strips was spread such that it and the paper 
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strips were horizontal. The strips vere sprayed vi th a fine mist of 

4 mg/ml DL-DOPA in O.J.M sodium phosphate buffer, pH 6. Narrov zones 

of orange doiachrame identified the position(s) of tyrosinase activity 

on the strips. 

Zone Electrophoresis in a Density Gradient 

Zone electrophoresis was performed in a Column Electrophoresis 

Ap:i;eratus Type LKB 334oc, utilizing an LKB Power Supply 3371c (110 volts, 

60 cys). Electrophoresis vas carried out in cold 0.05M sodium phosphate 

buffer, pH 6, using a linear sucrose gradient (0-20 per cent sucrose). 

Samples were applied to the density gradient at a location about 1/3 of 

the distance down the length of the colmnn (sucrose concentration 

approximately 7cj,). The density of the column at this location was de

termined, and the sample density was adjusted so that the 5 ml sample 

entered the colwnn as a narrov band ( 7) • A constant current of 30 DB 

was maintained :f'or 19-20 hours, with a colunm temperature of 2-4°C. 

A:fter completion of electrophoresis, l ml samples were collected :f'rom 

the base of' the colunm and aliquots of these samples were analyzed for 

tyrosinase activity. 

Continuous Flow Paper Electrophoresis 

El.ectrophoretic runs were carried out in o.oa.i sodium barbital 

buf'f'er, pH 8.6, in a Spinco Model CF cell at 4°c. In one experiment, 

the lower curtain (Part No. 4oo-235) was vetted with l per cent bovine 

albumin (fraction V) before appl.ication of the sample and O.l per cent 
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bovine serum albumin was added to the buffer reservoirs. A constant 

current of 4o ma. was applied :for 24 or 36 hours. Fractions were col-

lected continuously :from the bottom of the J;8per. 

Genetic Analysis 

All crosses were performed on Westergaard-Mitchell mediwn (8), 

contain~ 2 per cent sucrose. In cross III ( 4-137_!,,t' x 65-1434~,,!PR), 
L 4-137.!,! was used a.a the protoperithecia.l .i;e.rent. In all other 

crosses, strains were coinocul.ated onto agar pl.ates of crossing mediwn. 

Ascospores were isolated onto slants of Horowitz complete medium ( 9). 

Spares were heat-shocked for 45 minutes to 1 hour at 56-60°C; therea.fter, 

cul.tlll'es were incubated at 25°c. 
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RESULTS 

Genetic Ana.l.ysis 

The multiple electrophoretic forms of tyrosinase were observed 

inf'requently during studies of homocaryons under the conditions employed 

by the Horowitz group (1,2). To affirm that the multiple forms did not 

result f'rom heterocaryosis, strains 'Which showed this characteristic 

were crossed, and the tyrosinase produced by cultures arising f'rom 

single ascospores was analyzed electrophoretically. The results of a 

cross between 4-137~'~' 'Which produces 2 electrophoretically distinct 

bands of tyrosinase (2 sf'), and 65-1434~,1'._PR, 'Which produces 3 bands 

of tyrosinase (3 TPR), are shown in Table I. These results confirm 

that under the conditions used in these experiments, hom.ocaryotic 

cultures I!By produce more than one electrophoretic form of tyrosinase. 

The electrophoretic J;lELtterns observed among the progeny are shown 

diagranmE.tically in Figure l. The locations of the supernumerary 

bands appear to be determined by the T allel.e present. That is, the 

11 e."Ctra.11 bands in a TPR strain a.re distinct from the "extra" bands in 

L a T strain. This impl.ies that the superm.nnerary bands are not de-

termined by additional. tyrosinase structural genes which segregate f'rom 

the T locus. In support of this hypothesis is the observation that TPR 

strains may produce one to four bands of tyrosinase activity, some of 

which are not observed in either :rsrental strain. Similarly, some of 

L the T progeny produce a third electrophoretic form which is not ob-

served in 4-137~,r. Additional evidence that these tyrosine.sea are 



TABLE I 

Types of electrophoretic patterns of tyrosinase activity observed 

among progeny of the cross 4-137!,.ef' x 65-1434~,~PR 

* Number Of Phenotype progeny 

3 TPR 17 

2~ 23 

2 TPR 14 

3 TL 7 

4 TPR 3 

1 TPR 4 

1 + trail TPR 1 

b9 

* See Figure 1. 

