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ABSTRACT 

A technique for inducing very high levels of tyrosinase activity 

with various antimetabolites is described. A modification of this tech

nique was used for studying tyrosinase induction in Neurospora over 

periods of a few hours. An amount of the antimetabol ite inducer 

sufficient to induce the enzyme is rapidly taken up into the mycelium. 

Following uptake, however, there is a lag period of about two hours 

before tyrosinase is synthesized. During the lag period, some active, 

energy requiring process prepares the mycelium for tyrosinase synthesis. 

Rapid synthesis of tyrosinase then ensues. High concentrations of 

cycloheximide, an inhibitor of protein synthesis, inhibit the develop

ment of any further enzyme activity when added to inducing cultures, 

indicating that the synthesis of tyrosinase is de novo. 

Low concentrations of cycloheximide which had been previously shown 

to induce tyrosinase, partially inhibit general protein synthesis. 

Ethionine and parafluorophenylalanine appear to induce the enzyme by 

being incorporated into proteins in place of methionine and phenylala

nine, thus lowering the functional activity of newly synthesized 

proteins. The partial inhibition of the synthesis of functional 

proteins, then, is sufficient, in some way, to induce tyrosinase. 

Part II 

Kinetic studies have revealed the existence of two transport sys

tems for amino acids in Neurospora. Transport system I corresponds to 
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a system previously studied by Wiley and Matchett (24}. Its activity is 

specifically missing in mtr mutant cultures previously described by 

Lester (26) and Stadler (25). It is capable of transporting most 

neutral L-amino acids. Amino acid transport system II has not been 

described previously. It has an affinity for a wide variety of amino 

acids. It transports amino acids with hydrophobic and hydrophilic side 

chains, both basic and neutral amino acids, and D- as well as L-amino 

acids. Transport system II has an affinity for both,;B- and c<-amino 

acids. 

Transport system I has high activity in young, rapidly growing cul

tures. Transport system II has little or no activity in young cultures. 

In older, carbon-starved cultures, however, it is more active than 

transport system I. This, together with the high affinities it shows 

for many amino acids, suggests that amino acid transport system II 

serves a scavenger function, removing from the medium traces of exogen

ous amino acids. 
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INTRODUCTION 

The problem of detennining the molecular basis of differentiation 

has focussed, in recent years, on the problem of control of the 

synthesis of enzymes and other proteins. The greatest success in 

detennining the mechanism of control of protein synthesis has been 

achieved in bacteria with the development of the operon theory (1) and 

the recent work confirming and clarifying it (2-7, 65, 66). The 

details of this well-known theory will not be repeated here. 

The interest in the operon theory has led to attempts to ascer

tain its relevance to control of protein synthesis in eukaryotes and 

particularly in fungi where detailed genetic analysis is possible. 

Unlike bacteria, fungi do not, in general, have the structural genes 

for a metabolic pathway linked together in groups of genes (9-11). 

Thus, control of a group of genes as a unit or operon is, in most 

cases, impossible. Analysis of a few cases where two or more func

tions of a metabolic pathway do seem to have their structural infor

mation closely linked, have not yielded any clear cut examples of 

operon-like control (12-21). 

Thus, although several good examples of genes affecting the 

regulation of enzymes in fungi exist {9-11), the molecular basis 

of control in fungi is still uncertain. 

Whatever the relevance of operon-like control to protein synthesis 

in eukaryotes, it is clear that in some cases, at least, the control 

must involve more complex circuitry than that found in the original 

operon concept. That is, more complex control circuits must occur 
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than the operon theory describes in bacteria. This has been recog

nized both by classical embryologists (22) and by Monad and Jacob (8). 

Thus, examples of differentiation in eukaryotes have shown many degrees 

of reversibility, ranging from completely and easily reversible to 

completely irreversible. Jacob and Monod (8, 23) have constructed 

several model circuits whose regulatory elements are the same .as those 

found in bacteria, e.g., operator loci, regulator genes, repressors, 

etc. These model circuits demonstrate the entire range of reversibility, 

from completely reversible to completely irreversible. They include a 

circuit which has two stable, steady state conditions, possibly 

corresponding to the control states in two different cell types. They 

also include a circuit that can be irreversibly turned on by an inducer 

from outside, possibly corresponding to the induction of classical 

embryology. These circuits all include feedback loops, both positive 

and negative, which give them varying degrees of stability and reversi

bility. 

Other possible control levels not discussed above, serve to 

complicate further the consideration of control systems. Control of 

protein synthesis may also occur through the regulation of the trans

lation of messenger RNA (69-73). This translational control, moreover, 

may not be completely separate from control at the DNA level (78). 

Furthermore, protein degradation may also be a site for regulation 

(73, 74). Thus, the sites for potential control and the possible 

circuit elements in control circuits may reach a high degree of flex

ibility and complexity. 
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These circuits and circuit elements and the considerations which 

support them serve to indicate the types of complexity which may be 

found in control systems in eukaryotes. No system has been verified 

where such a circuit exists. It is interesting to note, however, that 

sequential induction has been found in insects (68). Furthermore, the 

galactose system in yeast (12-14) with its several regulatory loci may 

be organized into a-circuit. It is suggested that serious attempts to 

search for such circuits will be necessary for a thorough understanding 

of control in eukaryotes. 

The control of tyrosinase synthesis in Neurospora isj in some ways, 

typical of enzyme control systems in eukaryotes. Although little or no 

enzyme is synthesized in rapidly growing vegetative cultures, it is 

present in cultures undergoing sexual differentiation (24). Tyrosinase 

can be induced in liquid cultures by starvation for sulfur, carbon, or 

nitrogen (25). It is useful to note that sexual fruiting is normally 

induced in a medium that is deficient in reduced nitrogen (26). In 

addition9 various antimetabolites added to mycelial cultures suspended 

in a basal salts medium, induce the enzyme (25). Certain amino acid 

analogues and D-amino acids have been found to be especially effective 

for this induction. 

Two recessive female sterile mutants, ty-1 and ty-2, are partially 

defective in the induction of tyrosinase. Although wild type cultures 

synthesize large amounts of tyrosinase on starvation in phosphate 

buffer, the ty-1 and ty-2 strains produce little or no enzyme under 

these conditions (25). The enzyme can be induced in these mutant 
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strains, however, by adding antimetabolites to the phosphate buffer. 

Part I of this thesis is concerned with a number of basic physio

logical and biochemical questions about tyrosinase induction with 

antimetabolites. A method for studying tyrosinase induction with 

antimetabolites showing improved reproducibility is described. Using 

this method, various antimetabolite inducers show a lag period after 

the addition of the inducer during which no enzyme is synthesized. 

The nature of this lag is investigated. Evidence supporting the 

proposition that the tyrosinase synthesis is de !!Q.YQ_ is presented. In 

addition, the physiological mechanism by which at least some of the 

inducers act is investigated. 
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MATERIALS AND METHODS 

Wild type strains of Neurospora crassa, 69-1113a and 4-137a, were 

used in most experiments. These strains were isolated by Horowitz and 

Fling (27) as producers of the thennostabile (TS) and thermolabile 

(TL) fonn of tyrosinase respectively. Unless otherwise stated, all 

experiments were perfonned on wild type strain 69-1113a. Other wild 

type strains used were 4A and 25a (67). 

In addition, the tyrosinaseless strain ty-1 was used. This 

mutant, obtained from Dr. M. Westergaard, is female sterile. Unlike 

wild type, it fails, when starved on phosphate buffer, to produce 

significant quantities of tyrosinase (28). It can be induced to 

synthesize the enzyme by using other techniques (25,28). A recent 

isolate of ty-1, designated 131-2, was used. It had been obtained by 

outcrossing the original ty-1 strain four times to wild type strain 

4-137a (29). 

Chemicals 

All chemicals used were of reagent grade quality except as noted 

below. Table sugar was used as sucrose in the medium. Commercial 

grade Triton X-100 was obtained from Rohm and Haas. Cycloheximide 

(actidione) was obtained from Nutritional Biochemicals Corp. DL-p

fluorophenylalanine-3-Cl4 was obtained from Calbiochem. L-ethionine

ethyl-l-H3, D-phenylalanine-l-Cl4, and uniformly labelled C14 L-lysine 

were obtained from New England Nuclear Corp. H3 labelled L-lysine was 
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obtained from Schwarz Bioresearch, Inc. 

Maintenance and Growth of Neurospora Cultures 

All Neurospora strains were maintained on slants of Horowitz 

complete medium (30). The liquid medium used was one-half strength 

Vogel's medium N salts (31) containing one-half per cent sucrose. 

125 ml. Erlenmeye,r flasks containing 20 ml. of l_iquid medium were 

inoculated with one drop of a conidial suspension. 

High Level Induction Procedure 

Flasks of liquid minimal medium, prepared and inoculated as 

described above, were grown for two days at 25° C. without shaking. 

An antimetabolite, dissolved in water (25) was added as an inducer of 

tyrosinase and the cultures were shaken gently on a reciprocal shaker 

for two additional days at 25° C. With any of several antimetabolites 

as inducers, the above procedure was found to regularly produce very 

high levels of tyrosinase activity. 

Short Tenn Induction Procedure 

Flasks of liquid minimal medium, prepared and inoculated as 

described above, were grown without shaking at 25° C. for two days. 

They were then gently shaken on a reciprocal shaker for one day. An 

antimetabolite inducer (25) dissolved in water was added to the medium 

and the cultures were further shaken for various lengths of time. 

This procedure was found to give significant tyrosinase induction in 

a few hours. It was found useful in the study of tyrosinase induction 

over relatively short periods of time. 
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Extraction of Tyrosinase 

The Neurospora mycelium was washed with distilled water, blotted 

dry and weighed. It was then ground with sand with a mortar and pestle 

and diluted with ten volumes of .lM sodium phosphate buffer, pH 6.0. 

The mixture was spun in a centrifuge and the supernatant assayed for 

tyrosinase. 

Assay For Tyrosinase Activity 

Tyrosinase activity was measured on .01 to .1 ml. aliquots of the 

above extract. The assay was performed by measuring the conversion of 

the substrate, DL-DOPA, to dopachrome colorimetrically as described 

previously (28). The measured absorbance of dopachrome was converted 

to Enzyme Commission units (32) according to the conversion factor 

previously described (33). Tyrosinase activity is expressed here in 

Enzyme Commission units per gram wet weight of mycelium. 

Fractionation of Neurospora Mycelia 

The mycelial fractionation procedure described here was developed 

by Roberts et al. for Neurospora (34). It has proved useful in follow

ing the incorporation of radioactive compounds into various fractions 

of the mycelium. The washed mycelium is extracted for thirty minutes 

at 4°.c. with ice-cold 5% ··trichloroacetic acid (TCA) in a centrifuge 

tube~ The extract is removed and the mycelium extracted again for ten 

minutes at 4° C. with 5% TCA. These two extracts, containing the free 

amino acids of the mycelium, are combined as the cold TCA soluble 

fraction. The mycelium is extracted next with 75% ethanol at 40-50° C. 

for thirty minutes and the extracts removed. Then it is extracted with 
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ether-75% ethanol (1: 1) for thirty minutes at 40-50° C., and the two 

extracts combined. In Neurospora, this ethanol-soluble fraction 

contains mostly lipids. After drying for fifteen minutes at 60° C., 

5% TCA is added and the tubes are placed in a water bath. The water 

bath is then brought slowly to boiling to avoid bumping. The mycelia 

are held in the 5% TCA by glass rods to insure effective extraction. 

The pads are extracted for seventy-five minutes at 90-100° C. The hot 

TCA-soluble extract contains mainly RNA and those amino acids attached 

to s-RNA. The pads are washed once with 75% ethanol and once with 

ether, and the washes are discarded. Then the pads are dried at 60° C. 

for thirty minutes. The proteins in the mycelium are extracted over

night at room temperature with 3% sodium hydroxide. The remainder of 

the mycelium is discarded. The above fractions can be adjusted to 

neutral pH and counted as described below. 

Detennination of Amino Acid Pool Size 

The pool size of individual amino acids in the free pool can be 

detennined as follows: The cold TCA fraction, isolated as described 

above, is extracted four times with an equal volume of ether. The re

maining aqueous solution is dried overnight in a vacuum dessicator. 

The residue is resuspended in a small volume of distilled water. A 

small aliquot of this solution, equal to about one-tenth to one

twentieth of the free pool of a mycelial pad, is run on high-voltage 

electrophoresis as described below. Known amounts of the amino acid 

whose pool is to be measured are run simultaneously. 
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Hydrolysis of Neurospora Proteins 

The sodium hydroxide fraction, isolated as described above, is 

chilled and precipitated with .2 volumes of cold 50% TCA. The 

precipitate is spun down, washed with cold acetone, and dried. It is 

dissolved in about .5 ml. of constant boiling HCl, and placed in a 

tube. The tube is flushed five times with nitrogen and sealed. The 

tube is heated to 105° C. for 24 hours, opened and dried in a dessica

tor. The hydrolysate is then resuspended in a small volume of distilled 

water and small aliquots run on high-voltage electrophoresis to separate 

the component amino acids. 

High-Voltage Paper Electrophoresis of Amino Acids 

The amino acid solutions were applied to the paper and run on high

voltage electrophoresis as described previously (36). l.64M formic acid 

was used as a solvent. The amino acid pools were run for two hours at 

4900 volts in a Gilson model D electrophorator. These amino acids were 

eluted and their quantities determined as described previously (36). 

For maximum separation of the amino acids of interest, the protein 

hydrolysates were run at 7900 volts for 2.5 hours on a Gilson model DW 

electrophorator. The paper was dried. The positions of the amino acids 

were detennined by spraying with a ninhydrin solution made up of 50 mg. 

of ninhydrin in 75 ml. of absolute ethanol plus 25 ml. of 2N acetic 

acid. The amino acids were cut out and eluted twice with 4 ml. of 

methanol and the eluate dried. The residue was redissolved in water 

and counted as described below. 

Counting of Radioactive Samples 

All radioactive samples were counted in a Beckman CPM 200 scintil-
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lation counter. A toluene based scintillation fluid using Triton X-100 

as a solubilizer (35) was prepared as follows: A solution of toluene 

containing .4% PPO and .01% dimethyl POPOP was prepared. Two volumes 

of this solution was mixed with one volume of Triton X-100 to make the 

scintillation fluid. One to l 1/2 volumes of radioactive aqueous 

solution were dis-s-olved in ten volumes of scintillation fluid and 

counted. Nonaqueous samples were counted in the above_toluene solution 

without solubilizer. 