Cultures were grown on l/2X Vogel's salts and l/2'f, sucrose in 

l25 ml Erlenmeyer flasks containing 20 ml medium. Cultures were 

incubated at 25°C without shaking for 3 days before derepression 

of tyrosinase ;ras initiated by adding 2 mg DL-ethionine to ea.ch 

flask. During derepression, cultures were incubated on a reciprocal 

shaker (80 strokes/min) at 25°c far e.n additional 48 hours. Electro-

phoretic IStterns of' crude tyrosinase were determined as described 

in Materials and Methods. Most cultures were tested in duplicate. 
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Figure 1. Electrophoretic patterns of tyrosinase activity observed 

among progeny of the cross 4-137_!,_!L x 65-1434~,_!PR. Crude extracts 

were applied to paper strips in a Spinco Model R (~ram) Paper Elec-

trophoresis Cell and electrophoresis was carried out as described 

under Methoos. 
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all products of the same gene comes from the fact that brief heating 

( 60°C for 2 min) of the extracts results in the disappearance of all the 

supernumerary bands. The band remaining is identical in position to 

the be.nd observed in single-banded strains carrying the same T allele. 

Similarly, this band is the same, whether the extract heated originally 

contained 2, 3 or 4 bands. 

The observation of electrophoretic forms among the progeny 

which di:ffered from those present in the i:e.rental strains suggested 

that the latter strains might have been heterocaryotic for factors 

which influence the multiple forms of' tyrosinase. The strains used had 

been maintained by vegetative transfer for many months, and hetero-

caryosis 'WB.S not unlikely. Thus, three additional crosses were prei:e.red 

using freshly isolated progeny frcm the cross described above. The 

results of' these crosses are given in Table II. Evidently, the variety 

in the electrophoretic i:e.tte:rns observed among progeny is not reduced 

by crossing recently isolated homocaryons, as shown by cross VII: 

III 59!/f'.L (2 TL) x III 100~,,'.!'.PR (3 TPR). The small number of r:atterns 

observed in cross XII: III 4~,,'.!'.L (2 TL) x III l~,,'.!'.PR ( 3 TPR) 

probably results from the snall number of progeny analyzed. Most 

interesting, however, are the results of' cross IX: III 2~,2f' (2 rr1') 
x III 9~,ef' (2 ~), in which only 2 ~ progeny were recovered. 

Although the number o:f progeny analyzed is small, this cross supports 

the idea that the positions of the supernumerary bands are restricted 

by the T allele present, and that the number of these bands is influ

enced by additional factors. Progeny producing 3 TL bands were observed 



TABLE II 

Types of e1ectrophoretic i:atterns of tYTosina.se activity observed 

among progeny of crosses between recent1y isol.ated homocaryons 

Cross Progeny phenotype Number of progeny 

VII: 2 ~ x 3 TPR 2 TL 50 
3 TPR 28 
2 TPR 15 
3 TL 4 
l TL 4 
l TPR 7 
4 TPR 2 

110 

IX: 2 ~ x 2 ~ 2 ir1' 16 

XII: 2 TL x 3 TPR 2 ~PR 9 
3 TL 12 
1 TPR 2 
lT l 

24 

Experimental. procedures as in Ta.b1e I. 
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ffi L in crosses involving 3 T strains, but were not observed in the 2 T x 

2 TL cross. 

That non-genetic factors influence the ntunber of electrofil,oretic 

bands produced is suggested by the results obtained with ordered asci 

from the above crosses. These results are shown in Table III. Although 

some of the asci show Mendelian segregations, several discrep:mcies are 

app::!.rent. In ISrticular, ascus 2 and 3 of cross VII and ascus 3 of 

cross XII contain non-identical sister spores. These results and the 

spectrwn of patterns obtained in the progeny led to an investigation of 

factors 'Which influence the number of electroi;hcn:-etic forms of tyrosinase 

observed in a culture. 

The Effect of Method of Derep:ression an the Tyrosinase Electrophoretic 

Pattern 

The fact that most of the strains examined during the genetic 

analysis reported above produced multiple electrophoretic forms of ty-

rosinase, 'Whereas earlier studies revealed few such strains, suggested 

that the new method of derepression used in these studies was affecting 

the electrophoretic ISttern. To test this suggestion, several strains 

used during earlier studies (1) were grown up from silica gel stocks 

(10) and were derepressed by the Pall method ( 5). As shown in Table IV, 

ea.ch of the stocks except 120-1 f ll:J.g-
2 produced multiple bands under 

these conditions. The location of the bands obtained with Sing-2!;: was 

identical to the positions of T~ and T:' (see Figure 1). The 11I1Bjor" 

band of TSing-2 strains is identical in electrophoretic mobility to 



180 

TABLE III 

Types of asci observed in crosses between strains showing 

multiple electrophoretic forms of tyrosina.se 

Cross Ascus no. Arrangement of spores 

VII 1 3 TPR, 3 TPR, 3 TPR, 3 TPR: 2TL, 2TL, 2 TL, 2 TL 

2 2 TL, PR PR --, 1 T , 3 T : PR 
3 T ' --, --, --

3 2 TL, 2 TL, 4 TPR, 3 TPR: --, 2 ~' --, --

4 2 TL, 2 TPR, 2 TPR: PR --, --, , 1 T , --

5 --, --, -- ' -- : 2 ~' 2 ~' 2 TL, 2 TL 

XII 1 3 TPR, 3 TPR, 3 TPR, 3 TPR: 2TL, 2TL, 2 TL, 2~ 

2 3 TPR, 3 TPR, 2 TL, 2 TL: 3 TPR, 3 TPR, 1 TL, l~ 

3 ~ L PR PR 2 , 2 T , 1 T , 3 T : 3 TPR, 3 TPR, 2 TL, 

Experimental procedures as in Table I. 
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TABLE Pl 

Electrophoretic .i;:ettern seen in various strains derepressed 

by the Pall method 

Tyrosinase activity 
Strain Bands 

IDJ/gm 

Sing-2~ 31-3 2 

120-1 TSing-2 24.o 1 

854 !s 141 2 

4-137 !L 146 2 

11736 !L 140 2 

65-1434 !PR 128 3 

Experimental procedures as in Table I. 
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T~, the "major" band in TPR strains, in agreement ·with Horowitz et al. 

(2). The bands of TS strains were indistinguishable from the bands of' 

TL strains in my hands. 

Conversely, strains derepressed by the method used during early 

studies on tyrosinase carried out by the Horowitz group appear to re-

sult in extracts displaying a single electrophoretic form of tyrosinase. 

A strain -which bad given a highly reproducible 3 TPR pattern when dere-

pressed irl.th ethionine "'1·73.S gro-"lm on low sulfur Vogel's minimal medium. 

This strain called Ill 70 produced 20.9 Er:U of ty.rosinase per gram wet 

weight of mycelium. Paper strip electrophoresis indicated that the 

extracts from III 70 derepressed in this way contained a single species 

of tyrosinase, which migrated to the T~ position. Similarly, cultures 

of 4-12118 produced 18.5 Ex::U/gm tyrosinase, ·which migrated as a single 

band. Strains 4-137 !L and Sing-2~ produced too little ty.rosinase by 

this method to determine their electrophoretic properties. 

The different patterns observed in cultures derepressed by the 

Pall method and by growth on low sulfur led to an investigation of the 

ty.rosinase electrophoretic patterns obtained from cultures derepressed 

by each of the various methods used by the Horowitz group. The a.rnount 

of tyrosinase produced by cultures of III 70 derepressed by each method 

and the pattern of banding observed is indicated in Table V. The pat-

tern varied considerably with different methods of derepression . The 

level of tyrosinase activity produced under different conditions also 

varied consi derably, but the data do not support the suggestion .that 



TABLE V 

The effect of different methods of derepression on the tyrosinase 

electrophoretic pattern and tyrosinase activity in III 70 !PR 

Method of derepression 

2 mg DL- ethionine added to cultures 
grown on l/ZX Vogel's salts and l/2i 
sucrose for 3 days. Cultures 
derepressed for li8 hours with shaking. 

2 mg D- phenylalanine added to 
cultures grown on l/ZX Vogel's salts 
and 1/2% sucrose for 3 days. Cultures 
derepressed for li8 hou=s with 
shaking. 