Removal of Tyrosine From the Culture Medium 

The removal of added D-tyrosine from the medium by the mycelial 

pads was measured by taking half ml. aliquots from the medium. The 

D-tyrosine in these aliquots was measured by a colorimetric assay for 

tyrosine involving its reaction with nitrosonaphthol and nitric acid 

(37). 
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RESULTS 

The high level induction procedure, as described above, is a very 

effective method for inducing tyrosinase activity. Activities as high 

as 900 Enzyme Commission units per gram wet weight of mycelium have 

been obtained. rt· can also be used to induce the enzyme in large 

quantities of mycelium (38) for purification of the tyrosinase protein 

(33). 

Typical levels of tyrosinase activity obtained are listed in 

table I. Most wild type strains of Neurospora are inducible by this 

method. The concentration of each inducer required to give optimal 

induction varies 9 however, from strain to strain. It is interesting 

to note that the ty-1 mutant is induced by this method, yielding 

levels of activity similar to those obtained with some wild type strains. 

Induction of the enzyme by the above method with ethionine in the 

canavanine sensitive strain, 25a, is inhibited over 99% by 50 µg./ml. 

of canavanine sulfate. 

The primary effect of canavanine in canavanine sensitive strains 

of Neurospora appears to be its incorporation into proteins in place 

of arginine, thus producing nonfunctional proteins (40). Therefore, 

the inhibition of induction by canavanine supports the proposition 

that tyrosinase induction involves de novo protein synthesis. This 

proposition is further supported by the finding that 20 ,.ug./ml. of 

cycloheximide 9 an inhibitor of protein synthesis (41, 42), also inhibits 



TABLE I 

Strain 

69-ll l3a 

4-137a 

131-2 ty-1 

25a 

4A 

12 

HIGH LEVEL INDUCTION PROCEDURE 

Inducer Concentration 

of inducer {in 

µg. /ml. of 

culture medium) 

DL-ethionine 100 µg./ml. 
0-phenylalanine 150 µg./ml. 
D-tyrosine 200 µg./ml. 
DL-p-fluorophenylalanine 150 ,ug./ml. 
Actinomycin . D 25 µg./ml. 
Cycloheximide* .2 ,_ig ./ml. 

D-phenylalanine 200 µg./ml. 

DL-ethionine 100 µg./ml. 

DL-ethionine 200 µg./ml. 

DL-ethionine 200 µg./ml. 

Tyrosi nase 

activity 

(units/g.) 

450 
470 
202 
248 
122 
272 

321 

130 

268 

234 

Cultures were grown and induced according to the high level induc
tion procedure described above. They were harvested and assayed for 
tyrosinase. 

*Cycloheximide induction performed by G. Horn {39). 
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the induction of tyrosinase. The inhibition of induction by cyclohex

imide is considered in more detail below. 

Short Tenn Induction Procedure 

The short tenn induction procedure is useful in the study of 

tyrosinase induction over periods of a few hours. Figure 1 shows a 

fairly typical re~ponse to the addition of an inducer. After the addi

tion of the inducer, there is a lag period during which no detectable 

enzyme is synthesized. This is followed by a period of rapid synthe

sis. Finally, a cessation of tyrosinase synthesis occurs. Similar 

responses have been obtained with several different inducers. 

Studies on the Lag Period 

The lag period for tyrosinase induction with several different 

inducers has been measured. The results are listed in table II. The 

lag measured for all the inducers studied here is about two to three 

hours. That found for induction by the D-amino acids may be slightly 

shorter than that found using the amino acid analogues as inducers. It 

is not clear that the difference is significant. 

The similar lag periods detennined here suggest that they may be 

due, at least in part, to some critical process inside the mycelium 

which must precede tyrosinase induction. Another possibility is that 

the lag simply represents the time required for sufficient inducer to 

be taken up into the mycelium. It is, therefore, important to test 

this second possibility. 

For this test, pads of 69-1113a were prepared according to the 

short term induction procedure. Inducers were added and the pads 



14 

Fig. 1. TYROSINASE INDUCTION WITH L-ETHIONINE • . Pads of 69-1113a were 

prepared according to the short tenn induction procedure. L-ethionine 

was added to a concentration of 100 µg. per ml. of medium. Pads were 

harvested at various times after the addition of the inducer and assayed 

for tyrosinase. Each point represents the average of five determina

tions from five identically treated pads. 
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TABLE II 

Inducer 

DL-ethionine 

16 

LAG PERIODS FOR DIFFERENT 

INDUCERS IN STRAIN 69-lll3a 

Concentration of 

inducer (final 

concentration on 

addition to culture 

medium) 

100 ug ./ml. 

DL-p-fluorophenylalanine 150 ug./ml. 

DL-selenomethionine 10 ug./ml. 

D-phenylalanine 100 ug./ml. 

D-tyrosine 150 ug./ml. 

Lag period 

(after addition 

of inducer) 

2-3 hours 

2-3 hours 

2-3 hours 

2 hours 

2 hours 

Flasks containing mycelial pads of strain 69-lll3a were prepared 
according to the short term induction procedure. An inducer dissolved 
in water was added to the culture medium to the final concentration 
listed above. Mycelial pads were harvested and assayed for tyrosinase 
at various times after the addition of the inducer. The lag period is 
the time after the addition of the inducer, during which no detectable 
tyrosinase activity has appeared. 
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shaken. After various lengths of time in the presence of inducer, each 

pad was washed twice with 20 ml. of distilled water and placed in 20 ml. 

1/2 strength Vogel's medium N salts. In this way, all the inducer 

except that already taken up into the mycelium was removed. The my

celial pads were then shaken until five hours had elapsed following the 

addition of inducer, harvested, and assayed. 

Control pads · treated as above, but where no inducer was added, 

gave little or no tyrosinase activity. Pads exposed to DL-ethionine 

(100 ug./ml.) or DL-paraflourophenylalanine (150 µg./ml.) gave good 

induction when they had been shaken with inducer for five to ten 

minutes. Therefore, inducing amounts of ethionine and parafluorophenyl

alanine are taken up in five to ten minutes. D-phenylalanine (100 1ug./ 

ml.) requires 15 minutes of uptake to give significant induction and 

about one hour to give good induction. Thus, most of the lag period is 

not due to the time required for uptake of the inducer, but rather 

appears to be due to some process occurring inside the mycelium. 

Since the lag period involves some process inside the mycelium, it 

is desirable to find out if this process requires metabolic energy. 

Specifically, can metabolic inhibitors inhibit progress through the lag 

period? 

The metabolic inhibitors cyanide and azide were used to help 

answer this question. A set of mycelial pads was divided into two 

groups. The first group had an inducer added. Then, after ten minutes, 

potassium cyanide was added to a final concentration of 3 x lo-3M. The 

pads were shaken for three hours. Then they were washed three times 

with 20 ml. of distilled water, shaking the pads briefly with each 



TABLE III 

Time after 

washing away 

of metabolic 

inhibitor 

2 hours 

3 hours 

4 hours 

18 

PROGRESS THROUGH THE LAG PERIOD IN 

THE PRESENCE OF KCN OR NA AZIDE 

Experiment l Experiment 2 

a. Inducer b. Inducer a. Inducer b. Inducer 

added added after added added after 

before KCN was before Na Azide was 

KCN washed away Na Azide washed away 

0 units/gm. 0 units/gm. 0 units/gm. 0 units/gm. 

0 units/gm. .9 units/gm. 2.7 units/gm. 

1.1 units/gm. 1.6 units/gm. 4.0 units/gm. 6.8 units/gm. 

In experiment la, pads of 69-lll3a, prepared according to the short 
tenn induction procedure, had DL-ethionine added to a final concentra
tion of 100 ug./ml. in the medium. 

3
Ten minutes later, KCN was added 

to a final concentration of 3 x 10- M. After shaking for three hours, 
the pads were washed three times, as described in the text, and re
suspended in 1/2 strength Vogel's medium N salts. Experiment lb pads 
were treated identically to experiment la pads except that the ethio
nine was added after the washing rather than before the KCN was added. 
Experim3nt 2 was perfonned identically to Experimen~ 1 except that 
5 x 10- M sodium azide was used in place of 3 x 10- M KCN. 

The values in the table are for tyrosinase activity expressed as 
units per gram wet weight. Each value listed is the average of two 
detenninations from two independently treated pads. 
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wash water. After washing, they were suspended in 20 ml. of 1/2 

strength Vogel's medium N salts and shaken for various lengths of time 

until harvesting. They were then assayed for tyrosinase. The second 

set of pads was treated as above except that the inducer was added 

after the washes rather than before the cyanide was added. It should 

be noted that although the washing is effective in removing the 

cyanide from the mycelial pads, the ethionine used here as an inducer 

is fairly efficiently retained. 

If cyanide does not prevent all progress through the lag period, 

the first set of pads should induce sooner, after the cyanide has been 

washed out, than the second set. The results, shown in table III, 

indicate that there is no progress through the lag in the presence of 

cyanide. Similar results were obtained using 5 x lo-3M sodium azide as 

a metabolic inhibitor. Thus, progress through the lag appears to be an 

energy requiring process. 

These results are in agreement with previous results using phos

phate buffer starvation to induce tyrosinase (43}. In phosphate buffer 

induction, progress through the lag period is stopped in the absence of 

oxygen. Thus, regardless of the method of induction, progress through 

the lag period requires metabolic energy. 

Inhibition of Tyrosinase Induction by Cycloheximide 

Previous experiments on the induction of tyrosinase in ty-1, where 

the enzyme was labelled with C14 valine, indicated that most, if not 

all, of the enzyme induced involved de novo synthesis of the tyrosinase 

protein (25). The results cited above further support this conclusion 
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in wild type. They showed that the induction of tyrosinase is over 

99% inhibitable by canavanine in a canavanine sensitive strain. In 

addition, the inhibitor of protein synthesis, cycloheximide, was also 

shown to inhibit tyrosinase induction. It should be noted, however, 

that experiments using antimetabolites to inhibit induction are subject 

to certain criticisms. One of these is that the inhibition of synthesis 

by the antimetabolite may be a secondary effect rather than an immediate 

and primary effect of the antimetabolite, e.g., the culture may have 

been too debilitated by the drug to synthesize much tyrosinase. The 

experiment described below is designed to distinguish between these 

possibilities. 

A set of pads was divided into two groups. Group 1 was induced 

with ethionine, harvested, and assayed at various times. Group 2 pads 

were induced with ethionine. Cycloheximide (20 µg./ml.) was added to 

these pads at various times after the addition of the ethionine. All 

pads in group 2 were assayed for tyrosinase at seven hours after the 

addition of the ethionine. If the inhibition of the development of 

tyrosinase activity is a direct and immediate effect of the cyclohex-

imide, the activity of the pads of group 1 harvested at a particular 

time should equal the activity of the pads of group 2 which received 

cycloheximide at that time. The results of this experiment are shown 

in table IV. The predicted result is, indeed, found. The cycloheximide 

immediately stops the development of further tyrosinase activity. 

The most straightforward interpretation of this experiment is that 

tyrosinase induction involves de novo synthesis of the tyrosinase pro

tein and that no large pool of protyrosinase is present in the mycelium 
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INHIBITION OF TYROSINASE 

INDUCTION BY CYCLOHEXIMIDE 

Group 1 Group 2 

Time of 

assay for 

tyrosinase 

(after addition 

of inducer} 

1 hr. 

2 hrs. 

3 hrs. 

4 hrs. 

5 hrs. 

Tyrosinase 

activity 

(Units/gm.) 

at time 

listed 

0 

0 

4.2 

35.7 

79 .1 

Time of 

addition of 

(20 µg./ml.) 

cycloheximi de 

(after addition 

of inducer) 

1 hr. 

2 hrs. 

3 hrs. 

4 hrs. 

Tyrosinase 

activity 

at seven hours 

0 

0 

4.7 

30.7 

Pads of 69-1113 were prepared according to the short term induction 
procedure. The pads in group 1 had Dl-ethionine added to a final con
centration of 100 µg./ml. of medium and were harvested and assayed at 
the times listed. Pads of group 2 also had DL-ethionine added to a 
final concentration of 100 ,ug./ml. Cycloheximide (20 )Jg./ml. of medium) 
was added at the times listed. All group 2 pads were harvested and 
assayed at seven hours after the addition of ethionine. 
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at any time during the induction procedure. This interpretation depends 

on the assumption that the activation of a hypothetical protyrosinase 

would not be inhibited by the cycloheximide. The activation of pro

enzymes colTlllonly involves proteolytic activity. Consequently, it is 

necessary to detennine if proteolytic activity is generally dependent on 

protein synthesis, the known site of action of cycloheximide. 

In bacteria, ·inhibitors of protein synthesis have no inmediate 

effect on protein degradation (75). In mammalian systems, inhibitors 

of general metabolism and protein synthesis do inhibit protein degrada

tion in vivo, but this effect is only partial (76, 77). 

The degradation of several enzymes in rat liver has been studied 

in the presence of inhibitors of protein synthesis. Tyrosine trans

aminase degradation is inhibited by inhibitors of protein synthesis (80). 

The degradation of other enzymes, however, is not affected (73,81). The 

basis for the particular behavior of tyrosine transaminase is not clear. 

In most cases, then, proteolytic activity is not closely linked to 

protein synthesis. Thus, the most straightforward interpretation of 

the above experiment is the most likely, i.e., tyrosinase induction in

volves de novo synthesis of the tyrosinase protein. 

Inhibition of Protein Synthesis by Cycloheximide 

The experiments cited above showed that high concentrations of 

cycloheximide inhibit the synthesis of tyrosinase. Furthennore, lower 

concentrations of cycloheximide induce the enzyme. The interpretation 

of these results depends on the assumption that the primary mode of 

action of cycloheximide is the inhibition of protein synthesis. The 



23 

following experiment suggests that this assumption is warranted in 

· Neurospora. 

Various amounts of cycloheximide (actidione) were added to flasks 

containing pads of 69-lll3a. The cultures were shaken for one hour. 

At the end of the hour, .15 µc. of Cl4 labelled L-lysine were added 

and the pads shaken for ten additional minutes. The pads were then 

harvested and fractionated as described above in the methods section. 

The pools of free lysine in the mycelial pads were also measured as 

described above. The results are shown in table V. 

At .2 pg./ml. of medium, cycloheximide inhibits protein synthesis 

about 50%. At higher concentrations, the inhibition of protein 

synthesis approaches 99%. 

The above results show that cycloheximide is an effective inhibitor 

of protein synthesis in Neurospora. Similar results have been obtained 

in previous experiments on mammalian cells {42), algae {44), and yeast 

(41). The inhibition of protein synthesis at the ribosome level has 

been concluded to be the direct and primary effect of cycloheximide in 

yeast. It seems likely that the inhibition of protein synthesis is also 

the primary effect in Neurospora; however, other effects of the anti

biotic have not been eliminated. 