Cultures grown on lX Vogel's salts 
and 2°/o sucrose for 3 days. Pad 
suspended on phosphate buffer for 
an additional 48 hours, without 
shaking. 

Cultures grown on lX Vogel 1 s salts 
and 2% sucrose for 3 days. Pad 
suspended on phosphate buffer 
containing 0.2 mg/ml DL-ethionine 
for an additional li8 hours, without 
shaking. 

Cultures gro'W!'l on lX Vogel's salts 
and 2% sucrose for 3 days. Pad 
suspended on phosphate buf'f'er 
containing 0.2 mg/ml D-phenylalanine 
for an additional li8 hours, without 
shaking. 

Tyrosinase activity 
Bands 

IDJ/gm 

154 3 

1 

2-3 

241 3 

241 2 
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the banding pattern refle cts differences in the amount of tyrosinase 

present in the extract. 

Chang es in the Tyrosinase Electrophoretic Pattern as a Function of 

Time During Derepression 

A convenient means for determining whether there is variation 

in the electrophoretic p:l.ttern Of tj'TOSinase as a function Of tjTOSinase 

activity is to follow· changes in the pattern during the course of dere

pression. For these studies, cultures of III 70 !PR were derepressed by 

the Pall method, using either DL-ethionine or D-phenylalanine to 

initiate derepression. At 48 hours, extracts from such cultures dis

played 3 bands of tYTosinase when derepressed with ethionine and 1 band 

of tyrosinase wh e..71. derepressed ·with D-phenylalanine (refer to Table V). 

Cultures were harvested at various times after the addition of DL-

ethionine or D-phenylalanine. The time course of derepression observed 

in two separate experiments is shown in Figure 2. Higher activities 

were obtained in cultures derepressed with D-phenylalanine than in DL

ethionine-t:tea ted cultures. A sununary of the results obtained with 

p:i.per strip electrophoresis of crude e..'Ctracts prepared from pads har

vested at ea.ch time point is gi.ven in Table VT.. These results suggest 

that multiple forms o:f tyrosinase are found at early times during D

phenylalanine derepression, and at late times during DL-ethionine de

repression. Conversely, a single electrophoretic form of tyrosinase 

is observed in D-phenylel.anine-treated cultures after 12 hours of 

derepression, "\mile DL- ethionine-treat ed cultures contain a single f orm 
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Figure 2 . Time course of tyYosinase production in cultures derepressed 

by the addition of D-phenylalanine (0--0) or DL-ethionine ([}--{]) • 

Cultures were grown at 25°C for 3 days on l/'2X Vogel's salts and 1/2% 

sucrose in 125 ml Erlenmeyer flasks containing 20 ml medium. Derepres

sion was initiated by adding 2 mg D-phenylalanine or DI.-ethionine to 

each flask. Incubation was continued for an additional 48 hours on a 

reciprocal shaker (80 strokes/min) at 25°c. 

I and II refer to the results obtained in two separate experi-

ments. 
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TABLE VI 

Changes in the tyrosinase electrophoretic pattern as a. function of' time 

during der epression by D-phenylal.a.nine or DL- ethionine 

Elcperiment I Experiment II 

Hours TE:osinase Dlnds Hours TE:osinase Dlnds 
mr7gm mJ7gm 

DereE!:ession bl D-~henllalanine: 

3 65.1 2 
6 111 2-3 6 235 3 

12 418 1 
14 231 1 
24 438 1 24 558 1 

30 7€1:> 1 

3J.. 675 1 
48 735 1 48 780 1 

DereE!:ession bl DL-ethionine: 

6 23.4 1 6 22.8 l 

12 143 2-3 
14 118 3 
24 120 2 24 85 2 

30 103 2 

31 85 2 

35 104 2 

36 152 3 
48 145 3 48 80 2 

Experimental. procedures as in Table I. 
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of tyrosinase a.t times prior to 12 hours of derepression. The expl.ana

tion for these results is unclear, but they suggest that the banding 

pattern is inf'l.uenced by changes in the cells which occur during dere

pression. No good correlation between total activity per gram wet 

weight of mycelium and the electrophoretic pattern is indicated by 

these results. The differences observed in cultures of Ill 70 1'.PR de

repressed for equal times in different experiments may explain the dif

ferent p:i.tterns observed in sister spores during studies of the inheri

tance of multiple forms of tyrosinase. 