Aromatic D-Amino Acid Induction of Tyrosinase and Its Antagonism by 

L-Amino Acids 

Macleod (29) has found that a mixture of D- and L-phenylalanine was 

less effective in inducing tyrosinase than the D-stereoisomer alone. 

Similar results were found using DL-tyrosine as an inducer as compared 



TABLE V 

Cone. of 

Cycloheximide 

in medium 

0 

.2 ,ug ./ml. 

l ,ug ./ml. 

10 µg./ml. 
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INHIBITION OF PROTEIN 

SYNTHESIS BY CYCLOHEXIMIDE 

Per cent of counts 

taken up into 

pad incorporated 

into protein 

64.0 % 

33.9% 

5.34% 

.463% 

Free lysine 

pool size 

(millimicromoles 

per pad) 

386 

380 

498 

564 

Per cent 

Inhibition 

of protein 

synthesis 

47.7% 

89.2% 

98.9% 

Mycelial pads of 69-lll3a were prepared according to the short 
tenn induction procedure. Cycloheximide was added and the pads shaken 
for one hour. .15 µc. of Cl4 L-lysine (220 mc./mm.) was added and the 
pads shaken for ten additional minutes. The pads were then fractionated 
according to the procedure of Roberts et al (34) described above. The 
free lysine pools were detennined as desc'ffbed above, from similar pads 
treated for one hour with the various concentrations of cycloheximide. 
The rate of protein synthesis was taken to be proportional to the 
incorporation of lysine into protein and inversely proportional to the 
pool size of lysine. 
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with D-tyrosine alone. The L-stereoisomer, then, appears to inhibit 

induction by the 0-stereoisomer. 

The findings of Calendar and Berg (57) were of interest in this 

regard. They showed that the activation of L-tyrosine was inhibited by 

0-tyrosine. This suggested a possible specific inhibition of the acti

vation of an L-amino acid by the corresponding D-stereoisomer. The 

foregoing considerations led to a study of the induction of tyrosinase 

by D-phenylalanine and D-tyrosine and the inhibition of their induction 

by various L-amino acids. The results of this study are shown in table 

VI. Of the twenty amino acids connnonly found in proteins, seventeen 

are capable of inhibiting the induction of tyrosinase by both D-phenyla

lanine and 0-tyrosine. The remaining three amino acids do not inhibit 

induction by either of these aromatic 0-amino acids. 

Both 0- and L-amino acids were added to the medium at the same time 

in the above experiments. Consequently, the inhibition of induction 

could be due to an inhibition of the uptake of the D-amino acid by the 

L-amino acid used. Furthennore, the wide variety of effective L-amino 

acids found here is similar to the wide variety of amino acids found 

effective in inhibiting the uptake of L-phenylalanine and L-arginine in 

Neurospora conidia (58, 59). 

A series of experiments was perfonned to detennine if the above 

inhibition of induction occurred through an inhibition of uptake of the 

inducer. The uptake of 0-phenylalanine or 0-tyrosine was detennined by 

following its removal from the medium as described in the methods 

section. Uptake in the presence or absence of various L-amino acids was 

followed. With the exception of L-glutamine, the concentration of each 



TABLE VI 

L-amino acid 

added 

(1 mg./ml.) 

None 

Alanine 

Arginine 

Asparagine 

Aspartic acid 

Cystine 

Glutamic acid 

Glutamine 

Glycine 

Histidine 

Isoleucine 

Leucine 

Lysine 

Methionine 

Phenylalanine 

Pro line 

Serine 
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INDUCTION OF TYROSINASE BY 

D~AMINO ACIDS IN THE PRESENCE 

OF VARIOUS L-AMINO ACIDS 

D-phenylalanine 

(100 ,ug./ml .) as 

an inducer 

Induction 

No induction 

No induction 

No induction 

No induction 

No induction 

Induction 

Induction 

No induct ion 

No induction 

No induction 

No induction 

No induction 

No induction 

No induction 

Induction 

No induction 

D-tyrosine 

( l 50 ,.ug. /ml • ) as 

an inducer 

Induction 

No induction 

No induction 

No induction 

No induction 

No induction 

Induction 

Induction 

No induction 

No induction 

No induction 

No induction 

No induction 

No induction 

No induction 

Induction 

No induction 
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TABLE VI (Cont.) 

L-amino acid D-phenylalanine 0-tyrosine 

added ( 100 ,.ug. Im 1. ) as ( 150 ,ug ./ml.) as 

(1 mg./ml.) an inducer an inducer 

Theonine No induction No induction 

Tryptophan No induction No induction 

Tyrosine No induction No induction 

Valine No induction No induction 

Mycelial pads of 69-lll3a were prepared according to the short 
tenn induction procedure. D-phenylalanine (100 µg./ml.) or 0-tyrosine 
(150 µg./ml.) were added as inducers. Simultaneously, an L-amino acid 
was added to the medium to a final concentration of 1 mg./ml. of medium. 
The pads were harvested and assayed for tyrosinase five hours after the 
addition of the amino acids. Pads with over four units of tyrosinase 
per gram wet weight were scored as induced. Those with less than one 
unit per gram wet weight were scored as non-induced. 
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L-amino acid used was the lowest concentration of that amino acid found 

effective in completely inhibiting tyrosinase induction by the D-amino 

acids. 

The results are shown in figure 2. The five L-amino acids which 

inhibit induction also inhibit uptake of the inducers. L-glutamine, 

the one amino acid investigated which does not inhibit induction, has 

no effect on uptake of the inducer. Thus, a broad range of L-amino 

acids appear to inhibit induction by the aromatic D-amino acids by in

hibiting their uptake. These results, together with those previously 

found in conidia (58, 59), raise the question as to how such a broad 

range of amino acids can inhibit the uptake of a particular amino 

acid. 

Do these results imply the existence of an amino acid transport 

system with a very broad range of substrates? If so, the various amino 

acids would show competitive inhibition for uptake. Alternatively, can 

other types of inhibition be taking place? Such questions have received 

further attention and are to be discussed further (56). 

Possible Sites of Action of the Aromat1c D-Amino Acids 

Although the above considerations serve to elucidate the uptake of 

the aromatic D-amino acids, they yield little infonnation on the site 

of action of the D-amino acids in the induction of tyrosinase. Conse

quently, this matter should be considered further. 

All the known inducers of tyrosinase are also growth inhibitors 

(25). The aromatic D-amino acids are well established as inhibitors of 

growth (60, 25). It appears likely, then, that the site of action of 

the aromatic D-amino acids in induction is identical to their site of 
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Fig. 2. INHIBITION OF UPTAKE OF THE AROMATIC D-AMINO ACIDS BY L-AMINO 

ACIDS. Pads of 69-lll3a were prepared according to the short term 

induction procedure. Various L-amino acids were added simultaneously 

with the aromatic D-amino acids to the medium. Glycine (200 µg./ml.), 

L-lysine (200 µg./ml .) or L-arginine (100 µg./ml.) were added together 

with D-tyrosine (150 µg./ml.) L-phenylalanine (100 ,.ug./ml.), 

L-methionine (100 µg./ml.), or L-glutamine (100 µg./ml.) were added 

together with Cl4 labelled 0-phenylalanine (100 µg./ml.). The uptake 

of the 0-tyrosine was followed colorimetrically and the uptake of the 

D-phenylalanine was followed isotopically as described in the methods 

section. Each value listed was the average of two determinations 

measured from two identically treated pads. 

The L-amino acids added with 0-tyrosine were added at the minimum 

concentration previously found to inhibit induction by D-tyrosine. 

L-phenylalanine and L-methionine were added at the minimum concentration 

found to inhibit induction by D-phenylalanine. L-glutamine, as noted 

above, is ineffective in inhibiting induction by the D-amino acids. 
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action in inhibiting growth. 

Several examples have been cited where 0-amino acids demonstrate 

some antimetabolic activity (61). In most cases, the sites of action 

of the 0-amino acids have not been determined. Three more definitive 

examples have, however, been characterized. 0-cycloserine inhibits the 

utilization of 0-alanine for cell wall synthesis in bacteria (62, 63). 

D-serine inhibits ·the synthesis of p-alanine and its utilization in the 

synthesis of pantothenic acid (64). Also, as noted above, D-tyrosine 

inhibits L-tyrosine activation (57). This last observation suggests a 

specific antagonism between D- and L-stereoisomers of an amino acid at 

the level of amino acid activation. It is not known whether any of 

these effects occur in Neurospora. 

Experiments were performed to ascertain if any of the above sites 

of activity could be involved in the induction of tyrosinase by 0-

phenylalanine. D-alanine, L-phenylalanine, p-alanine, and pantothenic 

acid were each tested for their effect on tyrosinase induction by 

D-phenylalanine. If D-phenylalanine acts by competitively inhibiting 

the utilization of one of these compounds, then that compound should 

inhibit the induction of tyrosinase by D-phenylalanine. 

One hour was allotted for D-phenylalanine to be taken up into the 

mycelial pads before the addition of the other compounds to the medium. 

The pads were harvested and assayed for tyrosinase at five or seven 

hours after the addition of D-phenylalanine. The results are shown in 

table VII. None of the compounds tested were effective in inhibiting 

induction by D-phenylalanine. Therefore, none of the sites of action 

suggested here can be involved in induction by D-phenylalanine. Thus, 



TABLE VII 

Compound added 

(One hour after 

addition of 

D-phenylalanine 

None 

?-alanine 

Pantothenic acid 

~-alanine and 
Pantothenic acid 

L-phenylalanine 

0-alanine 
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EFFECTS OF SEVERAL COMPOUNDS ON 

TYROSINASE INDUCTION BY 0-PHENYLALANINE 

Experiment l 

(Harvested and 

assayed at five 

hours after addition 

of D-phenylalanine) 

71.6 units/gm. 

76.6 units/gm. 

59.5 units/gm. 

74.3 units/gm. 

Experiment 2 

(Harvested and 

assayed at seven 

hours after addition 

of 0-phenylalanine) 

160 units/gm. 

153 units/gm. 

153 units/gm. 

Mycelial pads of 69-lll3a were prepared according to the short 
term induction procedure. D-phenylalanine (100 µg./ml. of medium) was 
added to the medium and the pads were shaken for one hour. Then the 
compounds listed above were added to the medium and the cultures shaken 
until harvesting. The following concentrations were used in the medium: 
~-alanine, 50 µg./ml. Calcium pantothenate, 10 )Jg./ml. L-phenylala
nine, l mg./ml. D-alanine, .5 mg./ml. The values listed are the 
average of the tyrosinase activities determined for two identically 
treated mycelial pads. 
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although several possibilities have been eliminated, the site of action 

of the aromatic 0-amino acids in the induction of tyrosinase remains 

undetennined. 

A Possible Site of Action of Amino Acid Analogues in Induction 

The inhibitor of protein synthesis, cycloheximide, was found to be 

an inducer of tyrosinase as noted above. In addition, a number of 

amino acid analogues have been found to be effective inducers of the 

enzyme (25). The fact that the enzyme is induced by a known inhibitor 

of protein synthesis and by amino acid analogues, which may be intimate

ly connected with protein synthesis, suggests a site of action for 

these inducers. Partial inhibition of the synthesis of functional 

proteins may be sufficient to induce tyrosinase (43), after some process 

has occurred in the mycelium. 

A likely mechanism by which an amino acid analogue might inhibit 

the synthesis of functional proteins can be suggested. An analogue 

could induce through its incorporation into proteins in place of a 

natural amino acid (45). Some of the newly synthesized proteins would 

be completely or partially nonfunctional due to the incorporation of 

the analogue into their structure. In this way, the synthesis of 

functional proteins would be partially inhibited. 

Several examples have been reported where the amino acid analogues, 

ethionine and parafluorophenylalanine, are incorporated into protein. 

Ethionine can be incorporated into the proteins of rats (46), Tetra

hymena (47), .!!.:_ subtilis (48~ 49), and Neurospora (54). Parafluoro

phenylalanine can be incorporated into the proteins of~ coli (50), 

B. subtilis (51), chicken (52), rabbit, and Neurospora (55). In several 



34 

cases, the incorporation of the analogue was found to lower the activity 

of specific enzymes. 

The above considerations have led to a series of experiments 

analyzing the role of ethionine and parafluorophenylalanine in the in

duction of tyrosinase. These experiments show a strong correlation 

between the incorporation of the analogues into protein and their induc

tion of tyrosinase. 

Ethionine and Parafluorophenylalanine as True Analogues in Induction 

If ethionine and parafluorophenylalanine are acting as true ana

logues in the induction of tyrosinase, then their inductive effect 

should be specifically inhibited by their natural counterparts, methio

nine and phenylalanine. To detennine if this specific inhibition 

occurs, L-ethionine {25 µg./ml .) or DL-parafluorophenylalanine {150 pg./ 

ml.) was added to several cultures. After ten minutes of shaking, one 

of the twenty common amino acids was added to each culture and the 

cultures were then shaken for six hours, whereupon they were harvested 

and assayed for tyrosinase. The results are shown in table VIII. 

Of the twenty amino acids nonnally incorporated into protein, only 

methionine inhibits ethionine induction and only phenylalanine inhibits 

parafluorophenylalanine induction. It was found above that less than 

ten minutes is required for inducing amounts of analogue to be taken up 

into the mycelium. Since the natural amino acids were added ten minutes 

after the analogues, the observed inhibition cannot be due to the in

hibition of uptake of the analogues. Furthennore, the broad specifici

ties observed for amino acid transport in Neurospora (56) make such 

specific antagonisms at the level of uptake very unlikely. 
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TABLE VIII EFFECTS OF VARIOUS L-AMINO ACIDS ON INDUCTION 

BY ETHIONINE OR PARAFLUOROPHENYLALANINE 

L-amino acid Ethionine as Parafluorophenylalanine 

added an inducer as an inducer 

None Induction Induction 

Alanine Induction Induction 

Arginine Induction Induction 

Asparagine Induction Induction 

Aspartic Acid Induction Induction 

Cystine Induction Induction 

Glutamic Acid Induction Induction 

Glutamine Induction Induction 

Glycine Induction Induction 

Histidine Induction Induction 

Iso l euci ne Induction Induction 

Leucine Induction Induction 

Lysine Induction Induction 

Methionine No induction Induction 

Phenylalanine Induction No induction 

Pro line Induction Induction 

Serine Induction Induction 

Threonine Induction Induction 

Tryptophan Induction Induction 

Tyrosine Induction Induction 

Valine Induction Induction 
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TABLE VIII (Cont.) 

Mycelial pads of 69-lll3a were prepared according to the short term 
induction procedure. L-ethionine was added to a concentration of 25 µg. 
per ml. of medium or DL-parafluorophenylalanine was added to a concen
tration of 150 µg. per ml. of medium. The other amino acids were added 
ten minutes after the addition of the analogues and were added to a 
concentration of .5 mg. per ml. of medium. The mycelial pads were 
harvested and assayed six hours after the addition of the analogues. 
Pads with less than one unit of tyrosinase per gram wet weight were 
scored as non-induced. Pads with more than five units per gram wet 
weight were scored as induced. 
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Thus, a specific relationship exists in the mycelium between 

ethionine and methionine and also between parafluorophenylalanine and 

phenylalanine. This is probably due to ethionine and parafluorophenyl

alanine acting as true analogues in the induction of tyrosinase. 

Incorporation of Ethionine and Parafluorophenylalanine into Neurospora 

Proteins 

As was noted above, there is evidence that ethionine and para-

fl uorophenylalanine are incorporated into Neurospora proteins (54, 55). 

Preliminary experiments showed that isotopically labelled proteins 

are synthesized by mycelia incubated with labelled ethionine or para

fluorophenylalanine under conditions where these analogues induce tyros

inase. It is necessary to determine if the label incorporated into 

protein remained in the form of the analogue or was resynthesized into 

other amino acids. The results described below show that most of the 

label represents actual analogue incorporation into protein. 

Isotopically labelled analogue was diluted with unlabelled analogue 

and added to cultures at inducing concentrations. The cultures w~re 

shaken for two hours. They were then fractionated according to the 

procedure of Roberts et!}_. (34). The proteins were precipitated, 

washed 9 redisso1ved 9 and hydrolyzed as described in the section on 

methods. The amino acids in the hydrolysate were separated on high volt

age paper electrophoresis. Authentic, isotopically labelled analogue 

was also run on electrophoresis as a standard with each hydrolysate. 

The results are shown in table IX. 

Parafluorophenylalanine migrates at a position between phenylala

nine and aspartic acid. It was well resolved from both phenylalanine 
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TABLE IX ELECTROPHORESIS OF ETHIONINE AND 

PARAFLUOROPHENYLALANINE LABELLED 

PROTEIN HYDROLYSATES 

Sample Counts per Counts per Percent of Percent of 

minute minute recovered counts re- counts in 

applied to from paper at covered from protein 

paper the position paper at hydrolysate 

of authentic position of due to in-

analogue the analogue corporation 

of the 

analogue* 

Ethi onine 
labelled 
protein 
hydrolysate 3040 1060 34.9% 67.2% 

Authentic 
ethioni ne 2935 1523 51.9% 

Para fl uoro-
phenylalanine 
labelled hy-
drolysate 2278 1079 47.4% 103% 

Authentic 
para fl uoro-
phenyl ala-
nine 49,266 22,612 45.9% 

Mycelial pads of 69-lll3a were prepared according to the short tenn 
induction procedure. Each pad was incubated with either . 4 µc. of H3 
L-ethionine, diluted with .5 mg. of unlabelled L-ethionine or with .15 
µc. of Cl4 labelled DL-parafluorophenylalanine diluted with 3 mg. of 
unlabelled DL-parafluorophenylalanine. The pads were in shaker with the 
analogues for two hours. The pads were fractionated and protein 
hydrolysates prepared as described in the text. 

*As shown here, a fraction of the counts of the authentic analogue 
in the standards are recovered from the paper at the proper position 
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after electrophoresis. In like manner, a fraction of the counts of 
authentic analogue in a protein hydrolysate will be recovered from the 
paper. It is assumed that the standard of the analogue will have the 
same percent recovery as that same analogue in the hydrolysate. The 
figure here is corrected for this percent recovery. 
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and tyrosine in a hydrolysate from parafluorophenylalanine labelled 

pads. When the recovery at the position of parafluorophenylalanine is 

nonnalized using the percent recovery of the standard, 100% of the 

counts applied in the hydrolysate were from parafluorophenylalanine. 

Thus, all the counts incorporated into protein remained as parafluoro

phenylalanine. 

Similarly, ethionine was well resolved from methionine, migrating 

close to the position of glutamic acid. About two-thirds of the counts 

in a hydrolysate were found to be from ethionine when nonnalized for 

the percent recovery of ~ounts from the paper found in the standard. 

It is not clear whether the remaining third of the counts was present 

as oxidation products of ethionine, fonned during the hydrolysis or as 

completely different amino acids. In either case, most of the counts 

incorporated into protein from both ethionine and parafluorophenylala

nine labelled cultures remained as ethionine and parafluorophenylalanine 

respectively. It can be concluded, therefore, that both analogues can 

be incorporated unchanged into Neurospora proteins. 

Further studies were made to try to correlate the incorporation of 

the analogues into protein with their induction of tyrosinase. Various 

concentrations of methionine and phenylalanine were used to inhibit the 

induction of tyrosinase by ethionine and parafluorophenylalanine 

respectively. The range of concentrations of these natural amino acids 

required to substantially inhibit induction was detennined. The tyros

inase activity obtained in the presence and absence of these concentra

tions of methionine and phenylalanine is shown in table X and table XI. 

The incorporation of the analogues was also studied under these same 



41 

conditions, using the natural amino acids, methionine and phenylalanine, 

to inhibit incorporation as well as induction. In both the incorpora

tion and induction experiments, the analogues were added ten minutes 

before the addition of the natural amino acids. The results are shown 

in table X and table XI. 

The results show that the incorporation of parafluorophenylala

nine into protein ·is inhibited by phenylalanine. Furthennore, the 

concentration range of phenylalanine previously found to give effective 

inhibition of induction is the same concentration range required to 

give effective inhibition of incorporation. Similarly, the incorpora

tion of ethionine into protein is inhibited by methionine. The minimum 

concentration of methionine required to inhibit ethionine induction of 

tyrosinase is approximately the same as the minimum concentration of 

methionine required to substantially inhibit ethionine incorporation. 

The small amount of inhibition of incorporation of ethionine by phenyla

lanine is due to the inhibition of uptake of the ethionine remaining in 

the medium at the time of addition of the phenylalanine. Only 75% as 

much ethionine is taken up in the phenylalanine treated pads as in pads 

with no second amino acid added. 

Thus, parafluorophenylalanine is incorporated into protein in place 

of phenylalanine and ethionine is incorporated in place of methionine. 

Furthermore~ the incorporation of the analogues into protein is correl

ated with their induction of tyrosinase. These results, together with 

the above described induction of tyrosinase by the inhibitor of protein 

synthesis, cycloheximide, provide excellent support for the proposed 

site of action of these compounds during induction~ That is, that 



TABLE X 

Second amino 

acid added 

(concentration 

per ml. of 

medium) 

None 

4 ,ug. /ml. 
L-methionine 

8 ,ug ./ml. 
L-methionine 

8 µg./ml. 
L-phenylalanine 
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INCORPORATION OF ETHIONINE INTO PROTEIN 

ANO THE INDUCTION OF TYROSINASE 

Incorporation Incorporation 

into protein into protein 

{millimicromoles (percent of 

of ethionine amount with 

per pad) no second amino 

acid added 

41.6 (100%) 

19.6 47.1% 

7.2 17.3% 

31.9 76.6% 

Tyrosinase 

activity 

{units per 

gram wet 

weight) 

31.5 

1.5 

.5 

Pads of 69-ll3a were prepared according to the short tenn induction 
procedure. .4uc. of H3 L-ethionine was diluted with .5 mg. of cold 
L-ethionine and added to the medium of each culture. When a second 
amino acid was added, it was added ten minutes after the addition of the 
ethionine. Two hours after the addition of the ethionine, the pads were 
fractionated according to the procedure of Roberts et al. {34) as des
cribed in the text. The amount of ethionine incorporated into protein 
was calculated from the specific activity of the ethionine added and the 
number of counts found in the protein fraction. It was assumed that all 
counts incorporated represent ethionine. 

The tyrosinase activity was detennined from mycelial pads treated 
identically to those in which the protein labelling was measured except 
that no H3 labelled ethionine was added. The pads were harvested and 
assayed for tyrosinase five hours after the addition of the ethionine. 

Each value listed is an average detennined from two identically 
treated mycelial pads. 
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Second amino 

acid added 

(concentration 

per ml. of 

medium} 

None 

50 1ug. /ml. 
L-phenylalanine 

100 )Jg. /m 1 • 
L-phenylalanine 

100 ,ug . /m 1 • 
L-methionine 
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INCORPORATION OF PARAFLUORO

PHENYLALANINE INTO PROTEIN AND 

THE INDUCTION OF TYROSINASE 

Incorporation Incorporation 

into _protein into protein 

(millimicromoles (per cent of 

of para fl uoro- amount with 

phenylalanine no second amino 

per pad) acid added) 

389 ( 100%) 

165.5 42.6% 

109.2 28.0% 

390 100% 

Tyrosinase 

activity 

(units per 

gram wet 

weight} 

31.0 

3.7 

0 

Pads of 69-1113a were prepared according to the short term induc
tion procedure. .3 µc. of C14 DL-parafluorophenylalanine was diluted 
with 3 mg. of cold DL-parafluorophenylalanine and added to the medium 
of each culture. Where a second amino acid was added, it was added ten 
minutes after the addition of the parafluorophenylalanine. Two hours 
after the addition of the parafluorophenylalanine, the pads were frac
tionated according to the procedure of Roberts et al. (34) as described 
in the text. The amount of parafluorophenylalanine-incorporated into 
protein was calculated from the specific activity of the parafluoro
phenylalanine added and the number of counts found in the protein 
fraction. It was assumed that all counts incorporated represent para
fluorophenyl alanine. 

The tyrosinase activity was determined from mycelial pads treated 
identically to those in which the protein labelling was measured except 
that only unlabelled parafluorophenylalanine was added. The pads were 
harvested and assayed for tyrosinase five hours after the addition of 
the parafluorophenylalanine. 

Each value listed was an average detennined from two identically 
treated mycelial pads. 
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these inducers act by partially inhibiting the synthesis of functional 

proteins. 
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DISCUSSION AND CONCLUSIONS 

Uptake of the D-Amino Acids 

The induction of tyrosinase by the aromatic D-amino acids is an

tagonized by a wide variety of L-amino acids. The L-amino acids act by 

inhibiting the uptake of the aromatic 0-amino acids. These results may 

be due to the existence of an amino acid transport system with broad 

specificity, capable of transporting both 0- and L-amino acids. If so, 

the L-amino acids should be competitive inhibitors of the uptake of the 

D-amino acids. Alternatively, the inhibition of uptake of the D-amino 

acids could be due to some other effect of the L-amino acids, such as 

an allosteric inhibition of the D-amino acid transport system. Clearly, 

these problems require further attention. They are dealt with in more 

detail in the second part of this thesis. 

Site of Action of the Inducers of Tyrosinase 

The mechanisms by which some of the inducers of tyrosinase act have 

become quite clear. Cycloheximide, ethionine, and parafluorophenylala

nine all act by partially inhibiting the synthesis of functional 

proteins. Cycloheximide, at levels which partially inhibit general 

protein synthesis, is an effective inducer of tyrosinase. Ethionine and 

parafluorophenylalanine become incorporated into newly synthesized pro

teins. They are capable, in this way, of partially inhibiting the 

functional activity of the newly synthesized proteins. Thus, these 

three inducers, at least, act in physiologically similar ways. A 

partial inhibition of the synthesis of functional proteins is suffi

cient9 in some way, to induce tyrosinase synthesis. 
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The site of action of the aromatic 0-amino acids is much less 

evident. Those possible sites which have been tested above, have not 

been implicated in the induction of tyrosinase . Although the aromatic 

D-amino acids do inhibit general protein synthesis to some extent (55), 

it is not clear that the inhibition is a direct effect of the D-amino 

acids or that the low level of inhibition is sufficient to explain the 

efficient induction of tyrosinase. More work is needed in this area. 

The Lag Period 

Most tyrosinase inducers, when added to a Neurospora culture, are 

taken up rapidly into the mycelium. Following uptake, however, there 

is a lag period during which no tyrosinase synthesis occurs. During the 

lag period, some active, energy requiring, process must occur. This 

process must precede the induction of tyrosinase. The lag period is 

followed by the de nova synthesis of the tyrosinase protein. At no time 

during the induction process is there any large pool of a protyrosinase 

enzyme precursor present. 

Control of Tyrosinase Induction 

Thus, the state of knowledge of tyrosinase induction by antimeta

bolites can be summarized briefly. A partial inhibition of the 

synthesis of functional proteins is followed by a lag period. During 

the lag period, some active process prepares the mycelium for tyrosinase 

synthesis. Following the lag period, rapid synthesis of the tyrosinase 

protein ensues. 

Evidently, the most critical biochemical studies on tyrosinase 

induction to be approached in the future must involve the elucidation 
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of the processes occurring during the lag period. Current work in this 

laboratory, for instance, is determining whether changes in transfer 

RNA accompany the induction of tyrosinase. Transfer RNA changes have 

been suggested to be involved in the control of protein synthesis (78). 

Another unresolved question is whether the synthesis of new tyrosinase 

messenger RNA must precede the induction of tyrosinase. The partial 

inhibition of tyrosinase induction by actinomycin D is suggestive in 

this regard (43). However, as discussed above, many ambiguities occur 

in interpreting experiments with antimetabolites. Perhaps, more effi

cient inhibitors of RNA synthesis in Neurospora will lead to more 

definitive information on tyrosinase messenger RNA synthesis. 

Other studies of changes during and immediately following the lag 

period suggest themselves. However, the development of major new 

techniques may be required. Are histones involved in the control of 

tyrosinase synthesis? Their implication in other control systems (79) 

suggests that they are. Studies in this area require a knowledge of the 

various histone fractions in Neurospora and the properties of these 

fractions. In addition~ an in vitro system for the synthesis of 

tyrosinase would be useful. 

Possibly the most important and most difficult studies on the 

control of tyrosinase synthesis are suggested by the consideration of 

control circuits in the introduction. If control circuits are involved 

in tyrosinase control then the synthesis of a series of proteins and 

possibly other molecules must precede the synthesis of tyrosinase in 

tyrosinase induction. Since the proteins or other molecules involved 

would probably be synthesized only in minute quantities, they might be 
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difficult to detect by the usual techniques. Perhaps, genetic rather 

than biochemical techniques may prove more effective in establishing an 

understanding of control circuitry. Such possibilities are discussed 

further below. 