Ex:periments Ccncerning the Nature of the Supernumerary D:l.nds 

The 11 extra" bands observed by Sueoka in TSing-2 strains (l), 

and those observed during the present studies were unstable to brief 

heating (60°C for 2 minutes) in crude extracts. The experiments re

ported here attempted to determine whether the activity in the labile 

bands was destroyed by heating, or whether the bands were converted to 

material migrating to the "major" band position, as suggested by the 

studies of Fox and Bln'nett ( 3). The latter authors reported that the 

multipl e electrophoretic forms of tyrosina.se are stable a~er 'Sep:i.ration 

by continuous flow paper electrophoresis. 

The 3 electro!iJ,oretically distinct forms of tyrosinase present 

in crude extracts of III 70 1'.PR were separated by p:i.per strip electro

phoresis. The unsprayed strips were pl.aced between two alumini.nn blocks 

which were preheated to 60°C and incubated for 15 minutes. A decree.se 

in the intensity of all bands was observed ccmIBred to an unheated 
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control, but the supernumerary bands did not disappear. These results 

are consistent w.l.th the hypothesis that the supernumerary bands are con

verted to the "major" band upon heating of crude extracts, and that the 

isolated bands are not destroyed by heating at 60°C for 15 minutes 

under these conditions. 

A second question concerning the nature of the supernumerary 

bands "Was whether they could be regenerated from the single band present 

in a heated extra.ct. The "extra" bands were not regenerated by incu

bating the heated extract at 25°C for up to 2 hours, nor by adding crude 

extract from imheated repressed cultures. The postulated conversion of 

the "extra." bands to the "ma.jor" band appears to be irreversible. 

Unsuccessful Attempts to Isolate the Supernumerary IBnds 

Continuous Flow Paper El..ectroJ,i?.oresis 

To better study the properties of the multiple forms of tyrosin

ase, homogeneous prei;srations of each form were desirable. PreJ.iminary 

studies indicated that elution of pure :fractions of ea.ch band from i;sper 

strips following electrophoresis -was impra.ctica.l. Continuous flow i;sper 

electrophoresis as described by Fox and Burnet.t ( 3), did not resolve 

the supernumerary bands of' TPR strains. Adding bovine serum a.1.bumin 

to the lower curtain to reduce adsorption of tyrosi na.se allowed sei;sra

tion of' different eJ.ectrophoretic forms, as shown in Figure 3, but 

fractions from the individual peaks all migrated to the same "najor" 

band position in i;sper strip electrophoresis. 
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Figure 3. Elution profile of crude tyrosinase from 65-1434 '.!'.PR :frac

tionated by continuous flow µ:i.per electrophoresis. Cultures were grown 

on 20 ml l/2X Vogel's salts a.nd 1/2% sucrose for 3 days in 125 ml 

Erlenmeyer flasks at 25°c, without shaking. Derepression -was begun by 

adding 2 mg D-phenylalanine per flask. Incubation -was continued for 

11.8 hours at 25°C on a reciprocal shaker (80 strokes/min). Electro

phoresis was carried out in 0.02M sodium barbitol bui'fer, pH 8.6, 

containing O.l per cent bovine serum albumin. The lower curtain w.s 

wetted with 1 per cent serum albumin to reduce adsorption of tyrosinase 

to the µ:i.per. A 0.5 ml aliquot of each fraction collected at the bottom 

of the sheet ·was analyzed for tyrosinase activity. Data plotted are 

in arbitrary units (6 IQ.ett units/5'/fraction). 

I 
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Zone Electrophoresis in a Density Gradient 

The last technique tried to separate the individual tyrosinases 

PR of III 70 ! "W8.S zone electrophoresis in a sucrose density gradient. 

Electrop:ioresis of a crude extract under the conditions described in 

Materials and Methods appeared to resolve the tyrosinases as sham in 

Figure 4. Paper strip electrophoresis of the individual peaks indicated 

that all pee.ks migrate to the T~ position. The crude extract run 

PR PR PR simultaneously contained all three peaks: T , Tb , and T • Thus, a c 

the peaks isolated by prep:i.rative electrophoresis appear to convert to 

the "najor" electrophoretic :form. 