Models of Tyrosinase Control 

The above considerations suggest a number of possible models for 

the control of tyrosinase synthesis. Figure 3a contains a diagrammatic 

representation of the rapidly turning over repressor model previously 

proposed by Dr. N. H. Horowitz (43). In this model, the tyrosinase 

repressor, which is responsible for the repression of tyrosinase syn

thesis, is both rapidly synthesized and destroyed. Normally, during 

vegetative growth, a sufficiently high level of repressor is maintained 

to repress tyrosinase synthesis. During starvation or upon the addition 

of inhibitors of functional protein synthesis, the synthesis of the 

repressor is diminished. The continued rapid destruction of the repres

sor then produces a lowering of repressor level. When the repressor 

concentration falls below some critical point, rapid tyrosinase syn

thesis beg ins. 

The rapidly turning over repressor model does not specify whether 

the control of tyrosinase synthesis occurs at the DNA or RNA level. It 

must, however, assume that the destruction of the repressor is, in some 

way, coupled to the utilization or synthesis of metabolic energy. This 

last conclusion is a consequence of the finding that progress through 

the lag period requires metabolic energy. 

The model presented in figure 3b is quite similar to the rapidly 
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turning over repressor model. In it, however, a rapidly turning over 

enzyme shows the critical dependence on protein synthesis. Such an 

enzyme would catalyze the synthesis of a corepressor involved in ty

rosinase control. 

Both of the above described models are presented with the termin

ology and concepts of the operon theory. As discussed in the introduc

tion, it is not clear whether operon-like control occurs in eukaryotes. 

It is not possible, therefore, to determine that these model descrip

tions are strictly relevant. If another biochemical theory of control 

arises, however, these model descriptions may prove to be modifiable in 

terms of the new concepts. 

A third model for the control of tyrosinase synthesis is presented 

in figure 4. It differs from the above two models in not being 

presented in the terminology of the operon theory. It is presented in 

terms of the concepts of information transfer and, therefore, is not a 

true biochemical model . The biochemical basis of the interactions 

described in the model is not specified. 

The synthesis of two proteins, protein A and protein B, are related 

to each other in a positive feedback loop. The existence of protein A 

in the mycelium causes an increase in the synthesis of protein B. 

Protein B causes an increase in the synthesis of protein A. These, 

then, comprise a positive feedback loop, loop 1. Similarly, protein C 

causes an increase in the synthesis of protein D and protein D causes 

an increase in the synthesis of protein C. Thus, these comprise posi

tive feedback loop 2. Protein D, however, inhibits the synthesis of 

protein B and protein A inhibits the synthesis of protein C. 
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Consequently, when the proteins in loop 1 are present in high concentra

tions, those in loop 2 are present in low concentration and vice versa. 

Proteins A and B in loop 1 are rapidly turning over and proteins C and 

D in loop 2 are more slowly turning over. Finally, it is assumed that 

all the interactions are such that in rapidly growing, vegetative 

cultures, the proteins in loop l are present in much higher concentra

tions than those in loop 2. 

A partial inhibition of protein synthesis will lead to a much 

larger decrease in the initial level of the loop 1 proteins than the 

loop 2 proteins since the loop l proteins are more rapidly turning over. 

Moreover, a decrease in the loop l proteins will lead to an increase in 

loop 2 proteins which will further decrease loop l proteins, etc. These 

responses occur as a direct consequence of the above described inter

actions. Through further operation of the feedback loops outlined, a 

small inhibition in protein synthesis will lead to a large increase in 

the levels of the proteins in loop 2. Finally, since one of the loop 2 

proteins, protein D, induces tyrosinase synthesis, the induction of 

tyrosinase by inhibitors of functional protein synthesis is explained. 

Model 3 differs from the previous two models in that the exogenous 

inducers act not by inhibiting the synthesis of a single protein, but 

rather by influencing the synthesis of several proteins. The effect of 

this inhibition is magnified through the action of positive feedback 

loops. Model 3 serves as a prototype for models containing several 

macromolecules interacting in such a way as to fonn a control circuit. 

These circuits, as discussed in the introduction, are likely to be in

volved in some control systems and may be constructed in quite a variety 
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of ways (8, 23). Model 3, then, is a representative control circuit 

that explains tyrosinase induction. 

The discussion of the above models raises a number of questions 

about tyrosinase control. Do the inhibitors of protein synthesis 

act on one or several proteins in inducing tyrosinase? How many pro

teins and other macromolecules are involved in tyrosinase control? 

Finally, how are these organized? 

As discussed above, the biochemical techniques available are in

adequate to answer these questions. Perhaps genetic techniques are the 

only ones available that may answer such questions. It is hoped that a 

thorough search for and study of mutants that affect tyrosinase induc

tion may lead to an understanding of the number of genetic loci involved 

in control and their respective roles in this function. 

Techniques for the isolation of mutants increasingly closer to the 

actual site of control have been applied in the galactose system in 

yeast (12-14) and may be applicable to the tyrosinase system in 

Neurospora. The characterization of such Neurospora mutants as to their 

dominance and behavior in strains carrying several markers affecting 

tyrosinase control should be useful in answering at least some of the 

questions raised above. 

Perhaps the most enlightening perspective on the tyrosinase control 

system may be obtained from a consideration of the experience with the 

,B-galactosidase system in~ coli. Here, the physiological and biochem

ical studies of Monod and coworkers (82) preceded the genetic analysis 

of the system. The physiological and biochemical studies reported here 

and elsewhere (25, 28, 43) may, then, correspond to the early studies by 

Monod. 



54 

REFERENCES 

1. Jacob, F. and J. Monad. Cold Spring Harbor Symp. Quant. Biol. 
26, 193 (1961). 

2. Ames, B.N., B. Garry, and L.A. Herzenberg. J. Gen. Microbial. 
22, 369 (1960). 

3. Englesberg, E., J. Irr, J. Power, and N. Lee. J. Bacterial. 90 
946 (1965). 

4. Attardi, G., S. Naono, J. Rouviere, F. Jacob, and F. Gros. 
Cold Spring Harbor Symp. Quant. Biol. 28, 363 (1963). 

5. Guttman, B.S. and A. Novick. Cold Spring Harbor Symp. Quant. 
Biol. 2~, 363 (1963). 

6. Hayashi, M., S. Spiegelman, N.C. Franklin, and S.E. Luria. 
Proc. Nat. Acad. Sci., U.S., 49 729 (1963). 

7. Gilbert, W. and B. Muller-Hill. Proc. Nat. Acad. Sci., U.S. E.§_, 
1891 (1966). 

8. Monad, J. and F. Jacob. Cold Spring Harbor Symp. Quant. Biol • .?.§_, 
389 (1961). 

9. Halvorson, H.O. In 11 Differentiation and Development," Little 
Brown and Co. (1964). 

10. Horowitz, N.H. and R. L. Metzenberg. Ann. Rev. Biochem. ~' 
(1965). 

11. Mortimer, R.K. and O.C. Hawthorne. Ann. Rev. Microbial. 20, 
(1966). 

12. Douglas, H.C. and D.C. Hawthorne. Genetics 49, 837 (1964). 

13. Douglas, H.C. and Pelroy. Biochem. Biophys. Acta 68, 155 
(1963). 

14. Douglas, H.C. and D.C. Hawthorne. Genetics 54, 911 (1966). 

527 

151 

15. Ahmed, A., M.R. Case, and N.H. Giles. Brookhaven Symp. in Biol. 
]]_, 53 (1964). 

16. Catcheside, D.G. Biochem. Biophys. Res. Commun. !§_, 648 (1965). 

17. Davis, R.H. and V.W. Woodward. Genetics 47, 1075 (1962). 

18. Ramirez, C., J. Friis, and U. Leupold. Proc. XI Int. Cong. 
Genetics l, 7 (1963). 



55 

19. Kaplan, S., Y. Suyama, and D.M. Bonner. Genetics 49, 145 (1964). 

20. Carsiotis, M., E. Appela, and S.R. Suskind. Proc. XI Int. Cong. 
Genetics l, 52 ( 1963). 

21. Bonner, D.M. Proc. XI Int. Cong. Genetics £, 141 (1963). 

22. Waddington, C.H. In "Recent Developments in Cell Physiology," 
J.A. Kitching, Ed., Academic Press, Inc. (1954). 

23. Jacob, F. and J. Monod. In 11 Cytodifferentiation and Macromolec
ular Synthesis," M. Locke, Ed., Academic Press, Inc. (1962). 

24. Hirsch, H.M. Physiol. Plantarum ]_, 72 (1954). 

25. Horowitz, N.H., M. Fling, H. Macleod, and Y. Watanabe. Cold 
Spring Harbor Symp. Quant. Biol. 26, 233 (1961). 

26. Westergaard, M. and H.K. Mitchell. Am. J. Botany 34, 573 (1947). 

27. Horowitz, N.H. and M. Fling. Genetics 38, 360 (1953). 

28. Horowitz, N.H., M. Fling, H. Macleod, and N. Sueoka. J. Mol. 
Biol.£, 96 {1960). 

29. Macleod, H. Personal Communication. 

30. Horowitz, N.H. J. Biol. Chem. 171, 255 (1947). 

31. Vogel, H.J. Microbial Genetics Bull. Jl, 42 (1956). 

32. International Union of Biochemistry Report of the Commission of 
Enzymes. Pergammon Press (1961). 

33. Fling, M., N.H. Horowitz, and S. Heineman. J. Biol. Chem. 238, 
2056 (1963). 

34. Roberts, R.B. et al. In "Carnegie Institution of Washington 
Publn. 607 11 (1955). 

35. Patterson, M.S. and R.C. Greene. Anal. Chem. 37, 854 (1965). 

36. Dreyer, W.J. and E. Bynum. In "Methods of Enzymology, 11 Vol. II, 
in press. 

37. Udenfriend, s. and J.R. Cooper. J. Biol. Chem. 196, 227 (1952). 

38. Pall, M.L., G. Horn, M. Fling, and N.H. Horowitz. Neurospora 
Newsletter~' 20 (1965). 



39. Horn, G. Personal communication. 

40. Bauerle, R.H. and H.R. Garner. Genetics 48, 882 (1963). 

41 . Siegel, M.R. and H.D. Sisler. Biochim. Biophys. Acta 87, 70 (1964). 

42. Kerridge, D. J . Gen. Microbial . ..:!1_, 497 (1958). 

43 . Urey, J. Thesis, California Institute of Technology (1966). 

44. Kirk, J.T.O. and R.L. Allen. Biochem. Biophys. Res. Commun. r!_, 
523 (1965). 

45. Meister, A. "Biochemistry of Amino Acids," pp 260-261, Academic 
Press (1965). 

46. Tarver, H. in "The Proteins," Vol. 2, Pt. B, H. Neurath and K. 
Bailey, Eds . , Academic Press (1954). 

47. Gross, D. and H. Tarver. J. Biol. Chem. 217, 169 (1954). 

48. Yoshida, A. Biochim. Biophys. Acta 29, 213 (1958). 

49. Yoshida, A. and M. Yamasaki. Biochim. Biophys. Acta 34' 158 

50. Cowie, D. B. et al. Bi ochim . Biophys. Acta. 34, 39 ( 1959). --
51. Yoshida, A. Biochim. Biophys. Acta. .1!_, 98 ( 1960). 

52. Vaughan, M. and Steinberg, D. Biochim. Biophys. Acta 40, 230 
(1960) . 

( 1959). 

53 . Boyer, P.O. and E.W. Westhead. in "Abstr. of the Meeting of the 
Am. Chem. Soc." p 2c (1958). 

54. Kappy, M.S. and R.L. Metzenberg. Biochim. Biophys. Acta 107, 425 
(1965). 

55. Fling, M. Personal communication. 

56 . This Thesis, Part II. 

57. Calendar, R. and P. Berg. Biochemistry.§_, 1690 (1966). 

58 . De Busk, B.G. and A.G. De Busk. Biochim. Biophys. Acta 104, 139 
(1965) . -

59 . Roess, W.B. and A.G. De Busk. Neurospora Newsletter~' 8 (1965). 

60. Onishi , E., H. Macleod, and N.H. Horowitz. J. Biol. Chem. 237, 
138 (1962). 



57 

61. Meister, A. 11 The Biochemistry of Amino Acids, 11 Academic Press, 
Inc. (1965). 

62. Zygmunt, Z.A. J. Bacterial. 85, 1217 (1963). 

63. Newhaus, F.C. and J. L. lynch. Biochem. Biophys. Res. Corranun. ~' 377 (1962). 

64. Durham, N.N. and R. Milligan. Biochem. Biophys. Res. Commun. "]_, 
342 (1962). 

65. Ptashne, M. Proc. Nat. Acad. Sci., U.S.~' 306 (1967). 

66. Ptashne, M. Nature 214, 232 (1967). 

67. Barratt, R.W. Neurospora Newsletter E_, 24 (1962). 

68. Clever, U. Science 146, 745 (1964). 

69. Sugiyama, T. and D. Nakada. Proc. Nat. Acad. Sci., U.S.~, 1744 
(1967). 

70. Brachet, J., A. Ficq, and L. Tencer. Exptl. Cell Res. 32, 168 
{1963). 

71. Denny, P. and A. Tyler. Biochem. Biophys. Res. Commun. J..!, 245 
(1964). 

72. Spencer, T. and H. Harris. Biochem. J. 2.l_, 282 (1964). 

73. Tomkins, G.M. et~- J. Cell. Comp. Physiol. 66, 137 (1965). 

74. Brewer, M.E. and V. Moses. Nature 214, 272 (1967). 

75. Mandelstam, J. Bacterial. Revs. 24, 289 (1960). 

76. Simpson, M.V. J. Biol. Chem. 201, 143 (1953). 

77. Steinberg, D., M. Vaughan, and C.B. Anfinsen. Science 124, 389 
( 1956). 

78. Stent, G.S. Science 144, 816 (1964). 

79. Bonner, J. "The Molecular Biology of Development, 11 Oxford Uni-
versity Press (1965}. 

80. Kenney, F.T. Science 156, 525 (1967). 

81. Tschudy, D.P. et~· Biochem. Biophys. Res. Comnun. £}_, 480 (1965). 

82. ~ggo?19~1'. G. _ Cohen-Bazire, and M. Cohn. Biochim. Biophys. Acta"]_, 



58 

INTRODUCTION 

The movement of substances through membranes is one of the most 

important phenomena of life. Studies on this phenomenon led to the 

finding that such movement often did not follow the laws of simple 

diffusion, but rather showed many of the properties of enzyme reactions. 

Transport through .biological membranes showed, for instance, saturation 

kinetics, competition between chemically similar substances, and high 

temperature coefficients. In addition, a dependence on energy metabo

lism was often demonstrated. About fifteen years ago, the concept of 

active transport was developed in accordance with the above findings 

(1) . The term permease (2) was later coined to describe the enzyme-like 

proteins involved in transporting compounds through membranes. A 

particular permease was able to catalyze the transport of a group of 

structurally related compounds through the membrane. 

A large number of models have been proposed to explain the phenom

enon of active transport. In many models, a protein functions as a 

mobile carrier of the transported substance, conveying it through the 

membrane (2-5). Often the protein carrier is identical to the permease 

which has the specific binding site for the substance transported. In 

other models, the permease may undergo an allosteric transition which 

changes the access of the bound substance to the two sides of the 

membrane (6). 

Much recent work has concentrated on determining the validity of 

the various models and ascertaining, in general, the mechanisms involved 

in active transport. This area of research has concentrated on the 
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isolation of the proteins involved in active transport and the study of 

their properties (7-12). An understanding of the molecular biology of 

transport will most likely be derived from these studies. 

This section is concerned with delimiting some of the transport 

systems* involved in amino acid transport in Neurospora. Two techniques 

have been commonly used to delimit the range of activities of particular 

transport systems and to distinguish them from other transport systems 

which may also be active in the same organism. 

Genetic studies have centered on the isolation and characterization 

of mutants deficient in the transport of one or more compounds. In 

bacteria, these mutants, often tenned penneaseless, are generally defi

cient in the uptake of a small group of structurally related substrates 

(2, 13-15). The mutants often do appear to be deficient in a specific 

protein or pennease that binds the substrate and catalyzes its trans

port. The detennination of the transport deficiencies of such mutants 

is of considerable value in delimiting the range of substrate specifici-

ty of the missing transport system. 

The study of penneaseless mutants is complicated, however, by the 

existence of other types of mutants which have their active transport 

affected in more general ways. Several mutants of Neurospora, for exam

ple, have their amino acid transport activity altered through non-speci

fic changes in membrane structure (16, 17) or through altered control 

*The term "transport system" rather than "pennease" is frequently 
used in this thesis. The term is defined as one or a small group of 
membrane proteins capable of transporting a group of structurally 
related compounds. Transport systems usually, but not always, act in
dependently of one another (20). 
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of the synthesis of the transport proteins (18). Only in the case of 

the mtr mutant, whose properties are described below, does it appear 

likely that a mutant strain of Neurospora, deficient in amino acid 

transport, is defective due to a permeaseless type of deficiency (25, 

26). The use of mutants to delimit transport systems is restricted, 

then, by the ability to distinguish permeaseless from mutants unable to 

transport particular substances due to other types of lesions. This 

problem can be solved, in part, by kinetic studies on transport. 

One of the original observations that led to the concept of active 

transport was that transport of substances across membranes often showed 

saturation at high substrate concentrations. Furthermore, compounds of 

similar structure to a transport substrate, often competitively inhi

bited transport of that substrate. The saturation and competition, 

moreover, often followed Michaelis-Menten kinetics. By studying the 

competitive inhibition of the transport of one substrate by other poten

tial substrates, the range of substrate specificities of a particular 

transport system can be detennined. 

The applicability of the kinetic approach is limited by the exist

ence of more than one transport system of overlapping specificities in 

a given organism. In Ehrlich cells, for instance, almost all neutral 

amino acids studied appear to be transported by both of two transport 

systems present. The activities of the two systems have proved diffi

cult to separate (19). In addition, the applicability is further 

limited by the possible existence of noncompetitive inhibition of trans

port by various compounds (20). 

The kinetic and genetic approaches both have their limitations. 
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The limitations, however, lie in different areas. The two approaches, 

then, can complement each other in delimiting the activities of various 

transport systems. Although the second section of this thesis is in

volved primarily with kinetic infonnation, the role of the mtr locus is 

also considered. 

A number of studies of amino acid transport in Neurospora have been 

made where the uptake of one amino acid has been inhibited by other 

amino acids {21-26). In most of these cases, proper kinetic analysis 

of the inhibition has not been done to determine whether or not the 

inhibition is competitive. The uptake of phenylalanine {21) and 

arginine (22) into Neurospora conidia is inhibitable by a large number 

of amino acids, basic and neutral. Furthennore, the uptake of the aro

matic D-amino acids into Neurospora mycelia is also inhibitable by a 

wide variety of L-amino acids {23). If these inhibitions are competi

tive, they imply the existence of an amino acid transport system with 

a very broad range of substrate specificity. Experiments discussed 

below show that such a transport system does exist. 

Wiley and Matchett (24) have studied tryptophan uptake in gennin

ated conidia. They have shown that L-tryptophan uptake is competitively 

inhibited by L-phenylalanine and L-leucine but that it is not inhibited 

by basic or acidic amino acids. Their results imply the existence of a 

transport system with limited specificity responsible for the uptake of 

large, neutral amino acids. 

Finally, the mtr mutant, briefly mentioned above, was isolated by 

Lester because of its resistance to 4-methyltryptophan {26). It was 

subsequently detennined to be deficient in the uptake of 4-methyl-



62 

tryptophan, L-tryptophan, L-phenylalanine, and L-leucine, but has normal 

uptake of the basic amino acids (25, 26). It may be deficient, then, 

in the uptake of those amino acids with an affinity for the uptake 

system of Wiley and Matchett. Thus, although the studies performed are 

not definitive at this point, the mtr mutant may correspond to the per

measeless mutants in bacteria. The permease controlled by the mtr 

locus may be responsible for the transport studied by Wiley and Matchett. 

There appear to be two groups of information in conflict. One 

group implies the existence of a transport system with broad specificity 

which is responsible for most of the uptake in conidia (21, 22) and 

older mycelia (23). Another group implies that in germinated conidia 

most of the uptake of neutral amino acids is catalyzed by a system of 

more limited specificity. This apparent conflict is resolved below. 



Strain 
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MATERIALS AND METHODS 

Wild type strain ST74A (27} was used in most transport experiments. 

The D-amino acid oxidaseless strain, oxD-8, was used in transport 

studies of the aromatic D-amino acids (28). 

The mtr mutant strain has been found to be deficient in the trans

port of tryptophan and several other neutral amino acids {26, 27). 

Transport was studied in an mtr strain carrying the ylo-1 marker which 

was obtained from the Fungal Genetics Stock Culture Center (FGSC #1117). 

Chemicals 

All chemicals used were of reagent grade quality except as noted 

below. Table sugar was used as sucrose in the culture medium. Commer

cial grade Triton X-100 was obtained from Rohm and Haas. 

L-alanine, p-alanine, ~-aminobutyric acid, 2-aminoethanol, 

L-arginine, L-asparagine, L-aspartic acid, L-histidinej L-leucine, 

L-lysine, L-phenylalanine, pyruvic acid, and L-tryptophan were obtained 

from Sigma Chemical Company. Glycine, N-acetyl-L-leucine, and L-leucin

amide were obtained from Nutritional Biochemicals Corporation. L

«-amino butyric acid, D-phenylalanine, and L-ornithine, were obtained 

from Calbiochem. 

Glycine-Cl4 (50 mc./mm.), L-phenylalanine-H3 (2.5c./mm.), L

leucine-4,5-H3 (2c./mm.), and L-aspartic acid-Cl4 (113 mc./mm.) were 

obtained from Schwarz Bioresearch, Inc. D-phenylalanine-l-Cl4 

(25 mc./mm.) and L-tryptophan-3-Cl4 (22 mc./mm.) were obtained from New 
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England Nuclear Corporation. L-Asparagine-Cl4 (u) (102 mc./mm.) was 

obtained from Nuclear Chicago Corporation. 

Maintenance and Growth of Neurospora Cultures 

All Neurospora strains were maintained on agar slants of Horowitz 

complete medium (29). The liquid medium used was one-half strength 

Vogel's medium N salts (30) containing one-half percent sucrose. 

125 ml. Erlenmeyer flasks containing 20 ml. of liquid medium were inoc

ulated with about 104 conidia in aqueous suspension. The cultures were 

grown without shaking for forty-eight hours at 25°c. Having formed 

mycelial pads, the cultures were gently shaken at 25°c. on a reciprocal 

shaker for about twenty-four hours. The three day old cultures were 

then used to study amino acid uptake. 

The dry weight of the mycelial pads fanned after three days growth, 

as described above, was about 50 mg. The medium had a pH of about 5.8 

with the strains used. 

Uptake of Amino Acids 

Stock solutions were prepared of isotopically labelled amino acids 

diluted in specific activity with unlabelled amino acids. Aqueous stock 

solutions of other compounds which were to be tested as possible inhi

bitors of transport were prepared. 

In uptake method 1, pads prepared as described above had labelled 

amino acid from a stock solution added to the medium. The pads were 

shaken moderately on a reciprocal shaker at 25°C. for two minutes, 

harvested on a Buchner funnel and washed thoroughly with ice cold dis

til led water. The pads were then dropped into cold 5% trichloroacetic 
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acid (TCA). When various compounds were to be tested as inhibitors of 

uptake, one of two techniques was used. For some experiments, the inhi

bitor or inhibitors were added to the medium of the shaken cultures 

about thirty seconds before the addition of the labelled amino acid. 

For other experiments, aliquots of inhibitor and labelled amino acid 

were mixed and added together. 

Uptake metho·d 2 was used when a large fraction (c. 20%) of either 

the labelled amino acid or inhibitor was taken up when using uptake 

method 1. In uptake method 2, the inhibitor, if any, and 60 ml. of 

distilled water, previously equilibrated at 25°C., were added to the 

cultures. An aliquot of labelled amino acid was then added to the 

culture medium and the cultures shaken vigorously for one minute at 

25°C. on a rotary shaker. The pads were harvested on a Buchner funnel 

and washed thoroughly with ice cold distilled water. These pads were 

then dropped into cold 5% TCA. 

Extraction and Measurement of Counts Taken Up 

Each mycelial pad was extracted with 5 ml. of cold TCA for at least 

two hours. In most cases, two identically treated pads were pooled for 

the extraction. The pads were spun down. One-half to one ml. of TCA 

extract was neutralized with an equal volume of .6M tris. This mixture 

was counted in a toluene base scintillation fluid using Triton X-100 as 

a solubilizer (23). 
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RESULTS 

Active transport of amino acids is very rapidly occurring in three 

day old pads of wild type strain 74A. A number of amino acids can be 

rapidly accumulated into the mycelium to a concentration of several 

milligrams per gram of cell water over their concentration in the 

medium. The transport of L-arginine and 0-phenylalanine was shown, in 

exploratory experiments, to be inhibited over 95% by l0-2M azide or 

lo-3M dinitrophenol (DNP). Thus, the accumulation depends on metabolic 

energy. Furthennore, high concentration gradients of D-phenylalanine 

can be produced through transport into the mutant strain oxD-8 which 

cannot metabolize D-amino acids (28). These results confirm the exist-

ence of active transport of amino acids under the conditions studied. 

The uptake of l0-5M L-tryptophan was shown, in preliminary experi

ments, to be largely inhibitable by L-arginine. In typical three day 

old pads of 74A, inhibition values of 70 to 85 percent were obtained 

with l0-4M L-arginine from different experiments. As shown in figure 1, 

higher amounts of arginine than this give no greater inhibition of 

tryptophan uptake. Similarly, lo-4M of the basic amino acids L-lysine, 

L-canavanine, and L-ornithine inhibited tryptophan uptake by 70 to 85 

percent and higher concentrations gave no increase in inhibition. These 

results are in contrast to the nonnal response to competitive inhibitors 

where increasing the inhibitor concentration gives increasing inhibition, 

asymptotically approaching complete inhibition. Two possible explana

tions for the above results suggest themselves: (1) Tryptophan may be 
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. . 

Fig. 1. L-TRYPTOPHAN UPTAKE IN THE PRESENCE OF VARIOUS CONCENTRATIONS 

OF L-ARGININE. Three day old mycelial pads of 74-A had various amounts 

of L-arginine added to the medium. They were shaken with 10-5M trypto

phan according to uptake method 1. In various experiments of this type, 

io-5M L-arginine appeared to give maximal inhibition of tryptophan up

take. Concentrations as high as 4 x 10-3M L-arginine gave little or no 

increase in inhibition. 
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taken up by two transport systems, one competitively inhibited by argin

ine and the other not inhibited. Once the transport system which is 

sensitive to arginine inhibition is completely inhibited, no further 

inhibition can occur. (2) Alternatively, a single tryptophan transport 

system might be, in some way, only partially inhibited by arginine. 

This could occur, for example, through a common step in tryptophan and 

arginine transport ·as suggested by Koch (5). The inhibition, in this 

case, would be of some noncompetitive type. It will be shown below that 

the first of these explanations is consistent with the data. The second 

is not. Two distinct transport systems appear to be active under the 

conditions studied. 

If two transport systems are active here, then they can be expected 

to differ, in general, in their affinities for various amino acids. 

That is, the Michaelis constants (Km) and inhibition constants (Ki) for 

a particular amino acid will probably be different for the two systems. 

Conversely, the demonstration of two different constants for a given 

amino acid is evidence for the existence of two transport systems. The 

following method was used to determine such constants for the proposed 

two transport systems: 

The uptake of a particular amino acid was observed at a given con

centration, both with no arginine present and with sufficient arginine 

to give maximum inhibition. If two transport systems are present, the 

uptake of the amino acid being observed in the presence of arginine 

should be due only to the arginine insensitive transport system. The 

activity of the arginine sensitive transport system should be equal to 

the uptake in the absence of arginine minus the uptake in the presence 
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of arginine. In most cases lo-3M, 2 x lo-3M, or 4 x lo-3M L-arginine 

was used to achieve maximum inhibition. 

For example, assume that at lo-4M L-tryptophan, 30 millimicromoles 

of tryptophan per minute per mycelial pad were taken up, and at 10-4M 

L-tryptophan plus 10-3 L-arginine, 8 mi1limicromo1es of tryptophan per 

minute per pad were taken up. The activity of the arginine insensitive 

transport system at 10-4M L-tryptophan is 8 millimicromoles per minute 

per pad. The activity of the arginine sensitive uptake system at 10-4M 

L-tryptophan is, then, 30 minus 8 or 22 millimicromoles per minute per 

pad. By detennining these activities at various concentrations of L

tryptophan and analyzing the values on a Lineweaver-Burk plot, the Kin's 

can be detennined for the two transport systems. Similar experiments 

can be performed for amino acids other than tryptophan which may also be 

transported by the proposed two transport systems. 