To obtain a crude extract with a. very high tyrosinase specific 

activity, and to determine 'Whether the multiple forms of a. ~ strain 

were also labile to prep:i.rative electrophoresis, strain XIX 12 'Jf (2 .f') 
"Was used for zonal density gradient electroJ;iloresis. The elution pro-

file again showed asymmetry, suggesting the pe.rtial separation of dif-

ferent forms of tyrosinase. Paper strip electroJ;iloresis -was applied to 

samples taken frcm individual fracticns throughout the region of ty

rosinase activity. Tyrosinase :from all. :fractions migrated to the ~ 

position. App:i.rently, the T~ tyrosinase fraction was converted to ~ 

during or after prei:ara.tive electrophoresis. Recovery from the column 

-was 62 per cent, allowing the possibility that ~ was lost by decay c 

rather than by conversion. 

In summary, all attempts to isolate the components observed 

after pa.per strip electrophoresis resulted in the loss of the super

m.nnerary bands or their conversion to the "major" component. Further 
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Figure 4. Elution profile of crude III 70 !PR tyrosinase fractionated 

by zone electrophoresis in a sucrose density gradient. Cultures were 

grown on l/2X. Vogel's salts and l/2% sucrose for 3 days at 25°C in 125 

ml Erlenmeyer flasks containing 20 ml. medium. Cultures were dere

pressed by adding 2 mg DL- ethionine per flask. Incubation was con

tinued at 25°C on a reciprocal shaker (80 strokes/min) for an additional. 

48 hours. Zcne electrophoresis "Was carried out in 0.05M scxlium phos

phate buffer, pH 6, using a linear sucrose gradient (0-20% sucrose). 

A constant current of 30 ma. 'Was maintained for 1.9 hours at 2-4°C. One 

ml fractions were coll.ected from the bottom of the col.umn after cozn.. 

pl.etion of electroJ;horesis. A 0.1 ml al.iquot of ea.ch fraction -was 

assayed for tyrosina.se activity. De.ta are plotted in arbitrary units 

c~ 10.ett units/5'/f'ra.ction). 
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studies on the properties of the mul.tiple electroliloretic forms of 

tYTos:tnase await their isolation in preparative quantities. 
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DISCUSSICN 

The results reported here indicate that multiple electrophoretic 

forms of tyrosinase ca.n occur in Neurospora. crassa homocaryons. That 

the multiple forms in ea.ch strain arise by modification of a single 

enzyme is suggested by several observations. The banding i;x:i.ttern 

observed after separation by i;x:i.per strip electroi;:horesis of the dif-

ferent fonns of tyrosina.se present in a. crude extract depends on the T 

allele present in the culture. That is, the locations of the super-

L numera.ry bands after electrophoresis of a T extra.ct are not the same 

as the locations of the supernumerary bands i'ram a TPR strain. Results 

of' crosses between TL and TPR strains are consistent with the notion 

that a certain group of sub-bands a.re associated with TPR stocks, 

wile another group of' sub-bands a.re associated 'W'i th .ff' stocks. An 

analogous situation has been observed in studies of the alkaline phos-

phatases of' ~· ~ (ll). Slligle mutations in the alkaline i;:hosphatase 

structural gene which change the charge of the protein affect all sub-

bands identically, indicating that they are all products of the same 

gene (ll). The nature and :function of the sub-bands of al.kaline phos-

phatase are unknown. 

0£ the l to 4 tyrosina.se be.nds obtained i'rom a. crude extra.ct 

i'r001 a Neurospora homocaryon, only one band is found after hee.ting the 

extract at 60°C f'or 2 minutes; this treatment nsy convert the super

numerary bands to the 11IlBjor" band. In support of' this hypothesis is 

the observation that hee.ting filter i;x:i.per strips containing the 

seJ;Srated bands of tyrosinase did not destroy the activity in the 
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supernumerary bands. A similar conversion of heterogeneous electro

phoretic :forms of an enzyme bas been reported by Jacobson (12). In 

this case, alcohol dehydrogenase of Drosop11ila. is converted :from one 

f'orm to another 'Which dif':f'ers in electrophoretic mobility and thermo

stability by binding nieotinamide adenine dinuc1eotide (NAD). The rate 

at 'Which the conversion occurs ~ vitro is marked1y increased by 

elevated temperatures. The mul.tiple forms of' alcohol dehydrogenase 

a.re found in nature and aJ.l map at the same site on the second chrom.o

sane. A single f'orm of' the enzyme is obtained by purification, just 

as the "major" band of ef', rf3, or TPR is the only band observed in 

purified tyrosina.se preparations. 