Similarly, the inhibition constants or Ki's for various amino acids 

can be found. The uptake of L-tryptophan can be measured in the presence 

of an inhibitor, such as leucine, both in the presence and absence of 

arginine. In this way, the effects of other inhibitors on the two 

proposed transport systems can be detennined. For example, using leucine 

as a potential inhibitor, assume that 20 millimicromoles of tryptophan 

per minute per pad are taken up from a medium containing lo-4M L-trypto

phan plus io-5M L-leucine. Assume further that 8 millimicromoles of 

tryptophan per minute per pad are taken up from a medium containing lo-4M 

L-tryptophan plus io-5M L-leucine and io-%1 L-arginine. Then the activ

ity of the arginine insensitive transport system in the presence of the 

leucine inhibitor is 8 millimicromoles of tryptophan per minute per pad 



71 

and the activity of the arginine sensitive transport system is 12 milli

micromoles of tryptophan per minute per pad. Further consideration of 

these kinds of calculations are given in the appendix. The activities 

of the two systems at various concentrations of tryptophan can be found 

in the presence or absence of an inhibitor. Analyzing these values on 

a Lineweaver-Burk plot should yield Ki's for the two uptake systems. 

Experiments of the type described above with no inhibitor present 

were performed to determine the Michaelis constants for L-tryptophan up

take of the two presumed uptake systems. Two typical experiments are 

shown in figure 2. The ~ for the arginine insensitive transport system 

is 6 x l0-5M. The ~ for the arginine sensitive system is 4-5 x 10-5M. 

Due to the inaccuracies inherent in these detenninations, the values ob-

tained are not considered to be significantly different from each other. 

As is shown in figure 2, L-leucine is a competitive inhibitor 

of L-tryptophan uptake by both transport systems. The arginine sensi-

tive transport system, however, requires much less leucine to be 

effectively inhibited than does the arginine insensitive system. Typ

ical Ki values for L-leucine found for the two uptake systems are 

3 x io-6M and 1.l x l0-4M respectively. Moreover, as shown in figure 3, 

L-leucine itself shows an arginine sensitive and arginine insensitive 

uptake as does tryptophan. Typical Kin determinations for these are 

4 x io-6M and l.2 x l0-4M respectively. These are not considered to be 

significantly different from the K; values for leucine given above but 

are certainly significantly different from each other. 

The values determined for leucine show that the binding sites of 

the arginine sensitive and arginine insensitive transport systems differ 
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Fig. 2. L-TRYPTOPHAN UPTAKE IN THE PRESENCE OF L-LEUCINE . The inhibi-

tion of the arginine insensitive and the arginine sensitive components 

of L-tryptophan uptake by L-leucine was detennined as described in the 

text. The inhibition of the arginine insensitive uptake of L-tryptophan 

by 10-4M L-leucine, measured in the presence of 4 x l0-3M L-arginine, is 

shown in figure 2a. It was measured by using uptake method 1. Figure 

2b shows the inhibition of the arginine sensitive component of L-trypto

phan uptake by L-leucine . The arginine insensitive component was 

measured using 2 x l0-3M L-arginine . All values plotted in figure 2b 

were detennined using uptake method 2. As is noted in the text, the 

arginine sensitive component of L-tryptophan uptake is substantially 

inhibited by much lower concentrations of L-leucine than is the arginine 

insensitive component. Furthennore, for both components, the inhibition 

appears to be competitive. For both plots, v is expressed as millimi-

cromoles of L-tryptophan taken up per minute per pad. 
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Fig. 3. L-LEUCINE UPTAKE BY THE ARGININE INSENSITIVE AND ARGININE 

SENSITIVE TRANSPORT SYSTEMS (SYSTEM I AND SYSTEM II). The uptake of 

isotopically labelled L-leucine into three day old pads of strain 74A, 

shown in figure 3a, was measured in the presence of 4 x io-3M L-arginine 

by uptake method 1. It denotes the activity of the arginine sensitive 

transport system for the transport of L-leucine. The arginine sensitive 

leucine uptake into three and a half day old pads of strain 74A, plotted 

in figure 3b, was calculated as described in the text from values 

obtained using uptake method 2. Where L-arginine was used in the latter 

experiment, its concentration in the medium was 2 x l0-3M. For both 

graphs, v is expressed as millimicromoles of L-leucine taken up per 

minute per pad. 
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from each other in their affinity for L-leucine . This finding supports 

the proposition that two separate and distinct transport systems are 

active here. 

L-phenylalanine behaves very similarly to L-leucine. Early ex

periments showed that the arginine sensitive transport system is 

effectively inhibited by much lower concentrations of L-phenylalanine 

than is required to inhibit effectively the arginine insensitive system. 

In addition, L-phenylalanine itself demonstrates an arginine sensitive 

and arginine insensitive uptake, the Michaelis constants for which are 

2 x 10-6 and 5 x io-5. 

The arginine sensitive and arginine insensitive transport systems 

do show different binding properties and, therefore, do appear to be 

separate and distinct transport systems . Henceforth, the arginine 

insensitive amino acid transport system will be called amino acid trans

port system I. The arginine sensitive system will be called amino acid 

transport system II. 

The binding constants obtained above are compared in table I with 

the binding constants obtained by Wiley and Matchett (24). There is a 

striking similarity between the values listed for system I and those 

reported by Wiley and Matchett. Furthennore, both system I and the 

transport studied by those authors are not inhibited by lysine. System 

II differs from system I both in the binding constant values obtained 

and in its sensitivity to inhibition by lysine and other basic amino 

acids. 

Amino acid transport system I, the arginine insensitive system, 

would appear to be identical to the transport system previously studied 
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TABLE I AFFINITY CONSTANTS 

Amino acid Arginine sensitive Arginine insensitive Wiley and 

transport system transport system Matchett 

(transport system II) (transport system I) (24) 

~ K· 1 ~ Ki ~or Ki 

L-tryptophan 4-5xl0-5M 6xl0-5M 5xlo-5M 

L-leucine 4xl0-6M 3xl0-6M l .2xl0-4M 1.lxlo-4M 1.lxlo-4M 

L-phenylalanine 2xl0-6M 1.sx10-6M 5xlo-5M 4xl0-5M 

All values reported here were obtained from measurements of amino 
acid transport into three day old pads of strain 74A. The Km values 
were detennined by measuring the uptake of isotopically labelled L
tryptophan, L-leucine, or L-phenylalanine in the presence and absence 
of 4x10-3M L-arginine. All Ki values were detennined by measuring the 
uptake of isotopically labelled L-tryptophan in the presence and absence 
of L-leucine or L-phenylalanine. Km and K; values for L-leucine and L
phenylalanine for transport system II were obtained using uptake met hod 
2. All other values were obtained using uptake method 1. The affinity 
constants were calculated as described in the text. 
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by Wiley and Matchett. Amino acid transport system II, however, is 

different from any previously described. Its sensitivity to inhibition 

by basic amino acids suggests that it may be the transport system with 

affinity for a wide range of amino acids proposed in the introduction. 

Experiments described below show that this is, indeed, the case. 

0-Phenylalanine Uptake 

0-phenylalanine uptake was previously found to be inhibited by a 

very large variety of L-amino acids (23}. It was of interest to deter

mine if it was transported by either of the transport systems delineated 

above. Preliminary experiments showed that L-tryptophan uptake was 

inhibited by D-phenylalanine but that the inhibition did not exhibit 

strictly competitive kinetics when analyzed on a Lineweaver-Burk plot. 

This was not surprising, however, in light of the above findings that 

tryptophan is taken up by two transport systems. If D-phenylalanine is 

a competitive inhibitor for one but not for the other systems, then its 

effect on total tryptophan uptake would not appear to be competitive. 

Additional work showed that D-phenylalanine is a competitive in

hibitor for L-tryptophan uptake by transport system II but shows little 

or no affinity for transport system I. Figure 4b shows the inhibition 

of the arginine sensitive L-tryptophan uptake by 0-phenylalanine. The 

Ki measured here for 0-phenylalanine is 2-3 x 10-5M. Similarly, as 

shown in figure 4a, the uptake of 0-phenylalanine is competitively in

hibited by L-tryptophan. This uptake is completely inhibitable by 

arginine and shows a Km of 2-3 x lo-5• The K; for L-tryptophan on the 

uptake of D-phenylalanine is 4-5 x lo-5. 
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Fig. 4. UPTAKE OF D-PHENYLALANINE BY TRANSPORT SYSTEM II. Figure 4a 

shows the total uptake of isotopically labelled D-phenylalanine and its 

inhibition by two concentrations of L-tryptophan. The tryptophan inhib

ition appears to be competitive. Figure 4b shows the arginine sensitive 

component of L-tryptophan transport (by transport system II} and its 

inhibition by two concentrations of D-phenylalanine. The inhibition 

appears again to be competitive. Both sets of values were determined 

using uptake method l as described in the text. The uptake was measured 

into three day old pads of strain 74A. v is expressed as millimicro

moles of isotopically labelled amino acid (D-phenylalanine and L-trypto

phan respectively) taken up per minute per mycelial pad. 
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Thus, the Ki for 0-phenylalanine on L-tryptophan uptake by system 

II is equal to the Km for 0-phenylalanine. Correspondingly, the Ki for 

L-tryptophan on 0-phenylalanine uptake is equal to the Km for L-trypto

phan uptake by system II (4-5 x lo-5M). These equalities and the 

competitive nature of the inhibitions clearly show that 0-phenylalanine 

is transported by amino acid transport system II. 

As noted above, 0-phenylalanine uptake has been shown previously to 

be inhibited by a wide variety of L-amino acids (23). Since 0-phenyla

lanine is taken up by transport system II, system II may have an 

affinity for this same wide range of L-amino acids. 

Substrate Specificity of Amino Acid Transport System II 

A number of amino icids have been investigated to determine whether 

they are taken up by transport system II. The transport of all the 

amino acids listed in table II is inhibited by arginine. Furthennore, 

the transport of L-leucine or L-tryptophan by transport system II is 

inhibited by each of these amino acids. The Michaelis constants listed 

were based on the assumption that the arginine sensitive uptake of the 

individual amino acids was due to transport system II. The Ki's were 

measured against the uptake of either L-tryptophan, L-leucine, or L

phenylalanine by transport system II. In all cases, the inhibition 

appeared to be competitive when analyzed on a Lineweaver-Burk plot. 

Thus, a very wide range of L-amino acids demonstrate an affinity 

for transport system II. They include D- as well as L-amino acids, 

small neutral as well as large neutral amino acids, acidic as well as 

basic amino acids. 



TABLE II 

Amino acid 

L-tryptophan 

L-leucine 

L-phenylalanine 

D-phenylalanine 

L-asparagine 

. glycine 

L-arginine 

L-aspartic acid 
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AMINO ACIDS TRANSPORTED BY 

TRANSPORT SYSTEM II 

4- 5 x 10-5M 

4 x 10-6M 

2 x 10-6M 

2-3 x l0-5M 

8 x l0-6M 

5 x 10-6M 

3 x 10-6M 

l. 5 x l o-6M 

2-3 x 10-5M 

l0-5M 

8 x 10-6M 

2 x 10- 7M 

All Km's and all Ki's were determined on mycelial pads of strain 
74A. Three day old pads were used for studies on all amino acids except 
arginine, where four day old pads were used. The inhibition constants, 
or Ki's were measured against the arginine sensitive uptake of L-tryp
tophan, L-phenylalanine, or L-leucine. The Michaelis constants, or . 
Kin's were detennined for the arginine sensitive uptake of each amino 
acid. All results were analyzed on Lineweaver-Burk plots. 
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Fig. 5. INHIBITION OF TRANSPORT SYSTEM II BY L-ARGININE. The inhibi

tion of the arginine sensitive uptake of L-phenylalanine into four day 

old pads of 74A by 2 x io-6M L-arginine is shown in figure 5. The 

inhibition appears to be competitive. v is expressed as millimicromoles 

of L-phenylalanine taken up per minute per pad. 
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Two amino acids require special comment. Arginine has an extremely 

low Ki, about 2 x lo-7M. The low Ki and, therefore, high affinity, 

together with the very high transport activity of three day old pads for 

arginine, made an accurate determination of Ki difficult. Four day old 

pads, which have lowered transport activity for arginine as well as for 

other amino acids, were used for this detennination. The inhibition of 

L-phenylalanine uptake by arginine is shown in figure 5. The very high 

Kin and, therefore, low affinity of aspartic acid for system II, presents 

another problem. Small contaminating amounts of other amino acids with 

higher affinities in either the labelled or unlabelled aspartic acid 

could produce considerable uptake or cause inhibition of the uptake of 

other amino acids which was not due to the aspartic acid itself. 

The uptake of 3 x io-4M aspartic acid into three day old pads was in

hibited about 75% by lo-3M or 4 x lo-3M L-arginine. Even when over 50% 

of the aspartic acid was taken up into mycelial pads in the absence of 

arginine, the uptake into similar pads in the presence of arginine was 

about 75% less. Thus, the arginine inhibitable uptake is the uptake 

of the aspartic acid itself rather than of some minor impurity in the 

labelled aspartic acid. It is assumed that the arginine sensitive trans

port was due to the activity of amino acid transport system II. It is 

not clear whether the high Kin for transport of aspartic acid apparently 

demonstrated by transport system II is due to a low affinity for the 

negatively charged compound or due to a relatively high affinity for 

the small amount of uncharged aspartic acid present at the pH (5.8) of 

the medium. Studies at other pH's will be necessary to resolve this 

problem. 
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Further experiments were performed to determine if transport system 

II is inhibitable by compounds other than those tested above. The up

take of 10-6M L-phenylalanine was observed in the presence or absence of 

several potential inhibitors. Since the Kin of L-phenylalanine for 

transport system II is much lower than that for transport system I, the 

uptake of lo-6M L-phenylalanine into three day old pads of 74A is prim

arily due to the activity of transport system II. The inhibition of 

h. -4 t is uptake by 10 M of various compounds is shown in table III. 

All <X.-amino acids tried were effective in inhibiting uptake. This 

further confirms the wide range of substrates which apparently have a 

good affinity for transport system II. However, none of the nonamino 

acids tried were effective inhibitors. Inhibition of less than 20% is 

not considered significantly different from zero percent. Thus, in 

order to retain affinity, the amino group of an amino acid cannot be 

replaced by a hydrogen~ hydroxyl group or keto group, nor can it be 

acetylated. Similarly, the carboxyl group cannot be replaced by a 

hydrogen or amide, nor can it be involved in a peptide bond. However, 

,6'-alanine and probably o-amino-n-butyric acid (GABA) do inhibit uptake. 

Therefore, ,$-amino acids and probably also "'6-amino acids have some 

affinity for transport system II. 

Control of Transport System II 

Transport system II is responsible for about 75% of the tryptophan 

uptake in three day old pads. Only the remaining 25% of the uptake is 

due to transport system I. However, according to Wiley and Matchett 

(24), most, if not all, of the uptake of L-tryptophan in germinated 



TABLE III 

Compound 

None 

L-alanine 
/1-a l ani ne 
Lactic acid 
Pyruvic acid 
Propionic acid 

o<-amino-n-butyric acid 
<>-amino-n-butyric acid 

L-histidine 
Histamine 

L-leucine 
N-acetyl-L-leucine 
Leucinamide 
L-leucyl-glycine 

L-serine 
2-aminoethanol 
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INHI8ITION OF UPTAKE OF 

l0-6M L-PHENYLALANINE 

BY VARIOUS COMPOUNDS 

Percent inhibition of uptake 

(0) 

94 
80.3 

0 
0 
0 

93.6 
25.0 

91.8 
12.3 

91.9 
2.3 

11.2 
6.0 

91.5 
0 

All pote2tial inhibitors were added to a concentration in the 
medium of lo-

6
M. Three day old pads of 74A were used to measure the 

uptake of io- M L-phenylalanine by uptake method 2. . 
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Fig. 6. RELATIVE ACTIVITIES OF TRANSPORT SYSTEM I AND TRANSPORT SYSTEM 

II IN NEUROSPORA CULTURES OF VARIOUS AGES. Mycelial pads of various 

ages of wild type strain 74A were prepared as described in the text. 

The uptake of io-5M L-tryptophan into these pads was measured in the 

presence and absence of l0-3M L-arginine. The inhibition of tryptophan 

uptake by arginine is plotted. The inhibition of tryptophan uptake by 

arginine reported by Stadler (25) is plotted in the position of the 11511
• 

The inhibition of tryptophan uptake by lysine reported by Wiley and 

Matchett (24) is plotted in the position of the 11W11
• Although the 

growth conditions used by those investigators differ from the proced

ures used in this thesis, their results appear to agree well with those 

reported here. The transport activity not inhibited by basic amino 

acids is assumed to be due to transport system I. The basic amino acid 

inhibitable transport is assumed to be due to transport system II. 

These assumptions have been verified, as reported above, in three day 

old pads of 74A. The first assumption has been verified by Wiley and 

Matchett in genninated conidia. 



0 0 
IO 

89 

(SGIJ\1 ONIV'J\1 JIS\18 AS 
NOl1181HNI 1N3JCJ3d) .3){\11dn N\1Hd01dACJl. 

0 
0 

-(/) 

>. 
0 
'U 

C\I - l..O 

w 
(.!) 
<( ..... 

u.. 



90 

conidia is due to amino acid transport system I. Therefore, the rela

tive activities of the two transport systems must be in some way depend

ent on the physiological state of the cultures. 

The relative amounts of tryptophan uptake by the two transport 

systems in cultures of different ages were determined by measuring the 

fraction of the uptake of L-tryptophan that was inhibited by arginine. 

The cultures of various ages were prepared as were the three day old 

cultures except that two day old cultures were not shaken before uptake 

while the four day old cultures were shaken for two days preceding 

uptake. 

As shown in figure 6, the relative activity of transport system II 

increases strikingly in older cultures. The uptake of most neutral 

amino acids in young cultures is primarily due to transport system I, 

but in older cultures, system II predominates. 

Older cultures under these conditions have ceased growth due to the 

depletion of the carbon source, sucrose, from the medium. Two to three 

times heavier cultures can be obtained by simply using more sucrose in 

the initial medium. It would appear possible, then, that the limitation 

of growth by carbon starvation in some way induces amino acid transport 

system II. It is not clear whether growth limitation due to other 

causes might also be effective in inducing this transport system. 

Deficiency of the mtr Mutant Strain 

The mtr strain, as noted above, is deficient in the transport of 

L-tryptophan, L-leucine, and several other neutral amino acids in genn

inated conidia (26) and young mycelia (25). Exploratory experiments 
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showed that in three day old cultures, however, the transport of trypto

phan and leucine approached that in wild type cultures. Subsequent 

experiments were perfonTied to detenTiine which of the two transport sys

tems was deficient in the mutant strain. 

In three day old pads of mtr, over 99% of the uptake of io-4M 

L-tryptophan and over 98% of the uptake of 4 x 10-4M L-leucine are 

inhibited by 4 x 10-3M L-arginine. This compares with about a 75% in

hibition found for wild type 74A. Moreover, even in two day old 

cultures where wild type shows only 30% inhibition, over 99% of the up

take of L-tryptophan is inhibited by arginine in the mtr mutant. Thus, 

transport system I, the arginine insensitive system, is specifically 

missing in the mtr mutant strain but transport system II is present in 

normal amounts. The mtr mutant, then, behaves as a permeaseless mutant 

in that it is deficient in the activity of a specific transport system. 
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DISCUSSION AND CONCLUSIONS 

Considerable progress has been made toward the understanding of two 

amino acid transport systems in Neurospora. Amino acid transport system 

I is equivalent to that previously studied by Wiley and Matchett (24). 

Those authors have detennined that transport system I will transport a 

wide range of neutral L-t.(amino acids. 

Transport system I is missing in cultures of the mtr mutant, 

although transport system II is present at nonnal levels. The specifi

city of the defect in mtr mutant, together with the fact that only one 

locus has been implicated in this transport deficiency (25), makes it 

quite likely that the mtr locus is the structural gene for the specific 

transport protein, or pennease, of transport system I. 
• Amino acid transport system II has high activity in old, carbon-

starved, cultures but, unlike system I, has little or no activity in 

young, rapidly growing, cultures. It has a very broad range of sub

strates, transporting amino acids with hydrophobic and hydrophilic side 

chains, both D- and L-amino acids, and basic as well as neutral amino 

acids. It demonstrates an affinity for ;i- as well as o(-amino acids. 

Previous work showing that a very broad range of amino acids in-

hibits the transport of L-phenylalanine (21) and L-arginine (22) into 

ungenninated conidia suggests that transport system II is present in 

conidia as well as in old mycelial cultures. 

The Michaelis constants for system II of most neutral and basic 

amino acids investigated are quite low , the majority being between 10-5 

and l0-7M. The low Km's should make this system quite efficient in 
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removing traces of amino acids from the medium. In carbon-starved 

cultures, then, transport system II may serve as a scavenger, taking up 

any remaining exogenous amino acids. 

The technique used here to separate the activities of two transport 

systems studied may well be applicable in other systems. Any substrate 

which will competitively inhibit one, but not the other, of two simul

taneously active transport systems can be utilized to separate their 

activities. 

There are two previous reports of amino acid transport systems in 

fungi which are similar to transport system II in having a very broad 

range of substrates. Surdin et~ (31) has reported that most amino 

acids in yeast are taken up by a single transport system. Other authors 

(32) have disputed Surdin's conclusion and have reported a number of 

relatively specific transpor t systems in yeast (32-34). Perhaps an 

amino acid transport system similar to transport system II described 

above, which is active in yeast under some physiological conditions but 

not others, would aid in integrating the interpretations of the two 

groups. 

Recently, a general amino acid transport system with affinity for 

a broad range of amino acids has been reported in nitrogen-starved 

cultures of Penicillium chrysogenum (35) . The dependence of the activ

ity of this system on starvation conditions may be similar to that 

reported above for transport system II in Neurospora. 

A number of questions about amino acid transport in Neurospora 

remain unresolved. There are almost certainly other transport systems 

than the two delimited above. Growth antagonisms of various amino 
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acid requiring auxotrophs of Neurospora probably occur through competi

tion for uptake of the different exogenous amino acids added to the 

medium. Such antagonisms provide clues as to what transport systems 

remain to be studied. Arginine requiring mutants are inhibited by 

lysine (36) and lysine requiring mutants are inhibited by arginine (37). 

These growth antagonisms imply the existence of a specific transport 

system for basic amino acids. Histidine requiring mutants are inhibited 

by any of a large number of neutral amino acids plus either arginine or 

lysine (38). Thus, in young cultures, histidine is probably transported 

by two amino acid transport systems. These two are most likely trans

port system I and the transport system for basic amino acids postulated 

above. Some studies on these two transport systems are reported in a 

recent abstract (39). 

Only a portion of the transport of L-aspartic acid, reported in 

this thesis, is inhibited by L-arginine. Since aspartic acid has no 

affinity for transport system I (24), the residual uptake must be due to 

some as yet unexplored transport system. Thus, at least four amino 

acid transport systems are implicated in Neurospora. No evidence for 

additional transport systems has appeared in results obtained by the 

author. However, most experiments were performed at relatively low 

amino acid concentrations; consequently, systems having high Michaelis 

constants would probably not have been detected. In addition, a number 

of amino acids have not been studied. Furthermore, some transport 

systems may only be present under physiological conditions other than 

those studied. Nevertheless, it seems likely that the four systems 

outlined above are responsible for most of the amino acid transport 
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activity of Neurospora. 

Even more attention will be required to obtain an understanding of 

the integration of transport with the other activities of the mycelia 

or conidia. Clearly, the synthesis or activity of system II is under 

some kind of physiological control. The control of various transport 

systems is demonstrated through changes in several mutant strains (18, 

37, 40, 41). Certainly, a number of useful physiological and genetic 

studies of the control of amino acid transport can be pursued on such 

mutants. 

Finally, the most critical studies on transport must center on the 

transport proteins themselves and their integration into the membrane 

structures and energy metabolism of the cell. Relevant studies are 

further along in other systems (7-11) than in Neurospora. However, 

experiments on transport proteins such as those reported by Woodward and 

Munkres (42, 43) on other enzymes in Neurospora may yield infonnation 

concerning the role of membrane structure in transport. 
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APPENDIX: RESOLUTION OF THE TWO PROPOSED AMINO ACID TRANSPORT SYSTEMS 

The finding that tryptophan transport can be resolved into an 

arginine inhibitable and an arginine uninhibitable transport component 

has led to the proposal, described in the results section, that two 

separate and distinct transport systems may be capable of transporting 

L-tryptophan in Neurospora crassa. Alternatively, part of the trypto

phan transport, due to a single transport system, may in some non

competitive way be inhibited by arginine. 

If two transport systems are active in tryptophan transport, they 

will probably differ, in general, in their affinities for a potential 

competitive inhibitor. Alternatively, if only one transport system is 

present, the arginine sensitive and arginine insensitive components of 

tryptophan transport should demonstrate the same affinity for a poten

tial competitive inhibitor. It is shown in the results section that 

the arginine sensitive and arginine insensitive components of tryptophan 

transport differ in their affinity for L-leucine, thus supporting the 

conclusion that two transport systems are active. The analysis leading 

to this finding is considered in detail below. 

Table IV shows the uptake of isotopically labelled L-tryptophan 

into three and a half day old pads of 74A in the presence of 4 x l0-3M 

L-arginine. The uptake with no leucine present is shown in column 11 a 11
• 

The uptake in the presence of 10-4M L-leucine is shown in column 11 b11
• 

The uptake of tryptophan was measured using uptake method 1 and is 

expressed in millimicromoles of L-tryptophan taken up per minute per 

mycelial pad. The data are plotted on a Lineweaver-Burk plot in figure 
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TABLE IV INHIBITION OF THE ARGININE INSENSITIVE COMPONENT 

OF L-TRYPTOPHAN UPTAKE BY L-LEUCINE 

Concentration 

of L-tryptophan 

in the med ium 

4 x 10-5M 

6 x 10-5M 

l0-4M 

2 x 10-4M 

4 x 10-4M 

Uptake in the presence 

of 4 x lo-3M L-arginine 

2.30 

3.67 

4.30 

5.88 

7.22 

Uptake in the presence 

of 4 x lo-3M L-arginine 

and 10-4M L-leucine 

1.06 

2.22 

2.76 

4. 17 

6 .12 

The uptake of isotopically labelled L-tryptophan into three day 
old pads of 74A was measured using uptake method 1. The uptake is ex
pressed in millimicromoles of L-tryptophan taken up per minute per 
mycelial pad. 
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2a. The results show leucine to be a competitive inhibitor and yield an 

inhibition constant (Ki) for L-leucine on the arginine insensitive com

ponent of L-tryptophan transport of about l0-4M. 

The detennination of a similar inhibition constant for L-leucine on 

the arginine sensitive component of L-tryptophan uptake is more dif-

ficult. The L-tryptophan uptake in the absence of arginine should be 

due to the sum of the activities of the arginine sensitive and arginine 

insensitive components. Therefore, the activity of the arginine sensi

tive component, in the presence of some particular concentration of 

L-tryptophan, will equal the uptake of tryptophan in the absence of 

arginine minus the uptake of tryptophan in the presence of a saturating 

amount of arginine. These differences are calculated in table V both 

where leucine was present during the uptake and where leucine was absent. 

The values obtained in column 11 c11 and column 11 f 11 are plotted in figure 

2b. They show that 1eucine is a competitive inhibitor of the arginine 

sensitive component of tryptophan uptake. The inhibition constant (Ki) 

for L-leucine is 3 x 10-6M. This is quite different from the Ki deter

mined above for the arginine insensitive component (10-4M). Therefore, 

the binding of the two components for leucine are different. It can 

therefore be concluded that there are two different transport systems 

with two different active sites which transport tryptophan under the 

conditions studied. 



TABLE V INHIBITION OF THE ARGININE SENSITIVE COMPONENTS ,~ 

OF L-TRYPTOPHAN UPTAKE BY L-LEUCINE 

Concentration a. Uptake b. Uptake c. Activity d. Uptake e. Uptake f. Activity of the 

of L-trypto- with no in the of the in the in the arginine sensitive 

phan in the inhibitor presence of arginine presence of presence of uptake component in 

medium present 2x10-3M sensitive 5xl0-6M 2xl0-3M the presence of 5xl0-3M 

L-arginine* uptake com- L-leucine L-arginine L-leucine (d-e) 

ponent (a-b) and 5xl0-6M 
~ 

L-leucine* ~ 

4xlo-5M 6.28 .65 5.63 3.74 .87 2.87 

6xlo-5M 7.28 1.42 5.86 4.50 1.14 3.36 

10-4M 9.78 1.28 8.50 6.02 1.65 4.37 

2xl0-4M 11. 72 1.63 10.09 8.74 1.41 7.33 

4xlo-4M 15.00 2.83 12.17 11.28 2.11 9.11 

The uptake of isotopically labelled L-tryptophan into three and one-half day old pads of 74A was 
measured using uptake method 2. The uptake is expressed in millimicromoles of L-tryptophan taken up 
per minute per mycelial pad. 

*The considerable scatter in the values obtained for uptake in the presence of arginine is due, 
at least in part, to the low number of counts measured in these cases. 
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