The tyrosinase electro:i;i10retic pattern varies with the methcxl 

of derepression used. Growth on low sulfur medium results in a crude 

extract 'Which displays a single electro,li:loretic band of tyrosinase, 

'Which probably explains 'Why mul.tipl.e forms of tyrosinase were rarely 

observed during earJ.y studies by Horowitz and his associates. The 1?a.ll 

method of derepression (5) using DL-ethionine, results in the appearance 

of mul.tiple forms of tyrosinase in most strains. Not only the methcxl 

of derepression, but aJ.so the time during the course of' derepression 

in1'1uences the el.ectro,li:loretic i;sttern observed. The banding pattern 

appears to be altered by changes occurring within the eel.ls during 

derepression. By anaJ.ogy to the alcohol dehydrogena.se of DrosoJ;ilila, 

a1terations in the banding pattern may reflect f'1uctuations in the con

centration of' same sn:e.ll molecule which binds to the enzyme and alters 

its e1ectrophoretic mobility. Sub-banding of lactic dehydrogenase (LDH) 



isozymes also appears to be influenced by the surrounding mil.ieu. 

Whereas sub-bands can be created by dipping whol.e tissues in formalde

hyde and storing the treated tissues at 3°c for several days, other 

tissues display sub-bands without formaldehyde treatment (13). The 

sub-bands appear to result :from changes in the subunits of LDH which 

can occur before or during enzyme extraction. A resistance to alter

ation ma.y be affected by the cel.lul.ar environment present in certain 

tissues (13). 

An interesting case of multiple el.ectrophoretic forms of a 

protein which may be related to the sub-bands of tyrosinase concerns 

animal hemogl.obins. Huisman ~ al.. found that different r:stterns are 

observed after starch gel electrophoresis of hemoglobin, depending on 

the concentration of phosphate bu:f':l.'er used for dialysis of the total. 

red blood cell hemolysate (14). If hemolysates were dialy?;ed against 

o.OlM phos];ilate buf':f:'e:r, three to four electrophoretic components were 

observed. Dialysis against phosphate buf':f:'e:rs with molarities greater 

than O.OlM resulted in a loss of the fa.stest•migrating component. The 

exple.na.tion :f:'or these results is that hemoglobin binds phosi;hate, which 

alters the electrophoretic mobility of the protein (14). All extracts 

of Neurospora tyrosina.se were prepared in O.lM sodium phosphate bu:f:'f'er, 

and electropioresis -was carried cut in phosphate bu:f':l.'er in most cases 

(an exception is continuous flow r:sper el.ectrophoresis, which utilized 

scxlium barbitol bu:f:'f'er). The behavior of tyrosina.se sub-bands coul.d be 

explained by a therm.olabile attachment of phosi;hate to tyrosinase. Dif

ferences related to the time or method of tyrosinase derepression may 
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be explained by other :factors 'Which af'fect the binding of ph:>si;ilate ion, 

such as the presence of canpeting ions in the extract. 

Fox and Burnett (3) and Fuchs (4) report that the tyrosina.se 

isoz:ymes isolated by continuous flow J;8per electrophoresis are stable 

after separation f'ram the crude extract. The sub-bands of LDH are also 

stabJ.e after isolation {13,15 ,16). No experiments were done during the 

present investigation 'Which bear on this point, because the sub-bands 

present in J;Bper strip electrophoresis were not recovered from preJ;E.ra

tive electrophoresis. The sub-bands may have been converted to the 

"major" band during or after preJ;Brative electrophoresis, or may have 

been denatured 'Without conversion to the "major" band. 

Although the studies reported here do not el.ucidate the source 

of mul.tipl.e banding in crude extracts of Neurospora, they are consistent 

'With the hypothesis that the sub-bands arise by alterations of a single 

protein 'Whose primary structure is specified by the tyrosinase struc

tural gene {:£) • 
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